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Second Introduction

When I wrote [45] §6], I needed to remove the local convexity assumption from
the theory of base-norm spaces with a pre-existing vector-space topology. I was
able to do this, and intended to release an updated version of my thesis with
this, as well as various other improvements I had made in the meantime. I
listed a 2020 publication date, optimistically, considering how that year and the
subsequent two were ruined for everyone.

I eventually decided to release the updates removing local convexity for to
section [0.1] particularly Lemmas [0.1.15] and [0.1.19] and section I now
view this as the “correct” definition of BConv. This means that the uploaded
version of [45] is no longer incomplete, though nobody had complained.

I have also included the examples I had completed for the expectation monad
in the Solovay-Pincus model (section and an example of a G-algebra show-
ing that it wasn’t possible to embed in a vector space, meaning that any version
of Swirszcz’s theorem for G would have to take a radically different form. The
reason these are presented as appendices is to avoid disturbing the theorem num-
bering from my original “final” version of my thesis, which remains the same
outside the appendix. I have resisted the temptation to improve the base-norm
and order-unit duality using [44], which is a genuine improvement spurred by
comments from Phil Scott.

The other material, that took more effort to develop, will be published as
separate articles, or has already been partly published (including, but not lim-
ited to, [47, 48], and my still-to-be-completed article on monadicity theorems
over the category of measurable spaces).
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Introduction

When we consider the semantics of programs, we can consider state transformers
and predicate transformers. A state transformer describes the action of the
program, taking its initial state to its final state. Predicate transformers go
in the opposite direction and describe how to take a predicate to its weakest
precondition. In the classical case of nondeterminism [104] 122] an isomorphism
between state transformers and predicate transformers is obtained by restricting
predicate transformers to those that are healthy [122].

This is the reason for our focus on categorical dualities, as the relationship
between state and predicate transformers is best expressed as a contravariant
equivalence of categories.

In general, as well as a category of predicates and a category of states, there is
also a category of computations. Together, these form a state-and-effect triangle
[62]. That is to say, we have functors between these categories as follows:

. _— = T
Predicates®? T States

\/

Computations

such that the diagram commutes up to isomorphism. In general, the definition
of a state-and-effect triangle requires only that the two functors at the top form
an adjunction [62], but we aim to get an equivalence. State-and-effect triangles
appear in [58], and are considered in detail in [63].

In the first chapter, we concern ourselves with probabilistic computation. We
prove that K/(R) ~ CC*Algpy;, which can be considered to be a probabilistic
generalization of Gelfand duality. We also give a brief introduction to effect
modules, their relationship to order-unit spaces, and the expectation monad.

Chapters two to four can be considered to form, taken together, a non-
commutative generalization of chapter one. In fact, we move to a setting that
not only includes non-commutative C*-algebras, but also situations in which
a multiplication cannot even be defined. The convex set D(X) of all finitely
supported probability distributions can be considered to be the “state space”
of some system, with elements of X, or their corresponding Dirac distribu-
tions, being the “pure states”, and D(X) being obtained by forming “mixed
states”, where convex combinations correspond to randomized mixtures. In
quantum mechanics, one considers the convex set of density matrices DM (H),
on a Hilbert space H, as a state space. Again, the way of interpreting ran-
domized probabilistic mixtures of states is by forming convex combinations.
However, this time there is a difference — in D(X) each mixed state is express-
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6 INTRODUCTION

ible uniquely as a convex combination of pure states, but this does not hold for
DM(H) when dimH > 2. The convex structure of DM (H) can be considered
to be the “probabilistic part” of quantum mechanics. One can then extend this
idea to interpret convex sets, of various kinds, as state spaces in some gener-
alized theory of probability. This is the viewpoint of generalized probabilistic
theories [23, B1], (53} (08 131}, @, 12} [T1].

The reason we try to find a state-and-effect triangle for the category of non-
commutative C*-algebras is that quantum programs can always be represented
using morphisms between non-commutative C*-algebras. We might only use, for
example, finite-dimensional C*-algebras, or only those of the form B(H), or only
B(C?"), but as long as we can make a state-and-effect triangle for C*-algebras,
we can restrict it to obtain one for these cases.

In the second chapter, we give an introduction to base-norm spaces and
their relationship to convex sets. This is mainly for application in the next
chapter. Base-norm spaces are intended as a way of “freely” producing an
ordered vector space for a convex set to live inside. We have tried to clear up
any confusion regarding inequivalent definitions of base-norm space that are in
use by various authors, comparing several of these definitions to each other with
explicit examples, and introducing the term pre-base-norm space for the weakest
definition in common use. We give a proof of the known fact that every bounded
convex set can be embedded as the base of a pre-base-norm space (making an
equivalence PreBNS ~ BConv), and use this to slightly generalize a result
from the literature to show that sequentially complete bounded convex sets are
exactly those convex sets embeddable as bases of Banach base-norm spaces (so
BBNS ~ CBConv). We then give an adjunction between base-norm and
order-unit spaces, based on the duality between states and effects, and restrict
this to an equivalence in the standard way. Then we briefly discuss how this
equivalence is not quite adequate as a generalization of the commutative case
in chapter one.

In the third chapter, we first introduce a new characterization of Akbarov’s
Smith spaces and their duality with Banach spaces. From this we can produce
two dualities involving base-norm and order-unit spaces, depending on whether
one takes the base-norm spaces or the order-unit spaces to be Smith spaces. If
we take the base-norm spaces to be Smith, we get a state-and-effect triangle
where the category of computations is C*-algebras, which gives us one possible
state-transformer and predicate-transformer pair of semantics for quantum pro-
grams. In fact, the state-transformer semantics corresponds to what is called the
Schrodinger picture, and the predicate transformer semantics to the Heisenberg
picture.

We also produce another state-and-effect triangle, having the category of
W+-algebras and normal maps as computations, where the order-unit spaces
are Smith. We show in each case (whether it is C* or W*-algebras) how to turn
the base-norm and order-unit space equivalences into equivalences between a
category of convex sets (CBConv or CCL) and a category of effect modules
(CEMod and BEMod, respectively). We would prefer, in fact, to prove the
dualities directly in this setting, but we could only do so using the extra facil-
ities available in the vector space setting (linear independence, locally convex
topologies, and the Hahn-Banach and bipolar theorems).

These dualities give two generalizations of the duality between states and
effects in [24] §3.4] to the infinite-dimensional case, although with the drawback



that we consider only positive maps and not completely positive ones. A similar
generalization was considered before by Rennela [I09, Theorem 4.1, Appendix
C] (see also [I7, Proposition 5.1]). Rennela’s version was more order-theoretic,
using a different characterization of normal maps of W*-algebras, and with an
adjunction between states and effects in the general case. This adjunction is
not known to be an equivalence. This is a difficulty we were able to circumvent
by using locally convex topologies.

In the third chaper we also use Smith order-unit spaces to show that CBConv
is a reflective subcategory of two categories of Eilenberg-Moore algebras, EM (D)
and EM(Dy), which are variations of a theorem [98, Theorem 3] proved by
Ozawa that BBNS is a reflective subcategory of the category of preconvex
structures. In chapter four we use a theorem of Swirszcz to show that CCL has
two characterizations, as EM(R) and EM(E) (algebras of the Radon and expec-
tation monads, respectively). We can then characterize CEMod, the compact
effect modules, independently of an embedding in a topological vector space.

We now outline the original contributions. The probabilistic Gelfand du-
ality in the first chapter is new, at least in the form presented there (using a
Kleisli category). We explain in section how it is related to certain results on
Markov kernels due to Umegaki. In the second chapter, the characterization of
bases of base-norm spaces as sequentially complete bounded convex sets is new,
as is the adjunction and equivalence for base-norm and order-unit spaces, in
this categorical form (concerning morphisms as well as the spaces themselves).
In chapter 3, the generalization of Akbarov’s characterization of Smith spaces
is new, and Smith base-norm and order-unit spaces are new definitions, so the
equivalences given there are new, although the fact that it is possible to char-
acterize dual spaces of base-norm and order-unit spaces using compactness in
locally convex topologies is already known and relevant attributions are given
in the text. The universal enveloping compact effect module described there is
also new. In chapter four, the intrinsic definition of a compact effect module is
new.

Chapter 1 was published as [50], except for the introductory parts on effect
modules and the expectation monad, which come from [66], and Section
which is unpublished. In chapter 4, section was published in [50], except for
the different proof of Lemma and section was published in [66]. The
rest of chapter 4 is unpublished, as are chapters 2 and 3.
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Chapter 0

Preliminaries

The section on monads originated in [66], though it has been altered since then.
There are a number of preliminaries we must get out of the way.

0.1 Convexity in Vector Spaces

Recall that a topological vector space is a vector space equipped with a topology
such that addition and scalar multiplication are continuous with respect to the
topology of the field over which the space is defined (in our case, R or C)[II8|
I.1]

A subset S of a (real) vector space E is convez if for each z,y € S and
a € [0,1], we have az + (1 — a)y € S. An equivalent characterization is that
for any finite sequence (a;)i;er of elements of [0,1] such that ), ;a; = 1,
and (7;);cr a finite sequence of elements of S, we have ), ;c;z; € S. The
intersection of a family of convex subsets is convex, so convex sets form a lattice.
The smallest convex set containing a subset S of a vector space E is called the
convex hull and is written co(S). It can be equivalently defined as the set of
convex combinations of elements of S. A subset of a topological vector space is
o-convez if the analogous property for countable sequences («;);er and (2;);er
holds, where the sum is interpreted as a limit of the sequence of finite sums in
the usual manner.

We say a subset X of a vector space E is absolutely convex if for each
finite set x1,...,2, in X and ai,...,a, € R such that > ", [a;| < 1 then
Yo a;x; € X. The definition resembles that of convexity but with absolute
values (and < 1 instead of = 1). We include the use of the empty set when
forming convex combinations, so every absolutely convex set contains 0. The
effect of this is to rule out @) as an absolutely convex subset of F, in spite of the
fact that it is usually considered a convex subset of E. The astute reader will
notice when this definition is required later on. There is a monadic theory of
absolutely convex sets analogous to that for convex sets [107, [I08], but as we
do not require absolutely convex sets as independent objects we do not use it.

Unlike convexity, absolute convexity does not require an ordered field for
definition, and so can also be defined for the complex numbers or even more
general fields with valuation, such as p-adic fields. However, we will mostly
use the definition over R. For non-empty sets, absolute convexity is variously
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known as being balanced and convex [20, p. 102] or circled and convex [118|
Chapter II, Exercise 1]. This is because a subset S of a real vector space F is
balanced if x € S implies —x € S, and being balanced and convex is the same as
being absolutely convex (Lemma in the appendix). We use the notation
absco(X) to refer to the absolutely convex hull of X C E, E a (real) vector
space.

Lemma 0.1.1. Let C be a non-empty subset of a vector space E. The absolutely
convezx hull of C is co(C' U —C'), and therefore each element x € absco(C) can
be expressed as x = axy + (1 — a)x_, where x4 € C, z_ € C and o € [0,1].

Proof.
e absco(C) C co(C U —C):

Suppose we have x € absco(C), expressed as an absolutely convex combi-

nation
n
x= E ;T
i=1

allowing n = 0. We define 3; = |o;| and y; = sgn(a;)z;. There is still
the problem that >_»" ; 8; could be strictly less than 1. We can pick an
element of y € C, as it is non-empty, and define y,,+1 = y and yp42 = —y,

and N
ﬁn-i—l = 6n+2 = 71 — 222:1 5l
If n = 0, these are the only two values of §; that are defined.
Then the convex combination
n+2

D By =Y lail sen(@i)zi + Boi1y — Batoy
i=1

i=1

n
= Zaﬂi + Bn1y — Pniry =,
=1

which proves that « € co(C U —C).
e co(CU—C) C absco(C):

Suppose we have some element of & € co(C' U —C), written as a convex
combination

rT=a1® - 1Tt + ap(—TE) + -+ ap(—xy)

where 1 < k < n, possibly reordering so elements of X occur for ¢ < k and
elements of —X for ¢ > k. We can define {5, }1<i<n by taking 5; = «a; for
1<i< kand B = —q; for i > k. We have that |5;| = a; and so

Z|ﬁz| = Zai =1,
i=1 i=1

which means that x can also be expressed as the absolutely convex com-

bination
n
T = E Bixs,
i=1
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showing x € absco(C').

To show the last part of the lemma, we define o = Zf;ll a;. If a0 we

define z; = Zk_l g, and if @« = 0 we choose an arbitrary element of

i=1 «
C to be zy. Similarly, if 1 — @ # 0 we define z_ = =", 1o, and
otherwise choose an arbitrary element of —C' to be x_. Then z, € C,
z_ € —C and a € [0,1], and azy + (1 — o)z = . O

We say a subset S of a vector space E is radially bounded if for each line
L through the origin, S N L is bounded in L. Boundedness in L is defined as
boundedness in R via any linear isomorphism L = R. We say S is radially
compact if it is radially bounded and SN L is always closed in L, or equivalently
by the Heine-Borel theorem, that SN L is compact.

Lemma 0.1.2. An absolutely convex set U is radially bounded iff it contains
no line through the origin.

Proof. If L is a line through the origin contained in U, LNU = L and is therefore
unbounded, so U is not radially bounded.

For the other way, suppose U is radially unbounded, which is to say that
there exists a line L such that L N U is unbounded. This means that given a
linear isomorphism i : R = L, for each n € N there is an € R such that
i(x) € LNU and |z| > n. Given such an x, by absolute convexity of U and L,
we have —i(z) = i(—z) € LNU also, and then i([—n,n]) Ci([—z,z]) CLNU
by convexity. As images preserve unions and R = J7° ,[—n,n], we have i(R) =
LCU. O

The main reason for considering absolutely convex sets is their relationship to
seminorms. We first define a relation between subsets of a real vector space. We
say U absorbs V, for U,V C E, E a vector space, if there is some nonnegative
real « such that for all &' > a, V C &’U. Given a set U C F, we say it is
absorbent or absorbingﬂ if for all z € E, U absorbs .

Lemma 0.1.3. In a real vector space E, with subsets S,T:

(i) If S and T are absorbent, then S NT is absorbent. Therefore absorbent
sets are closed under finite intersection.

(i) If S C T and S is absorbent, T is absorbent.

(#ii) If S is a convex set containing 0, then S is absorbent iff for all x € E there
exists A € R>q such that x € \S.

Taken together, (i) and (ii) show that absorbent sets are a filter on E.
Proof.

(i) Let z € E. There exist «, 8 € Ry such that for all o/ > o, z € /S and
for all 8/ > B, v € B'T. Take v = max{«, 8} + 1, and observe that for
all v/ > v, 2z € /'S and x € ¥'T, so z € 'S N+'T. We also have that
~v > 0, so v-- is a bijection, so «y-- preserves Boolean operations. Therefore
¥SNAT =~(SNT), so SNT is absorbent.

1Known as radial in [I18].
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(ii) Let € E. There exists a € Rs such that for all o/ > a, z € &/S C &'T
so T' is absorbent.

(iii) It is clear that absorbency of S implies that there exists such a A, so we
reduce to proving the other direction. Assume that for all x € E, there
exists A € Rx>( such that x € AS. We show that for all X' > A\, z € X'S. If
A =0, then AS = {0} so z = 0, and therefore z € \'S for all A € R>o. We
now reduce to the case that A > 0, and therefore A’ > 0. In this case, the
fact that z € AS is equivalent to the existence of some y € S such that
x = Ay. As S is convex and contains 0, we have that %y—i— (1 — —) 0€ S,

and therefore NS 3 X ($y+ (1— ) -0) =y =z. D

Lemma 0.1.4. In a topological vector space, every neighbourhood of 0 is ab-
sorbent.

Proof. Let E be a topological vector space, N C E a neighbourhood of 0, and
x € E. As scalar multiplication is continuous, - - : R — FE is continuous.
Therefore there is an ¢ > 0 such that (e,¢) -z C N We therefore have that
5T € N, and so 6 2N As it is also true for any ¢ < § that €'z € N, we have
that for any o/ > 2, x € o/ N (by taking € = 21). O

For absorbent absolutely convex sets, we can define the Minkowsk: functional
(or gauge[118] 11.1.4, page 39)), as

|zlly = inf{\ > 0|z € AU}.
This defines a seminorm for each absorbent absolutely convex set U.

Lemma 0.1.5. The following are equivalent for an absorbent absolutely convex
subset U of E:

(i) -l is a norm.
(i) The only linear subspace of U is {0}.
(i1i) U contains no line through the origin.

(iv) U is radially bounded.

Proof.

e (i) = (ii): Let F C FE be a linear subspace such that F C U. Then for all
€ [0,0), F = aF C aU, so we have that for all z € F, ||z||y = 0 and
so z =0 by || — ||z being a norm.

e (ii) = (iii): A line through the origin is a linear subspace not equal to

{0}

e (iii) = (i): We prove the contrapositive. Suppose ||| is not a norm, i.e.
that there exists € E,  # 0 such that ||z|| = 0. For any a > 0, we
have that € o~ 'U and so az € U. By absolute convexity, ax € U for
negative and zero values too, and so the line generated by z lies in U, and
it is non-trivial because x # 0.

o (iii) & (iv): See Lemma O
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In fact, the Minkowski functional and open unit ball define isomorphisms
between open absolutely convex neighbourhoods of 0 and continuous seminorms
in any topological vector space [I18] 11.1.5 and 1.6].

If (E,|-]|) is a seminormed space, we define Ball(E), or Ball(||-||) to disam-
biguate if there is more than one seminorm present, as

Ball(E) ={z € E | ||z|| < 1}.

In the case that the seminorm is defined as the Minkowski functional of some
set, we can show the following.

Lemma 0.1.6. Let E be a real vector space and U C E be an absolutely convex
absorbent set. Then |z|lv < 1 iff v € aU for all o such that 1 < a < oo.
FEquivalently

Ball(E) = () oU.

I<a<oo

Proof. Let x € E.

o ||lz|lu <1=VA>1laxelU:

If [|z|ly < 1, this means that inf{\ > 0| z € A\U} < 1. If A > 1, then
inf{A\ > 0|z € AU} < A, so A isnot alower bound for {N > 0|z € NU},
so there exists some X > 0 such that z € YU and A £ X, i.e. A > N.
Therefore XU C AU, so x € AU.

o (VA>1laxelU)=|z|u:
Suppose that z € AU for all A > 1. Then we have

(IL,oo) CT{A> 0]z € AU},
S0

||| = inf{\ >0 | z € AU} < inf(1,00) = 1. 0

Recall that a norm ||-|| on a vector space E defines a metric d(z,y) = ||[x—y/|,
and this metric defines a topology on E, the ||-||-topology[118, II.2][20] ITI.1]. A
Banach space is a normed space in which this metric is complete.

Lemma 0.1.7. If E is a real vector space and U C E a radially compact
absolutely convex absorbent set, the closed unit ball of ||-||v is U.

Proof. The closed unit ball is U’ = {z € E | VA € (1,00).x € AU} by Lemma
If € U, and ) is a real number > 1, then A™! € (0,1),s0 A"t -2 € U.
Therefore AA\™! -2 € AU so € AU, and hence z € U’. This means U C U’.

Now suppose z € U’. If x = 0, then = € U, so we reduce to the case x # 0.
Let L be the line generated by z. Consider the set M = {a~'z | « > 1}. Since
x € U’', we have that for all @« > 1, a~'x € U, and therefore M C U. By
linearity, M C UNL. As U is radially compact, UN L is compact, and therefore
closed, so the closure of M is also contained in U N L. Therefore we only need
to show that z € M. We do this by showing that every neighbourhood of z
intersects M.
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Let € > 0, define ¢’ = max{e, 3} and define

Since 0 < 1 — % < 1, we have a > 1, as well as being defined. Now

lz — o™ ey =

IN

(- aally = (1 — 0™l
l—a Since x € U’, so ||z[lv = 1
/

a,

= <€ <e.

o |

All together, this states ||z — o 'z|y < e for all € > 0. Since o'z € M, we
have that x € M and = € U, as required. O

If £, F are normed spaces, a map f : E — F is bounded iff the following
supremum exists

£l = sup{[|f(2)|| |« € E and [lz| <1}

Boundedness is equivalent to continuity for maps of normed spaces, and as
indicated, the supremum above is a norm on continuous linear maps £ — F
[20, Proposition I11.2.1].

Lemma 0.1.8. Let E, F be real vector spaces and U C E, V C F be absolutely
convex absorbent sets such that |-y and |-y are norms. If f : E — F is a
linear map such that f(U) C V, then ||f|| < 1. Consequently, if f(U) C oV,
where o € Rxo, then ||f|| < «, and so f is bounded.

Proof. Let z € X and ||zy < 1. By Lemma [0.1.6] this is equivalent to z € aU
for all « > 1. We have by linearity of f that f(aU) C aV. Therefore f(z) €
aV for all & > 1, so by applying Lemma in reverse, we conclude that
||f(x)|lv < 1. As this applies for all x such that ||z|[y < 1, we can conclude
that [|f|| = sup{[[f(@)|lv |z € E.|zllv <1} <1.

If f(U) CaV,then (a ' f)(U) CV,so |la”tf|| <1,s0|f] <a. O

We require the following definitions and lemmas about Banach spaces. We
say that a family (x;);er of elements of a Banach space E is absolutely summable
if 37, [l2il| converges. (See [102] §1.4] or [118, Chapter III Exercise 23 (iii)].)
We use the notation Pg, (X) for the finite power set of a set X, i.e. the set of
finite subsets of X.

Lemma 0.1.9. Let (2;)icr be a family of nonnegative reals such that ), x;
converges. Then the support of x; is countable.

Proof. The sum Y ._; z; is defined to be

iel

and we will give the value of the sum the short name A. Since the sum converges,
we have that for all € > 0 there exists S, € Pn(I) such that A =3, o x| <e.
The set S = U;; Sy—; is a countable union of finite sets, hence countable.
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Suppose that there is some i’ € I\ S such that xy # 0. Then, taking a j such
that 2} > 277, we have that

)\*Zl’i<27]‘<fti/,

€S}

and so Zz‘esj x; +xy > A. But since A is the sum of (x;) over all ¢ € I and

i ¢ S;, we have

Z T Fxp <A

i€S;
This contradicts our assumption that such an i’ existed. Therefore the support
of (z;)ier is contained in S, and hence is countable. O

Corollary 0.1.10. Let (z;)icr be an absolutely summable family of elements of
some normed space. The support of (x;) is countable.

Proof. Since (z;);¢s is absolutely summable, (||a;||)icr is a summable sequence
of nonnegative reals, and so has countable support by Lemma [0.1.9] Since
llx;]] = 0 iff z; = 0, (z;);cs has the same, countable, support as (||;||)icr. O

The above applies in particular to sums of real numbers, as R is a normed
space. The corollary above can also be found as an exercise in [II8, Chapter
III Exercise 23 (c)]. Recall that a poset is a partially-ordered set, i.e. a set
equipped with a reflexive, antisymmetric, transitive relation, and that Pg, (X),
for any set X, is a poset under the usual ordering by C.

Lemma 0.1.11. In any Banach space E, every absolutely summable family

(2)ier is summable, i.e. > x; converges.
i€l

Proof. Let J = Pan(I), being a directed poset under inclusion, and (S;);cs be
the net defined as
Sj = Z ;.

i€j
By definition, ), ; x; converges iff S; converges. We show S converges by
showing that it is Cauchy, i.e. that for all € > 0 there is a N, € J such that for
all j,k > N, ||S; — Skl < e.

Let € > 0. We will consider the sum »_,_; ||lz;]|. Define (S7);c; as

S; =Y |l
icj
Since ) ;. [|xil| converges, there is some N, € J such that for all j,k > N,
|7 — Sil <. O
The previous lemma is found as an exercise in [I18, Chapter III Exercise 23

(a)].

Lemma 0.1.12. Let (z;)icr and (y;)icr be absolutely summable families in a
Banach space E, with the same index set I. Then (x; + y;)icr is absolutely

summable and
dmity)=> zi+ Y v

i€l iel i€l
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Proof. By definition,

Sollwi+wll = lim Yl + vl
icl SEPfiu(I) ieS

Since each term of the sum is non-negative, the net (3, q |lzi + vil|)
monotone. If we observe that for all S € Pg, (1)

Sl 4 will < 3 llall +

icS €S

SePin(D) ®

and that limgep, (1) Y icg |73l + ||lyill exists by continuity of addition (for real
numbers), we can use Lemma[A.1.3|to conclude that >, ||#; + y;|| converges.

Therefore Y, (x; + ;) converges by Lemma[0.1.11] and so

dmity)=> zi+ > v

i€l icl icl

by continuity of addition in F. O

A locally convez space is a Hausdorff topological vector space where the con-
vex neighbourhoods of each point form a neighbourhood base of that point,
equivalently that the absolutely convex neighbourhoods of 0 form a neighbour-
hood base for 0 [T18, 11.4]. It is equivalent to require that the absolutely convex
neighbourhoods of 0 form a neighbourhood base for 0 [I18, 1.1.2]. Under the
correspondence between absorbing absolutely convex sets and seminorms, lo-
cally convex spaces are also exactly those spaces whose topology can be defined
by a separating family of seminorms, and this is sometimes used as a definition
[20, Definition IV.1.2]. Products of locally convex spaces and products of topo-
logical vector spaces in general are given by the topological product [IT8], §I.2],
and neighbourhoods of zero of the form U x V for U a neighbourhood of zero in
the left factor and V' one in the right factor form a base [I18| II.5.2 Products].

If F is a topological vector space, a subset S C F is said to be boundedEI if
S is absorbed by all neighbourhoods of zero.

We include here some basic lemmas about bounded sets in locally convex
spaces.

Lemma 0.1.13.

(i) A set S C E is bounded in a topological vector space E iff it is absorbed
by all elements of a neighbourhood base for 0.

(i) If X C E,Y CF are bounded subsets of topological vector spaces E and
F, then X XY is a bounded subset of E X F.

(i1i) If X C E is a bounded subset, x € E, then X + x is bounded.

(iv) If E, F are topological vector spaces and f : E — F is a continuous linear
map, then f is a bounded map in the sense that if S C E is bounded, then
f(S) is bounded in F.

2This concept is most commonly applied to locally convex spaces, but is meaningful and
useful also for topological vector spaces that are not locally convex.
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Proof.

(i) The only if direction is clear. We therefore show that if S is absorbed
by all the elements of a neighbourhood base A for 0 in E, S is bounded.
Let U be a neighbourhood of 0, and N € N a basic neighbourhood such
that N C U, which must exist by N being a neighbourhood base. By
assumption, IV absorbs S, so there is an a > 0 such that S C aN. Since
aN C aU, we have that U absorbs S. Since this applies for an arbitrary
neighbourhood of 0, S is bounded.

(ii) By part (i), it suffices to show that if U C E and V' C F are 0-neighbourhoods
in E and F respectively, that U x V absorbs X x Y. We know there exist
a,B > 0 such that X C aU and Y C BV. Let v = max{«, }. Then we
have X CHU and Y C+V,s0 X x Y C~(U x V), as required.

(iii) By part (i), it suffices to show that for any absolutely convex neighbour-
hood U of 0, there is an o > 0 such that X +x C aU. Since X is bounded,
there is a 8 > 0 such that X C U, and as U is absorbent, thereisay > 0
such that x C yU. We can take a« = 8+, i.e. X +2 C (8+7)U, because
if y € X, s0 8 y,y ez eUso

y+r oy L
B+y B+y Bty
B -1 Y -1
= B ly+—"—lzeU
B+ B+

by convexity of U.

(iv) This is a standard result (see [118] 1.5.4]), but we can provide a proof here
for the convenience of the reader. Let f : E — F be a continuous linear
map between topological vector spaces, and S C E a bounded subset. If
V C F be a neighbourhood of 0, then as f is continuous, there exists a
neighbourhood?| of zero U C E such that f(U) C V. Since S is bounded,
there exists an o € Rx¢ such that S C aU, and therefore f(S) C f(aU) =
af(U) C aV by linearity of f. Therefore f(.S) is bounded. O

Lemma 0.1.14. Every compact subset of a topological vector space is bounded.

Proof. Let E be a topological vector space, with K a compact subset and U a 0-
neighbourhood, and V' = int (U), which is necessarily an open 0-neighbourhood.
By Lemma V' is absorbent, so {aV}qcr., is an open cover of E, and
therefore of K. Applying compactness, we take a finite subcover, if we take the
largest 8 € R~ such that SV is in this subcover, it contains all the other sets
in the subcover so K C V. Therefore K C U, and so K is bounded. O

Lemma 0.1.15. Let E be a topological vector space over R.

(i) If X C E is a bounded convex set, its absolutely convex hull absco(X) is
bounded. If X is compact, so is absco(X).

(ii) If E is locally convez, and X C E is bounded, but not necessarily convez,
then co(X) and absco(X) are bounded.

3This is the definition of continuity at 0 in terms of neighbourhoods, see e.g. [I6, 1.2.1
Definition 1].
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Proof. (i) If X is empty, then its absolutely convex hull is {0}, which is
bounded because every neighbourhood of 0 contains 0, and also compact.
Therefore we assume for the rest of this part that X is not empty. We
concentrate on the case involving boundedness and show the modifications
for the compact case in brackets.

By Lemmal0.1.1] each element of absco(X) is of the form ax + (1 —a)z_
where 4 € X, z_ € —X and « € [0,1]. Since E is a topological vector
space over R, the map f : R xR x F x E — FE defined as follows is
continuous because it is a composite of continuous maps:

fla, B,z,y) = ax + By.

The set I = {(a,8) € RZ, | a+ 8 = 1} is a bounded subset of R? (in fact,
it is even compact). So by Lemmal[0.1.13| (ii), I x S x S is a bounded subset
of RxR x E x E (if S is compact, I x S x S is compact by Tychonoft’s
theorem). Therefore f(I x S x S) is a bounded subset of F by Lemma
(iv) (f(I x S x S) is compact because the continuous image of a
compact set is compact). By Lemma [0.1.1] f(I x S x S) = absco(S), so
we have proved absco(S) is bounded (respectively, compact).

(ii) If U C E is an absolutely convex 0-neighbourhood, then S C aU implies
co(S) C aU and absco(S) C aU. Since, by Lemma [0.1.13) (i) it suffices to
check boundedness usng a neighbourhood base, this establishes that co(.S)
and absco(S) are bounded in a locally convex space F. O

Lemma 0.1.16. If X C E is convex and bounded, E being a Hausdorff topo-
logical vector space, then X is radially bounded.

Proof. Suppose for a contradiction that X is convex and bounded, but radi-
ally unbounded. By Lemma absco(X) is bounded, but also radially un-
bounded as it contains X. By Lemmal[0.1.2] there exists a line through the origin
in absco(X), which we take to be generated by a nonzero element = € absco(X).
The boundedness of absco(X) implies that for each 0-neighbourhood U, there is
an a > 0 such that absco(X) C aU, and so Sz € absco(X) C aU for all g € R.
This implies that = € U for all 3 > 0, so by taking 3 = a~! we obtain z € U
for any 0-neighbourhood U.

Since E is Hausdorff, there are open sets U,V C E such that 0 e U, z € V
and U NV = (. Therefore U does not contain z, contradicting the previous
paragraph. We therefore have that X is radially bounded by contradiction. [

We also have to following lemma about products of topological vector spaces.

Lemma 0.1.17. Let E x F be a product of topological vector spaces. We have
a map k1 : E— E x F defined as

k1(z) = (z,0).

This is a continuous linear section of w1, and hence a linear homeomorphism
onto its image E x 0. The analogous statements are true for ko and ms.

Proof. We only give the proof for x; and m; as the other side is analogous. We
see that k1 is linear because addition and scalar multiplication in E x F' are
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pointwise. If U xV is a basic neighbourhood of 0 in E X F', then nl_l (UxV)=U,
so k1 is continuous. We can see that it is a section of m; because

moki(z) =m(r,0) =2

for all x € FE. This implies that it is a homeomorphism onto its image in
E X F. O

We now deal with some notions relating to completeness in topological vector
spaces. In any topological vector space E, we can define a uniformityﬂ on E by
taking a base of entourages to be the family of sets of the form

Ny ={(z,y) eExE|z—yecV}

where V' runs through some base of 0-neighbourhoods [I18], §1.1.4]. The topol-
ogy defined by this uniformity is the topology E started with, and whenever
we apply a notion relating to uniform spaces to topological vector spaces, we
mean to use this uniformity. Any continuous linear map is uniformly continu-
ous. A topological vector space is said to be complete iff it is complete in that
uniformity.

Lemma 0.1.18. For any topological vector space E, a an element of E, the
map -+ a: E — E is an affine uniform isomorphism.

Proof. We first prove that - + a is affine and uniformly continuous. Consider a
convex combination ax + (1 — @)y in E in the following:

(az+(1—a)y)+ta=az+(1—-a)y+aa+ (1 —a)a
= a(z+a)+(1— )y +a)

To show it is uniformly continuous, let Ny be a basic entourage coming from
a O-neighbourhood V. We will show that Ny C ((- + a) x (- + a)) "} (Ny),
equivalently ((- + a) X (- + a))(Ny) € Ny as follows. Let (z,y) € Ny, i.e.
z—y € V. Then

((+a)x(-+a)(zy)=(r+a)-(y+a)=z-yeV

so (x +a,y+a) € Ny.
We then observe that -+ (—a) is of the same form, hence affine and uniformly
continuous, and the inverse to - + a, so - 4+ a is a uniform isomorphism. O

A sequence (z;);en in X is a Cauchy sequence if for each entourage U C
X x X, there is an N € N such that for all 7,5 > N we have (z;,z;) € U. So
in a topological vector space, a sequence is Cauchy if for each 0-neighbourhood
(equivalently, for each basic 0-neighbourhood for some 0-neighbourhood base)
U, there is an N € N such that for all ¢,5 > N we have z; —x; € U. If we
consider a normed space as a topological vector space, with its 0-neighbourhood
base of open balls of radius €, we see that this coincides with the usual notion
of Cauchy sequence in normed spaces. A subset S of a topological vector space
E is sequentially complete if every Cauchy sequence with values in S converges
to a point in S.

4See [16}, §11.1.1] for the basic theory of uniform spaces.
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Lemma 0.1.19. Let (o;)ien be a sequence of real numbers, a;; > 0 for all i,
such that Y= o; = 1. Let (2;)ien be a sequence in a topological vector space
E that is contained in a bounded convex set X C E. Then the sequence

n
E Q;T;
=1 neN

Proof. Without loss of generality, we can take X to be absolutely convex by
Lemma (i). Let U C E be a neighbourhood of 0. Since X is bounded,
there is a 8 > 0 such that X C BU, or equivalently %X CU. Since (3.1, Qi) en
converges, as the sum of that series is 1, it is a Cauchy sequence, so there is an
N € N such that for all m,n > N (without loss of generality taking m > n) we
have

is Cauchy.

m

>

i=n+1

<

B?

and since each term of the sum is nonnegative

and in fact

0< Y Bai<1.

1=n—+1

We can now see that for all n,m > N, without loss of generality taking m > n,
we have

D=y awi= Y awi=» (Ba) (;Iz) :
i=1 i=1 i=n+1 i=n

As this is an absolutely convex combination of elements of %X , it is contained
in £X C U, so we have shown that | Y7 a;x; — > 1| ax;| € U, as is required
to show that the sequence is Cauchy. O

0.2 Ordered Vector Spaces
A wedge in a (real) vector space E is a subset F, such that:
(i) fae,ye By, z+y € E,.
(i) faeR, a>0,and x € Ey, then ax € F,.
The wedge defines a pre-order on E by defining
r<yey—zeck,. (0.1)

In fact, this defines a map from vector spaces with a wedge to vector spaces that
are also pre-ordered sets where the pre-order is translation invariant. Taking
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the wedge of elements greater than or equal to zero defines the inverse map, so
these two structures are equivalent.

We say that a wedge is a cone if Ey N—FE; = {0}. Some authors call this a
proper cone and use cone, or even conver cone to mean a wedge, reserving cone
for an even more general notion. We will stick to the previous terminology. For
a cone, defines a partial order. We will now use partially ordered vector
space to refer to a pair (E, EL). In fact, we often omit the word partially and
refer to these simply as ordered vector spaces. A linear map f : E — F between
partially ordered vector spaces (F, Ey) and (F, Fy) is positive if f(EL) C F.
For linear maps, this is equivalent to being monotone in the order . Partially
ordered vector spaces and linear maps form a category.

Recall that a poset P is called directed if it is nonempty and each pair has
an upper bound, i.e. if for each pair x,y € P there exists z € P such that < z
and y < z. We say a cone Ey C F is generating if E is the (real) span of F,
equivalently F, — E, = F. This is equivalent to the statement that each x €
can be (nonuniquely, in general) expressed as x4 —x_ with z,,2_ € E,. Many
authors say instead that (E, E) is directed, for the following reason.

Proposition 0.2.1. A partially ordered vector space (E, EL) is directed iff Ey
18 generating.

Proof.

e Directed implies generating:

Let x € E. Since (E, E}) is directed, there exists an element, which we
shall call x,, such that x <z, and 0 < zy. Applying , we see that
x4 € B and x4 —x € Ey. If we define z_ = x4 — x, we see that
r=z4y —2_ and z4,z_ € E, as required.

e Generating implies directed:

Let z,y € E. We can choose decompositions of them into positive elements
as x4 —r_ = x and y4 —y_ = y. These equations can also be written as

Ty —T =T Y+ — Yy =y-,

which by (0.1) implies * < x4 and y < y4. Using the fact that z,,y4 €
E. and the translation invariance of the order, we also have

Ty ST+ Yy Y STy Yy,
so we can apply transitivity of < to deduce
TS Tyt Yy Y=oy + Yy

We can therefore see that x4 + y4 is an upper bound for {z,y}. Since z
and y are arbitrary, and E can never be empty, E is directed. O

From now on we will use the common terminology and refer to (E, F,) as
directed if E is generating. We remark at this point that (R,[0,00)) is a
directed ordered vector space and the order is the usual one.
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We can extend the notation for closed intervals, as used on R, to any ordered
vector space. If (E, Ey) is an ordered vector space and a,b € E is any pair of
elements, we define

[a,b))={x€E|x—acFE;yandb—z € E,}
[a,00)={z€E|z—acE;}=FEi+a

It is clear from these definitions that [a, b] = [a,00) N (—00,b] = a+E Nb—E4.
Lemma 0.2.2. Let (E, Ey) be an ordered vector space, a,b elements of E.

(i) If « € Rsg. Then
ala, b] = [aa, ab]

(i) If c € E, then
c+la,b] =la+c,b+

Proof.

(i) We reason as follows:

r € ala,b] & o tx € [a, b]
salz—a€FE,andb—a 'z € B
Sr—ac€Efandab—x € By E, a cone
&z € [—aa, abl.

(ii) In this case:

x€c+la,b & x—ceElal]
Sa<z—c<b
Sr—c—acbiandb—-z+ce Fy
szr—(a+c)eEyand (b+c¢)—z € By
Sxelatecbt

so the two sets are the same. O

0.3 Dualities, Polars and Bipolars

A duality is a triple (E, F, (-,-)) where E, F are real vector spaces, and (-,-) :
E x F — R is a bilinear map such that

Yy € F.(z,y) =0 implies x =0
Vz € E.{(x,y) = 0 implies y = 0.

Some authors use separated duality to describe this, leaving the term duality
to refer to a pair of vector spaces F, F' with a bilinear map E X F — R. The
basic theory is described in [I18] §IV.1] and [I5] §I1.6.1]. By the symmetry in
the definition, if (E, F, (-,-)) is a duality, (F, E, (-,-) o og ) is a duality, where
op,r(z,y) = (y,x). We call this the transpose of a duality.
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For any locally convex topological vector space F, we denote by E* the vector
space of k-valued continuous linear maps, the dual space, where k € {R,C} is
the base field of E. This is also used by some authors for the “algebraic dual”,
of all linear maps, including discontinuous ones, who use E’ for the continuous
dual. However, E’ is used to refer to the commutant in the theory of operator
algebras, so we do not use it.

Proposition 0.3.1. If E is a locally convex space, and we define

() ExXE*—=R

(z,0) = ¢(x)
then (E, E*,(-,-)) is a duality.
Proof. See [118, §IV.1 Example 2| or [15, p. I1.42]. O

We can define a locally convex topology o(E, F) on E with the following
subbase of zero-neighbourhoods

Nye={z € E||(z,9)| < e}, (0.2)

where y € F' and € € Ryg. In fact, (N,) = (Ny,1)ycr defines the same topology.
This topology is the coarsest topology such that each (-,y) : E — R is continu-
ous. By transposing the duality, we can also define the topology o(F, FE) on F.
In the special case of the duality from Proposition o(E, E*) is called the
weak topology and o(E*, E) the weak-* topology. If (E, F (-,-)) is a duality, and
Y C F is a set whose span is F', then we can define o(FE,Y’) to be the topology
with sets of the form N, . with y € Y as a base. This topology agrees with
o(E,F).

We will need the following fundamental results about linear maps that are
continuous in weak topologies.

Proposition 0.3.2. Let (E, F,(-,-)) be a duality. The map x — (x,-) defines
a linear isomorphism from E to (F,o(F, E))*, i.e. from E to linear maps from
F to R that are continuous in the o(F, E)-topology. By symmetry, the map
y — (-, y) defines a linear isomorphism from F to (E,o(E,F))*.

Proof. See [118, IV.1.2]. O

Proposition 0.3.3. Let (Ey1, F1,{(-,-)1) and (Es, F5, (-, -)2) be dualities. Let
f: E1 — Es be a linear map. The following statements are equivalent:

(i) [ is continuous from o(E1, F1) to o(Es, Fy).

(ii) There exists a linear map g : Fo — Fy such that for all x € Ey and y € Fy

(f(@),y)2 = (z, 9(y)h (0.3)
Any g satisfying (0.3)) is necessarily continuous from o(Fy, Es) to o(Fy, Ey).
Proof. See [118, IV.2.1]. O

Proposition 0.3.4. Let E be a locally convex space, and C' a convex subset.
Then C is closed iff it is o(E, E*)-closed, and the closure of C is the o(E, E*)-
closure.

Proof. See [118], 11.9.2 Corollary 2]. O
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0.3.1 Polars

Given a duality (E, F,(-,-)), and a subset S C E, we define the polar [II8,
§IV.1.3] of S, S° C F, to be

S®={yeF|VxeS(x,y <1}

If T C F, we define T° to be the polar of T in the transposed duality.
In [15] §IL.6.3] the polar is defined to be

{y € F|Vz e S(x,y) > —1}.

It is clear that this is —S°, and so any results about polars from [I5] can be
translated to match the usual definitions.
We define the absolute polar as

SPl = {y e F |Vz € S|(z,y)| < 1}.

Lemma 0.3.5. Let (E, F,(-,-)) be a duality and S C E. Then S° is a convex
subset of F containing 0 that is o(F, E)-closed, and S'°! is absolutely convex
and o(F, E)-closed.

Proof. For the fact that S° is convex, contains 0, and is o (F, E')-closed, see [118],
IV.1.4].

To show S/°! is absolutely convex, let > _icr @iyi be a finite absolutely convex
combination of elements of S°/. Then for all z € S, we have

‘<$>Zaiyi>‘ = >l y)| < Jall(@ g <Yl < 1.
iel

iel iel iel
This shows Y, ciy; € S1°l. Now, since SI°l = §° N —S°, it is o (F, E)-closed
as well. 0

Lemma 0.3.6. Let (E,F,(-,-)) be a duality. If S C E is absolutely convez,
then S° = Slel.

Proof. We see from the definition that S°l C S°. To show the opposite inclu-
sion, let y € S°. We know that for all x € S, (z,y) < 1. Since —x € S, by
absolute convexity, we have (—z,y) < 1, so (x,y) > —1, by bilinearity. This
shows that |(z,y)| < 1, for all x € S, and hence y € Sl°l. O

Recall that the polar wedge of a wedge C' C E is
C*={yeF|(z,y =0}

Lemma 0.3.7. Let (E,F,{-,-)) be a duality, and C C E a wedge. Then C* =
—-C°.

Proof. We have that

—C°=—{yeF|VeelClr,y) <1} ={ye F|VxeClx,—y) <1}
={yeF|VreCx,y) > —1}.
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We can see, therefore, that —C° C C*. Suppose for a contradiction that there

is ay € —C°\ C*. Then there is some = € C such that —1 < (z,y) < 0. Take

a = (z,y). Therefore —% > 0, so —%x € C because it is a wedge. We can

therefore see that

<_im7y> = —%<1’,y> =-2 Z -1,

which is a contradiction. So —C°\ C* = (), and therefore —C° = C*. O

Lemma 0.3.8. If E = E, — E (equivalently, if (E, Ey) is directed), then the
dual wedge F. is a cone, the dual cone.

Proof. Suppose y € Fy and —y € F;. Then for all x € F,, we have (z,y) >0
and (z, —y) > 0. By linearity, we deduce (z,y) < 0 and therefore (z,y) = 0 for
allz € E,. If v € E is expressed as x4 —x_ with x4, z_ € E, we see that

(a:,y> = <$+ - .T_,y> = <x+7y> - <37—,y> =0,
and therefore y = 0. O

The main theorem in the subject of polars is the following. Given a set
S C FE, we may not only take the polar S°, but also the polar of the polar,
S5°° C F, the bipolar.

Theorem 0.3.9 (Bipolar Theorem). Let (E, F,(-,-)) be a duality, S C E a
subset. Then S°° is the closed convex hull of SU{0} in the o(E, F) topology.

Proof. See [118], TV.1.5] or [15 I1.6.3 Theorem 1]. O

Corollary 0.3.10. Let (E,F,(-,-)) be a duality, and S C E an absolutely
convex set. Then S°° is the o(E, F) closure of S, or equivalently the closed
absolutely convex hull of S.

Proof. By absolute convexity, we have S U {0} = S and co(S U {0}) = S. By
[20, IV.1.13 Corollary], we have that the closed convex hull of S is the closure
of the convex hull of S, so by the bipolar theorem S°° = cl(5), in the o(E, F)
topology.

The closure of an absolutely convex set is convex, and if z; — x, then —z; —
—xz, so cl(S) is balanced and convex, therefore absolutely convex (Lemma
A.3.1). Therefore cl(.S) is the closed absolutely convex hull of S. O

Lemma 0.3.11. Let (E, F, (-, -)) be a duality.
(i) Let (Si)icr be a family of subsets of E. Then (;c; Si® = (User Si)o, and
o lo]
MNiex sil°l = (Uier Si) -

(ii) Let S C E and o € R\ {0}. Then o(S)° = (a='9)° and a(S)‘OI =
(a=15)".

(i4i) Let S,T C E. Then S C T implies T° C S° and T'°l C Sl°l.

(iv) Let S C E. Then absco(S)® = absco($)° = gl
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Proof. In each of the first three statements, we only give the argument for the
polar, as the argument for the absolute polar is similar.

(i)

ye (S eVielvaeSi(ny) <levVoe|]Si(z,y <1
el el

el
(i)

yea(S®)salyc S evreSir,alyy<1avreS(atey <1
evVrea 'S (r,y)<leye (@ ts)’

(iii) Let S CT C E. Then
yeT’ Ve el (z,y) <1l=VreS(r,y) <leyecsS°.
(iv) By Lemma , absco(S)? = absco(S)lo‘. We have S C absco(S), so

by the previous part absco(S)Io‘ C Slol. To show the opposite inclusion,
suppose that y € SI° i.e. that for all z € S, |(z,y)] < 1. Let 3

ier Xidi
be a finite absolutely convex combination of elements of S. Then
‘ <Z a5, y> ‘ = Z ai<mia y>
il il
< aila, y)|
il
=D laill(zi, y)|
il
§Z|Oli| xiGSayGS‘OI
icl
<1 an absolutely convex combination
O

Corollary 0.3.12. If (E, F,(-,-)) is a duality, and S C E, then Sl°ll°l is the
closed absolutely convex hull of S in the o(E, F') topology.

Proof. By Lemma [0.3.11] we have Slollol = absco(S)lOHo‘, which in turn is equal

to absco(S)°° by Lemma By Corollary|(0.3.10} this is the closed absolutely
convex hull of S in the o(E, F') topology. O

Lemma 0.3.13. Let (E, F,{-,-)) be a duality, and F' C F a subspace of F such
that F separates the points of E, and therefore (E,F’',(-,-)) is a duality. Let
S C E. We use Sy to mean the polar of S in F' and S%. to mean the polar of
S in F'. Then

S%NF' =59,
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Proof. If y € S%,, then y € F' and Vz € S.(z,y) < 1, so y € S%. Therefore
y e SLNF.

For the other direction, let y € S%NF'. Theny € F' and Vz € S.(z,y) <1,
S0y € S%. O

The following lemma relates polars and adjoints.

Lemma 0.3.14. Let (Ey, F1,(-,-)1) and (Ea, Fs, (-, -)2) be dualities, f : E1 —
Es a linear map with adjoint g : Fy — Fy. If S C Ey, then f(S)° = g=(S°).
Equivalently, if T C Fy, then g(T)° = f=4(T°).

Proof. The second statement follows from the first by transposing the duality,
so we prove the first.

f(9) ={y € Fa|Vx € f(5).(x,y)2 <1}
={y e Fy | Vo € S(f(x),y)2 <1}
={y € > |Vz € S(z,9(y))1 <1}

={ye F>|gy) €S}
=g 1(5°).
]

We can prove the following useful fact about closed wedges in locally convex
spaces. It can be proven directly from the Hahn-Banach separation theorem as
well.

Lemma 0.3.15. Let E be a locally convex space and E1 C E a closed wedge.
Then ¢(x) > 0 for all ¢ € E (the polar wedge), iff v € E .

Proof. If x € E, by definition we have ¢(x) > 0 for all ¢ € E. We therefore
only need to show the other direction.

The set {x € E | V¢ € EY.¢(x) > 0} is equal to the dual cone of £} with
respect to the transpose of the usual pairing between F and E*. Applying
Lemma, twice, we have

[v€ B |Voe BLoa) 2 0} = —(—E.°)°
=FE.°° Lemma (ii)

The bipolar is the o(E, E*)-closure of E, by the bipolar theorem and the fact
that a wedge is already convex and contains 0. We then use the fact that
if a convex set is closed in a locally convex space it is also weakly closed by

Proposition [0-3.4] O

0.4 Category Theory

We recall here some basic theorems of category theory. Some basic references
are [87) [T4]. We use Eilenberg’s notation for hom sets in a category, i.e. if C is
a (locally small) category, and X and Y are objects in C, then C(X,Y) is the
set of arrows X — Y in C.

The basic definition of an adjunction is a pair of functors F : D - C,G : C —
D and a natural isomorphism ¢ : D(F(X),Y) = C(X,G(Y)). An adjunction
can be defined equivalently in the following ways:
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Theorem 0.4.1. Fach adjunction (F,G,¢), F: D — C is determined by any
one of the following:

(i) Functors F,G, a natural transformation n : Id = GF such that each nx
s a universal arrow from X to G, i.e. for each f : X — GY there exists
a unique g : FX —'Y such that the following diagram commutes

X L GFX

G
\Vg

GY.

In this case, ¢(f) is defined to be G(f)onx.

(ii) The functor G and for each X € D an object FyX € C and a universal
arrowny : X — GFyX from X to G. Then F is defined on objects as Fy X
and on maps h : X — X' to be the unique Fh such that GFhony = nx/oh.

(i4i) Functors F,G and a natural transformation € : FG = Id such that ey is
universal from F to 'Y .

(iv) The functor F and for each Y € C an object GoY € D and an arrow
ey : FGoY — Y that is universal from F to Y.

(v) Functors F,G and natural transformations n : Id = GF, ¢ : FG = 1d
such that the following diagrams commute

FX 2 FGFX ay %% GFGY
\ ist \ lGEy
idFX idGX

FX Gy

for each X € D and Y € C.

Proof. See [87, IV.1 Theorem 2|, where the statement of the theorem comes
from. O

The following fact about adjoints justifies referring to “the” left adjoint or
“the” right adjoint of a functor, at least up to isomorphism.

Proposition 0.4.2. If F,F' : D — C are both left adjoints to a functor G :
C — D, then F = F'. Similarly, if G,G" are both right adjoints to a functor F,
then G =2 G'.

Proof. See [87, §IV.1 Corollary 1]. This isomorphism can be defined in terms
of the units n : Id = GF,n’ : Id = GF’ and counits ¢ : FG = Id, ¢’ : F'G = 1d
as eF'oFn : F — F' and € F o F'n : F' — F. These can be seen to be
mutually inverse by using naturality and the triangle identities from Theorem
0.4.1] (v). O

A functor F' : D — C is an equivalence if there exist G : D — C and natural
isomorphisms « : FG = Ide, S : Idp = GF. We call the triple (G, «, 8) an
inverse for F', and when no confusion can result, we refer to just G as an inverse.
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Be warned that there is no uniqueness to o and 5. An adjunction (F,G,n,¢),
described in terms of (v) of the above theorem, is called an adjoint equivalence
if n and € are isomorphisms. Recall that a functor F is essentially surjective on
objects if for each Y € C, there exists an X € D and an isomorphism F(X) 2 Y.

Theorem 0.4.3. The following are equivalent for a functor F : D — C:
(i) F is an equivalence of calegories.
(ii) F is part of an adjoint equivalence (F, G, n,€). (and equally (G, F,e~*,n~1)
is an adjoint equivalence).
(iti) F is full, faithful and essentially surjective on objects.
Proof. See [87, IV.4 Theorem 1]. O
For F an equivalence, we call any G in an adjoint equivalence an adjoint
tnverse to F.

Lemma 0.4.4. Let (F,G,n,¢€) be an adjoint equivalence, and let (F',G,n’,€’)
be an adjunction (having the same G). Then n' and € are isomorphisms, so
(F',G,n',€) is also an adjoint equivalence (with F' = F).

Proof. Using Proposition [0.4.2) we have that eF' o Fn' : F = F' and ¢ Fo F'n :
F’ = F form an isomorphism F = F’. We first observe that

G(eF' o Fn)yon = GeF' o GFr on

=GeF' onGF' o naturality of
= (GeonG)F' onf
=7 adjunction triangle.

As 7 is an isomorphism, 7’ has been shown to be a composite of two isomor-
phisms, and therefore an isomorphism.
Similarly the proof for ¢’ goes

€o(FoF'n)G=c¢eoeFGoF'nG
= o F'Geo F'nG
=¢€ o F'(GeonG)

/
:67

using the naturality of ¢ and an adjunction triangle.
It follows, by definition, that (F’,G,n’,€') is an adjoint equivalence. O

0.4.1 Monads

This section recalls the basics of the theory of monads. Some basic references
are |87, [10, 90} [14]. Some specific examples are elaborated later on.

A monad is a functor T : C — C together with two natural transformations:
a unit 7 : Ide = T and a multiplication p : T? = T, such that the following
diagrams commute, for X € C.

T(X) —0 L 12 (x) L0 gy T3(X) TN 2 (x)
i#x/ T(ux)l l/ltx
T(X) 7° ——T(X)

nx
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Each adjunction F' 4 G gives rise to a monad (GF,n, GeF).

Given a monad T one can form the category EM(T) of (Eilenberg-Moore)
algebras. Objects of this category are maps of the form « : T'(X) — X, making
the first two diagrams below commute.

T(x) T(f)

X o Trx T2X 5 TX TX Ty
\ l/a /JX\L l/a a\L l/B
X TXT>X X?Y

A homomorphism of algebras (X,a) — (YV,8) isamap f: X — Y in C be-
tween the underlying objects making the diagram on the above right commute.
Therefore the diagram in the middle says that the map « is a homomorphism
(TX,pux) — (X,a). The forgetful functor U : EM(T) — C has a left adjoint,
mapping an object X € X to the (free) algebra (T'(X), ux).

Each category EM(T) inherits limits from the category C. In the special
case where C = Set, the category of sets and functions, the category EM(T) is
not only complete but also cocomplete (see [10] § 9.3, Prop. 4]).

For any monad T = (T, n, 1) on a category B we write IC4(T") for the Kleisli
category of T. Its objects are the same as those of B, but its maps X — Y
are the maps X — T(Y) in B. The unit : X — T(X) is the identity map
X — X in K4(T); and composition of f: X — Y and ¢g: Y — Z in K4(T) is
given by g o f = poT(g) o f. Maps in such a Kleisli category are understood
as computations with outcomes of type T, see [93]. For a monad T': Set — Set
we write Kly(T) — KU(T) for the full subcategory with numbers n € N as
objects, considered as m-element sets.

For a given monad (T, 7, u), it is natural to ask if it arises from an adjunction.
The Kleisli and Eilenberg-Moore categories both show that this is true. For
KU(T) we define Fp : C — KU(T) and Gr : KU(T) — C as follows

Fr(X) = X
Fr(f:X—=Y)=nyof
Gr(X) =T(X)
Gr(f: X = TY)) = py oT(f)

Then Fr is a left adjoint to G in such a way that T is equal to the monad
arising from this adjunction [87, §VI.5 Theorem 1].
For EM(T), we define FT : C — EM(T) and G : EM(T) — C as

FT(X) = (TX, ix)
FUf: X =Y)= T()
el (Xa TX — X) =

Gl(f: X =Y)=

Then F7T is a left adjoint to GT, and T is the monad arising from this adjunction
[87, §VI.2 Theorem 1].

If a monad (T : C — C,n, 4t) is known to arise from an adjunction (F': C —
D,G:D — C,n,¢€), one might wonder how the previous adjunctions are related
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to the one defining 7. There is a comparison functor Kr : K(T) — D defined
as

Kr(X) = F(X)
Kr(f: X = T(Y)) =epr)o F(f).

This functor is a map of adjunctions, i.e. Go K7 = G and Ky o Fpr = F, and
it is the unique functor with this property [87, §VI.5 Theorem 2].
There is also a comparison functor for EM(T) KT : D — EM(T) defined as

KT(X) = (G(X),G(ex))
KT (f: X =Y)=G(f).

This functor is also a map of adjunctions, i.e. GT o KT = G and KT o F = FT
and is the unique functor with this property [87, §VI.3 Theorem 1].
The above constructions give us K7, Kp : K{(T) — EM(T) for any monad

T. These two functors are equal by the uniqueness statements above, and can
be defined as

K : KOT) — EM(T)
K(X) = T(X)
K(f: X - T(Y)) = py o T(f).

If C and D are categories, (T, 0T, u”), (S,n°, u°) are monads on C and D
respectively, a lax map of monads[85, §6.1]E| from T to S is a pair (U, o) where
U is a functor C — D and o is a natural transformation SU — UT (note the
reversal of direction) such that the following diagrams commute

S
v-"% su s2u 57, sur L. Ur? (0.4)
N
Un
UT SU _ UT.

In the case that the U = Id, a lax map of monads T' — S is a monad
morphism S — T, see e.g. [14, Volume 2, Definition 4.5.8].
The following is also proven in [85, Lemma 6.1.1].

Proposition 0.4.5. For each lax map of monads (U : C — D,o : SU = UT)
we can define a functor U7 : EM(T) — EM(S) as

U°(X,a) = (UX,Uaocox)
Uo(f:(X,a) = (Y, 8)) = U(f),

where (X, a), (Y, B) are T-algebras, f a T-algebra map between them.

Proof. We first show that U?(X,«a) is an S-algebra. We do this by pasting

50riginally called a monad functor in [123} §1].
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diagrams as follows:

S
Ux X sux S2Ux 57X surx SV sux
\ lax UTxl \Lﬂx
U77X
UTX 1S5 ur2x YT yrx
Uidx
Ua Upk Ua

On the left, the top triangle is from , the bottom one is U applied to the
triangle diagram for X being a T-algebra. On the right, the left pentagonal
part is from , the upper right square is naturality of ¢ and the bottom
right square is U applied to the square diagram for X being a T-algebra.

We also need to show that if f is a T-algebra map, then U7 (f) is an S-algebra
map. We do this by pasting diagrams again:

sux 22U suy

UTX —UTY
UTf

o s

uf

The top square commutes by naturality of o, and the bottom square is U applied
to the square that commutes because f is a T-algebra map.

Preservation of identities and composition for U? follows directly from the
fact that U is a functor. O

A colax map of monads T — S is a pair (U : C — D,o : UT = SU) (note
the direction is not reversed this time) such that

v ur UT? —%s SUT 575 52U (0.5)
n& io U“Ti i#SU
SU UT SU.

o

This definition comes from [85, §6.1]. We see that the diagrams are simply those
from (0.4) with o reversed. The following also comes from [85] §6.1].

Proposition 0.4.6. For each colax map of monads (U : C — D,o : UT = SU)
we can define a functor U, : KUT) — KU(S) as

Us(X) = U(X)
Up(f: X = TY)) =0y oU(f).

Proof. First observe that for amap f: X — TY, we have that U, (f) : U(X) —
SU(Y), and is therefore a I/(S)-map from U, (X) to U,(Y), as is required.
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To show that U, preserves identity maps, observe
s
Ua(n;Td =0x0° UU)T< =MNux

by the left diagram in (0.5)).
For composition, let f: X - TY and g: Y — TZ. If we write * for Kleisli
composition, we have

Us(g f) = U o T(g) o f)
=o0z0UpgoUT(g) 0 U(f)

= ,u[S}Z oScozoorz0UT(g9)0U(f) right diagram (0.5|)
= ugz080708U(g) 0oy oU(f) naturality of o

= MEZ [} SUU(Q) o Uo(f)
= Uo’(g) * Ua(f)

O

A weak map of monads T — S is a lax map of monads (U,o : SU = UT)
such that o is an isomorphism. Therefore (U,071) is a colax map of monads
T — S as well. We therefore have functors U7 : EM(T) — EM(S) and U,-1 :
KUT) — KL(S).

Proposition 0.4.7. For a weak map of monads (U,o : SU = UT), the natural

isomorphism o makes the diagram

Ko(T) 5 em(T)

Uoll iw

KU(S) —= EM(S)

2-commute, i.e. it is an isomorphism o : KSU,—1 = U KT .

Proof. On objects, where X € C, or equivalently X € KC¢(T), we have K°(U,-1(X)) =
S(U(X)) and U (KT (X)) =U(T(X)), so ox : KU, 1(X) - U°KT(X) as a
family of maps. If we show that o, with this type, is natural, the fact that each
ox is an isomorphism will show that ¢ is a natural isomorphism. Therefore we
only need to show that for all f: X — T(Y), the diagram

KSU, 1 X 2> U°KTX

KSUU_l(f)i lU”KTm
KSU, .Y > UKTY

commutes. Expanding the definitions, we see that

U(K"(f)) = U (py o T(f)) = Upy o UT(f)

and

K5 (Us-1(f)) = K5(oy" o U(f)) = uiy o S(oy") o SU().
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After making these substitutions, the naturality diagram takes the form

SUX — X~ UTX
SU(f) iUT(f)
SUTY 22 UT?y
S(oy") lUw)
S2UY UTYy
ROy /

SUY.

The top square commutes by naturality of o in its original form, and the bottom
pentagon commutes because o is a lax map of monads (0.4), and using the
invertibilty of o. O

In the special case of monad morphisms, we can form the category of monads
on a given category C, Monad(C). Given a monad morphism o : S = T
(remembering the reversal of direction compared to lax maps of monads), we
define EM (o) =1d7 : EM(T) — EM(S). If we take Cat to be the (superlarge)
category with large categories as objects and functors as morphismg’ we can
prove the following fact.

Proposition 0.4.8. With the above definition on morphisms, EM defines a
functor Monad(C)°® — Cat.

Proof. We have already seen that EM(T) is a category for T any monad and
that EM(f) is a functor for any monad morphism (Proposition. Therefore
we only need to show that EM preseves identities and composition.

On objects, EM(idr)(X, a) = (X, aoidrx) = (X, @), and on maps, EM(0)
for any monad morphism o is equal to the identity functor by the definition of
monad morphism as a special lax map of monads, so EM(idr) = Idga(7)-

For composition, let ¢ : R = S and 7 : S — T be monad morphisms. On
objects, we have that

EM(T)(EM(0)(X,a)) = EM(T)(X, a0 0)
= (X,a0007)

=EM(oo7)(X, ).

On maps we have that all three functors are the identity, hence agree. Therefore
EM(ooT) = EM(T)0EM(0) as functors, completing the proof that EM is itself
a functor Monad(C)°? — Cat. O

The previous proposition shows that isomorphic monads have isomorphic
Eilenberg-Moore categories.

We have already seen that adjoints, if they exist, are unique up to natural
isomorphism (Proposition . Here we need a stronger result, namely that
there is also a monad isomorphism between the induced monads.

6Not any 2-category and not the large category of small categories.
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Lemma 0.4.9. Consider a functor G: C — D with two left adjoints: F 4 G
and F' 4 G. The induced isomorphism F = F’ also yields an isomorphism
GF = GF' of monads on D.

Proof. Let’s write 7, e for the unit and counit of the adjunction F 4 G, and
similarly 7', ¢’ for F/ 4 G. The multiplication maps for the induced monads GF
and GF’ are then given by ux = G(epx): GFGF(X) — GF(X) and py =
G(e’ x ). There is then a natural isomorphism o: F = F’ with components:

F(n’x

ox = (F(X) PO pap(x) F(X))

Then Go: GF = GF' is a isomorphism of monads. By using the triangle
identities we get:

G(EeF)o FG(n) o
= G(eF")onGF' oy

/

n

i oGoGF' o GFGo = Ge'FoGeF'GF' o GFyGF' o GFGeF' o GFGF1/
GeF' o GFGE'F' o GF'GF' o GFGeF' o GFGFv/
GeF' o GF(Ge' o /G)F' o GFGeF' o GFGFn/

= GeF' o GFGeF' o GFGFY

GeF' o GFn o GeF

= Go o pu. O

Goon

The Distribution Monad

We shall write D for the discrete probability distribution monad on Set. It
maps a set X to the set of formal convex combinations ryxy 4+ - - - +rpx,, where
z; € X and r; € [0,1] with ), r; = 1. Alternatively,

D(X) = {90: X — [0,1] | supp(ep) is finite, and GZX@(QC) = 1} ,

where supp(¢) C X is the support of ¢, containing all z with ¢(x) # 0.
We also write Dy, for the infinite distribution monad defined as

DOO(X):{¢:X—>[O,1]|Zqﬁ(m):l}.

zeX

It follows from Lemma that supp(¢) is always countable. The functors
D,Dy : Set — Set form monads with the Dirac ¢ function as the unit:

nx KX

X DX DDX DX

1 ify==x

0 ifysa \Ifl—><yH > ‘I’(w)-w(y)>~

L0, =y —
peDX
This monad is well-known and often occurs in the literature without attri-
bution. Objects of the category EM (D) of (Eilenberg-Moore) algebras of this
monad D can be considered to be abstract convex sets, in interpreting the map
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a:D(X) — X as taking a convex combination ), 7;2;. Morphisms then corre-
spond to affine functions, preserving such convex sums, see [568]. In this thesis
we also need to refer to convex subsets of vector spaces, so we have avoided
using the term “convex set” for an object of EM(D). The earliest relation of D
to convex sets we could find in the literature is [125] 4.1.1], where D is called G,
Eilenberg-Moore algebras are called semiconvex sets, and the maps are called
semiaffine maps.

The prime example of an Eilenberg-Moore algebra of D is the unit interval
[0,1] C R of probabilities. Also, for an arbitrary set X, the set of functions
[0, 1]X , or fuzzy predicates on X, is a convex set, via pointwise convex sums.

The Ultrafilter Monad

A particular monad that plays an important role later in the thesis is the ultra-
filter monad U : Set — Set, given by:

UX) {F CP(X) | F is an ultrafilter}

{f: P(X)—{0,1} | f is a homomorphism of Boolean algebras}

el

where {0,1} is the 2-element Boolean algebra. Such an ultrafilter 7 C P(X)
satisfies, by definition, the following three properties.

e [tisanup-set: VOU e F=V € F;
e It is closed under finite intersections: X € Fand U,V € F = UNV € F;

e For each set U either U € For U ={z € X |z ¢ U} € F, but not both.
As a consequence, ) & F.

For a function f: X — Y one obtains U(f): U(X) — U(Y) by:
UNF) = VY[ fi(V)erF}

Taking ultrafilters is a monad, with unit n: X — U(X) given by principal
ultrafilters:
nx) = {UCX|xzeU}.

The multiplication p: U?(X) — U(X) is:
pw(A) = {UCX|DU)e A} where D(U) = {Fel(X)|UeF}

The set U(X) of ultrafilters on a set X is a topological space with basic
(compact) clopens given by subsets D(U) = {F e U(X) | U € F}, for U C X.
This makes U(X) into a compact Hausdorff space. The unit n: X — U(X) is a
dense embedding.

In fact, U(X), with this compact Hausdorff topology, defines a left adjoint to
the forgetful functor CHaus — Set, where CHaus is the category of compact
Hausdorff spaces and continuous maps, the full subcategory of Top, the category
of topological spaces and continuous maps.

The following result, that this adjunction is monadic, shows the importance
of the ultrafilter monad, see e.g. [89], [87, VI.9], [68, III.2], or [14, Vol. 2,
Prop. 4.6.6].
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Theorem 0.4.10 (Manes). EM(U) ~ CHaus, i.e. the category of algebras of
the ultrafilter monad is equivalent to the category CHaus of compact Hausdorff
spaces and continuous maps.

The proof is complicated and will not be reproduced here. We only extract
the basic constructions. For a compact Hausdorff space Y one uses denseness
of the unit 7 to define a unique continuous extensions f# as in:

X u UX)
#
7 v/
Y

One defines f#(F) to be the unique element in (\{V | V C Y with f~1(V) €
F}. This intersection is a singleton precisely because Y is a compact Hausdorff
space. In such a way one obtains an algebra U(Y) — Y as extension of the
identity.

Conversely, given an algebra chx: U(X) — X one defines U C X to be
closed if for all F € U(X), U € F implies ch(F) € U. This yields a topology
on X which is Hausdorff and compact. There can be at most one such algebra
structure chyx: U(X) — X on a set X corresponding to a compact Hausdorff
topology, because of the following standard result.

Lemma 0.4.11. Let X be a set with two topologies O1(X), O2(X) C P(X) with
01(X) C 02(X), O1(X) is Hausdorff and O2(X) is compact, then O1(X) =
0:(X). O

Proof. If U is closed in Oy(X), then it is compact, and, because O1(X) C
O5(X), also compact in O1(X). Hence it is closed there. O

We can apply this result to the space U(X) of ultrafilters: as described
before Theorem U(X) carries a compact Hausdorff topology with base
DU) ={F €U(X) | U € F} of clopens. Since it is a free U-algebra by the map
px: U*(X) — U(X), it has compact Hausdorff topology by Manes’s theorem.
It is not hard to see that the subsets D(U) are closed in the latter topology, so
the two topologies on U(X) coincide by Lemma

Example 0.4.12. The unit interval [0,1] C R is a standard example of a
compact Hausdorff space. Its Eilenberg-Moore algebra ch: ([0, 1]) — [0, 1] can
be described concretely on F € U([0, 1]) as:

ch(F) = inf{se[0,1]][0,s] € F}. (0.6)

For the proof, recall that ch(F) is the sole element of the intersection (\{V | V €
F}. Hence if [0,s] € F, then ch(F) € [0,s] = [0,s], so ch(F) < s. This
establishes the (<)-part of (0.6). Assume next that ch(F) < inf{s | [0,s] € F}.
Then there is some r € [0,1] with ch(F) < r < inf{s | [0,s] € F}. Then [0, r]
is not in F, so that —[0,r] = (r,1] € F. But this means ch(F) € (r,1) = [r, 1],
which is impossible.

Notice that can be strengthened to: ch(F) = inf{s € [0,1]NQ | [0, s] €
F}.
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Chapter 1

C*-algebras, Probability
and Monads

The following chapter, apart from Section[1.6], originated as the article “From
Kleisli Categories to Commutative C*-algebras: Probabilistic Gelfand Duality” [{9]
and its journal version [50]. The introduction to effect modules and the expec-
tation monad comes from [66].

1.1 Introduction

There are several notions of computation. We have the classical notion of
computation, probabilistic computation, where a computer may make random
choices, and quantum computation, which uses quantum mechanical interfer-
ence and measurement. Normally we would consider classical computation to
be done on sets, probabilistic computation on some kind of spaces admitting a
notion of probability measures, and quantum computation on Hilbert spaces.
We can instead use categories with C*-algebras as objects and a choice of ei-
ther *-homomorphisms (called MIU-map below) or positive unital maps as the
morphisms. The general outline is represented in this table.

set-theoretic probabilistic quantum
C*-algebras commutative commutative non-commutative
multiplication e e
maps preserve invalnui‘gion pO?iflliXélty posl;clli\tflty
maps abbreviation MIU PU PU

We note at this point that positive unital maps coincide with completely positive
unital maps if either the domain or codomain of a map is a commutative C*-
algebra, but not in general. While the quantum case is an important source
of motivation, we will deal mainly with the classical and probabilistic cases in

39
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this chapter. In particular, we will relate the alternative method of representing
probabilistic computation, using monads, to the C*-algebraic approach.

In recent years the methods and tools of category theory have been applied
to Hilbert spaces — see e.g. [I] and the references there — and also to C*-
algebras, see for instance [I00, 02]. In this chapter we relate the distinction
between different types of homomorphisms of C*-algebras to the distinction
between different types of computation. Moreover, we demonstrate the rele-
vance of monads (and their Kleisli and Eilenberg-Moore categories) in this field.
The aforementioned paper [I00] concerns itself with only the *-homomorphisms
(a.k.a. the MIU-maps).

The main results of this chapter can be summarized as follows. The well-
known finite (‘baby’) version of Gelfand duality involves an equivalence between
the category of finite sets (and all functions between them), and the opposite
of the category of finite-dimensional commutative C*-algebras, with MIU-maps
(*-homomorphisms) between them. Diagrammatically:

FinSet —> FdCC*Alg°®?

Our first observation is that if we generalize from MIU to PU (positive unital)
maps we get an equivalence:

’CEN (D) —= ]F‘CICC*;AIgOl;,l[{J

where D is the distribution monad on Set, and KC/n(D) is the Kleisli category of
this monad, but with objects restricted to natural numbers. This shows that the
category FACC*Algpy; is equivalent to the Lawvere theory of the distribution
monad. The details are in Section [[.4l

The main contribution of this chapter lies in a generalization of the latter
equivalence beyond the finite caseﬂ which can be summarized in a diagram:

R

vV
CHaus CC*Alg®

< T Gelfand J (11)
4

KH(R) ———=— CC*Alg2)

~

At the top of this diagram we have the classical Gelfand duality between the
category CHaus of compact Hausdorff spaces and the (opposite of the) category
of commutative C*-algebras with MIU-maps. Again, the generalization to the
computationally more interesting PU-maps involves a duality with a Kleisli
category, namely the Kleisli category K¢(R) of what we call the Radon monad
R on compact Hausdorff spaces. By the Riesz representation theorem, elements
of R(X) can be described as Radon probability measures, which in this case
coincide with inner regular probability measures (see [115, Theorem 2.14]).
The closest results in the literature to are Umegaki’s theorem in [127]
Theorem 7.1] relating Baire-measurable Markov kernels on compact Hausdorff
spaces to positive unital maps £>°(Y) — £>°(X), and Kozen’s results in [81]
§2] working on arbitrary measurable spaces. As these results, and much of the

IThough this can also be proved from a theorem of Umegaki, see Section
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probabilistic literature, use Markov kernels rather than Kleisli maps, we discuss
the relationship between these things and the aforementioned results in Section
1.0l

Incidentally, the adjunction on the left in Diagram can be trans-
ferred to the right, and then yields a right adjoint to the inclusion CC*Alg —
CC*Algpy. In [I30] it is shown that such a right adjoint also exists in the
general non-commutative case.

Giry [62, 1.4] described how we can consider a stochastic process as being
a diagram in the Kleisli category of the Giry monad on measurable spaces.
By using the Radon monad R on compact spaces instead, we can get a dif-
ferent category of stochastic processes on compact spaces as diagrams in the
(opposite of the) category of commutative C*-algebras with PU-maps. This
suggests the quantum generalization, considering diagrams in the category of
non-commutative C*-algebras. The use of the Kleisli category of R also sug-
gests that one could generalize to Eilenberg-Moore algebras of R. We will see
in chapters [3] and [l how these two ideas are related.

We also show that the category of C*-algebras with PU-maps embeds fully
and faithfully in the category of effect modules, an algebraic structure for pred-
icates adapted to quantum mechanics. At the end of Section [1.5] we then show,
by considering monad morphisms, that Eilenberg-Moore algebras of R and &£
are compact Hausdorff spaces admitting an abstract convex structure.

1.2 Preliminaries on C*-algebras

We write Vect = Vectc for the category of vector spaces over the complex
numbers C. This category has direct product V' & W, forming a biproduct
(both a product and a coproduct) and tensors V @ W, which distribute over
@®. The tensor unit is the space C of complex numbers. The unit for @ is
the singleton (null) space 0. We write V for the vector space with the same
vectors/elements as V, but with conjugate scalar product: z ez v = Z ey v.
This makes Vect an involutive category, see [59].
A *-algebra is an involutive monoid A in the category Vect. Thus, A is itself
a vector space, carries a multiplication -: A ® A — A, linear in each argument,
and has a unit 1 € A. Moreover, there is an involution map (—)*: A — A,
preserving 0 and + and satisfying:
* =1 (z-y)* =

¥ = (z 0 x)*

NS

* . Jj*
= o ¥,
Here we have written a fat dot e for scalar multiplication, to distinguish it
from the algebra’s multiplication -. For z = a 4+ bi € C we have the conjugate
Z = a — bi. Often we omit the multiplication dot - and simply write zy for x - y.
Similarly, the scalar multiplication e is often omitted.

An element a of a *-algebra A is called self-adjoint if a* = a. The R-linearity
of the -* operation shows that self-adjoint elements form a real subspace of A.
If a,b are self-adjoint, then ab is self-adjoint iff ab = ba because (ab)* = b*a*.

A C*-algebra is a *-algebra A with a norm || — ||: A — R in which it is
complete, satisfying the conditions |z|| = 0 iff x = 0 and:

le+yl < e+l 2oz J
-yl <zl - llyl e -zl ==l

A
|

Y

X
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The last equation ||z* - x| = ||z||%, is the C*-identity and distinguishes C*-
algebras from Banach *-algebras. We remark at this point that a Banach *-
algebra admits at most one norm satisfying the C*-identity. The reason for this
is that the spectral radius r(x) is definable in terms of the ring structure of the
algebra, and for self-adjoint elements r(z) = ||z|| [69, Proposition 4.1.1 (a)]. If
x is an arbitrary element, 2* - x is self-adjoint, so r(z* - 2) = ||z* - z| = ||=[].
In the current setting, each C*-algebra is unital, i.e. has a (multiplicative) unit
1. A consequence of the axioms above is that ||1|] = 1 unless the C*-algebra
is the unique one in which 0 = 1. A C*-algebra is called commutative if its
multiplication is commutative, and finite-dimensional is it has finite dimension
as a vector space.

An element z in a C*-algebra A is called positive if it can be expressed as
z = y*-y. We write AT C A for the subset of positive elements in A. This subset
is a cone, which is to say it is closed under addition and scalar multiplication with
positive real numbers, and A, N —A; = {0} [26, Proposition 1.6.1]. Positive
elements are self-adjoint, and we can deduce from this that the product of two
positive elements is positive iff they commute. The square 22 = x -  of a self-
adjoint element x = x* is obviously positive. The positive cone defines an order
on every C*-algebra by , this is the usual order on a C*-algebra.

We will consider three options when it comes to maps between C*-algebras.
The difference between them plays an important role in this chapter.

Definition 1.2.1. We define three categories C*Alg, C*Algp; and C*Algp
with C*-algebras as objects, but with different morphisms. We also define their
full subcategories CC*Alg, CC*Algpy and CC*Algp.; on commutative C*-
algebras. -

i) A morphism f: A — Bin g is a linear map preserving multiplication
i) A hism f: A — Bin C*Algisali i Itiplicati
(M), involution (I), and unit (U). Explicitly, this means for all z,y € A,

fl@-y) = f(x)- fy) f@®) = fz)” f=1

Such “MIU” maps are usually called *-homomorphisms.

(ii) A morphism f: A — B in C*Algpy is a linear map that preserves positive
elements and the unit. This means that f restricts to a function AT — BT,
Alternatively, for each x € A there is a y € B with f(z*x) = y*y.

iii) A morphism f : A — B in C*Alg is a linear map that preserves
P<1

positive elements and maps the unit 14 to some element < 15, necessarily

positive. ]

For all X € {MIU,PU,P <1} there are the obvious full subcategories of com-
mutative and/or finite-dimensional C*-algebras, as described in:

CC*Alg
FdCC*Al — X\C
*Alg
X\ /

FdC*Alg

*Alg
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Clearly, each “MIU” map is also a “PU” map, and every “PU” map is
subunital, so that we have inclusions C*Alg — C*Algpy — C*Algp.;, and
also for the various subcategories. A map that preserves positive elements is
called positive itself; and a unit preserving map is called unital. Positive unital
maps are the natural notion of morphism between order unit spaces and Riesz
spaces.

The special case in which the codomain is C is important. We define sets of
states and multiplicative states as:

S(A) = C*'Algpy(4,C) and MS(A) = C*Alg(A,C).

There is also the commonly used notion of completely positive maps, which
is a stronger condition than positivity but weaker than being MIU. These maps
are important when defining the tensor product of C*-algebras as a functor, as
the extension of positive maps to the tensor product need not be positive. They
are also widely considered to represent the physically realizable transformations.
Positive, but non-completely positive maps of C*-algebras also have their uses,
as entanglement witnesses for example [57), theorem 2]. In general, throughout
this thesis we put complete positivity to one side, hoping that it can be added
later via a general construction, as is sketched in [51l §4]. In this chapter, we
mainly consider the commutative case, where positive and completely positive
coincide anyway. In fact, since a completely positive unital map is what is
known as a channel in quantum information, then Theorem shows that
every channel in Mislove’s sense [91] is a channel in the usual sense.

We collect some basic (standard) properties of PU-morphisms between C*-
algebras.

Lemma 1.2.2.

(i) An element a in a C*-algebra A is can be expressed as ap + iag with ap
and ag self-adjoint, defined by the formulas

a+a* a—a*
ay — .

wr =y %

This decomposition is unique, i.e. any decomposition into real and imagi-
nary self-adjoint parts is the same, and we have |lan||, |las] < |la].

(i) Any self-adjoint a can be expressed as ay — a— where ay,a_ € Ay and
las|l, la=|| < |la]l. We can arrange that ara_ = 0.

Proof.

(i) We see that ax and ag are self-adjoint. We have

. at+a* a—a* a+a*+a—a* 2a
an s =y T = 2 ~ 2

= a.

We now show uniqueness. Suppose that a = by + by with by and bg
self-adjoint. Then
a+a* _ by + ibs + by — by _ 2by

2 2 2

ayp —
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The proof that ag = by is similar.
For the inequality, we see:

a+a*
2

1 *
llarll = < 5 Ulall +lla[)) = llall,

and the argument for ||ag|| is similar.

(ii) See any of the following references: [69, Proposition 4.2.3 (iii)] [T17, Defn.
1.4.3] [26, §1.5.7 and 1.6.5]. 0

Lemma 1.2.3. A PU-map, i.e. a morphism in C*Algpy;, preserves self-adjointness
of elements, commutes with involution (—)*, and preserves the partial order <
given by (0.1) (page[20).

Moreover, a PU-map | satisfies ||f(x)| < 4||z|, so that || f(z) — f(y)]| <
4||x — yl||, making f continuous. In fact, this constant can be reduced to 1, i.e.
1F@I < o]l

As every unital *-homomorphism is a PU-map, the above facts are also true
of all unital *-homomorphisms.

Proof. Let f: A — B be a PU map. By Lemma[I.2.2 if a € A is self-adjoint,
we have a = a4 —a_, where a4, a_ are positive, so f(a) = f(ay)— f(a—), which
is a difference of two positive elements, and therefore a self-adjoint element. If
a is a general element, it can be expressed as ay +iag, ag, ag being self adjoint.
We therefore have

f(a®) = f((ag +iag)") = flap —iag) = flax) —if(as)
= (f(an) +if(ag))" = flag +iag)” = f(a)™.

Preservation of the partial order is implied by preservation of positive elements.

For positive a we have a < |ja|| ® 1, and thus f(a) < ||a| e 1, which gives
[If(@)|l < |la]|. An arbitrary element a € A can be written as linear combination
of four positive elements z;, as in © = 1 — xy + ix3 — ixg, with |la;|| < [|z||.
Pl (2] =) o)+ la5) = el € 2l 3 <
4|x]]-

The reduction of the constant to 1 follows from the Russo-Dye theorem [116]
Corollary 1]. O

We next recall two well-known adjunctions involving compact Hausdorff
spaces. The first one is due to Manes [89] and describes compact Hausdorff
spaces as monadic over Set, via the ultrafilter monad (see Theorem. The
second one is known as Gelfand duality , relating compact Hausdorff spaces and
commutative C*-algebras. Notice that this result involves the “MIU” maps, i.e.
*-homomorphisms. In the following theorem, recall that A* refers to the vector
space of continuous linear functionals, as defined in the beginning of Section

0.3l

Theorem 1.2.4. Let CHaus be the category of compact Hausdorff spaces, with
continuous maps between them. There are two fundamental adjunctions:

CHaus CHaus

u <_|>f0796t C \<2‘> Spec

Set CC*Alg®



1.2. PRELIMINARIES ON C*-ALGEBRAS 45

On the left the functor U sends a set X to the ultrafilters on the powerset P(X).
And on the right the equivalence of categories is given by sending a compact
Hausdorff space X to the commutative C*-algebra C(X) = Top(X,C) of con-
tinuous functions X — C. The underlying set of Spec(A) is MS(A), and the
topology is the weak-* topology o(A*, A), as states are elements of A* by Lemma

[LZ3
The unit and counit of Gelfand duality are

nx : X — Spec(C(X))

nx ()(a) = a(z)
€4 : C(Spec(4)) «+ A

ea(a)(¢) = ¢(a)
O

The multiplicative states on a commutative C*-algebra can equivalently be
described as maximal ideals, or also as pure states (see below).

Corollary 1.2.5. For each finite-dimensional commutative C*-algebra A there
is ann € N with A =2 C" in FdCC*Alg.

Proof. By the previous theorem there is a compact Hausdorff space X such
that A is MIU-isomorphic to the algebra of continuous maps X — C. This X
must be finite, and since a finite Hausdorff space is discrete, all maps X — C
are continuous. Let n € N be the number of elements in X; then we have an
isomorphism A = C". O

As we can already see in the above theorem, it is the opposite of a category
of C*-algebras that provides the most natural setting for computations. This
is in line with what is often called the Heisenberg picture. In a logical setting
it corresponds to computation of weakest preconditions, going backwards. The
situation may be compared to the category of framesﬂ which is most usefully
known in opposite form, as the category of locales, see [68].

The set of states S(A) = C*Algpy (A, C) can be equipped with the weak-*
topology, which is the coarsest (smallest) topology in which all evaluation maps
evy = ¢ — ¢(z): C*Algpy(A4,C) — C, for x € A, are continuous. We introduce
the category CCL, which first appeared in [124], in order to extend S to a
functor.

The category CCL has as its objects compact convex subsets of (Hausdorff)
locally convex topological vector spaces. More accurately, the objects are pairs
(V, X) where V is a (Hausdorfl) locally convex topological vector space, and X
is a compact convex subset of V. The maps (V,X) — (W,Y) are continuous,
affine maps X — Y. Note that if (V,X) and (W,Y) are isomorphic, while X is
necessarily homeomorphic to Y, V need not bear any particular relation to W at
all. We can see CCL forms a category, as identity maps are affine and continuous
and both of these attributes of a map are preserved under composition. We
remark at this point that we have a forgetful functor U: CCL — CHaus,
taking the underlying compact Hausdorff space of X.

2Complete Heyting algebras, but where frame homomorphisms are maps preserving infinite
joins and finite meets.
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Proposition 1.2.6. For a C*-algebra A, the states S(A) = C*Algpy(A4,C)
form a convex, compact Hausdorff subspace of the dual space of A given the

weak-* topology. Each PU-map f: A — B yields an affine continuous function
S(f)=(=)o f: S(B) = S(A). This defines a functor

S: C*Alg? — CCL.

We recall that a function (between convex sets) is called affine if it preserves
convex sums. As we saw in section [0.4.] such affine maps are homomorphisms
of Eilenberg-Moore algebras for the distribution monad D.

Proof. For each finite collection h; € C*Algpy (4, C) with r; € [0,1] satisfying
Zi r; = 1, the function h = Zi r;h; is again a state. Moreover, such convex
sums are preserved by precomposition, making the maps (—) o f affine.

The fact that the dual space of A, given the weak-* topology, is a locally
convex space is standard (Proposition and after). This implies that the
space of states is Hausdorff. The set of positive linear functionals is defined to
be the dual cone of the positive operators, so is closed (Lemmas and [0.3.5)
and the set of linear functionals such that ¢(1) = 1 is weak-* closed, and the
set of states is the intersection of the two, and therefore closed. The space of
states is also bounded as each state has norm 1. Therefore the state space is a
closed and bounded and hence compact by the Banach-Alaoglu Theorem.

Precomposition (=) o f is continuous, since for x € A and U C C open we
get an open subset ((—) o f)_l(evajl(U)) ={h|evy(ho f)eU} = eV;(lw)(U).

Precomposition with the identity map gives the same state again, so S pre-
serves identity maps. Since composition of PU-maps is associative, S preserves
composition, and so is a functor. O

1.2.1 Effect modules

This section introduces effect modules and notions related to them, referring to
58, [64, [65]. Intuitively, effect modules are like vector spaces, but instead of R
as scalars, we have [0, 1], and instead of an underlying abelian group, they have
an underlying effect algebra. Effect modules were introduced as “convex effect
algebras” in [b4].

Effect algebras were introduced in mathematical physics, in the investigation
of quantum probability, see [40,[29]. An effect algebra is a partial commutative
monoid (M, 0, @) with an orthocomplement (—)*. One writes z L y if x @ y is
defined. Commutativity of @ needs to be defined in such a way that existence of
a @b implies the existence of b @ a, and an analogous condition is also necessary
for associativity. The orthocomplement satisfies 211+ = z and z @ z+ = 1,
where 1 = 0. We also require that a @ b = 1 implies b = a*, uniqueness of
orthocomplement. On any effect algebra there is always a partial order, given
by x < y iff there exists a z such that z @ z = y. Our main example of an effect
algebra is the unit interval [0, 1] C R, where addition + is made partial, a + b
being defined only if the sum is in [0, 1]. This is commutative, associative, and
has 0 as a unit; moreover, the orthocomplement is r+ = 1 — r. We write EA
for the category of effect algebras, where the morphisms are maps preserving @
and 1 — and thus all other structure.

For each set X, the set [0,1]% of fuzzy predicates on X is an effect algebra,
via pointwise operations. Each Boolean algebra B is an effect algebra with
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rlyifft Ay=_1;then x @y =2z Vy. Inaquantum setting, the motivating
example is the set of effects Ef(H) = {E: H — H | 0 < E < I} on a Hilbert
space H, see e.g. [29] 506].

The category EA carries a symmetric monoidal structure ® with the 2-
element effect algebra {0, 1} as tensor unit (which is at the same time the initial
object), see [64]. The usual multiplication of real numbers (probabilities in this
case) yields a monoid structure on [0, 1] in the category EA. An effect module
is then an effect algebra with an [0, 1]-action [0,1] ® E — E. Explicitly, it can
be described as a scalar multiplication (r, x) — ra satisfying:

le =2z (r+s8)z=re@sx ifr+s<1
(rs)x = r(sx) rzQy)=re@ry ifzLly.

In particular, if r + s < 1, then a sum rz @ sy always exists (Lemma
see also [54]).

The algebras [0, 1]% and Ef(H) are clearly effect modules. Other examples
of effect modules, occurring in integration theory, are the sets [X — [0,1]] of
simple functions X — [0, 1], having only finitely many output values.

A morphism E — D in the category EMod of effect modules is a function
f: E — D between the underlying sets satisfying:

flra) = rf(z) fy = 1
flzoy) = fl@)ofly) if =zly.

Each effect module can be “totalized” to produce a partially ordered vector
space with a special kind of unit. We first explain totalization of effect algebras,
from [64, Proposition 3.

Proposition 1.2.7. There is a coreflection

EAZ 1| —~BCM (1.2)
[0,u](—)

where BCM s the category of “barred commutative monoids”: its objects are
pairs (M, u), where M is a commutative monoid and uw € M is a distinguished
element, called the unit, such that x+y = 0 impliesx =y =0 and z+y = x4z =
u implies y = z. The morphisms in BCM are monoid homomorphisms that
preserve the unit. As this is a coreflection every effect algebra E is isomorphic
to [0, u]T(E). ]

The partialization functor [0,u]_y in (L.2) is defined by the ‘unit interval’:
O,ulyy = {xeM|z=<ul,

where z < y iff there exists a z such that x 4+ z = y. The operation @ is defined
by ¢ @ y =  + y but this is only defined if z +y < u, i.e. x +y € [0, u]p.

The totalization of the effect algebra {0,1} is the natural numbers N with 1
as the unit, and the totalization of [0,1] is R>¢, again with 1 as the unit. An
important difference between these examples is that in N, if we pick different
non-zero elements as order units, we obtain non-isomorphic objects in BCM
and non-isomorphic unit intervals. However, for R, the choices of order unit
are all isomorphic.
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We can now discuss the totalization of effect modules. In an ordered vector
space, (A, A1), u € Ay is a strong order unit if for all x € A, there is some
a € R>g such that —au < x < au. It is equivalent to require that A} be
generating and that for all x € A, there is a A such that x < Au, by Lemma
A triple (A, Ay, u) where (A, A,) is an ordered vector space and u a
strong order unit is called a partially ordered vector space with unit in [65], before
Theorem 3], and the category poVectu has these as objects and the maps are
linear positive maps preserving the unit. We call these maps (positive) unital
maps, as in the C*-algebraic case.

We define the unit ball of (A, Ay,u) € poVectu as U = [~u,u] = {z €
Al —u < x < u}. This is absolutely convex and absorbing, so its Minkowski
functional ||-|| defines a seminorm on E. We say that (A, A}, u) is archimedean
ife < %u for all n € Ny implies € —A, . This implies that ||-||y is a norm, in
which the positive cone is closed (Lemma [A.5.3]). Be warned that the condition
one might expect, that z € A, and x < —u for all n € Ny implies z = 0, is
strictly weaker than archimedeanness, and is itself weaker than the condition
that ||-|[z be a norm, which is known as being almost archimedean [67), 1.3.7].

A partially ordered vector space with unit (A, Ay, u) is called an order-unit
space if it is archimedean. If it is complete in its norm, then it is a Banach
order-unit space. In [65, p.154 and Proposition 11] the categories OUS and
BOUS are defined, having order-unit spaces and Banach order-unit spaces
as objects (respectively), and with maps being positive maps that preserve
the unit, i.e. as full subcategories of poVectu. We also define OUS<; and
BOUS<;, the category of order-unit spaces and subunital maps, which are
maps f : (E,Ey,u) — (F,Fy,v) such that f(u) < v, and its full subcategory
on Banach order-unit spaces.

We note at this point that we allow ({0}, {0},0) as an order-unit space.

Proposition 1.2.8. If f : (E, Ey,u) — (F, Fy,v) is subunital or unital, || f]| <
1. If F #0 and f is unital, ||f|| = 1.

Proof. To show that || f|| < 1, it is sufficient to show that if U is the closed unit
ball of E and V is the closed unit ball of F, f(U) C V. Since U = [—u,u] and
V = [—wv,v], all we need to show is that if —u < & < u, then —v < f(z) < v.
Whether the map is taken to be unital or subunital, we have f(u) < v. By the
positivity and linearity of f, we have

—v < f(-u) < f(2) < fu) <o
Now assume that F' # 0. By Lemma v # 0 and ||v|| = 1. Since f(u) =,

we must also have u # 0, or we would have v = 0 by linearity, and so |lu]| =1
as well. Since f(u) = v, f maps an element of norm 1 to an element of norm 1,
so has operator norm at least 1. Since || f|| < 1, we have | f| = 1. O

A particular consequence of the above is that every map, unital or subunital,
of order-unit spaces is continuous, and isomorphisms between order-unit spaces
are isometries of the underlying Banach spaces.

There are also full subcategories of EMod on archimedean effect modules
and Banach effect modules, AEMod and BEMod respectively. These are
defined in [65, pp. 154-155]. An effect module is archimedean if = < y holds
when 1z < 1y © % for all 7 € (0,1], and a metric can be defined [65, (10)] on
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each archimedean effect module, and Banach effect modules are those that are
complete in this metric.

Theorem 1.2.9. The unit interval functor [0,1]- : poVectu — EMod is
an equivalence of categories, with T : EMod — poVectu. Restricting these
functors gives adjoint equivalences OUS ~ AEMod and BOUS ~ BEMod.

Proof. See [65, Theorem 3] and [65], Propositions 9,11]. O

We review our examples of effect modules: both the effect modules [0, 1] and
[0,1]% are archimedean, and also Banach effect modules. Norms and distances
in [0, 1] are the usual ones, but limits in [0,1]% are defined via the supremum
(or uniform) norm.

For any C*-algebra A, we can define SA(A) to be the set of self-adjoint
elements. This is an R-subspace of A, and it is closed because it is equal to
(ida —-*)71({0}), the preimage of a closed set under a continuous map. The
positive cone Ay C SA(A), and in fact SA(A) = Ay — A4 [26] §1.5.7 and 1.6.5],
so (SA(A), A1) is a directed ordered vector space. The reader can probably see
where this is going:

Proposition 1.2.10. For each C*-algebra A, (SA(A),Ay,14) is a Banach
order-unit space. If, for any PU-map f : A — B we define SA(f) = flsaca),
then SA is a functor C*Algpy — BOUS, and similarly for subunital maps we
get a functor C*Algp.; = BOUS<,. These functors are full and faithful.

Proof. For the proof that (SA(A), A1, 14) is a Banach order-unit space, see [31],
Proposition 5.2] or [6, Theorem 1.95], although undoubtedly the definition of
order-unit space was motivated by SA(A) in the first place. As positive maps
preserve self-adjoint elements (Lernmau7 the map SA(f) is well-defined, and
its linearity, positivity and preservation of unit follow directly. Preservation of
identities and composition by SA is trivial.

To show that SA is faithful, let f,g : A — B be maps in C*Algpy; or
C*Algp., (the proof is the same in either case) and suppose SA(f) = SA(g).
Then for any a € A, applying Lemmal[[.2.2] to express a = ag + iag, we observe

fa) = flap +iag) = SA(f)(ar) + iSA(f)(as) = SA(g)(ar) + iSA(g)(as)
= g(a),
so f=g.

To show that SA is full, let f: SA(A) — SA(B) be a positive subunital map.
Using Lemma [1.2.2] again, define

g(a) = f(ax) +if(as)

for all a € A.

To prove the additive part of linearity, consider a +b. We have that ag + by
is self-adjoint, as is the sum of the imaginary parts, and so by the uniqueness of
the decomposition (Lemma (a+b)x = ax + by and (a + b)g = ag + bg.
So

gla+b) = flag +bp) +if(as +bs) = flan) + f(br) +if(as) +if(bs)
= g(a) + g(b).
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For the multiplicative part of linearity, we first show it for multiplication by a
real. Let a € R. Since aagp and aag are self-adjoint, they are the real and
imaginary parts of aa, so

g(aa) = f(aag) +if(aas) = af(an) +iaf(as) = ag(a).

Now we show that g preserves multiplication by i. We see that (ia)p = —ag
and (ia)g = ag, so

gia) = f((ia)x) +if((ia)s) = f(—as) +if(ax) = if(ax) +i(if(as))
=i(f(ag) +if(as)) =ig(a).

We can now prove C-linearity. Take z = a4 i/3. Then
9(za) = g(aa + iBa) = g(aa) + g(ifa) = ag(a) +ifg(a) = zg(a).

We have that g(14) = f(14) < 1p by subunitality of f. If f is unital, then
f(14) =1pg, so g is unital. We also have that if a is positive, then its imaginary
part is 0, so g(a) = f(a), which is positive since f is a positive map. Thus we
have fullness in both cases. O

We remark at this point that SA(A) for A a commutative C*-algebra can be
distinguished from SA(B) for B a non-commutative C*-algebra because SA(A)
is a lattice (without top or bottom) if and only if A is commutative. In the
C*-algebra B(H), by comparison, is as far as possible from being a lattice, as
two elements a,b € SA(B(H)) have a join or meet iff they are comparable [71].

For a C*-algebra A we can write [0,1]4 C AT C A for the subset of positive
elements below the unit. We see immediately that [0,1]4 = [0,1]ga(a). The
elements in [0, 1] 4 are known as effects (or sometimes also as predicates). This
extends the definition of effect we saw before for B(#), and we shall see in a
moment that, in fact, it unifies this example with the other example [0,1]%,
which is [0, 1]20@ (X)-

Each PU-map of C*-algebras f : A — B preserves < and thus restricts to
[0,1]4 — [0,1]p. This restriction is a map of effect modules. Hence we get
a “predicate” functor C*Algpy; — EMod. This map is equal to [0, 1]ga(s)-
Therefore we have

Corollary 1.2.11. The functor [0,1]_y: C*Algpy — BEMod is full and
faithful.

Proof. [0,1]- : BOUS — BEMod is an equivalence by Theorem and
therefore full and faithful, and SA : C*Algpy; — BOUS is full and faithful by
Proposition Therefore their composite [0,1]- : C*Algpy; — BEMod is
full and faithful. O

1.3 Set-theoretic Computations in C*-algebras
For a set X, a function f: X — C is called bounded if |f(z)| < s, for some

s € R>g. We write £>°(X) for the set of such bounded functions. Notice that if
X is finite, any function X — C is bounded, so that £>°(X) = C¥X.
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Each ¢*°(X) is a commutative C*-algebra, with pointwise addition, multi-
plication and involution, and with the uniform/supremum norm:

[flloc = nf{s € Rxo [Va.|f(z)] < s}.

In fact it is a typical example of a commutative W*-algebra, but we will leave
W*-algebras to Section This yields a functor £°: Set — CC*Alg®?, where
for h: X — Y we have £°(h) = (=) o h: £2°(Y) — (°°(X); it preserves the
(pointwise) operations. We have the following result.

Proposition 1.3.1. The functor £°: Set — CC*Alg®® is left adjoint to the
multiplicative states functor MS : CC*Alg®® — Set. In combination with the
adjunctions from Theorem[I.2.]] we get the situation:

c
CHaus ~ >~ CC*Alg®

Spec
. Ry
u MS

Set

By composition and uniqueness of adjoints we get:
Cold =2(™ and also Spec o £%° = Y.

Proof. Recall that MS is the set underlying the compact Hausdorff space Spec.
We first show ¢>° 4 MS using by defining the unit and verifying the universal
property (Theorem (i)). We define the unit nx: X - MS(¢>(X)), where

X € Set, as
nx (z)(a) = a(z),

where a € ¢>°(X). Then nx(x) is a multiplicative state on ¢>°(X) because
the vector space structure, multiplication and multiplicative unit are defined
pointwise. To show the naturality square for n commutes, we must show that
for all f: X — Y in Set, MS({>®(f)) o nx = ny o f. If we take z € X and
b € £>(Y), we have:

(MS(>(f)) o nx) ()(b) = MS(E=(f ))(n (x))(b)
= (nx(2) 0 £(£))(b)
= nx (2) (€ () (b))
=nx(z)(bo f)
( (z))
ny (f(2))(0)
= (ny o f)(@)(b).

We now show this natural transformation satisfies the universal property
making it the unit of the adjunction. Let X € Set, B € CC*Alg and f: X —
MS(B). Define g : B — £°(X) as g(b)(z) = f( )(b). We must show that
g(b) is an element of ¢*°(X), i.e. that it is bounded. For all z € X, f(x)
is a multiplicative state, hence a state, so by [26] Proposition 2.1.4] we have
1£@)] = 1, and so |g(b)(x) = |F@)®B)] < [IF@)B] = Ib]. Therefore [o] is
a bound for g(b), showing that it is a bounded function. The fact that g is an
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MIU map is easily deduced from the fact that f(z) is a multiplicative state for
all z (it would fail if f(z) were only a state).
We must now show that

X —2 > MS(l(X))
lMS(g)
MS(B)

commutes. Taking z € X and b € B, we see

MS(g)(nx (2))(b) = (nx (x) 0 g)(b) = nx (x)(g(b))
=9(b)(z) = f(2)(0),

and hence the unit diagram commutes.

To show the uniqueness of g, suppose there were h: B — ¢>°(X) that also
made the unit diagram commute. By evaluating MS(h)(nx(x))(b) we would
obtain g(b)(x) = h(b)(z). Since g(b) and h(b) are elements of £°*°(X) and hence
functions, this implies g(b) = h(b) by extensionality, and we can then conclude
that g = h, as required. We have now shown that ¢°° is a left adjoint to MS.
The other two adjunctions are simply the Stone-Cech compactification of a set
and Gelfand duality (which is even an equivalence).

Since the triangle consisting of the forgetful functor CHaus — Set, MS
and Spec commutes, the triangle for °°, U and C' commutes up to isomorphism,
i.e. £° 2 C o U by uniqueness of adjoints (Proposition [0.4.2)). O

When we restrict to the full subcategory FinSet — Set of finite sets we
obtain a functor £ = C(=): FinSet — FACC*Alg®®. The next result is then
a well-known special case of Gelfand duality (Theorem . We elaborate the
proof in some detail because it is important to see where the preservation of
multiplication plays a role.

Proposition 1.3.2. The functor C(-): FinSet — FACC*Alg® is an equiva-
lence of categories.

Proof. Tt is easy to see that the functor C(~) is faithful. The crucial part is to
see that it is full. So assume we have two finite sets, seen as natural numbers
n,m, and a MIU-homomorphism h: C™ — C". For j € m, let |j) € C™ be
the standard base vector with 1 at the j-th position and 0 elsewhere. Since this
|7) is positive, so is h(|j)), and thus we may write it as h(|j)) = (r1j,...,"nj),
with 7;; € R>¢. Because |j) - |j) = |j), and h preserves multiplication, we get
h(|5)) - k(3)) = h(|7)), and thus r7; = r;;. This means r;; € {0,1}, so that h is
a (binary) Boolean matrix. But & is also unital, and so:

1 = h(l) = R(1)+---+|m)) = h(1))+---+h(m)). (1.3)

For each i € n there is thus precisely one j € m with r;; =1 — so that his a
“functional” Boolean matrix. This yields the required function f: n — m with
C/ =h.

Corollary says that the functor C(7): FinSet — FACC*Alg®® is es-
sentially surjective on objects, and thus an equivalence. O
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This proof demonstrates that preservation of multiplication, as required for
“MIU” maps, is a rather strong condition. We make this more explicit.

Corollary 1.3.3. Forn € N we have MS(C") = n.

Proof. By identifying n € N with the n-element set n = {0,1,...,n — 1}, we
get by Proposition [1.3.2)

MS(C") = C*Alg(C",C) = FinSet(1,n) = n.

1.4 Discrete Probabilistic Computations

We turn to probabilistic computations and will see that we remain in the world of
commutative C*-algebras, but with PU-maps (positive unital) instead of MIU-
maps. Recall that the set of states S(A) of a C*-algebra A contains the PU-maps
A—C.

We summarize here the definition of the expectation monad given in [65]. If
[0,1]% is the effect module of functions from X to [0, 1] with pointwise opera-
tions, £(X) = EMod([0,1]%,[0,1]). On maps, this is defined as

E(f: X =2 Y)(¢€EX))(be0,1]7) = ¢(bo f).

The unit nx: X — £(X) is evaluation, defined as nx(z)(a) = a(z) for a
function a € [0,1]*. The multiplication ux: E*(X) — £(X) is defined for
®:10,1)X) = 10,1], a € [0,1]X as

i (®)(a) = B( € E(X) - B(a)). (1.4
This is proven to define a monad in [G5], §4].

Lemma 1.4.1. Sending a set X to the set of states of the C*-algebra ¢>°(X)
yields the (underlying functor of the) expectation monad € from [65)]: the map-
ping X — S(>(X)) is isomorphic to the expectation monad E£: Set — Set,
defined in [65] via effect module morphisms: £(X) = EMod([0,1]¥,[0,1]).

As a result, S(C™) =2 D(n), for n € N, where D(n) is the standard (n — 1)-
simplez.

Proof. The predicate/effect functor [0,1]_y: C*Algpy — EMod is full and
faithful by Lemma[1.2.11] and so:
S(l(X)) = C*Algpy (£°(X),C) = EMod([0, 1]~ (x), [0, 1]c)
= EMod([0,1]*,[0,1]) = £(X).

The isomorphism a: C*Algp;(C", C) = D(n) follows because the expectation
and distribution monad coincide on finite sets, see [65]. Explicitly, it is given

by a(¢)(i € n) = ¢(|i)) and o~ (¢)(a) = 32; ¢ (i) - a(i). H

In the following, we use 6 to refer to the map BEMod([0,1]4,[0,1]5) —
C*Algpy (A, B) that exists by Lemma [1.2.11
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Proposition 1.4.2. The ezpectation monad E(X) =2 C*Algpy(£>°(X),C) gives
rise to a full and faithful functor:

Ce

KU(E) CC*Alg?,
X (X)) (1.5)
(X L)) ———(ac (V) (z € X v 0(f(x))(a)))-

Proof. First, we need to see that C¢(f) is defined — we have to show that the
function Ce(f)(a): X — C is bounded. We can apply Lemma [1.2.3] to the
function f(z) € C*Algpy(£>*(Y),C); it yields |0(f(x))(a)]] < 4]la|l. As this
holds for each € X, [Ce(f)(a)(x)| = |0(f(x))(a)| is bounded (by 4||a||) and
therefore Ce(f)(a) € £°°(X). Next, the map Cg(f) is a PU-map of C*-algebras
via the pointwise definitions of the relevant constructions.

We check that Cg preserves (Kleisli) identities and composition. Identities
first. Let a € [0,1]x:

Ce (idx) (a)(x) = Ce (nx)(a) (@) = (nx (2))(a) = nx (2)(a) = ala).

So Ce(idy) = idge(x), because the above holds for all a € £*°(X) by Lemma
1.2.11] For composition, with f : X — E(Y), g: Y — E(Z), ¢ € £>°(Z) and
r € X:

)
™
o

o}
~
=

o
~—

8
~—

I | | (N |
s T o D
D

o}
~
S~—

8
S~—

~— ~—
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S}
-
—
)
)
G\_/
—~
Q
~—

By applying Lemma [1.2.11] again, this is so for all ¢ € £°(Z), so Cg(g o f) =
Ce(f) o Celg).
The functor Cg is faithful by applying extensionality. To see that Cg is full,

let g : £°(Y) — £>°(X) be a PU-map. Define f: X — E(Y) as

f(@)(b) = [0,1]4(b)(2),

where z € X and b € [0,1]Y. We have that f(z) is the restriction of a PU map
(=(Y) — C, so is an effect module map EMod([0, 1], [0, 1]), and therefore an
element of £(Y), so f is a Kleisli morphism. Now, if we take b € [0,1]¥, z € X,
we have

Ce (f)(0)(x) = O(f () (b) = f()(b) = [0,1]4(b)(x) = g(b)(x),

so Ce(f) = g by Lemma|[1.2.11 O
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We turn to the finite case, like in the previous section. We do so by con-
sidering the Kleisli category KC/n(E) obtained by restricting to objects n € N.
Since the expectation monad £ and the distribution monad D coincide on finite
sets, we have KUn(E) = Kly(D). Maps n — m in this category are probabilistic
transition matrices n — D(m). This category has been investigated also in [42].
The following equivalence is known, see e.g. [86], although possibly not in this
categorical form.

Proposition 1.4.3. The functor Cg from (1.5) restricts in the finite case to an
equivalence of categories:

Ktsi(D) ——2

= FACC*Alg®) (1.6)

It is given by Cp(n) = C™ and

f mhy s N/ .
Cp(n = D(m))(a € C™)(i€n) =Y f(i)(j) - v(j)-
JEM
This equivalence (1.6) may be read as: the category FACC*Algpy; of finite-
dimensional commutative C*-algebras, with positive unital maps, is equivalent
to the Lawvere theory of the distribution monad D.

Proof. The fullness and faithfulness of the functor Cp follow from Proposi-
tion using the isomorphism C*Algpy(C",C) = D(n) from Lemma
This functor Cp is essentially surjective on objects by Corollary [1.2.5] using the
fact that a MIU-map is a PU-map. O

1.5 Continuous Probabilistic Computations

The question arises if the full and faithful functor ¢(£) — CC*Algyy, from
Proposition [1.4.2] can be turned into an equivalence of categories, but not just
for the finite case like in Proposition In order to make this work we have
to lift the expectation monad £ on Set to the category CHaus of compact

Hausdorff spaces. For this purpose we use what we call the Radon monad R,
defined on X € CHaus as:

R(X) = S(C(X)) = C'Algpy (C(X), C), (L.7)

where, as usual, C(X) = {f: X — C| f is continuous}; notice that the func-
tions f € C(X) are automatically bounded, since X is compact. We have
implicitly applied the forgetful functor from CCL — CHaus to make R into
an endofunctor of CHaus. The elements of R(X) are related to measures in the
following way. If v is a probability measure on the Borel sets of X, integration of
continuous functions with respect to v gives a function a — [, adv € R(X). A
Radon probability measure, or an inner regular probability measure, is one such
that v(S) = supgcgV(K) where K ranges over compact sets. The map from
measures to elements of R(X) is a bijection [I15, Thm. 2.14], and accordingly
we shall sometimes refer to elements of R(X) as measures. Therefore the Radon
monad can be considered to be a variant of the Giry monad. We explain this
more precisely in Section [I.6] The Radon monad differs from the monad Giry
defined on the category of Polish spaces essentially only in the choice of spaces,
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and on compact Polish spaces they agree, as the topology Giry used is the same
as the weak-* topology, and Polish spaces do not admit any non-Radon Borel
probability measures[I3] Theorems 1.1 and 1.4]. There are, however, non-Radon
Borel probability measures on some unmetrizable compact Hausdorff spaces [41]
434K (d), page 192] [55], §53.10, page 231].

This Radon monad R is not new: we shall see later that it occurs in [124]
Theorem 3] as the monad of an adjunction (“probability measure” is used to
mean “Radon probability measure” in that article). It is proven to be a monad
independently of that paper in [37, Theorem 2.13], and it has been used more
recently in [01]. However, our duality result below — Theorem [L.5.1]— is not
known in the literature, at least in this form. We discuss, in Section [I.6] how it
relates to a theorem of Umegaki.

From Proposition it is immediate that R(X) is again a compact Haus-
dorff space. On continuous maps f : X — Y is defined as

R(f)(D)(b) = d(bo ),

where ¢ € R(X) and b € C(Y). The unit nx : X — R(X) and multiplication
px : R*(X) — R(X) are defined similarly to the expectation monad, namely as
n(z)(a) = a(x) and p(®)(a) = ®(¢ — ¥(a)). We check that nx is continuous.
Recall from the proof of Proposition that a basic open in R(X) is of the
form ev; 1 (U) = {h € R(X) | h(s) € U}, where s € C(X) and U C C is open.
Then:

nx (evi'(U)) ={z € X | nx(2)(s) €Uy = {w € X | s(2) €U} = s~ (U).

The latter is an open subset of X since s: X — C is a continuous function.
We are now ready to state our main, new duality result. It may be under-

stood as a probabilistic version of Gelfand duality, for commutative C*-algebras

with PU maps instead of the MIU maps originally used (see Theorem .

Theorem 1.5.1. In the case of the Radon monad (1.7)) there is an equivalence
of categories:
Ki(R) =~ CC*Algyy,

Proof. We define a functor Cx : K¢(R) — CC*Algpy; like in (L.F)), namely by:
Cr(X) =C(X) Cr(f)(b)(z) = f(z)(b).

f(x

C

We must first show that Cr(f)(b) € C(X). If (x;)ier
point x € X, we want to show Cr(f)(b)(x;) — Cr(f)(b
)-

Cr(f)(b)(x:) = f(xi)(b

As f is continuous, f(z;) — f(z), and as evaluating at b is continuous in the
weak-* topology, we have

f(@i)(b) = f(2)(b) = Cr(f)(b) ().

So Cr(f)(b) is continuous, and therefore an element of C'(X).

As in the £*° case, pointwiseness of the operations implies that Cr (f) is a PU-
map. The proof that Cr is a functor is similar to the proof in Proposition1.4.2
The proof that Cr is faithful is by functional extensionality and is immediate.

is a net converging to a

s
(). We have
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We show that Cg is full as follows. Let g : C(Y) — C(X) be a PU-map.
Define f: X — R(Y) as
f(@)(b) = g(b) (),

where z € X and b € C(Y'). We have that f(z) € R(Y) by the pointwiseness of
the operations. We show that f is continuous from X to the weak-* topology
on R(Y) as follows. Let (x;);er be a net converging to € X. For all b € C(Y),
we have f(x;)(b) = g(b)(x;). As g(b) € C(X), we have g(b)(z;) — g(b)(x) =
f(z)(b). As this is so for all b € C(Y), we have f(x;) — f(z) in the weak-*
topology.

We have shown that f is a Kleisli map, so we only need to show that Cxr(f) =
g to show fullness. We have

The functor is essentially surjective on objects by ordinary Gelfand duality
(Theorem [1.2.4)), because *-homomorphisms are also PU-maps. O

As suggested by a member of the thesis committee, we remark at this point
that it is possible to generalize the previous proof by varying the kind of map
M we use on commutative C*-algebras, and taking the relevant monad to have
C*Alg,,(C(X),C) as its underlying functor. In particular, using positive sub-
unital maps, we would obtain a duality for the Kleisli category of the subproba-
bilistic Radon monad (proven to be a monad in [74], §7]). This cannot be pushed
arbitrarily far, however, as if we chose bounded maps, C*Alg(C(X), C) would
not be compact in the weak-* topology except for the trivial case where X = ().

We investigate the Radon monad R a bit further, in particular its relation
to the distribution monad D on Set.

Lemma 1.5.2. There is a laz map of monads (U,7): R — D in:

R D

N
CHaus v Se/t> DU == UR

where U is the forgetful functor and T commutes appropriately with the units
and multiplications of the monads D and R. (Such a map is called a “monad
functor” in [123, §1].)

As a result, the forgetful functor can be lifted to the associated categories of
FEilenberg-Moore algebras:

EM(R) EM(D)
(R(X) % X) —— (D(UX) 5 UR(X) B UX)

Therefore the carrier of an R-algebra is a convex compact Hausdorff space, and
every algebra map is an affine function.

Proof. For X € CHaus and ¢ € D(UX), that is for p: UX — [0, 1] with finite

1
support and Y ¢(x) =1, we define 7x(¢) € UR(X) on a € C(X) as:
zeX

x(@)a@) = X ¢)-a) € C. (1.8)

zeX
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It is easy to see that 7 is a linear map C(X) — C that preserves positive
elements and the unit. Moreover, it commutes appropriately with the units and
multiplications. For instance:

(mx © nix)(@)(a) = 7x(8:)(a) = a(z) = U(n%)(=)(a).
O

The continuous dual space of C(X) can be ordered using (0.1]), by taking
the positive cone to be those linear functionals that map positive functions to
positive numbers (the dual cone of C(X),, see Lemma[0.3.8).

Definition 1.5.3. A state ¢ € R(X) = C*Algpy(C(X),C) is a pure state if for
each positive linear functional such that ¢ < ¢, i.e. such that ¢ — ) is positive,
there exists an « € [0, 1] such that ¢ = a¢. O

Lemma 1.5.4. For a compact Hausdorff space X, the subset of Dirac measures
{n(z) |z € X} CR(X) is exactly the set of pure states and therefore the set of
extreme points of the set of Radon measures R(X) — where n(z) = n™(z) is the
unit of the monad R.

Proof. We rely on the basic fact, see [26, 2.5.2, page 43], that a measure is a
Dirac measure iff it is a pure state. We prove the above lemma by showing that
the pure states are precisely the extreme points of the convex set R(X).

o If ¢ € R(X) is a pure state, suppose ¢ = a1 + aada, a convex combina-
tion of two states ¢; € R(X) with a; € [0, 1] satisfying oy + a2 = 1, where
no two elements of {@, ¢1, P2} are the same. Then ¢ > a;¢1, since for a
positive function f € C(X) one has (¢ — a1¢1)(f) = aa¢2(f) > 0. Thus
a1¢1 = ag, for some a € [0,1], since ¢ is pure. Then oy = ay¢1(1) =
ad(l) =a. If ay =0, then ag =1 and so ¢ = ¢o. If a3 > 0, then ¢ = ¢;.
Hence ¢ is an extreme point.

e Suppose ¢ is an extreme point of R(X), i.e. that ¢ = a1¢d1 + s implies
¢1 or ¢ = ¢. Then if there is a positive linear functional ¥ < ¢, we may
take a; = (1) > 0; since a1 = (1) < ¢(1) = 1, we get a1 € [0,1].
If oy = 0, then since ||| = (1) = 0 we get ¢» = 0 and ¥ = 0-¢. If
oy =1, then (¢ —)(1) = 0, which since ¢ — ) was assumed to be positive
implies ¢ — ¢ = 0 and hence ¥ = 1 - ¢. Having dealt with those cases,
we have that ay € (0,1), and so we have a state ¢; = a%w. We may
take ag = 1 — a; € (0,1) and obtain a second state ¢y = 0%2(¢ — ).
By construction we have a convex decomposition of ¢ = ai¢1 + asps.
Therefore either ¢ = ¢ = a%w or ¢ = g = a%((b — ). In the first case,
1 = a1¢, making ¢ pure. But also in the second case ¢ is pure, since we
have as¢ = ¢ — ¢ and thus ¥ = (1 — as)¢. O

Lemma 1.5.5. Let X be a compact Hausdorff space.

(i) The maps 7x: D(UX) — UR(X) from (L.8) are injective; as a result, the
unit/Dirac maps n: X — R(X) are also injective.

(i) The maps Tx: D(UX) — UR(X) embed D(UX) as a dense subset of
UR(X).
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Proof. For the first point, assume ¢, v € D(UX) satistying 7(¢) = 7(¢0). We
first show that the finite support sets are equal: supp(y) = supp(¢). Since X
is Hausdorff, singletons are closed, so finite subsets are too. Suppose supp(y) €
supp(), so that S = supp(p) — supp(¢)) is non-empty. Since S and supp(v)
are disjoint closed subsets, there is, by Urysohn’s lemma, a continuous function
f: X —[0,1] with f(z) =1 for x € S and f(z) = 0 for x € supp(v)). But then
~()(f) = 0, whereas 7()(f) # 0.

Now that we know supp(y) = supp(¢)), assume @(x) # ¢(zx), for some
x € supp(y). The closed subsets {z} and supp(¢) — {«} are disjoint, so there is,
again by Urysohn’s lemma, a continuous function f: X — [0,1] with f(x) =1
and f(y) = 0 for all y € supp(p). But then ¢(z) = 7(p)(f) = 7(¥)(f) = ¥(2),
contradicting the assumption.

We can conclude that the unit X — R(X) is also injective, since its un-
derlying function can be written as the composite U(n®) = 7 o n?: UX —
D(UX) — UR(X), because 7 is a lax map of monads.

To show that the image of 7x is dense, we proceed as follows. By Lem-

mas and [1.5.2] the extreme points of R(X) are
{n*(@) |z e X} = {r(n"(2)) |2 € X}

and are thus in the image of 7: D(UX) — UR(X). Since every convex com-
bination of n®(x) comes from a formal convex sum ¢ € D(UX), all convex
combinations of extreme points are in the image of 7x. Using Proposition[1.2.6
R(X) can be considered an object of CCL, i.e. a compact convex subset of a
locally convex space. Accordingly, we may apply the Krein-Milman theorem [20),
Proposition 7.4, page 142] to conclude the set of convex combinations of extreme
points is dense. O

Lemma 1.5.6. Let X,Y be compact Hausdorff spaces. The structure map of
each FEilenberg-Moore algebra o: R(X) — X is a D-affine function. For each
continuous map f: X =Y, the function R(f): R(X) — R(Y) is D-affine.

Proof. This follows from the naturality of 7: DU = UR. O

Proposition 1.5.7. Let a: R(X) — X and f: R(Y) = Y be two Filenberg-
Moore algebras of the Radon monad R. A function f : X — Y is an algebra
homomorphism if and only if f is both continuous and affine.

As a result, the functor EM(R) — EM(D) from Lemma is faithful,
and an EM(D) map comes from an EM(R) map if and only if it is continuous.

We shall follow the convention of writing CAff(X,Y") for the homset of con-
tinuous and D-affine functions X — Y.

Proof. Clearly, each algebra map is both continuous and D-affine. For the
converse, if f : X — Y is continuous, it is a map in the category CHaus of
compact Hausdorff spaces. Since it is D-affine, both triangles commute in:

DUX) de;se R(X)
Nl \LBOR(}‘)
Y

Since Y is Hausdorff, there is at most one such map. Therefore f is an algebra
map. O
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The category EM(R) of Eilenberg-Moore algebras of the Radon monad may
thus be understood as a category of convex compact Hausdorfl spaces, with
affine continuous maps between them. In Chapter [4 we see how to use a result
from [124] to relate this to CCL, which is a category of “concrete” convex sets.
Using this theorem, it will be shown that “observability” conditions like in [65]
top of p. 169] always hold for algebras of R.

In the case of the expectation monad &, it is not necessary to use a forgetful
functor to relate it to D as they are both defined on the same category, Set.
There is a monad morphism ¢ : D = £ defined, for X € Set, ¢ € D(X), and
a €[0,1]% as

ox(@)(a) = 3 6(x) - alr).

reX

The proof of this is given in [65] Lemma 21]. There is also a monad morphism
7 :U = € defined as follows, with F € U(X) and a € [0, 1]X:

7x (F)(a) = chU(a)(F)),

where ch is the unit interval’s EM(U) structure arising from its being a compact
Hausdorff space in its usual topology, as described in Example[0.4.12] The proof
that this is a monad morphism is detailed in [65], Proposition 16].

For later reference, we summarize these results as follows

Proposition 1.5.8. There exist monad morphisms 7 : U = & and o : D = £.
These induce forgetful functors EM(E) — EM(U) ~ CHaus, showing that
every E-algebra is canonically a compact Hausdorff space and every map of E-
algebras is continuous, and EM(E) — EM(D), showing that every E-algebra is
canonically an abstract convex set, and every map of £-algebras is affine. O

In Chapter [4 we will see that EM(E) is in fact equivalent to CCL.

1.6 The Category of Markov Kernels

In this section we relate the rest of the chapter to the literature on Markov
kernels and the Giry monad. First, we recall some notions from measure theory.
Recall that a measurable space is a pair (X, Y) where X is a set and ¥ a o-algebra
on X, i.e. a family of subsets of X closed under countable intersections, unions
and complements. A function f : (X,3) — (Y, ©) between measurable spaces
is called a measurable map if for all T € ©, f~1(T) € X. This is analogous to
the definition of a continuous function between topological spaces. Measurable
maps form a category, Mble. We use this name instead of Giry’s notation Mes
to avoid confusion with any category of measure spaces.

On any topological space X, we can define a measure space structure by
taking the o-algebra generated by the open sets. This is known as the Borel
o-algebra, Bo(X), and its elements are called Borel sets. A measurable function
on (X,Y) is a measurable map a : (X,X) — (C,Bo(C)). The set of bounded
measurable functions on (X, X), £L>(X,X), is a closed *-subalgebra of £°(X).

If (X,3) and (Y, ©) are measurable spaces, then a Markov kernel is a func-
tion f: X x © — [0, 1] such that

(i) For all z € X, f(z,-) : © — [0, 1] is a probability measure.
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(ii) For all T € ©, f(-,T) : X — [0,1] is a measurable function ([0, 1] being
equipped with the Borel o-algebra).

Composition of Markov kernels f: X x © — [0,1] and g : ¥ x E — [0, 1],
for measurable spaces (X, Y), (Y,0) and (Z,Z) is defined by the formula

(9% ). U) = /Y g U)df(z,-), (1.9)

i.e. we integrate the measurable function g(-,U) with respect to the measure
f(x,-). This is often written using a dummy variable y as

(o N V) = | fadyato.0)
An identity operation for this composition is defined by Dirac measures

1 ifzesS

0 fogs (1.10)

idx(x,S) = {

The category of Markov kernels, Markov, is defined to have measurable spaces
as objects, and Markov kernels as maps. It was originally defined in [84] and
independently in [129, Chapter 5]. However, Kolmogorov gave a definition of the
endomorphisms of this category in [78], including proofs of the identity laws and
associativity of composition. The composition law is therefore known as
the Chapman-Kolmogorov equation in subsequent work on stochastic processes
B8] [27, §VI.2]. A proof that it is a category, in the subprobabilistic case, can
be found in [99, Chapter 5], where it is known as the category of stochastic
relations.

The Giry monad G is a monad on the category of measurable spaces and
measurable maps, Mble, defined as follows. For a measurable space (X, X),

G(X,X)={v:X —[0,1] | v a probability measure}.

For each S € ¥, a map pg : G(X) — [0,1] is defined as

The o-algebra on G(X) is defined to be the coarsest o-algebra such that pg is
measurable, for all S € ¥. Equivalently, this can be described as the o-algebra
on G(X) generated by the sets of the form pg'(B) where B is a Borel subset of
[0,1]. This defines G on objects. On a measurable map f : (X,¥) — (Y, 0)

where v € G(X) and T € ©. This defines G as a functor Mble — Mble. The
unit is defined as

nx : (X,%) = G(X, %)

if S
x(@)(8) = {é e
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where S € 3. The multiplication is defined as
mx - gz(sz) - g(Xa E)

px(@)(8) = [ psde. (1.11)
g(X)

We will now give proofs of some standard useful facts about the Giry monad.
First, we can extend the definition of p- from measurable subsets to measurable
functions, as follows. If @ € L>®(X,X), i.e. a is a bounded measurable R-valued

function, we define
pa(v) = / adv.

X

It is clear that p, 4 = pg for all § € 3, so this extends the original definition.

Lemma 1.6.1. For any measurable space (X,X) and a € L®(X,X), p, €
L>*(G(X)). The mapping p- is linear, and if (a;)ien s a bounded sequence
in L°(X,3) that converges pointwise to a € L2(X,X), we have ps, — Pa
pointwise on G(X).

Proof. We first show that p, is bounded, and therefore p, € £>°(G(X)). As a is
bounded, there exists a number o € R such that —a < a < a. As integration
Jx -dv is a linear, positive and unital map £>(X) — R for all v € G(X), we

have
—a:/ —advg/adug/adyza.
X X X

Therefore p, is bounded by « as v varies over G(X).

To show that p, is measurable, we will use the other two facts, so we prove
them first. If we consider a linear combination in £°(X) of the form aa + b,
we have

Daatpp (V) = /X(aa + Bb)dv = a/

adu+ﬁ/ bdv = (apa + Bpy) (V)
X X

Therefore p- : L2(X) — £°(G(X)) is linear.
Now suppose that (a;);en is a bounded sequence in £*°(X) converging point-
wise to a bounded measurable function a. Then

Pa(V) :/ adv :/ lim a;dv = lim a;,dv = lim p,,
X X

11— 00 11— 00 11— 00

by the dominated convergence theorem [I19, Theorem 11.2]. Therefore p,,
converges pointwise to p,.

We can now show that p, is a measurable function with respect to the usual
o-algebra on G(X). If a = xg for some measurable set S, then p,, = pg
and is therefore measurable. As measurable functions are closed under linear
combinations, we therefore have that if a is a simple function, p, is measurable
(using linearity of p-). Now, for any bounded measurable function a, there exists
a bounded sequence of simple functions (a;);en such that a; — a pointwise [119,
Theorem 8.8]. Therefore p, = lim;_, oo pg, is the pointwise limit of a sequence
of measurable functions, and therefore is measurable [I19, Corollary 8.9]. O
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As a consequence, the o-algebra on G(X) could equally well have been de-
fined as the coarsest such that each p, is measurable, as a varies over £L>(X).

The Giry monad’s functor, unit and multiplication are defined in terms of
measurable subsets. One can use the dominated convergence theorem to re-
express these in terms of integration of bounded measurable functions. As the
proofs are similar, we do them all at once.

Proposition 1.6.2.

G) If f: (X,2) = (Y,0) is a measurable map, v € G(X,X) and b €
L>(Y,0):

/bdg(f)(u):/bofdu.

Y X

(ii) For any measurable space (X,%), a € L2(X,X) and z € X :

[ adnx(@) = ato)

X

(iii) For any measurable space (X,¥), ® € G?(X,¥) and a € L>(X,X):

[adux@ = [ pace.

X g(X)

Proof. In each case we show that the equation holds for characteristic functions
of measurable subsets and that certain parts are linear and preserve pointwise
convergent sequences, as needed. In each case, it then follows from the fact
that every measurable bounded function is a pointwise limit of a sequence of
simple functions [I19, Theorem 8.8] and the dominated convergence theorem
[119] Theorem 11.2].

(i) We show it on characteristic functions of measurable sets as follows. Let
Teco:

/ X1 dG(1) W) = G(F)W)(T) = v(f~(T)) = / iz d
Y X

:/ xr o fdv.
b'e

We can then observe that -o f is linear and preserves pointwise convergence
by evaluating at an arbitrary point * € X and using the pointwiseness of
the definitions.

(ii) We show it on characteristic functions as follows. Let S € %:

/X xs dnx (z) = 1x (2)(S) = xs(x),

the last equality being shown by reasoning by cases. We have that eval-
uating at a point is linear and preserves all pointwise limits (not just
sequential), so we can conclude that it holds for all measurable functions.
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(ili) We show it on characteristic functions as follows. Let S € X:

L/Xsduxﬁm==ux(¢ﬂ5)= /“psd¢:: /)std¢.
X G(X) G(X)

We can then use the fact that p_ is linear and preserves pointwise sequential
limits from Lemma [[6.1] O

The above facts are standard (for instance (i) is also proven in [114] §15.1
Proposition 1] and [99, Proposition 3.8 and p. 66]), we give a proof only for
convenience of the reader.

In a similar spirit, we now give a proof that K¢(G) is equivalent to Markov.
This can also be found, in the subprobabilistic case, in [99, p. 69]. We define
F : K¢(G) — Markov to be the identity on objects, and on a Kleisli morphism
f:(X,%) = (Y,0) (ie. f:(X,%)— G(Y,0) as a measurable map)

F(f)(z,T) = f(z)(T),
where x € X and T € O.

Proposition 1.6.3. F is a functor K¢{(G) — Markov. It is a bijection on
morphisms, and therefore an isomorphism of categories.

Proof. Let f : (X,%) — [0,1]® be a function (e.g. if f is a Kleisli map). As
F(f)(z,-) = f(x), we have that F(f)(x,-) is a measure iff f(z)is. If T € © we
can see that

(pr o f)(x) = pr(f(z)) = f(@)(T) = F(f)(x,T),

so pro f=F(f)(-,T). We therefore have that f is measurable with respect to
the Giry o-algebra iff F(f)(-,T) is measurable for all T' € ©. Therefore a map
f:(X,%) — [0,1]° is a measurable map (X, %) — G(Y, 0) iff F(f) is a Markov
kernel.

To show that F' is a functor, we need to show that it preserves identities and
composition. We have, for a measurable space (X,¥) and z € X, S € &:

F(idx)(z,S) = F(nx)(z,S) = nx (x)(5) = idx (z, 9),

where the last equation is by case-by-case reasoning using .

Now let f: (X,%¥) = G(Y,0) and g : (Y,0) = G(Z,Z) be maps in KI(G).
Their Kleisli composition is pz 0G(g) o f, so we want to show that F(uzoG(g)o
f)=F(g)«F(f). Let z € X and U € Z. Then

F(pzoG(g)o ), U) = nz(G(9)(f(2)))(U) definition of F”
~ [ wag@ ) (1)

G(2)
= /pU ogdf(z) Proposition [1.6.2] (i)
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As F' is the identity on objects, to prove that F' is an isomorphism of cate-
gories, we only need to prove that it is bijective on hom-sets. This is because
the functor defined as the identity on objects and the inverse of F' on hom-sets
will then be an inverse functor for F'. We can see that F is injective by a simple
application of functional extensionality. If we take g : X x © — [0,1] to be a
Markov kernel and define f(z)(T) = g(x,T), then F(f) = g, and therefore f is
a measurable map X — G(Y') by the only if direction of the earlier statements
used to prove F' is a functor. Therefore F' is a bijection on hom-sets. O

The Giry monad originates in [52], which came after [124], where the Radon
monad is defined. The equivalence between Markov kernels and Kleisli mor-
phisms of the Giry monad motivated the definition of the Giry monad. In
[84], Lawvere defines G(X) as a functor, with the correct o-algebra, in order to
produce a right adjoint to the inclusion Mble — Markov. Under the isomor-
phism in Proposition this adjunction is equivalent to the usual adjunc-
tion for a Kleisli category, with functors Mble — K{¢(G) and a right adjoint
K{(G) — Mble. Lawvere’s paper [84] was written before Kleisli’s paper on the
Kleisli category was published [76].

Using a weak map of monadﬁﬂ R — G, we can define functors EM(R) —
EM(G) and KL(R) — K4(G). We will then relate Theorem to previous
work by Umegaki [I127, Theorem 7.1].

We must first discuss the o-algebra we shall be using on compact Hausdorff
spaces, the o-algebra of Baire sets. We require a few definitions from general
topology first. In a topological space X, the zero sets are the subsets Z C X
such that there exists a continuous function a : X — R such that Z = f~1(0).
Every zero set is a closed set, and in metrizable spaces every closed set is a zero
set [36, Corollary 4.1.12]. As R is metrizable, zero sets in an arbitrary space
X can be equivalently characterized as sets of the form f~1(C) for C a closed
subset of R. A set is called Gs if it is expressible as a countable intersection
of open sets. In a compact Hausdorff space, the compact G subsets are the
same as the closed G5 subsets, which are the same as the zero sets [36, Theorem
3.1.10 and Corollary 1.5.12].

Let X be a compact Hausdorff space. The Baire o-algebra Ba(X) is variously
defined to be the o-algebra generated by the zero sets [41] Definition 4A3K (a)],
the o-algebra generated by the compact Gs sets [114, §14.1], or the o-ring
generated by the compact Gs sets [55, §51]. By the previous paragraph, these
definitions all coincide for a compact Hausdorff space. Furthermore, if X is
metrizable, the Baire sets and the Borel sets coincide. The Baire o-algebra
can also be characterized as the coarsest such that every continuous real-valued
function is measurable (with respect to the Borel o-algebra on R) [41l, Lemma
4A3L]. We can use the Baire o-algebra to define a functor Ba : CHaus — Mble:

Ba(X) = (X, Ba(X))
Ba(f: X »Y)=f

Proposition 1.6.4. Ba is a functor.

Proof. We have that Ba(X) is a measurable space for all X € CHaus, so we
only need to focus on the morphisms. First we need to show that Ba(f) is

3see p.
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measurable for a continuous function f : X — Y. It suffices to show that the
preimage of a zero set in Y is a Baire subset of X. Let T' C Y be a zero set
defined by the continuous function b: Y — R, i.e. b=1(0) = T. Then

FTHT) = f7H67H0) = (bo £)7H(0),

which is a zero set in X because bo f is continuous.
We also have that Ba preserves identities and composition because these are
defined in the same way in CHaus and in Mble. O

Now that we have a functor CHaus — Mble, we are ready to define a weak
map of monads. For each X € CHaus, we define px : GBa(X) — BaR(X) as

px()a) = [ ad, (1.12)

where v € G(Ba(X)) and a € C(X).

One version of the Riesz representation theorem uses Baire measures instead
of inner regular Borel measures [114] §14.3 Theorem 8|. The statement is exactly
that is a bijection. In order to prove that this is a weak map of monads,
we will require some lemmas.

First, we give a name to a map we have used implicitly in the definition of
w for R. For a compact Hausdorff space X, we define (x : C(X) — C(R(X))
as follows, where a € C'(X) and ¢ € R(X):

(x(a)(¢) = d(a).

The reason that (x(a) is always an element of C(R(X)) is that the weak-*
topology is defined to make (x(a) continuous.

Lemma 1.6.5. Let X be a compact Hausdorff space and a a continuous func-
tion. We have
Pa = (x(a) o px.

Proof. Let v € G(Ba(X)), and expand the definitions:

Cx(@)(px () = px (¥)(a) = /X adv = pa(v).
O

Lemma 1.6.6. Let X be a topological space, and Z C X a zero set. There is
a sequence of continuous functions (a;);en : X — [0,1] converging pointwise to
Xz-

Proof. As Z is a zero set, there exists a continuous function a : X — R such
that a=1(0) = Z. Using the lattice operations on continuous functions, we can
redefine a to be X — [0,1] by taking it to be |a] A 1. This does not change
where a is zero, so a=1(0) = Z is preserved. We can then define

a;=(1-a)

for all + € N. This is a family of continuous functions, taking the value 1 on
Z and some value in [0,1) outside of Z. For all a € [0,1), we have a™ — 0 as
n — 00, SO a; — Xz pointwise. O
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Lemma 1.6.7. For each compact Hausdorff space X, the ring generated by the
elements {Cx (a) }oec(x) s dense in C(R(X)).

Proof. By the Stone-Weierstrass theorem [20, Theorem V.8.1], it suffices to show
that elements of the form (x(a) for a € C(X) separate the points of R(X). As
elements of R(X) are defined to be functions C(X) — R, this follows from
functional extensionality. O

Theorem 1.6.8. As defined above, (Ba, p) is a weak map of monads R — G.

Proof. As already discussed, is a bijection for each X € CHaus (a version
of the Riesz representation theorem). We need to show that it is an isomorphism
in Mble, i.e. that it is measurable and its inverse is measurable.

We first show that p)_(1 is measurable. It suffices to show this on a set of
generators for the o-algebra on G(Ba(X)), i.e. that for each S € Ba(X) and
B € Bo([0,1]) we have px(pg'(B)) € Ba(R(X)).

By Lemma for each continuous function ¢ € C(X), we have p, =
¢(x(a)opx, and therefore p, 0 px' = (x(a). As (x(a) € C(R(X)), we have that
Pa © px" is also, and is therefore an element of £>(Ba(R(X))). For each zero
set Z C X, there is a sequence of continuous functions a; — xz (Lemma,
SO Pa; — Pxs DY Lemma SO Pg; © p;(l — pgo p;(l pointwise, and therefore
pz o px is Ba(R(X))-measurable.

Since for any sequence of sets (S;);en, where S; € Ba(X), we have x_j»_ s,
converges pointwise to x|y= s, we can use Lemma m to conclude that
Py, S, © p)_(l — Py, s; © p)_(l. We can also use the linearity from Lemma
to show that if ps o py' is measurable, so is p_g o px'. As Ba(X) is built
up from zero sets via countable unions and complements, we have shown that
for any S € Ba(X), we have that pg o px' : Ba(R(X)) — [0,1] is measurable
(with the Borel o-algebra on [0, 1]). Therefore, for each B € Bo([0, 1])

px(ps'(B)) = (px) "' (5" (B)) = (ps o px') ™" (B) € Ba(R(X)),

as is required to prove that p;(l is measurable.

To show that px is measurable, it suffices to show that the preimage of a zero
set in R(X) is measurable in G(Ba(X)). In turn, it suffices to show that for each
continuous function b : R(X) — R, the function bo px is G(Ba(X))-measurable.
This is what we prove.

To start with, we have that if b = (x(a) for some a € C(X), then bo
px is G(Ba(X))-measurable because it is equal to p, by Lemma Now,
measurable real-valued functions are closed under pointwise ring operations,
because the ring operations on R are measurable. Therefore, if b is in the
ring generated by {(x (a)}sec(x), then bopx is G(Ba(X))-measurable. Finally,
by Lemma for each b € C(R(X)), there is a sequence (b;);cn, where
each b; is in the ring generated by {(x(a)}sec(x), such that b; — b uniformly,
and therefore pointwise. Therefore b o px is G(Ba(X))-measurable for all b €
C(R(X)). This concludes the proof that px is a measurable isomorphism for
all X € CHaus.

To show that (px) defines a natural transformation, we need to show that
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for each continuous map of compact Hausdorff spaces f : X — Y, the diagram

G(Ba(X)) —> Ba(R(X))
G(Ba(f))l lBa(R(f))
G(Ba(Y)) —— Ba(R(Y))

commutes. Let v € G(Ba(X)) and b € C(Y), and starting with the lower left
route

py (G(Ba(f))())(b) = py (G(f)())(b)

=/ bdg(f)(v)

= [ bofdv by Proposition (i)
b's

= px(v)(bo f)

= R(N)(px#))(®)

= Ba(R(f))(px (#))(b),

which shows that the diagram commutes.
The diagram we need for units (see (0.4)) is

g
MBa(X)

Ba(X) —— G(Ba(X))

\ lpx
Ba(n%)

Ba(R(X)).
To show that this commutes, let © € X and a € C(X), and observe that

px (o @)0) = [ adif (@)
= a(x) by Proposition [1.6.2] (ii)
=X (z)(a),

showing that the diagram commutes.
The diagram we need for the multiplications (see (0.4)) is

G2 (Ba(X)) 2L g(Ba(R(X))) % Ba(R2(X))
p‘ga(X) J/ iBa(lj;)
G(Ba(X)) e Ba(R(X)).

To show that this commutes, let ® € G2(Ba(X)) and a € C(X), and start with
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the bottom left path

(i @)(@) = [ adi, (@)

b'e

= Do d® Proposition (iii)
G(Ba(X))

= / Cx(a)opx d® Lemma [1.6.5]
G(Ba(X))

= / Cx(a)dG(px)(P) Proposition [1.6.2] (i)
R(X)

= pr(x)(G(px)(®))(Cx (a))
= Ba(u¥)(pr(x)(G(px)(®)))(a),

which shows that the diagram commutes. Therefore p is a natural isomorphism
and a lax map of monads, and therefore a weak map of monads. O

By Proposition we therefore have functors Ba” : EM(R) — EM(G)
and Ba,-1 : K{(R) — K£(G). We can also form the composite F' o Ba,
K{¢(R) — Markov. The image of this functor consists of Markov kernels of the
form X x Ba(Y) — [0,1]. Umegaki [I27] calls these channels and proves that
for each f: X x Ba(Y) — [0, 1], we can define a positive unital o-normal linear
map K : L2°(Y,Ba(Y)) — L>(X, Ba(X)), as

K(b)(z) = / bdf(x)(),
Y

where a map g : L2(Y,Ba(Y)) — L£>°(X, Ba(X)) is said to be o-normal if for
every decreasing sequence (b;) in L(Y, Ba(Y')) with infimum 0, the sequence
g(b;) has infimum 0 in £2°(X, Ba(X)). It is easy to see, using linearity, that this
is equivalent to the preservation of bounded suprema and infima of monotone
sequences.

Umegaki then shows that this correspondence is an isomorphism [127, Theo-
rem 7.1]. This is a forerunner of later results [81] §2][99, Theorem 5.16] working
with arbitrary measurable spaces. Note, however, that Umegaki does not con-
sider composition of Markov kernels (or the Chapman-Kolmogorov equation) at
any point in his article, so Umegaki stops short of describing an equivalence of
categories.

If, taking a morphism f : X — R(Y) in K4(R), we apply Umegaki’s corre-
spondence to F(Ba,-1(f)) we get a positive unital map £>*(Y) — £L>(X). If
we had applied Theorem we would have got a map C(Y) — C(X). By
using continuous Markov kernels, as suggested by the thesis committee, we can
adapt Umegaki’s result into an equivalence. We define the category of contin-
uous Markov kernels CMarkov to have compact Hausdorff spaces as objects,
and a map from X — Y to be a Markov kernel f : X x Ba(Y) — [0, 1] such
that for all b € C'(Y'), the map

-1

x —>Y/bdf(x,—)
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is continuousﬂ We define a functor G : K¢(R) — CMarkov, as the identity on
objects and F'o Ba,-1 on morphisms.
We require a lemma.

Lemma 1.6.9. Let X be a compact Hausdorff space, ¢ € R(X), and a € C(X).
Then

[ adni@) = ota)

X

Proof. As ¢ = pX(p}I(qﬁ)), we have

O

Proposition 1.6.10. CMarkov is a category, and G an equivalence of cate-
gories.

Proof. We take identities in CMarkov to agree with (1.10). We then have that
for all compact Hausdorft X, a € C(X) and z € X

[ edtidxe.) = afe).

X

by Proposition m (ii), so the identities are continuous Markov kernels. The
above also shows that G preserves identity morphisms. We define composition
in CMarkov by , as in Markov. The way we prove that the composition
of two continuous Markov kernels is continuous is by proving the statements
necessary to show that G is an equivalence, which imply this and the rest of the
statements necessary to show CMarkov is a category.

If f: X — R(Y) is a map in KI(R), we need to show that G(f) =
F(Ba,-1(f)) is continuous (as a Markov kernel). If we let b € C'(Y"), we observe
that

/Y bdF(Bay, (f))(x,-) = /Y bdpy (F(x)) = F()(b),

by Lemma [1.6.9] We already saw in the proof of Theorem that f(-)(b) :
X — C is continuous, so G(f) is a continuous Markov kernel.

We prove the injectivity of G on morphisms as follows. Let f,g: X — R(Y),
and suppose that G(f) = G(g). Then for all x € X and b € C(Y), we have

s = [

Y

bAG(f)(,-) = [ BdGl)(w.) = gl) D)
Y
so f=g.

To prove the surjectivity of G on morphisms, let g : X x Ba(Y) — [0,1] be
a continuous Markov kernel. Define f : X — R(Y) for all z € X and b € C(Y)
as

f(@)(b) = / bdg(z.-).

Y

4This usually occurs in the stochastic process literature as part of the definition of a Feller
process [18] §2.2 Definition (i)] [30} §2.7] [38] [39) §X.8].
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We have that f(z) € R(Y) by linearity of integration and the fact that g(z,-)
is a probability measure. If z; — « in X, then for all b € C(Y) we have

/deg(xi,—)—>/ybdg(xv‘)

by the definition of a continuous Markov kernel. Therefore f is a continuous
map from X — R(Y) with respect to the weak-* topology, and so f is a Kleisli
map in K¢(R). Now, for all z € X and b € C(Y), we have

/Y bAG(f)(z.-) = F(2)(b) = /Y bdg(z,-).

By the Baire measure form of the Riesz representation theorem, we therefore
have G(f)(x,-) = g(z,-), and as this holds for all z € X, G(f) = g, as required.

As G was defined on morphisms as the composite of two functors, it preserves
identies and composition. When combined with what we have proven above,
this shows that CMarkov is a category and G is an equivalence (in fact, an
isomorphism). O

We can then define a functor L : CMarkov — CC*Algy; as follows. On
objects, L(X) = C(X). On morphisms, if f : X xBa(Y") — [0, 1] is a continuous
Markov kernel,

L@ = [ bafa.)
where b € C(X) and = € X, like Umegaki’s definition in [127, (7.1)].
Proposition 1.6.11. L is a functor.

Proof. It f : X x Ba(Y) — [0,1] is a continuous Markov kernel, then L(f)
is a linear positive unital map C(Y) — C(X) by the linearity of integration
and the fact that f(z,-) is a probability measure. We have that L preserves
identity maps by Proposition m (ii). To prove that L preserves composition,
it suffices to show that for continuous Markov kernels f : X x Ba(Y) — [0, 1]
and g: Y x Ba(Z) — [0,1], for all ¢ € C(Z) and « € X we have

[ o niwan = [ ([ cratw.a2) re.au

where we use dummy variables y € Y and z € Z for convenience. We do this
by proving it for all ¢ € L£>(Z,Ba(Z)) using a standard argument with the
dominated convergence theorem, as in the proofs in Proposition We show
it for xu, where U € Ba(Z) as follows:

/ xur(g# F)a.dz) = (g% f)(,U) = / 9(,U) f (., dy)
7 Y

—/Y</Zng(yadZ)> f(z, dy),

and it then follows for simple functions by linearity, and then for all measurable
functions by the dominated convergence theorem. O

We can now prove that L is an equivalence of categories.
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Proposition 1.6.12. Lo G = Cgr. Therefore L is an equivalence.

Proof. On objects, we have L(G(X)) = L(X) = C(X) = Cr(X) for all compact
Hausdorft X. For a Kleisli map f: X — R(Y), we have, for all b € C(Y") and
z e X:

LG(f)(b)(x) = /Y bdG(z,-)

- [ bz @)
= f(z)(b) Lemma [[.6.9]
=Cr(f)(b)(x).
As G and Cr are categorical equivalences (Proposition and Theorem
, L is also an equivalence. O

Alternatively we could prove that L is an equivalence using Umegaki’s [127],
Theorem 7.1] together with the fact that any linear positive unital map C(Y) —
C(X) extends to a map L>®(Y,Ba(Y)) — L£>(X,Ba(X)) that is linear, posi-
tive, unital and preserves infima of bounded monotone sequences converging
to 0, which follows from [98, Lemma 3]. Then Proposition provides an
alternative proof of Theorem from Umegaki’s result.



Chapter 2

Base-Norm Spaces

2.1 Introduction

In this chapter, we consider the notion of a base-norm space and its relationship
to convex sets, the distribution monad, and order-unit spaces. Just as order-
unit spaces are non-multiplicative, order-theoretic generalizations of the notion
of C*-algebra and W*-algebra (Proposition [1.2.10]is a justification of this view),
base-norm spaces are similar generalizations of the dual of a C*-algebra, the
Banach space containing the state space, and the predual of a W*-algebra,
which likewise contains the normal state space (up to isomorphism).

In the literature, there are several definitions of base-norm space, falling into
three equivalence classes. Only one of these equivalence classes of definitions
is suitable for duality with order-unit spaces, as we shall see, and this is what
we choose to call a base-norm space (forming a category BNS). The kind of
space corresponding to the least strict notion of “base norm space” used in the
literature is what we call a pre-base-norm space (forming a category PreBNS).

We also show that we can embed any bounded convex set into a pre-base-
norm space, in a different way from [53, Theorem 2.2], and we show that this
embedding forms an equivalence of categories. We then prove that any sequen-
tially complete bounded convex set embeds as the base of a Banach base-norm
space, slightly generalizing Gudder’s [53] Theorem 3.6]. This is the relationship
between the base-norm space approach to generalized probabilistic theories from
Davies and Lewis [23] and Edwards [31] and convex-set-based approach [12, [T1],
used more recently. This is also described in [53] [98] 13T, @]. Unfortunately,
for reasons of space, we cannot treat tensor products of base-norm spaces and
order-unit spaces. If we did, it would go along the lines of [05] and [I31].

We construct the left adjoints to the functors B : PreBNS — Set and
B : BBNS — Set and show that the monads arising from these adjunctions
are the familiar discrete distribution monads, and that the comparison functors
to EM(D) and EM(Dy) respectively are full and faithful. We then construct
the functor BAff, taking bounded affine functions on a D-algebra, and show
that when this is applied to the base of a pre-base-norm space it gives the dual
space. The definition of the order-unit space BAff in the case of abstract convex
was first given in [98] Theorem 2] in the setting of convex prestructures, which
are a notion of convex set including all D-algebras. The special case of BAff(X)

73
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for X the base of a base-norm space occurred earlier [31], p. 211].

Finally, we show that taking dual spaces defines functors F' : PreBNS —
OUS® and G : OUS®? — PreBNS, and F is a left adjoint to G, in a variant
of the adjunctions defined in [58, Theorem 17] and [65], Proposition 5]. We then
briefly discuss how this can be restricted to an equivalence. In later chapters
this adjunction will be generalized in two different ways to give two equivalences
of categories.

2.2 Definitions

As this section is introductory, it does not contain any original results.

2.2.1 Base-Norm Spaces

A pre-base-norm space consists of a triple (E, Ey, ), where (E, E) is a directed
ordered vector space, and 7 : E — R is a positive linear functional that is not
the zero linear functional unless £ = {0}. The map 7 is called the trace and is
subject to another axiom that we describe below. The base is

B=7r"'1)nE,.

The reason for this definition can be seen by considering C*-algebras. If £ = A*,
for A a (unital) C’*—algebraﬂ and 7(¢) = ¢(1) for ¢ € A*, B is the state space of
A. In the commutative case the base is the set of Radon probability measures
sitting inside the vector space of signed Radon measures.

Given the base B, we define the unit ball U to be the absolutely convex hull
of B. In the case that B is non-empty, by Lemma[0.1.1] this can equivalently be
defined as

U =co(BU-B).
For E to be a pre-base-norm space we require U to be radially bounded, i.e. each
ray in F intersects U in a bounded subset (considering the ray as isomorphic to
R).

In summary, a pre-base-norm space is a triple (E, E4, 7) such that (E, E;)
is a directed ordered vector space, T is a positive linear functional, non-zero if
E # {0}, and U is radially bounded.

To live up to their name, pre-base-norm spaces should have an intrinsic
notion of norm. We therefore want to show that U is absorbent so that we
can define the norm as its Minkowski functional, which will then be a norm by
Lemma We must take a slight detour first.

Lemma 2.2.1. For any pre-base-norm space, if B is empty, E = {0}.

Proof. Suppose for a contradiction that B is empty but E # {0}. Since 7 is
a trace, we must have 7 # 0, which means there is x € E, x # 0, such that
7(z) # 0. Since (E, E.) is directed, x = 21 —x_ for z;,2_ € E,, and at least
one of y = x4 must be non-zero and satisfy 7(y) # 0. But then z = % is in

B because z is positive and

1Recall that A* means the vector space of continuous linear functionals (Section [0.3)), where
the topology on A is that determined by the norm.
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contradicting our initial assumption. O

We say a positive linear functional is strictly positive if z € Ey, 7(z) =0
implies x = 0.

Lemma 2.2.2. The trace 7 : E — R on any pre-base-norm space is strictly
positive.

Proof. Tf E = {0}, then the only possible 7 is 0, which is strictly positive because
x € E is always 0. So we therefore consider the case E # {0}. Suppose for a
contradiction that 7 is not strictly positive. Then there is an x € E such that
7(z) =0 but = # 0. By Lemma[2.2.1] there is some y € B.

By the linearity of the trace, ax+y € B for all « € [0,00), and Sz —y € —B
for all 8 € (—o0,0] similarly. Therefore

1 1 1 1
U>s i(a:chy) + 5(61’ —y) = (2a+ 26) x.
If we have v € R, we can write it as (5(27) + 30) if v > 0 or (30 + §(2v)) if
v < 0, and so U contains the whole of a non-trivial ray, contradicting radial
boundedness of U. O

Lemma 2.2.3. The set U in a pre-base-norm space is absorbent.

Proof. Let © € E. We need to find o € [0,00) such that x € aU. Take the
decomposition = x4 —x_ for 4, x_ € E;. Define 7(zy) = S and 7(z_) = 7.
If B # 0, we have T(%’) =1,s0 x4y € BB and hence z; € pU. If 5 =0, by
strict positivity (Lemma x4 = 0, so we can redefine f = 1 and hence
x4 € BU in this case as well. Similarly, we have x_ € ~U.

Define o = 2max{f3,v}. By absolute convexity of U, we have z € §U and
x_ € §U, and hence 2xy € aU. We can then apply absolute convexity of U
again to conclude that

1 1
x = 5(2:@.) - 5(2:0_) € aU,

as required. O

Thus the Minkowski functional |||y is always a norm in a pre-base-norm
space. We can now define a base-norm space — it is a pre-base-norm space
in which the positive cone is ||-||y-closed. We call a base-norm space a Banach
base-norm space if it is complete in this norm (it is also sometimes simply called
a complete base-norm space). The analogous notion for pre-base-norm spaces
is a Banach pre-base-norm space, though this is less useful.

We can now define morphisms of (pre-)base-norm spaces. If (E, E;,7) and
(F,Fy,0) are (pre-)base-norm spaces, a morphism f : E — F is a linear,
positive map that preserves the trace, i.e. 7 = oo f. Using these morphisms we
form the category PreBINS, its full subcategory on base-norm spaces BNS, and
its full subcategory on Banach base-norm spaces, BBNS. These morphisms are
the trace-preserving morphisms. We also have trace-reducing or trace-decreasing
morphisms, which are required to be positive and for which o(f(z)) < 7(x) for
all z € F;. The category of pre-base-norm spaces and trace-reducing maps will
be called PreBNS<;, and BNS<; and BBNS«; are the corresponding full
subcategories.
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Lemma 2.2.4. Fora >0, ifz € aU, |7(z)| < a. Therefore ||| in the operator
norm s < 1, and so T is norm-continuous.

Proof. We show that if z € U, |7(z)| < 1 and the statement follows by scaling.
The element z is either 0 or is expressible as an element of co(BU —B). In the
first case, 7(x) = 0 and so |7(x)| < a. Therefore we concern ourselves with the
second case only from now on.

Since z € co(B U —B) and B is convex, any convex combination used to
express « can be reduced to fry + (1 — B)z_ for x4 € B and z_ € —B, for
some 0 < 8 < 1. Then we have

T(z) =7(Bry + (1= B)z_) = Br(z4) + (1 = B)r(z-) = B+ (1 - B)(-1)
=28-1.

From the constraint on 8 we deduce
0<<10<28<2-1<2-1<1<26-1]<1,

which, combined with the previous statement gives |7(z)| < 1. By applying
Lemma with u and [—1, 1] as the absolutely convex sets, we conclude that
7l < 1. O

Corollary 2.2.5. If x € E,, ||z| = 7(z).

Proof. We have that « € 7(x)B, and so x € 7(x)U. This shows that ||z| < 7(z).
If it were the case that ||z||y < 7(x), then

inf{A\ >0 |z e AU} 27(z) = -(VA>0x2ec\U=r71(x) <A
< IN> 02 € ANUAXNT(2).

Lemma shows that z € AU implies 7(z) < A, a contradiction, so we have
lz|l > 7(x), and so ||z|| = 7(z). O

We can show the following in the case of a pre-base-norm space with a
radially compact ball. The first statement below is an elaboration of a standard
fact about radially compact pre-base-norm spaces ([4, Proposition II.1.14] or [6]
Proposition 1.26]), but we give the proof here for ease of reference. The second
statement can be proved as a consequence of duality results between base-norm
and order-unit spaces as defined by Alfsen and Shultz [6, Corollary 1.27], but
the proof below is elementary.

Proposition 2.2.6. Let (E, E.7) be a pre-base-norm space such that the base
B is nonempty and U = absco(B) is radially compact.

(i) Every x € E can be expressed as axy — (1 — a)x_ where o € [0,1],
2y,x- € Ey and ||z || = ||lz—|] = ||z||. The « is uniquely determined if
x # 0, and is equal to %(ﬁ +1).

(i) E4 is closed, and therefore (E, E4,T) is a base-norm space.

Proof.
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(i) As U is radially compact, we have that = € ||z||U (Lemma|0.1.7)). Since B
is nonempty, U = co(—BUB) (Lemmal(0.1.1]). Because B is convex, we can
therefore express z = az, — (1 —a)z_ with o € [0,1] and z4,z_ € ||z|B.

By Corollary B:23} [z | = 7(z+) = ]|

Note that we have

T(azy — (1 —a)z_) =ar(zy) — (1 — a)r(x_)
=afri] =1 —a)fz|
= (200 = D|]-

If x # 0, we have ||z|| # 0 so we can rearrange this expression to get
o= %(](;”) + 1). The expression on the right depends only on x, so « is

uniquely defined.

(ii) Let (x;) be a sequence in Ey converging in the base-norm to x € E. If
x =0 then z € E,, so we reduce to the case that x # 0. Observe that if
this is so a« = 1 iff x € E, because if a = 1 then we have v = 24 € F,,
and if z € F, it is expressible as 1 -z — 0 - 2, which by uniqueness of «
gives a = 1. We also observe that |-|| is continuous on E, so |-||~! is
continuous on E \ {0}. As 7 is continuous (Lemma [2.2.4)), we have that

x %(T”(;H) + 1) is continuous on E \ {0}. As = # 0, we can replace (z;)

with a subsequence (y;) such that ||z — 2;|| < @ and therefore y; # 0

for all 5. Then we have %(TH(;') + 1) =1 for all y; and so we must have

%(M + 1) =1 for = by continuity, implying = € E. O

[E]]

We now move on to proving facts about morphisms.
Lemma 2.2.7. A trace-preserving morphism [ : (E,EL,7) — (F,Fy,0) of
pre-base-norm spaces maps the base into the base, i.e. if Bg is the base of E

and Bp the base of F, f(Bg) C Bp.

Proof. Suppose = € Bg, which is to say that « € E; and 7(z) = 1. Since f is
positive, f(z) € F;+. By preservation of the trace, we have o(f(z)) = 7(x) = 1.
Therefore f(z) € Bp. O

The sub-base of a pre-base-norm space (E, E,7) is the set
B! =B, N7 ((~o0,1)).
Lemma 2.2.8. We have three equivalent ways to express the sub-base:
E, N1t Y((=00,1]) = EL n771([0,1]) = co({0} U B)
Proof.

o E. N7 Y(~00,1]) = Ex NnT71([0,1]):

We have E; N 771([0,1]) € Ey N 771((—00,1]) immediately. By the
positivity of 7, if x € E4, 7(x) > 0, so the opposite inclusion also holds.
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o E.N71([0,1]) C co({0} U B):

Let x € B, N71([0,1]). If 2 = 0, x € co({0} UB). Contrariwise, if z # 0,
the strict positivity of 7 (Lemma [2.2.2)) implies 7(x) # 0, so we can take

% € B. We may then express x in a manner clearly showing it is a

convex combination in co({0} U B):

x=7(r)— + (1 — 7(x))0.

e co({0}UB) C E, n71([0,1]):

Since x € co({0} UB), and {0} and B are both convex, = can be expressed
as a convex combination

z=az +(1-a),
and therefore that x = ax’ for o’ € B. This implies that z € E;. Now
7(x) = 1(ax’) = ar(2') = a.
Since a € [0, 1], this finishes the proof. O

Corollary 2.2.9. For any pre-base-norm space (E,E,,7) and a € Ry, we
have EL NaU = aco({0} U B).

Proof. We have

E, nBall(|-|y) = E+ n7([0,1]) Corollary
= co({0} U B) Lemma 2:2.8

But this is not quite what we need. It is enough to show that
E.NU C E; NnBall(]|-||y) = co({0} U B),

using Lemma [0.1.6] for the first inclusion. Then, since Ey NU is a convex set
containing B and 0, we have the other inclusion and so E; NU = co({0} U B).

If « =0, we have E; NalU = {0} = aco({0} U B). If, on the other hand,
« # 0, multiplying by « is a bijection, so

aco({0}UB) =a(ELNU)=aFE;iNal = ELNal.
O

Lemma 2.2.10. A trace-reducing map (and hence also a trace-preserving map)
preserves the sub-base, i.e. f(Bgl) C Bgl.

Proof. Let f: (X, X, ,0) = (Y,Y,,7) be a trace-reducing map. Let x € B)S(l,
i.e. € Xy N7 1((—00,1]). Since f is positive, f(z) € Yy. Since f is trace-
reducing, o(f(z)) < 7(z) =1, so f(z) € 07 1((—00,1]) as well. O
Lemma 2.2.11. absco(B) = co(—B=! U B=!)

Proof.
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e absco(B) C co(—B=!U B=1):

Consider = € absco(B), expressed as an absolutely convex combination:
T=0a1T1+ -+ T+ Qg p1Th1 T+ QpTy

with z; € B, and the indexing chosen so that ay,...,a; > 0and ag41,...,0, <
0, with both sets of coefficients possibly empty (indicating the empty ab-
solutely convex combination). Define

n

k
5+:Zai p- = Z —a;.
i=1

i=k+1

These numbers are non-negative and 54 + 5_ < 1.

There are four possible cases, as each 8 can either be zero or nonzero. If
By =p_ =0, then x =0, so x € BS! C co(—B=<! U BS1). If one of them
is nonzero, let s € {+, —} be its sign. We have that

x=(1-05,)0+ Zsozimi

is a convex combination, and so shows that € sBS! C co(—B<!U B=<1).

Now suppose that 4, 8- # 0. Define

k
(67 - — O
Ty = —X; r_ = —Z;.
Zizl By 2

i=k+1

These are convex combinations, sozy € B C BS'andz_ € —B C —B=<h
Let Bp =1 — B4 — . Define

r_ /80 B—i—
T Bt Ay Bot Bt

Now, by Lemma r, € B=! and we have arranged it so that B+
f— =1 and they are both positive. Therefore 3/ 2/, +5_2_ € co(—B<'u
B<!) by definition. We have arranged it so that

B, = Bo+ By

ﬁ+x++ﬁ—m—=(ﬁo+ﬁ+)( I )+/3_m_

Bothr Bot By
= fyry + -
k n

-8 ( O‘i;pi> + B < — i 951)

* ; By ;H B_

k n
= Zaixi + Z T, = X.

i=1 i=k+1

e co(—B=!U B=!) C absco(B):

We have that B C absco(B) and 0 C absco(B). Since convex combinations
are a special case of absolutely convex combinations, Lemma [2.2.8| implies
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B=! C absco(B). Since —1 -z is an absolutely convex combination of
x, we have that —B<! C absco(B) too. Reapplying the fact that convex
combinations are a special case of absolutely convex combinations, we have
that co(—B=! U B=!) C absco(B). O

Note that the above identity holds even in the case that £ = 0.

Proposition 2.2.12. A trace-reducing morphism f : (E,Ey,7) — (F,Fy,0)
of pre-base-norm spaces is bounded with operator norm ||f|| < 1. If f is trace-
preserving and E # 0, || f]| = 1.

f(BEl) C B;l. By Lemma [2.2.11] we have that absco(Bg) = co(—Bg1 U Bgl)
and likewise for F. By linearity of f, we have that f(co(—Bé1 U B;l)) C
co(—B%1 U B?l). The hypotheses of Lemma are then satisfied, so we can
conclude || f|| < 1.

Now, if f is trace-preserving and E # 0, then by Lemma [2.2.1) Bg # (). So
if € Bp, we have that z is positive and of trace 1, so by Corollary [2.2.5] we
have ||z| = 1. If z € Bg, by Lemma2.2.7] f(z) € Bp, and so || f(z)|| = 1 too.
Therefore || f||, since it is an upper bound for || f(z)|| as x varies over the closed

unit ball of E, is greater than or equal to 1. Since ||f|| < 1 in general, this shows
that || f|| = 1. O

Proof. Let f be trace—redueini. By applying Lemma [2.2.10, we have that

We therefore have that f is continuous, and that there exist forgetful functors
Ui : PreBNS — Norm; and Uy, : PreBNS — Norm, where Norm; is the
metric category of normed spaces, having maps of operator norm < 1 (called
contractions) as maps, and Norm is the topological category of normed spaces,
with bounded maps. These functors restrict to functors U; : BBNS — Ban;
and Uy : BBNS — Ban, where the Ban; and Ban are full subcategories on
Banach spaces.

2.2.2 Bounded Convex Sets

We define a category BConv as follows. Its objects are pairs (E, X), where F
is a Hausdorff topological vector space and X C FE is a subset that is bounded
but also convex. The hom set is defined as

BConv((E, X),(F,Y))={f: X =Y | f is affine}.

Note that we do not require the morphism to do anything with the ambient
vector spaces, and we do not require any continuity for maps, the topology
serves only to define boundedness. The purpose of this category is to package
up a standard construction of a pre-base-norm space and morphisms between
pre-base-norm spaces constructed in this manner. The following proposition is
a version of [53, Theorem 2.2], although it is proved in a different way.

Proposition 2.2.13. Let (E, X) be an object of BConv. There exists a pre-
base-norm space (F, Fy,T), with a vector space topology S in which T is contin-
wous, such that the topology and uniformity defined by the norm are finer than
S and its uniformity, and an isomorphism i : (E,X) — (F, Br) in BConv that
is a homeomorphism for the subspace topologies and a uniform isomorphism for
the subspace uniformities on X and Bp.
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Proof. If X = (), let F be the zero base-norm space and take i = idg. As
there is only one topology and uniformity on the empty set, this is a uniform
homeomorphism.

We now reduce to the case that X # ). Pick a point b € X. We have that
0 € X —b, and we take E' = span(X —b), giving it the subspace topology from
E, which is a vector space topology. We then take FF = R x E’, defining S to
be the product topology, which is again a vector space topology [118], §1.2]. We
define

Fy ={a(l,z) |« € Ryp and z € X — b}

and 7 = 7, which is therefore continuous. We must show that (F, Fy,7) is a
pre-base-norm space. We first show that F is a cone generating F'.
e [ closed under multiplication by o € Rx>o:

This is immediately apparent from the definition above.

e F is closed under addition:
Let a(1,z) and 5(1,y) be elements of Fy. Then

a(l,z) + B(1,y) = (a + B8, ax + By)
_ a p
=(a+p) <1’a+6x+a+5y)’

and we see that o + 8 € R>¢, and a%rﬁx + %iﬂy € X — b because X — b

is a convex subset of E'.

L] F+ N —F+ = {0}
Let a(1,2) = —a(1,z). Then in particular, « = —asoa = 0 and a(1,z) =
(0,0).

e span(F}) = F:
Let (o,z) € F. Since E' = span(X — z), we have that x = > " | a;2;
for ; € R and z; € X — 2. We define z,417 = 0, as 0 € X — z, and
Qnt1 =a— Y. a;. Then

n+1 n+1
E a; = «, and E ar;=rz+0=u=x,
i=1 i=1

SO
n+1

Z a;(1,z;) = (o, x)

i=1
and we have expressed it as a linear combination of elements of F. .

We then need to show that 7 is nonzero and that absco(Bp) is radially bounded.
Since 0 € X — b, we have (1,0) € Fy, and 7(1,0) = 1, so 7 # 0.
Now the base is

Br = {a(l,2)|lz € X —b} N7 (1),
and 7(«(1,z)) = 1 implies that « =1, so
Br ={(1,z)|z € X — b}.



82 CHAPTER 2. BASE-NORM SPACES

i.e. Bp = {1}x (X —b). By Lemmal[0.1.13](iii) and (ii) X —b is a bounded subset
of E' and Bp is therefore a bounded convex subset of F. By Lemma (i),
absco(Br) is bounded, and therefore radially bounded (Lemma his
shows that (F, F'y,7) is a pre-base-norm space.

To show that the pre-base-norm topology is finer than S, let U be a 0-neighbourhood
in S§. As absco(Bp) is bounded, there is an o > 0 such that absco(Br) C aU.
By Lemma the unit ball of F' in its pre-base-norm topology is a subset of
2absco(BF), so 2absco(BF) is a neighbourhood of zero. Since multiplication by
a non-zero scalar is a homeomorphism, we have that 2a~tabsco(BFr) is a neigh-
bourhood of zero, and therefore U is a neighbourhood of zero. Therefore every
S-open set is open in the pre-base-norm topology. Since the basic entourages
for the uniformity are defined by {(x,y)|z —y € U} for U a neighbourhood of
0, we have that the uniformity defined by the pre-base-norm is finer than the
S-uniformity.

We define i : X — Bp as i(z) = (1,2 — b). We see that if z € X, then the
pair (1,2 —b) € {1} x (X —b) = Bp, so i has the right type. We can decompose
i as (-4 (1,0)) o kg o (- + (—x)). The first and last part are affine uniform
isomorphisms by Lemma|0.1.18] and the middle part is a linear homeomorphism,
hence a uniform isomorphism, when restricted to £’ — {0} x E’ (Lemmal[0.1.17).
Therefore, when restricted to X — Bp, it is an affine uniform isomorphism
(and therefore a homeomorphism as well). It is also an isomorphism (E, X) —
(F, Br) in BConv. O

Since the pre-base-norm topology is always finer than the original topology of
a bounded convex set, it is the analogous notion for convex sets of the discrete
topology on sets. The metric induced by the norm on Bg can be given an
intrinsic definition, called p by [63, Theorem 3.2], but we do not require this
here.

Given a pre-base-norm space (E, Ey,7), we have seen that we can define
an element of BConv as (E, Bg), taking the topology to be that defined by
the norm. Lemma implies that if we have a trace-preserving morphism
f:(E,EL,7) = (F,Fy,0) then f|p, restricts to have codomain B, and so
flBy is therefore a map (E, Bg) — (F, Br) in BConv. This defines a functor
B : PreBNS — BConv, which is essentially surjective by Proposition [2.2.13]
and is faithful by definition.

Lemma 2.2.14. Let (E,FE;,7) be a pre-base-norm space, T a vector space
topology on E such that 7 is sequentially continuous. Then Bg is sequentially
closed iff E is sequentially closed.

Proof. If E is sequentially closed, then as 77!(1) is sequentially closed, we
have Bg = Ey N7 1(1) is sequentially closed.

For the other direction, suppose that B is sequentially closed, and let (x;)
be a sequence in F; converging in 7 to x € E. To show F, is sequentially
closed we must show that z is in F,. As 7 is sequentially continuous, 7(z;)
converges to 7(z). If 7(z) = 0, then = 0 by Lemma[2.2.2] so z; — 0, which is
an element of E,. We can therefore reduce to the case that 7(z) > 0. Define
(yi) to be the subsequence of (z;) starting at the n such that for all i > n

|7(x;) —7(2)| < T(;), a value that must exist by the convergence of (7(z;));. We
therefore have y; — = and 7(y;) > 0 for all i € N. Define z; = L) and z = %

7(yi
Since -~! : R\ {0} — R\ {0} is continuous, we have ﬁ — T(lz). By joint
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continuity of scalar multiplication, we have % — i.e. z; — z. Because
7

z; is a sequence in B, we have z € Bg, and therefore x = 7(x)z € F... O]

The following lemma is based on [II8] V.3.4 Lemma 2] and is stated in this
way because it will be used later in two different proofs.

Lemma 2.2.15. Let (E,||-||) be a normed space, U = Ball(||-||), and E; C E
be a cone such that E, NU is o-convexr. Define F = E, — E, and take Vi =
co(ExNUU—ELNU), Vo = ELNU—-E.NU. Then Vi and Vs define equivalent
norms ||-|lvy, [|-llv, on F in which it is complete.

Proof. We first show that V; and V5 define equivalent norms. We can see that
Vi C Vh as follows. If axy —(1—a)z_ € Vi, d.e. zy, o € UNE; and a € [0, 1],
then axy and (1 —a)z_ are elements of U N E, by absolute convexity of U and
E, being a cone. Therefore axy — (1 —a)z— € E. NU — ELNU = Va.

We then show that Vo C 2V; as follows. If 2y — x_ € V3, which is to say,
vy, 2 € BEyNU, thenzy —x_ =2(3z4 — t2_) € 2co(EL NUU—EL NU).

Both V; and V4 are clearly balanced as their definitions are equivalent when
negated. Then V; is convex by its definition as a convex hull, while for V5, if we
have x4 —z_,y; —y— € Vo, and « € [0, 1], then

a(@y —z_)+(1-a)lys —y-) = (azp + (1 -a)ys) — (az— + (1 —a)y_) € V5

by the convexity of E; NU. We also have that 0 € V; and 0 € Va, so neither of
the sets is empty, so Vi and V5 are absolutely convex by Lemma m

The containment results between V; C V5 and Vo C 2V; show that each
is absorbent iff the other is, so we show that V5 is absorbent (in F'). Let
ry —x_ € By — Ey = F. As U is absorbent, being the unit ball of a norm,
there exist o, 8 € Ry such that 1 € aU and x_ € U, and these also hold for
any greater real number in either case. Therefore, if we take v = max{«, 5},
we conclude that z,x_ € yU,s0 x4y —x_ € Ey N~yU — Ey N~U = Vs,

This proves that |-}y, and |||y, are norms, and are equivalent. Therefore
F is complete in one iff it is complete in the other, so we show that F is
complete in [|-]|v,. Let (a;)ien be a ||-||v,-Cauchy sequence in F. We can select
a subsequenmﬂ (b;) such that b;y1 — b; € 27V, for all i € N. Therefore there
exist x;,y; € EL N 27U such that biv1 — by =x; — y;.

We can define 2} = 2¢x; and y] = 2%y;, and these are sequences in E, N
U. Then Y i @ = Y ., 27"}, so by the o-convexity of E; NU, Y oo, z;
converges, as does Y -, y;. We call these sums = and y respectively.

Then we can define b = z—y+b; € F. To finish the proof that F' is complete,
we will show that (b;), and therefore (a;), converges to b. For any given € > 0,

there exist j and k such that ’ x — 25:1 %H < 5 and Hy - Zle vil| < 5.
V2 V2
If we take m = max{j, k}, then for all n > m we have that
n n n
H(m—Z@)—i—(y—Zyi) < €, SO (x—y)—Z(mi—yi) <e.
i=1 i=1 Va i=1 Va

2By taking b; to be the an where N is the smallest number such that for all j,k > N
laj — akllv, < 27", which necessarily exists for a Cauchy sequence.
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Then

n n

D (@i —yi) =Y (bip1 —bi) = bpyp1 — by,

i=1 i=1

as it is a telescoping sum. We can therefore conclude that
[(@ =y +0b1) = (b1 — b1 +b1)[ve <,

80 ||b — but1llvy < €. Therefore for all n > m + 1 we have ||b — b, ||y, < ¢, and
so (b;) converges to b in ||-||v,. O

2.2.3 Comparison of Definitions

There are other definitions of base-norm space available in the literature. Some
of the differences are superficial, such as using a hyperplane to define the base
of the cone instead of the linear functional 7, as in [4, §IL.1 p. 77] [6l p. 9]. There
is also the definition used by Nagel [94] §2], which is the same as ours except
requiring that 7 be strictly positive and relaxing radially compact to radially
bounded. In Asimow and Ellis’s definition [8, Definition, p.36] a base-norm
space is defined to be a particular kind of normed ordered vector space (with
closed positive cone).

In the following, we will give a proof that the Alfsen-Shultz definition co-
incides with radially compact, non-zero base-norm spaces, a proof that Nagel’s
definition coincides with pre-base-norm spaces, and two counterexamples — a
pre-base-norm space that is not a base-norm space, and a base-norm space that
is not radially compact. Asimow and Ellis’s definition agrees with ours, except
in the case of the zero base-norm space, but we leave the proof of this as an
exercise to the reader.

Nagel’s Definition

Nagel’s definition [04, §2] is that a base-norm space is a triple (E, E, T), where
(E, E;) is a directed ordered vector space, 7 is a strictly positive linear func-
tional 7 : E — R, and with B having its usual definition, U = co(—B U B)
is radially bounded. Because of the use of U = co(—B U B) rather than
U = absco(B), the zero base-norm space does not satisfy Nagel’s definition.
However, by Lemma every non-zero pre-base-norm space is a base-norm
space in Nagel’s sense, and every base-norm space in Nagel’s sense is a pre-base-
norm space.

However, it is not the case that every pre-base-norm space is a base-norm
space. We construct a counter-example as follows, which we call the strict plane.
Take the underlying vector space to be E = R2?. We take the positive cone E
to be

By ={(z,y) €R* | x>0,y >0} U{(0,0)}.

This is a cone, as it can be seen to satisfy the axioms by elementary manipulation
of inequalities. We show that F is generating as follows. Let (z,y) € R2. Each
real number z can be expressed as the difference of two strictly positive numbers
as follows. Pick somee > 0. If 2 >0, 2y = 24+eandz_ =e€. If 2 =0, take z; =€
and z_ =e€. If 2 <0, take zy = € and z_ = —z + €. Apply this decomposition
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independently to z and y, and we have (z,y) = (z4+,y+) — (r—,y—). Since their
components are strictly positive, we have that (z4,y4+) and (z_,y-) € E4, as
required. So (E, Ey) is a directed partially ordered vector space.

We define the trace 7 : F — R as 7(z,y) = z +y. We can see this is positive
and not zero.

We therefore only need to show that U = co(B N —B) is radially bounded.

Lemma 2.2.16. U is radially bounded.

Proof. We show this by showing that B is contained in the closed unit ball D
for the Hilbert space norm on R?, which is the unit sphere. Since U = absco(B)
and D is absolutely convex, we can conclude U C D. Then radial boundedness
follows from the radial boundedness of D, which comes from the fact that D
contains no line through the origin (using Lemma .

We have that

B=E.ntY1)
=({(z,9) €R? |2 >0,y > 0} U{(0,0)}) N {(z,y) €R® |z +y =1}
={(z,y) €eR? |2 >0,y > 0,2 +y=1}.

We need to show that x > 0, ¥ > 0, and x 4+ y = 1 implies 22 +y? < 1. We
have that 1 = 12 = (z + y)? = 22 + 22y + y?. We also have that 2zy > 0, using
the two inequalities. Therefore

P24yt =1-2zy<1
as required. By the previous paragraph, this is enough to prove the lemma. [J

We have now proved that (E, E, 7) is a pre-base-norm space, or equivalently
a base-norm space in Nagel’s sense.

Counterexample 2.2.17. (E,E,T) is not a base-norm space.

Proof. By [118, Theorem 1.3.2] the norm topology on E agrees with the usual
topology on R? as it is Hausdorff and finite-dimensional. Therefore we can see
that E is not closed in E, so (E, E4, ) is not a base-norm space. O

At first, this might seem like a deficiency of the definition we use. But a
space with an unclosed positive cone can never occur as a dual cone because
dual cones are always closed (Lemma and Theorem . This makes it
reasonable to restrict to those spaces with closed positive cones. Pre-base-norm
spaces still have their advantages in certain situations, however, such as when
one wants to find a space having a given convex set as its base, as we saw in

Subsection [2.2.21

The Alfsen-Shultz Definition

This definition can be found in [, §IT.1 p. 77] [6, p. 9]. We repeat it here. Tt
depends on the definition of the base of a cone, which is found in [0, p. 3|4,
p. 76], which we define first. Given a cone F. C E, a base B C E is the
convex set given by the intersection of a hyperplane H (0 ¢ H) with E,, i.e.
B = E, N H, subject to the additional requirement that £, = (J,-,aB. A
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base-norm space is then directed ordered vector space (E, E;) and a choice of
base B for E,, such that
U =co(BU—-B)

is radially compact.
Proposition 2.2.18.

(i) The base of a base-norm space in the Alfsen-Shultz sense cannot be empty.

(i) The base-norm space (in our sense) ({0}, {0},0), is not a base-norm space
in the Alfsen-Shultz sense.

Proof.

(i) Suppose B = 0. Then Ey = J,~qaB =0, andso E = Ey — E, =0,
which contradicts E being a vector space, as it must contain 0.

(i) It is clear that since the base of {0} is empty it cannot be an Alfsen-Shultz
base-norm space with the same base. In fact, it cannot be one at all,
because it contains no hyperplanes. O

Proposition 2.2.19. FEvery non-zero radially compact pre-base-norm space is
an Alfsen-Shultz base-norm space, with the same base and unit ball.

Proof. By definition, 771(1) is a hyperplane, and B = E, N 7-(1). Since
7(0) = 0, we have 0 ¢ 771(1). Since co(B U —B) is radially compact, we only
need to show that B is actually a base for E, i.e. that £, =, -, aB.

Let z € E4. We start with the case that x = 0. Since E # 0, we have
that there is 2’ € B (Lemma [2.2.1)), and therefore 0.2’ =z € 0- B. If x # 0,
using strict positivity (Lemmal2.2.2]) we have 7(x) > 0. Therefore we can define

7 = T(””x), and 7(z') = 1, so &’ € B, and therefore x € 7(x)B. We have proven

that £ C |J,>,@B. The opposite inclusion follows from the fact that E is a
cone and B C . O

Proposition 2.2.20. Fvery base-norm space in the Alfsen-Shultz sense is a
radially compact base-norm space, with the same base and unit ball.

Proof. We must define 7. We have, by Proposition (i) that the base B
is not empty, so there is x € B. By taking the hyperplane H, and producing
H — z, we have a hyperplane passing through 0, and therefore E/(H — z) = R,
so we can define a map 7' : E — R by composing the surjection £ — E/(H —x)
with the isomorphism with R. If 7/(2) = 0, then 0—xz € H —x and hence 0 € H,

a contradiction, so 7'(x) # 0. We can therefore take 7 = T,T(/x). We have shown

that 7 is not zero.

We next show that B = E, N7~ !(1), and prove that 7 is positive last. If
ye€ Ey and 7(y) =1, then 7(y —2) =0, s0 y —x € H — z, therefore y € H, and
soy € HNE; = B. This shows E; N771(1) C B. For the opposite inclusion,
ifye B, theny € H and so y — x € H — x, meaning 7(y — ) = 0. Therefore
7(y) = 7(x) = 1, and therefore y € E, N771(1).

To show that 7 is positive, suppose y € E,. Because B is a base, there
exists some a > 0 such that y € aB. This means that there is some 3’ € B
such that y = ay’. We have

T(y) = 7(ay)) = ar(y') = a >0,
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using the previous result that B = E, N7 !(1) to make the penultimate step.

Since B is non-empty, the radial compactness of co(B U —B) implies that
of absco(B), as they are equal by Lemma We have therefore shown that
(E, E4, ) is aradially compact pre-base-norm space. It is therefore a base-norm

space by Proposition (ii). O

All together, this shows that, except for the zero base-norm space, Alfsen
and Shultz’s definition of a base-norm space is at least as strict as ours, because
it coincides with radially compact base-norm spaces. In the appendix we give
a counterexample (Counterexample due to Asimow but published by
Ellis [35] of a Banach base-norm space such that U = absco(B) is not radially
compact. Therefore, for nonzero vector spaces, Alfsen and Shultz’s definition is
stricter.

2.3 Relationship to C* and W*-algebras

In Proposition [1.2.10] we saw that taking the self-adjoint part of a C*-algebra
yields a full and faithful functor to the category of Banach order-unit spaces.
This, in fact, is one of the motivations for the definition of an order-unit space.
In this section, we describe another full and faithful functor and the kind of
space that motivated the definition of a base-norm space.

A W*-algebra is a C*-algebra A that is isometricﬂ to the dual space of
some Banach space A, [I17, Definition 1.1.2][126, Theorem 3.5]. Equivalently,
it is a C*-algebra A such that there exists a Banach space A, and a duality
(--) + A x A, — C such that the map A — (A.)* defined by the duality is
an isometry. W*-algebras were defined by Sakai to give a characterization of
the C*-algebras arising from von Neumann algebras up to isomorphism. The
space A, is called the predual and is unique up to isomorphism [I17, Corollary
1.13.3][126], Corollary 3.9]. The urexample of a W*-algebra and its predual are
B(H), the C*-algebra of all bounded operators on a Hilbert space H, and its
predual TC(H), the space of trace-class operators, the pairing being

{a.p) = tr(ap),

where a € B(H) and p € TC (’H)El In this case, one can define self-adjoint and
positive elements of TC(H) in the usual way as TC(H) C B(H), and the trace
7(p) of a trace-class operator p can be defined as the sum of the diagonal entries
of a matrix for p, expressed in some orthonormal basi The convex set

DM(H) ={p € TC(H) | p positive and 7(p) = 1},

is known as the set of density matrices. So we have the ingredients for a base-
norm space with base DM(H).

We first discuss (continuous) linear functionals on a C*-algebra A, or ele-
ments of A*. The involution -* : A — A can be used to define an involution on
A*.

¢*(a) = ¢(a*),
3Isomorphism, in the sense of a linear homeomorphism, is not sufficient [128].
4In the finite dimensional case, every operator is trace-class.

5Independence of 7(p) from the orthonormal basis chosen is essentially what being of trace-
class amounts to.
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where a € A and ¢ € A* [26, §1.1.10]. A functional ¢ : A — C is therefore
self-adjoint if ¢* = ¢. By taking the complex conjugate, this is equivalent to
¢(a*) = ¢(a), i.e. ¢ maps the -* operation to complex conjugation.

In the case of a general W*-algebra A, we can embed the predual A, iso-
metrically into A* by transposing the duality between A, and A. We can use
the freedom of choosing the predual up to isomorphism to redefine it to be this
subset of A*. It can equivalently be defined, by Proposition to be the
elements of A* that are o(A, A,)-continuous. These are known as normal linear
functionals, and the o(A, A.) topology is called the ultraweak or o-weak topol-
ogy. One can therefore define SA(A,) to be the R-vector space of self-adjoint
elements of A,, and A.. to be the set of positive elements of A,. We have a
linear map 7 : SA(A,) — R defined as 7(¢) = ¢(1).

Theorem 2.3.1. If A, is the predual of a W*-algebra, (SA(AL), Aws,T) is a
(radially compact) Banach base-norm space. If Predual is the category having
preduals as objects and linear, positive, trace-preserving maps, restriction of
morphisms defines a full and faithful functor SA : Predual — BBINS.

Proof. The fact that the self-adjoint part of the predual of a W*-algebra is
proven in [3I} Proposition 5.1] and in [6, Corollary 2.96]. The definitions of W*-
algebra and base-norm space used in those references exclude the W*-algebra
in which 0 = 1, but the self-adjoint part of the predual is the unique base-norm
space with empty base in this case, so there is no problem. Note that this
implies that the real span of A, is SA(A,), so if f : A, — B, is a map of
preduals, then if ¢ € SA(A,), we have f(¢) € SA(B.). Preservation of identity
and composition for the functor SA is then trivial. Analogously to Lemma
elements of the predual have a decomposition into real and imaginary
self-adjoint parts with

¢+ ¢
2

o—9¢"
2

PR = os =
and the proof of fullness and faithfulness proceeds along the same lines as Propo-
sition |1.2.10} so it is omitted. O

The base of SA(A.) is the set of states that are o (A4, A,) continuous as maps
A — C, and is accordingly known as the set of normal states. In the special
case that A = B(H), this is DM(H), as would be expected.

In the next chapter, we will prove a statement implying that the “predual”
of any order-unit space is a base-norm space, giving a proof that the self-adjoint
part of the predual of a W*-algebra is a base-norm space independently of the
results cited above.

2.4 Relationship to Monads

The monads are D, D<!, D, and D!, all functors Set — Set. The monad
D is the usual distribution monad, D<' the subnormalized version, Ds the
infinite distribution monad, and D! its subnormalized version. We summarize
the definitions here, but do not prove they are monads as that is adequately

explained elsewhere. Apparently the idea of using infinite convex combinations
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on state spaces is due to Michael A. Gerzon [31l p. 214], and later appeared
under the name superconvez sets [112], see also [79] and [80].
On objects, the functors are defined:

D(X) = {q’) : X — [0,1] |supp(¢) finite and Z o(x) = 1}

zeX

DSYX) = {¢ : X — [0,1] |supp(¢) finite and Z o(z) < 1}

zeX
Do (X) = {qb:x» 0,13 6(x) 1}

rzeX

DIN(X) = {¢ X = [0,1] Z¢<x>s1}.

reX

On amap f: X — Y in Set, we give the formula for D only, as it is the
same for the other three. Let ¢ € D(X) and y € Y

DAy = D o)

zef~1(y)
The unit and counit are defined the same for all four monads, so we give the
definition only for D:
v X = D(X)
nx(@)(z')=1ifx =2
nx () (x') = 0 otherwise

 D2(X) - X)
= 2 V6)-d
¢eD(X)

There are monad morphisms 7 : D = D, and 75! : DS = DL

Proposition 2.4.1. The family of maps 7x : D(X) — Doo(X) taking the finite
dz’stm’butions mto the infinite ones is natural and a monad morphism. The same
is true for r3' : DSY(X) — DIH(X).

Proof. The definition of 7x is

7x(¢) = ¢

This is clearly natural. The definition of T)%l is identical.

In the following we only give the proof for 7x as the proof for 7')%1 is identical
as the definitions of the maps involved coincide.
The triangle
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commutes as n)D(w () € D(X) and 7x is just the inclusion morphism. The
pentagon

D2 P2 pp

4 e

D D2,

can be proved to commute as follows. Let ® € D?(X), and € X. For the
lower left path we have

Tx (LR (®)(@) = pR(D)(x) = D @) ¥(x)

and for the upper right path we have

pR= (o) (D) (@) (@) = Y 7o (0 (P(rx)() (%) - ()

$hEDoo (X)

= > D)@ () v(x)

PED (X)

= > > ee) | v

Y€Do(X) \pery ' (¥)

= > > (e -¢l)

$€Doo(X) T (¥)

The inner sum consists of one term if ¢y € D(X), and is zero if ¢ has infinite
support, so effectively the inner sum restricts us to summing over D(X) instead
of Doo(X). Therefore we have

= > ) P(x)

$€eD(X)

also for the top right path and the diagram commutes. O

By Proposition these monad morphisms imply the existence of forget-
ful functors EM (Do) — EM(D) and EM (DY) — EM(DEL).

2.4.1 The Base and Subbase Functors and Their Left Ad-
joints

We saw earlier what the base Bg of a pre-base-norm space (E, E4, 1) is and the
subbase Bgl. We can define two functors

Bset : PreBNS — Set BSl : PreBNS.; — Set,
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on objects being the base and the subbase. On maps, these are simply restric-

tion, which is well defined by Lemmas and respectively. By restric-
tion to the full subcategories BBNS and BBNS<; we also have functors from
those categories to Set. We now define their left adjoints ¢! : Set — PreBNS
and ¢! : Set - BBNS. We define these on a set X, as

H(X) ={p: X = R | supp(¢) is finite}

> o) <<>O}«

zeX

él(X):{¢:X—>R

The vector space structure is defined pointwise, and it is clear that ¢1(X) is a
subspace of £}(X). We define the positive cone in each to be those ¢ such that
¢(z) > 0 for all x € X, and we define the trace to be

T(¢) = d(x),

rzeX

which exists for all ¢ € £1(X) by Lemma 0.1.11

It will be useful later to observe that for each ¢ € £1(X), we can separate it
into its positive and negative parts:

bu(z) = {é(z) o) >0 {(,zb(x) if ¢(z) < 0

0 otherwise 0 otherwise

We have that ¢, ¢_ € (1(X) and ¢ = ¢, — ¢_. If ¢ € £L(X), then it is also
the case that ¢, ¢_ € (L(X).

It is a standard fact that ¢(X) is a Banach space with the norm

ol =" lo()],

zeX

see, for example, [20, Chapter III, Example 1.9]. The following lemma and
proposition are standard facts for which we could find no adequate reference.

Lemma 2.4.2. The space (1(X) is dense in £*(X).

Proof. Let ¢ € (1(X). We want to show that for all ¢ > 0, there is a ¢. €
¢1(X) such that ||t — ¢|| < e. If ¢ has finite support then we can simply
take ¢ = 1, so we now reduce to the case that ¢ has infinite (hence count-
able by Corollary support, which we enumerate as a sequence (;);en.
Let € > 0. Since ¢ is absolutely summable, there is an NV € N such that

Z?i1 [P (i) — Zil |T/)($z)|’ < €. Define

P(x) if x =x; for some 0 <i < N
o(z) = . :
0 otherwise
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We can now see that

lv =l =D (&~ o))

reX
N oo
=Y () — bl + Y (i) —0|
i=1 i=N-+1
N oo
:ZO+ Z WJ(xz)_O'
=1 i=N+1
= ) [(w) -0/ <e
1=N+1

O

Proposition 2.4.3. With the above definitions, ((1(X),01(X)y,7) is a radially
compact base-norm space and (0*(X), (1 (X)y,7) is a radially compact Banach
base-norm space for any set X.

Proof. The fact that ¢ = ¢ — ¢_ implies that £1(X) and ¢1(X) are generated
by their positive cones.

If £}(X) is not 0, then since £1(0) = 0, we have that X # () and so there is
some y € X. The function ¢, defined by

5y(x)={1 ife=y

0 otherwise

is an element of £(X). Then
7(0y) = Z dy(z) =1
zeX

so 7 is not the 0 map on ¢%(X), and therefore not on ¢*(X) either.

The last part to prove is that, with B being the base, absco(B) is radi-
ally compact, as radially compact pre-base-norm spaces are base-norm spaces
(Proposition . We show this in ¢1(X) first by showing that absco(B) is
equal to the closed unit ball of the usual norm:

U={pel/(X)]llgll <1} = {¢ € 0'(X)

§jwwn<1}

zeX

We dispose of the trivial case first. If £1(X) = 0, then U = {0} = absco(B).
Now we assume that ¢1(X) # 0 and so absco(B) = co(—B U B).

e absco(B) C U: If ¢ € co(—B U B), then ¢ = a¢; + (1 — a)(—¢_) where

¢4+,0— € B, and a € [0,1]. Because U, being a unit ball, is absolutely

convex, it suffices to show that B C U to show that any expression a¢p —
(1-a)p_ € U. If ¢ € B, we have that

I8l = ()|

zeX
=3 6(@) 6 l(X),
zeX

=71(¢) =1 ¢ € B,
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so ¢ € U. Therefore absco(B) is radially bounded, and so ¢1(X) is a
pre-base-norm space.

e U C absco(B): Let ¢ € U. We first define |¢p| = ¢4 + ¢_ and observe that
|¢|(z) = |¢(x)|. By assumption

L2 gl =Y Io(@) =Y [dl(2) = Y d+(2) + Y o-(2)

reX rzeX zeX reX

=7(¢4) +7(¢-)

We now have four cases:

— 7(¢4+) = 7(¢—) = 0: By the strict positivity of 7 (Lemma [2.2.2)), we
have ¢4 = ¢_ =0, s0 ¢ = 0 and ¢ € absco(B) because all absolutely
convex sets contain zero.

— 7(¢4) # 0 but 7(¢—) = 0: Then ¢ = ¢4, and 7(¢) is invertible,
so 7(¢)"t¢ € B, and 7(¢) < 1 implies that the absolutely convex
combination 7(¢)(7(¢~1)¢) = ¢ € absco(B).

— 7(¢_) # 0 but 7(¢_) = 0: This case is similar to the previous one.

— 7(¢y) # 0 and 7(¢_) # 0: Define ¢/, = 7(¢p+) ¢4 in each case.
Then ¢, € B and 7(¢4)¢", — 7(¢_)p_ = ¢. The sum of the traces
7(¢4) + 7(¢—) < 1, so this is an absolutely convex combination and
shows that ¢ € absco(B).

Radial compactness follows because the closed unit ball intersecting any ray is
a closed bounded subset of that ray and hence compact. Any ray in ¢1(X) is
also a ray in £}(X) so £}(X) has radially compact unit ball too. Finally, ¢1(X)
is a Banach base-norm space because it is a Banach space in its usual norm and
the base norm coincides with the usual norm because the closed unit balls are
the same for each. O

On maps, we define for f: X — Y in Set:

CH@ = Y, o),

zef~(y)

where ¢ € £1(X) and y € Y. Each of these sums is absolutely convergent since
it has as subset of the terms of an absolutely convergent sum, so this is well-
defined. We define £1(f) in the same manner, restricting ¢*(f) to £1(X). Since
for each ¢ € ¢1(X) only finitely many values of z have ¢(x) # 0, this is also
true for £1(f)(¢), so the above definition has the correct type.

Proposition 2.4.4. As defined, £} is a functor Set — BNS and (' is a functor
Set — BBNS.

Proof. The proof proceeds by showing this for ¢! first and deducing that it is
so for /L afterwards.

Let f : X — Y be a function. We must first show that ¢1(f) is a positive
trace-preserving map. For linearity, consider a, 3 € R and ¢,v¢ € £*(X), and
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y €Y. Now
C(Nap+B) ) = Y, (ap+BY)(x)
zef~1(y)
> (ad(x) + Bi(w))

z€f~1(y)

o Y @+ Y @)

e (y) TR
= ol (f)()(y) + B (f)()(y)
= (L' (f)(®) + BN (W) (Y)-
)

To show positivity, suppose ¢ € £1(X),. Then

CHG) = Y @)

ze€f~(y)

This is is nonnegative because it is the sum of nonnegative numbers, so £*(f)(¢) €
Yy

To show that £1(f) is trace-preserving, let 7 denote the trace of £!(X) and
o that of £2(Y). We want to show o o /1(f) = 7. We start with ¢ € £*(X):

' (H@) =P =D D @)= o) =r(¢).

yey yeY zef-1(y) reX

Since £1(f) is the restriction of £1(f) to £1(X), it is also linear, positive and
trace preserving and so defines a BNS map £1(X) — ¢1(Y).

We must now show that ¢! is functorial, i.e. that it preserves identity maps
and composition. To show the preservation of identity maps, consider idx :
X — X for an arbitrary set X, and let ¢ € £*(X) and x € X. Then

Midx) (@) (@) = > ox) = o(x),
ind;l(a:)

therefore ! (idx)(¢) = ¢ and so ¢! (idx) = idp (x).
To show that ¢! preserves composition, consider three sets X,Y and Z, and
two functions f : X — Y and Y — Z, and let ¢ € £*(X) and 2z € Z. Then

(' (9) 0 (D) () = £ () (" (£)()(2)
Y. N

y€g—1(2)

) d)

y€g—1(z) zef~1(y)

= > ¢

z€f~1(971(2))
= Y. o)
z€(gof)~1(2)
="(go f)(9)(2),

applying functional extensionality twice, we get the required functoriality ¢! (g)o
H(f) =0 (go f). As £} is defined by restricting ¢!, ¢! is also a functor. O
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The functor ¢} can also be composed with the inclusion BNS < BNS<;
to get a functor Set — BNS<y, and similarly for ¢!, and in fact ¢! can also be
composed with the inclusion BNS — PreBNS.

The following theorem is the analogue for base-norm spaces of Pumpliin and
Rohrl’s result on the unit ball functor on normed spaces [107].

Theorem 2.4.5. (! : Set — PreBNS is left adjoint to Bsey and Bsgelt, and

0! : Set — BBNS is left adjoint to Bsey and Bsgelt when restricted to Banach
base-norm spaces.

Proof. In general we work with ¢! as this is the more difficult case, showing how
the ¢! case differs when necessary.

We use a unit and its universal property to define the adjunctions (Theorem
0.4.1) (ii)). We define the units as follows, for X a set and z,2’ € X:

nx : X = Bset(£'(X)) % X = Bgg,((1(X))

nx (z)(2') = {

1 ifx=4a <1 1 ifx=2a

nx (2)(@) = {

0 otherwise 0 otherwise

We show that 7x(z) € Bset(¢1(X)). This implies n)g(l(x) € Bsgelt(ﬁi(X)) as
the definition is the same, and also implies that nx(z) € Bget(¢}(X)) and
77}%1 (x) € Bsgelt (¢*(X)). First, observe that 1y (z)(z’) has finite support and is
only 1 or 0 so is in £}(X). Secondly, taking the trace

T(nx(2)) = Y nx(z)(a') =1,

z'eX

which shows nx (x) € Bset(£(X)).

To show that nx and 7);1 are natural, we again show only the proof for
1x, as the proof for n)g(l is essentially identical. We want to show that for any
function f: X — Y,

X %5 Bget(11(X))
fJ/ lBthwl(f))
Y ? BSet (fl (Y))

commutes, i.e. that Bget(£*(f))onx =ny of. Solet x € X and y € Y. For
the lower left path we have that ny (f(z))(y) is 1 if f(x) = y and 0 otherwise.
For the upper right path we have

Bset (' (f))(nx (@) () = > n(@)(@).

z'ef~1(y)

The right hand side is 1 only if z € f~(y), otherwise it is 0. In other words, it
is 1 if f(x) = y and 0 otherwise. Therefore the two paths are equal by functional
extensionality.

We now prove the universal property. In the following, we do the nx case in
full, and the 7);(1 case only when it differs (the unique map need only be trace-
reducing, not trace preserving). We will also only give the ¢! case in full, as the
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¢! case is mostly a restriction of it. We want to show that for every set X and
Banach base-norm space (E, E4,0), given a function f : X — Bget(E), there
is a unique g € BBNS(¢!(X), E) such that the following diagram commutes

X > Bser(01(X)) (2.1)
f lBSet(Q)
Bget(E).

In the ¢! case we only assume that F is a pre-base-norm space in the above, not
necessarily a Banach base-norm space.
We define g as follows (in both cases) for ¢ € £1(X) as:

9(¢) =Y b(x)f(@).

zeX

We first need to show that g(¢) defines an element of E. We have that

lp(2) f (@) = |e(@)[I| f ()] < o)

because f(x) € Bsgelt and Bsgel,c is a subset of the unit ball of E. So by Lemma

A13

S o) @)l < 3 16,

zeX rzeX
Therefore (¢(z)f(z))zex is an absolutely summable family in F, a Banach
space, so its sum converges by Lemma In the £} case, the sum is finite
and so the previous step is not necessary.

To show g is linear, let a, 3 € R and ¢, € £}(X). As in the previous

part of the proof, we can see that )y a¢(x)f(x) and ) y BY(z)f(z) are
absolutely convergent in E. We can therefore apply Lemma to conclude

that 32, x () + 59)(2) f(2) = 3 e x 0 (2) f(2) + 2 ,ex Bo(2) f(x), and that

the former sum converges. Then:

glay + B¢) = > (arp + B¢)(x) f(x)

rzeX
= Z a(z)f(z) + Z Bé(x) f(x)
rzeX zeX
=a Z P(x)f(z) + 3 Z o(z)f(z)
zeX zeX
= ag(y) + Bg(9).

Now, if ¢ € £*(X), then

9(¢) = > o) f (),

zeX

and each ¢(x)f(z) € E1, as F, is a cone, and the partial sums are in E for
the same reason. Since E is closed, g(¢) € E, and g is a positive map. In
the £% case, we only assume that E is a pre-base-norm space, so we do not have
that E, is closed. However, in this case the sum is finite and so is an element
of F; simply because it is a cone.
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o If f: X — Bget(FE), g is trace-preserving:

We want to show that o o g = 7, where 7 is the trace of £1(X) and o that
of E. Let ¢ € £*(X). We have

=T<§jawﬂ@>
reX

lim
J€Ptin (X) Z d)

= lim E (b 7 continuous and linear
JE€Ptin X)

:Z(Z)xr

zeX

=> ¢x) =

zeX

o If f: X — BSet(E)7 g is trace-reducing;:

Let ¢ € £*(X),. We want to show that 7(g(¢)) < (). So

¢)) = Z o(x)T(f(x)) by previous proof
zeX
<> o) since f(z) € Bso,(E)
zeX
= 0o(¢).

We now show that Bget(g) and BS<et( ) make their respective versions of (| .

commute and that g is the unique such map. The proofs of the Bget and BSet
cases look identical, so we only give the proof for Bget(g). If x € X, then

Bset(9)(nx (2)) = g(nx (2)) = g(nx (z Z nx (z (') = f().

z'eX

Finally we show the uniqueness. Suppose Bget(h) makes (2.1)) commute in place
of Bset(9), i.e. Bset(h) onx = f. If ¢ € £1(X), we have

b= (@)nx(w:)

i=1

where the elements z; € X are an enumeration of the support of 1. This implies
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that

=h (Z xZ nx $CZ)> = 21/1 "7X 352))

= Zw(xi)BSet( (nx () Zw ;) f

We have therefore finished in the ¢! case. In the ¢! case, we use the fact
that ¢1(X) is dense in ¢!(X) (Lemma[2.4.2) and that g, h are continuous maps
(Proposition [2.2.12)) to deduce h = g. O

The existence of these adjunctions has a useful consequence once we have
identified the monads arising from them.

Proposition 2.4.6. We have the following identities of monads:

(BSetfcm,BSetefc) (D, p)

(Bgotles 1 Bsagele) = (D=1, )
(BSetf 7naBSet€€ ) = (Doo,m, 1)
(B s<91t€17n, Set6 ): (D<1777 1)

Proof. That Bgetf. = D and the units are equal, and the analogous statments
for the other three monads is immediate for the definitions. We therefore only
need to prove that Bsetell = p and the analogous statements for the other
three monads. The argument is virtually the same in all four cases, so we only
show that D, case. The counit arises from the universal property of 7 in the
following manner, where E is a Banach base-norm space:

Bset(E) —"> Bset((' (Bset(E))) ' (Bset(E))
Bset (€ €E
m J, sevler) l
BSet(E) F.

Therefore, for any ¢ € £!(Bset(E)),

ew(¢)= Y, o)z

z€Bset (E)

We can now see that, given ® € Bget (! (Bset(¢*(X)))) = D2, (X) and x € X
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we have

Bset (€01 (x))(P)(%) = €p1(x)(®)(2)

$EBset (£1(X))
= Y 29 )
#€Doo (X)
= px (®)(2).
O
Thus we have comparison functors

BP : PreBNS — EM(D) (2.2)
BP™' . PreBNS.; — EM(D<Y) (2.3)
BP= . BBNS — EM(Dy,) (2.4)
BP=' . BBNS.; — EM(DS)). (2.5)

The monad morphism from D = D, induces a functor EM(De) — EM(
(Proposition [2.4.1)), so it seems that we have two functors BBNS — EM(
and BBNS<; — EM(D=!). In fact, they are the same:

S5

Lemma 2.4.7. The following diagram commutes (strictly)

BBNS 2% eM(D..)

A

PreBNS ? SM (D),

where U is the inclusion functor and V is the functor arising from the monad
morphism D = Do,. The analogous diagram for BBNS<; also commutes.

Proof. 1t is clear that these functors coincide on morphisms, being restriction
to the base, or subbase for the BBNS<; case. On a Banach base-norm space
(E,Ey,7), the lower left path gives (Bg, Bset(€g)), €g being the counit for the
adjunction involving ¢1. The upper right path gives (Bg, Bset(€g) © T5,). In
Proposition we saw that ep for the ¢! adjunction was the nearly same as
the definition for the ¢! adjunction, only restricted to elements of finite support.
This is exactly what precomposing with 75, does, s0 Bset(€r) = Bset(€r)oTB,
and the objects are equal as well. The proof for 7=! and BBNS«; is similar. O

We therefore can use the name B interchangeably for either functor BBNS —
EM(D).

Proposition 2.4.8. The functors BP? : PreBNS — EM(D) and BP='
PreBNS<; — EM(D=Y) are full and faithful, and therefore so are BP :

BBNS — EM(D) and BP=' : BBNS<; — EM(D<Y).
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Proof.

e BP is faithful:

Let f,g : E — F in PreBNS, with BP(f) = BP(g). If E = 0, then
f = g already, so we reduce to the case that E # 0, so by Lemma [2.2.1
B(E) # 0. Every element © € E can be expressed as az, — Sz_ with
r,v_ € BP(E). Then

f(@) = floxy = fa_) = af(zy) - Bf(z-)
=ag(z4) — By(z-) = g(azy — Ba_)
=g().

The proof for BP™' s similar.

e BP is full:
Consider a map f : BP(E) — BP(F) in EM(D).

If E = 0, then BP(E) = () and f is the unique empty function. Take
g : E — F to be the unique map 0 — F. Then BP(g) = f. We
therefore reduce to the case that BP(E) # ) and so every x € E can
be expressed as axy —Bz_, with z,2_ € BP(E) and «, 8 € [0,00), with
B(E) # 0 (by Lemma. We then attempt to define f(az, —fz_) =
af(zy) — Bf(z-), and f(0) = 0 in the case that F = 0. We first prove
this defines a function £ — F. Suppose axy — fx_ =z = o'z, — pf'2’.
We then have axy + 8’2’ = /2!, + fx_. Taking the trace of both sides,
we get a+ ' = o’ + 8, and we give the name ~ to this quantity. If v = 0,
we havea = =o' = =0,s02=0,and 0- f(z4) —0- f(z_) =0 =
0-f(z!) —0- f(2), so f is well-defined in this case.

Now we can reduce to the case that v > 0, so we have the convex combi-
nations Sz + %w’f and %/xﬁr + %x,‘ Since f is an EM(D)-morphism,
it is affine, so

O NS
= st + g flz).

Multiplying the equation through by ~, we obtain

af(vy) + B f(al) =d f(2)) + Bf(x-)

and we arrive at the conclusion that

flaxy — Ba_) = af(zy) = Bf(z-) =o' f(2) — B'f(al)
= f(a/gc’+ - p'z"),
which shows that f is well-defined.

We now show that f is linear. Let x,y € F, and decompose them as
x =axy —Pr_ and y = yy; — dy_. The first case is where a +y > 0 and
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B+ 8 > 0. Then we have

fle+y) = f((a+v)<a+vx++ 17y+>

= (Oé+7)f( - $++a17y+)
B

—(B+0)f (Mx— + ?j_&%)
= af(zqy) +7f(ys) = Bf(e-) = 0f(y-)
af(ey) = A1)+ () = 05 (y)
= fl@)+ f(v)
Now, if a +~ =0, then a« =y =0. So

fla+y) =Ff0 a2y —Br_+0-y, —dy_)

. 1 1 B g
:f(o'(2x++2y+>_(5+5)(5+5x+6+5y))
1 B 9
=01 (goet g ) = G007 (Gso + 55 )
=0-f(z )+0 flyr) = Bf(z-) = 6f(y-)
=0-f(z4) = Bf(x=) +0- f(y+) —df(y-)
= f(z) + f(y).

The case that 3+ 6 = 0 is similar. If both are zero, we have f(0) = 0,
finishing this case. This proves that f is a homomorphism of abelian
groups. We now consider multiplication by a real number £. There are
three cases, £ =0, ¢ > 0 and £ < 0. We already have £ = 0, so we concern
ourselves only with the other two cases. If £ > 0, we have

f(ex) = f(€(azy — Br)) = f(aay — EBa_) = Eaf(zy) — EBf(z)
= laf(zy) — Bf(zo)) = &(faxy — Ba)) = £f(a).
If £ <0, we have

f(éx) = f(€lawy — Ba)) = f(=€Bz- — (~Eaxy))
(x

= —Bf(x_) — (=€) f(xy) = Eaf(zy) — EBf(z-)
={(af(zy) — Bf(x=)) = &(flaxy — Br_))
= ¢f(a).

This completes the proof of linearity. If z € E,, then we can express it
as ax, for x, € BP(FE), by dividing by its trace or taking a = 0 if 2 = 0.
We can therefore write it as axy — fx_ with 8 = 0, taking x_ = z if
necessary. We have

flx) =af(zy) = Bf(x-) = af(zy),
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and then because o > 0 and f(z4) € BP(F) and F| is a cone, we have
that af(xz1) € F, establishing the positivity of f.

For trace-preservation, we observe first that if £ = 0, the trace 7(0) = 0

and o(f(0)) = o(0) = 0, so the trace is preserved. We therefore reduce to
the case that E # 0. For 7 we have

7(x) =71(ary — Br-) = ar(z4) — Br(r-) =a - 0.
For o o f we have

o(f(2)) = o(flazy — Br_)) = o(af(xs) — Bf(2-))

= ao(f(w)) - Bo(f(@-)) = a - B.

Since the two are equal, we have trace-preservation as well, and f is a
PreBNS morphism such that BP(f) = f, as required.

e BP™' is full: We use the same definition for f as in the BP case, and
then the proofs of well-definedness, linearity and positivity are virtually
the same. We therefore only present the proof that f is trace-reducing.

In the case that B~ (E) = {0}, then £ =0 and

(r—00f)(0)=7(0)—0(f(0)=0-0=0

so oo f < 7. We therefore reduce to the case that E # 0. If = € E
then r = ar, — fr_ with 8 = 0, and z,,z_ € BP(E). We have that
7(z) = 7(ax4) = a. Then

o(f(2)) = o(flazy — fr_)) = o(af(xs) = Bf(2-))

— ao(f(e4)) — 0 < a = (x),

which shows that f is trace-reducing. O

The preceding proof also shows the following:
Corollary 2.4.9. The functor B : PreBNS — BConv is an equivalence.

Proof. 1t is full and faithful by the previous proposition, as affine maps and
EM(D) maps coincide for convex sets. We have already shown that it is essen-
tially surjective in Proposition so it is definition (iii) of an equivalence
(Theorem [0.4.3). O

By combining this corollary with Lemma we see that if X and Y
are Do,-algebras isomorphic to bases of pre-base-norm spaces, EM(D)(X,Y) =
EM(Doo)(X,Y). In fact, we can improve this result somewhat, also extending
a result from [I06, Theorem 3.6 (i)] (we do not require that the domain be the
base of a base-norm space).

Lemma 2.4.10. Let (X, ax) and (Y,ay) be Eilenberg-Moore algebras of Do,
where Y = Bpg for some pre-base-norm space (E,E,, 7). Then the hom-set
EM(D)(X,Y) = EM(D)(X,Y). The analogous result also holds for DS and
DLl

o0
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Proof. As the inclusion map EM (D )(X,Y) C EM(D)(X,Y) is natural, we
can reduce to the case that Y = Bg. All we need to show is that if a: X — Y
is a map of D-algebras, it is a map of Dy.-algebras, i.e. that

Doo
Dou(X) 2= p_ (v)

axl iay

X——>Y

commutes. By Proposition a o ax and ay o Dy (a) extend to trace-
preserving maps b, ¢ : £1(X) — E, which agree on £.(X) because a is a map of
D-algebras. By Proposition b and ¢ are bounded, and therefore contin-
uous, and by Lemma the set ¢1(X), on which they agree, is dense, b = c.
Therefore a o ax = ay o Do (a), as required.

The proof for D! and D! is similar, using the D! and D! parts of the
previously mentioned results. O

At this point, the reader might wonder if there is any difference between
D-maps and Dy.-maps at all, so we sketch a counterexample. We can define
(2,a2) as 2 = {0,00}, az(n2(0)) = 0 and as(p) = oo otherwise, and a map
f : Do(N) — 2 such that f(¢) = 0 if ¢ has finite support and oo if it has
infinite support. It is left as an exercise to the reader to show that 2 is an
Eilenberg-Moore algebra of Dy, and f a map in EM(D). If we define & €
D2 (N) as ®(nn(i)) = 27% we have as(Doo(f)(®)) = 0 because each ny(i)
has finite support, but f(un(®)) = oco. This shows that the forgetful functor
Vi EM(Ds) — EM(D) is not full.

The following was first proven in [32], §2], and is also proven in [106, Lemma
3.2] in the setting of superconvex sets. Both proofs are essentially the same,
using variants of the argument that we already used in Lemma [2.2.15

Proposition 2.4.11. Let (E,E,T) be a pre-base-norm space. If Bg, or equiv-
<1

alently By, is o-convex, then E is a Banach space in the base norm.

. o <1 <1.
Proof. We first show that B is o-convex iff Bz is. If B~ is o-convex, then any
o-convex combination Zf; «;x; where x; € Bg is also a o-convex combination
. <1 <1
in Bz, so the sum converges to some = € By . By Lemma m

T (i O[i.’Ei) = iT(aixi) = iai = ].,
i=1 =1

i=1

so x € Bg, so Bg is o-convex.

In the other direction, suppose Bp is o-convex, and let Zf; a;x; be a
o-convex combination in B;l. If z; = 0 for all 7 or all but finitely many 4, then
Zf; a;x; is actually a finite convex combination, and we are done. Therefore
we reduce to the case that x; # 0 for infinitely many . Define (y;) to be the
subsequence of non-zero terms, and (5;) to be the corresponding elements in
(e;), and we have that Y .o, B;y; converges iff 2, a;z; does and if they do
they have the same limit. Then define z; = %, which avoids dividing by zero
by Lemma and gives a sequence in Bg. As Zil «; converges, we have
that Y .2, 8; converges absolutely, though perhaps to some value less than 1.
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We define 8 =37, 3;, and v; = BTT(?’) As the sequence T(g"’) is bounded, we

have
= = (i)
Vi = ﬁi : u

converges, and by continuity of scalar multiplication and the definition of g its
value is 1. Therefore Zf; ~i%; is a og-convex combination in Bg, and we name
the limit of it z. We then have

Bz = 52%‘% — ZB' @Tﬁ(yz‘) , TZZi) = Zﬁiyi'
=1 i=1

i=1

Therefore Zf; a;x; converges to Bz, so Bgl is o-convex.

By Corollary Ball(||-])NE+ = Bgl, so if BEl is o-convex, we may ap-
ply Lemma to conclude that £ = E, — F is complete in [|-||co(— p<1up<1),
which is the base norm by Lemma [2.2.11 O

The following lemma is original.
Lemma 2.4.12.

(i) Let (X, ax) be a D-algebra isomorphic to By for some pre-base-norm space
(E,Ey,7). If Bx,7x : Doo(X) — X are Dy-algebra structures agreeing
on D(X) with ax, then Bx = vx, and Bg is o-convez for the base norm.

(i) If (E, X) is an object of BConv, T is the topology on E, and X is o-convex
in T, then o-convex combinations extend the D-algebra structure of X to a
Doo-algebra structure, so X is o-convez in the base norm of the base-norm
space constructed in Proposition[2.2.13,

Proof.

(i) Let i : (X,ax) — Bg be an EM(D) isomorphism, and suppose that

Bx,7x : Doo(X) — X are EM(Dyo)-structures on X extending ax. Then
Bx and yx are EM (Do )-maps from Do (X) — X by the definition of an
Eilenberg-Moore algebra. Therefore they are also EM(D)-maps (Propo-
sition , and so i o Bx and i o yx are EM(D)-maps between bases
of pre-base-norm spaces, and therefore extend to trace-preserving maps
f,g : £1(X) — E by Proposition 2.4.8 The maps f,g agree when re-
stricted to D(X), so agree on £%(X) by linearity. As they are continuous
(Proposition and £1(X) is dense (Lemma , f = g. Therefore
iofBx =i07x, 80 fx = Vx-
We now show that Bg is o-convex. Let Zf; «o;y; be a o-convex com-
bination of elements of Bg. Without loss of generality, take y; # y; for
i # jand oy # 0 for all 4. Let z; = i~ (y;), which is unique because i is a
bijection. Define ¢ € Do (X) as

P(zi) = a; ifi €N
¢(x) =0 otherwise,
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which is in D (X) because «; is the coefficients of an absolutely convex
combination, and define ¢,, € £1(X) as

¢n(xi):ozi 1f1§z§n

On(x) =0 otherwise.

We have - -
lo—oull= Y Il = >
1=n+1 1=n+1

S0 ¢, — ¢ in the £ norm. We know
flpx)y =ioax = Beg) o D(i)

because i is an EM(D)-morphism and the Eilenberg-Moore structure on
Bpg comes from a comparison functor. We can define 3, = Z?:l «; and
Uy = ‘Z—Z, it is then an element of D(X), so

f(Wn) = B(E)(D()(¢n)) = ep(thn 0 i™?).

By the definition of e from Proposition this is

3 o)y = Y vl gy = BN iz 2

yEBE ﬁn 5'[1

By linearity of f, we can cancel the 3, and get f(¢,) = 2?21 a,y;. As f
is continuous (Proposition [2.2.12)), f(¢,) — f(&), so

> gy — f(9),
j=1

SO Z(;il oy; converges to an element of Br. Therefore Bg is o-convex
in the base norm.

We define a Doo-algebra structure Sx : Doo(X) — X as follows, where
¢ € Doo(X):
Bx() = ¢(x) =
zeX

By Lemma the sum defining 8x(¢) is a o-convex combination, so
defines an element of X. This definition extends the D-algebra structure
ax defined by Propositions and We still need to show that
it makes (X, 8x) an Eilenberg-Moore algebra. We have Sx o nx = idx
because the range of nx lies inside D(X), and we already have ax onx =
idx. Therefore we need to show

P2 (X) —=") p_(x)

Doo(X) —— = X.

Bx
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Let ® € D% (X). The lower right path gives

Bx (px(®) = D px(®)(x) =

zeX

=> | > 2¢)-¢() ]| =

2€X \ p€Ds (X)

=Y. D %) d) -z

7€X ¢p€Doo (X)

The upper right path gives

Bx (Doo(Bx)(2)) = Y Doo(Bx)(®)(2) - &

reX

=31 > @@=

X \ ey (x)

=Y > o(9) =

2€X pepyt(x)

For each ¢ € Do (X), there is a unique x such that Sx(¢) = z, and all
values of x occur, so we can rewrite the above expression as

Y (¢)Bx(e)= > @(¢)~<Z¢(x)-m>
X)

$€D(X) HED oo ( T€X

= > D () b)-x

PED (X) zEX

=Y S #(9) él)-a,

TEX ¢pEDoo (X)

by the absolute convergence of the sums. Therefore the diagram commutes.

We can then apply the previous part to conclude that the base of the
corresponding base-norm space is o-convex in the base norm. O

We define CBConv to be the full subcategory of BConv on objects (E, X)
where X is sequentially complete in the subspace uniformity of E. If (E, E4,7)
is a Banach base-norm space, then Bg is a closed subspace of the complete
space F, so (E, Bg) is an object of CBConv, and the functor B : PreBNS —
BConv restricts to B: BBNS — CBConv.

Proposition 2.4.13. The functor B : BBNS — CBConv is an equivalence
of categories.

Proof. By Proposition we have that B is full and faithful because EM (D)
maps are the same as CBConv maps. By Proposition we have that
for any object (E,X) in CBConv, where 7 is the topology of E, there is a
pre-base-norm space (F, F, 7), with a vector space topology S on F' such that
(E,X) = (F,Br) in BConv and this isomorphism is a uniform isomorphism
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with respect to the uniformities on X and Bp induced by 7 and S respectively.
Since X is bounded, convex and sequentially complete, by it is o-convex,
so by Lemma Bp is o-convex in the base norm. By Proposition [2.4.11
F is a Banach space in the base norm. All that is left to show (F, F,7) is a
Banach base-norm space is to show that F, is closed in the base norm. As X is
sequentially complete in 7, we have that By is sequentially complete in S, and
therefore sequentially closed. By Lemma F, is therefore sequentially
closed in (F,S). As the base-norm topology is finer than S, we have that F; is
sequentially closed, and therefore closed, in the base norm. O

The preceding proposition can be considered to be an extension of [53 The-
orem 3.6], replacing completeness of a convex set X in the intrinsic metric p,
defined in that article, by sequential completeness for some topological vector
space that contains X.

If we define CBConvBan to be the full subcategory of CBConv on closed
(and therefore complete) bounded convex subsets of Banach spaces, the forgetful
functor from CBConvBan — CBConv is an equivalence by the previous
proposition, because the image of BBNS under B lies inside CBConvBan. In
other words, every sequentially complete bounded convex subset of a topological
vector space is embeddable as a closed subset of a Banach space. It is not the
case that every object of CCL can be embedded in a Banach space (with the
norm topology, at least) because some objects, such as [0,1]% for uncountable
X, are not first-countable, and therefore not metrizable.

2.4.2 Bounded Affine Functions and the Dual Space

If (X,ax) is an Eilenberg-Moore algebra of D, we can define the real-valued
bounded affine functions BAff(X, ax), and for an Eilenberg-Moore algebra of
Doo, we can define the bounded o-affine functions BAff (X, ax), where we
require that infinite convex combinations are preserved. In more detail

BAff(X,ax) = {a € L(X)

V¢ € D(X).alax(¢) = Y é(x) - al) }

zeX

BAff o (X, ax) = {a €l (X)

Vo € Doo(X).alax (¢)) = D d(x) - alx) } ;

zeX

where ¢>°(X) is understood to be the space of bounded real-valued functions.
Note that the sum in the definition of BAff (X, ax) will always converge by
Lemmas and (for the latter lemma, use the fact that we can omit
the elements of X where ¢ vanishes, and the fact that the resulting sequence
is contained in [—n,n] C R for some n € N by the boundedness of a). We will
sometimes use X to refer to (X, ax) when there is no possibility of confusion,
and therefore BAff(X, o) will sometimes be written as BAff(X). We will soon
see that BAff . and BAff are actually the same. To do this, we need a definition.
For each a € R we can define [—a,a] C R. As it is a complete subset of R,
(R, [, a]) is an object of CBConv, so it admits a D-algebra structure. We
can construct a D-algebra isomorphism i, : [~a, a] — BP>=(R?) as follows

in(z) = (O‘x O‘”). (2.6)

2a 1 2«
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This map is a D-algebra homomorphism because it is affine, and it is therefore
a Dy.-algebra homomorphism by Lemma As it is an isomorphism, it is
also a D,-algebra isomorphism.

Lemma 2.4.14. For all Do-algebras (X, ax), BAff o (X) = BAff(X).

Proof. By definition, BAff,(X) C BAff(X). For the opposite inclusion, let
a € BAff(X), and then there is an o € R such that a(X) C [—a,«a]. So
a can be considered to be a D-algebra morphism a : X — [—a,a]. Therefore
io0a:X — B(R?) is a D-algebra map, so by Lemma [2.4.10|it is an EM(Dy,)-
algebra map. Therefore @ = i~ ! 0i o a is a Dy-algebra homomorphism, and
therefore an element of BAff(X) as a map X — R. O

We can give BAff(X, a) the order-unit space structure it should have as
a subspace of £*°(X), i.e. the vector space operations are pointwise, define
a: X — R to be positive if a(z) > 0 for all z € X, and define the unit to be
the map such that u(x) = 1 for all € X. The following proposition was first
proved in [98], §3] in the more general setting where X is a convex prestructure,
rather than a D or Dy.-algebra. We give it explicitly here, as a basis for other
versions we explore later.

Proposition 2.4.15. The preceding definitions make BAff(X, ) into a Banach
order-unit space.

Proof.

e BAff(X) is a subspace of £°°: We first show closure under addition. Let
a,b € BAff(X). We know that a + b € £°(X), so we only want to show
that for all ¢ € D(X) that

(a+b)(a = ¢(x)- (a+b)(x).

zeX

So let ¢ € D(X). Then

(a+b)(ax(9)) = alax(9)) + blax(¢) = Y d(x)a(@) + Y ¢(z)b()

zeX zeX

= Z (o(z)a(z) + ¢(x)b(x)).

zeX

The last step is because the sum is finite. We then have that this is equal

to
= (@) (a+Db)(x),

zeX
as required.

To show closure under multiplication, let 8 € R and a € BAff(X). Then
Ba € £>°(X), and given ¢ € D(X)

(Ba)(ax(9)) = Balax(9)) = B (Z (z) -a(m)) = ¢x)

reX zeX
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e The positive cone is a cone: This follows directly from the fact that it is
the restriction of £°°(X)’s positive cone.
e The unit is an element of BAff(X):

We already know it is bounded, so we only need to show it is affine. So
let ¢ € D(X):

u(ax(9)) =1=" éx) =Y ¢(z) ulz).

reX zeX

e 1 is a strong archimedean unit: This follows directly from it being a strong
archimedean unit in £*°(X).

e BAff(X) is complete in the norm defined by [—u,u]:

As they are subspaces of £>°(X) and £°°(X)’s norm is defined by [—u, u], it
suffices to show that BAff(X) is a closed subspace of £>°(X). Let (a;);en be
a sequence in BAff(X) uniformly converging to a € £*°(X). If ¢ € D(X)

then
alox(6)) = lim a,(ax () = lim Y 6(x) - a(e)
reX
= 6@) (Jim ;) (@) = Y élw)a(a),
zeX reX
so a is in BAff(X). O

If f:(X,ax)— (Y,ay) is an EM(D) morphism, we can define
BAff(f) : BAfI(Y) — BAff(X)
BAff(f)(b) = bo f,
where b € BAff(Y).
Theorem 2.4.16. These definitions make a functor
BAff : EM(D) — BOUS?

Proof. Let f: (X,ax) — (Y,ay) be an EM(D) morphism, and b an element of
BAff(Y). First we show that bo f € BAff(X). We know that b is bounded, so
there must exist an o € R>¢ such that Yy € Y.|b(y)| < a. Since for all z € X,
f(z) €Y, we have that Vo € X.|b(f(x))| < a, so bo f is bounded.

For the affineness, let ¢ € D(X). We want to show that

BAFE(f)(b)(ax(¢)) = D é(x) - BAF(f)(b)(x). (2.7)

reX
Starting with the left hand side, we have

BAfE(f)(b)(ax () = b(f(ax(¢)))

= blay (D(f)(¢))) f an EM(D) map
=Y D)) -by) b € BAf(Y)
yeyY

=Y b(y)- ( ) ¢<x>) ,

yeY z€f~1(y)
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by the definition of D(f). Now, if we look at the right hand side of , we
get

> éx) - BAR(F)(0)(x) = Y 6(x) - b(f(x))
rzeX zeX
- Z Z é(x) - b(f(x)) finite sum
yeEY z€f~1(y)

=Y > é)-bly fl@)=y

yeY zef~1(y)

=Y b | > @],

yeY z€f~1(y)

so we have proved (2.7).

Now we must show that BAff(f) is a linear positive unital map. The linearity
follows from the pointwiseness of the operations defined on BAff(X). To show
BAff(f) is positive, let b € BAff(Y)4, i.e. b(y) >0 for all y € Y. Then

BAfE(f)(0)(x) = b(f(x)) = 0

for all x € X, so BAff(f)(b) € BAff(X).
Since

BAf(f)(u)(z) = u(f(z)) =1

we have BAff(f)(u) = u, so BAff(f) is unital.
Finally, BAff preserves identity maps because a o idx = a and preserves
composition by associativity of composition. [

If we have a bounded linear functional ¢ : E — R where F is a pre-base-
norm space, then ¢|p» (g is a bounded affine function on BP(E). This defines
a restriction map pg : E* — BAff(BP(F)). In addition to its Banach space
structure as a dual space, we can define a positive cone

El ={¢pec E"|Vx € E,.¢(x) > 0},

which is a cone, and not merely a wedge, by Lemma [0.3.8] and we can define
a unit element 7, as by Lemma T € E* and as it is positive it defines an
element of £ .

We can then prove a slight generalization of [0, Proposition 1.11], that also
follows from [98, Theorem 1 (ii)].

Proposition 2.4.17. The map pr : E* — BAff(BP(E)) is a linear isomor-
phism preserving the positive cone and unit both ways. Therefore E* is a Banach
order-unit space for any pre-base-norm space E, and the closed unit ball as a
dual space is ezactly the interval [—7,7]. In the case that E has o-convex base,
such as when E € BBNS, pg defines an isomorphism E* — BAff(BP=(E)).

Proof. Let a € E*. We first show that a|po (g € BAf(BP(E)). As BP(E) C
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Ball(E) (Lemma|0.1.6), a is bounded on BP(E). If ¢ € D(BP(E)), then

a(apo(p)(9) = a(B"(ep)(@)) =a | D ¢la)-x

z€BP(E)

= Y @) ala),
)

z€BP(E

so pe(a) € BAff(E). The map pg is linear because the addition is pointwise.
It is injective because if pg(a) = pg(b) then a and b agree on BP(E), and as E
is the span of BP(E), a = b.

To show that pg is surjective, let a € BAff(BP(E)). Since it is bounded,
there exists an a € R>g such that |a(x)| < a for all x € BP(E). Reusing the
affine isomorphism i, from (2.6, we have i, o a : BP(E) — BP(R?), and so by
Proposition it extends to a trace-preserving map i, o a : E — R2. We can
define a linear map

po : R2 5 R
p(y(xay) =—ar+ ay,

and as this is a map between finite dimensional spaces, this is bounded. There-
fore py 07 0 a € E*. Now, let x € BP(E) in the following

a—a(z) a(z)+ a)

2007 2«

@@wMOM@—m%W@D—m<

:a(m)fa+a(z)+oz

5 5 = a(x).

This proves that pg is a linear bijection.

We chose 7 to be the unit element of E*. Now, for any element x € BP(E),
7(z) = 1, so pg(r) = u. Now, if a € E%, then since BP(E) C E,, we have
that pr(a)(z) > 0 for all z € BP(E), and so pg(a) € BAf(BP(E)). If, on
the other hand, pg(a) € BAff(BP(E)), then, as each z € E, can be expressed
as az’ for ' € BP(E) and o € Rxg, s0

a(z) = a(az’) = aa(z’) > 0

and a € E7 . Therefore E* is a Banach order-unit space and pg an isomorphism
in BOUS between E* and BAff(BP(E)).

All that is left to prove is that the usual unit ball of E* as a dual space
coincides with [—7,7]. Suppose a € Ball(E*). Then for all € Ball(E), we
have |a(z)] <1, or 1 < a(z) < 1. By Lemma BP(E) C Ball(E), so for
all z € BP(E) we have —u(z) = —1 < pg(a)(z) < 1 = u(z). As pg is a poset
isomorphism and pg(7) = u, we have shown —7 < a < 7.

For the other direction, suppose that —7 < a < 7. Suppose for a contradic-
tion that there exists some x € Ball(E) such that |a(x)| > 1, taking o = |a(z)].
So

o = el = <1
1+ax _1—|—ozx 1+ a
By Lemma H%:c € absco(BP(E)). If BP(E) = (), then a(z) = 0 for

all x € E so we have a contradiction. Therefore we reduce to the case that
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BP(E) # (), and therefore H_%x =Bxy+(1-B)r_, withz,,x_ € BP(E) and

B € [0,1]. By the assumption on a, we have —1 < a(z+) < 1, or |a(z4)| < 1.
Therefore

“’ (1ia>’ = la(Bz+ + (1 = B)z-)| < Bla(z+)| + (1 = B)la(z-)]
<B+1-p=1.

By linearity of a, this implies

1+«
<=
(@) < 122,
but this contradicts |a(z)| = a > 1.
Finally, the statement for BAff(BP~(E)) follows by Lemma [2.4.14 O

Given a trace-preserving map f : E — F, we can define f* : F* — E* as
f*(6) =bo f.
Theorem 2.4.18. This definition makes -* a functor PreBNS — BOUS®P,
and p is a natural isomorphism -* = BAff o BP, and also -* = BAff o BP=.

Proof. We do the proof only for BAff o B?, using Lemma for BP>.

If we show that the naturality diagram commutes, and then that this implies
that the definition of -* on maps is a functor and p is a natural transformation.
The diagram in question, for f € PreBNS(E, F), is

F* L5 BAf(BP(F))
f*l iBAH(BD<f»
* D

To show that this commutes, let b € F* and € BP(E). Then
pe(f*())(x) = f*(b)(z) = b(f(2)) = pr(b) (B (f)(z))
= BAI(B(/))(pr (b)) (@).

The commutativity of the diagram implies that if f € PreBNS(E, F), pEl o
BAff(BP(f)) o pr = f*. Since each of the maps composing to give f* is linear,
positive and unital, this proves that f* is. We can therefore show

idp = pp' o BAE(BP(idg)) o pg
= pEl o pE BAff, BP functors
=idg=.
In the case that f € PreBNS(E, F) and g € PreBNS(F,G), we have
(9o f)* = pg oBAF(BP (g0 f)) o pa
= p' o BAfE(BP(f)) o BAfE(BP(g)) o pe
= pg' © BAFE(BP(f)) 0 pr 0 pip' o BAF(BP(g)) 0 pe
=fTog",
showing that -* is a contravariant functor. The diagram we started with then
shows that pg is natural. O
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2.5 Dualities with Order-Unit Spaces

In this section, we will prove certain categorical duality results for base-norm
and order-unit spaces. We start with a dual adjunction between PreBNS and
OUS, related to that between EM(D) and EA in [68, Theorem 17]. We then
see how this adjunction restricts to an equivalence. As the equivalence derived
from it is not entirely satisfactory, we will see in the next chapter how to adapt
it to define dual categories for BBNS and BOUS.

2.5.1 The Dual Adjunction

In this section, we define a functor F' : PreBNS — BOUS°P, and another
G : OUS°? — BBNS such that, when composed with the inclusions BOUS —
OUS and BBNS — PreBNS, F is a left adjoint to G. We use the same
definition to get functors F' : PreBNS<; — BOUSY, and G : OUSY, —
BBNSL, F left adjoint to G. The simplest way to prove this adjunction is to
use the unit-counit definition of an adjunction (Theorem (v)).
In the case of trace-preserving maps, we have already seen F. It is -*

PreBNS — BOUS®? from the previous section. We give below the definition
for trace-reducing maps, which looks identical to the trace-preserving definition:

F(X, Xy, 7)= (X", X],7)
F(f) : F(KYJHO—) _>F(X7X+77_)
F(f)(a)=aof,

where f: (X, X;,7) = (Y, Y;,0) and a € Y.
To define G, we need a standard theorem.

Theorem 2.5.1 (Ellis [34]). If (A, Ay, u) is an (archimedean) order-unit space,
(A*, A% Jev(u)) is a (radially compact) Banach base-norm space. The base-norm
on A* agrees with the usual dual norm.

Proof. In the case that A # 0, we refer the reader to [0, Theorem 1.19] [4,
Theorem I1.1.15], each of which proves that the dual is a base-norm space in
the Alfsen-Shultz sense, and therefore a base-norm space by Proposition [2.2:20}
If we use [0, Theorem 1.19] as a reference, we must additionally use the “norm
duality” part of “order and norm duality” in [6, paragraph after Lemma 1.22]
and [6l Corollary 1.27]. The fact that the dual is a Banach space follows from
the fact that the dual of a normed space is complete, using the fact that the
norm coincides with the usual dual norm. In the case that A = ({0},{0},0) its
dual space is ({0}, {0}, 0), a Banach base-norm space, with empty base. O

We can now define G on objects and maps quite similarly to F":
G(Av A+7 U) = (A*7 Aj—v ev(u))
G(f): G(B,By,v) = G(A, Ay, u)
G(f)(d) = oo f,

where f: (A4, Ay, u) — (B, By,v) is a map in OUS, corresponding to a map
in the opposite direction in OUS?, and ¢ € B*.

Proposition 2.5.2. F' and G are functors.
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Proof. We have already shown in the trace-preserving case that F' is a functor in
Theorem m We also have the general result that F' (X X+7 7) is a Banach
order-unit space (Proposition [2. , and by Theorem 1 G(A, A u) is a
Banach base-norm space. We now check that F and G have the correct type on
morphisms, for F' only in the trace-reducing case.

Let f: (X, X;,7) = (Y,Y,,0) be a trace-reducing map, and a € Y*. We
need to show that F(f)(a) = ao f € X* and that F(f) is positive and unital.
Since f is bounded by Proposition 2.2.12 a o f is a bounded linear functional
X — R, hence an element of X*. If we let g : (A, Ay,u) — (B,B4,v) be a
unital or subunital map, g is bounded by Proposition [1.2.8] it is then the case
that ¢ o g is bounded if ¢ is, and hence is an element of G(A, A4, v).

The proofs that F/(f) and G(g) are positive are nearly identical to each other,
so we will only give the proof for F'(f) explicitly. We must show that if a € Y7,
F(f)(a) € X . By the definition of the dual cone, this is equivalent to showing
that Vy € Y;.a(y) > 0 implies Vo € X .F(f)(a)(xz) > 0. We can show this as
follows. Let x € X;. Then F(f)(a)(z) = a(f(z)). We have that f(x) € Y, by
positivity of f, and therefore a(f(x)) > 0 by positivity of a.

To show that F(f) is subunital when f is trace-reducing, we want to show
that F'(f)(0) < 7in X*, d.e. 7— F(f)(0) € X%. Solet x € X, and:

(1= F(f)0)(x) = 7(x) = o(f(x)) = 0,

by the definition of trace-reducing for f.
To show that G(g) is trace-preserving when ¢ is unital, we must show that
ev(u) o G(g) = ev(v). We do so as follows. Let ¢ € B*. Then

(ev(u) 0 G(9))(d) = ev(u)(G(9)(¢))
= G(9)(0)(u)

(g(u)) so since g is unital
(

(
v) = ev(v)(6).

To show that G(g) is trace-reducing when g is subunital, we want to show
that ev(u) o G(g) < ev(v), i.e. ev(v) —ev(u)oG(g) € BY*. Let ¢ € By, and we
have that

(ev(v) —ev(u) 0 G(g))(¢) = ev(v)(¢) —ev(u
= ¢(v) —ev(u)(
= ¢(v) — ¢(g(u)
= ¢(v—g(u)).
Since g is subunital, v — g(u) € B4, and since ¢ € B, we have ¢(v —g(u)) > 0.
This implies G(g) is trace-reducing.

This establishes that F' and G are defined correctly. The fact that they
preserve identity arrows follows from the identity law for composition for linear

maps, and the fact that they preserve composition follows from the associativity
of composition for linear maps. O

)(G(9)(9))
°g)

(u
¢
)

Now we can move on to the definition of the unit and counit.
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Taking (X, X4,0) to be a pre-base-norm space, we define

nx : X = GF(X)
nx(z)(a) = a(),

where a € F(X).
For (A, Ay, u) an order-unit space, we want to define €4 : FG(A) — A in
OUS®P, which means that in OUS we define

€a:A— FG(A)
ea(a)(d) = ¢(a),

where ¢ € G(A).

Proposition 2.5.3. The maps nx and e€x are well-defined and are natural
transformations.

Proof. We must first show that nx and e4 are well-defined and are positive.
Since the proofs are very similar, we will only state it explicitly for nx.

We must show that nx () € GF(X) = X**, which is to say that if ¢ € X*
and ||¢]] < 1, we have ||nx(x)(¢)|| < « for some a € [0,00) (the norms on
X* and X** agree with the usual definition of the dual norms by Proposition
or for €4, use Theorem instead). If ||z|| = 0, then = 0, and
n(x)(¢) = ¢(0) = 0 so we can take a = 0. So we now assume that ||z|| > 0.
Then

o) = o) = o (el ) = lalo (7).

] ]

X
[E3]

Because ||¢|| < 1, we have that ¢ (—) <1, giving us
n(x

|
(@) < =]

We now show that nx is positive, i.e. that if x € X, nx(z) € Xi*. If
a € X7, then nx(z)(a) = a(x), which is positive because z € Xy and a € X}.
Since this works for an arbitrary element of X7}, we have that nx(z) € X3*.

We now show separately that 7y is trace-preserving (and hence also trace-
reducing) and that €4 is unital (and hence also subunital). We start with nx.
Since GF(X)’s trace is ev(7), what we want to show is that ev(r) onx = 7.
Taking x € X, we have

ev(7)(nx () = nx (z)(1) = 7(x),

as required.
For €4, we have that the unit of FG(A) is ev(u), so we want to show €4 (u) =
ev(u). If we take ¢ € A*, we have

ea(u)(9) = ¢(u) = ev(u)(¢).

Finally, we must show that nx and e, define natural transformations. The
proof is again very similar in each case so we shall only give the proof for n. Let
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(X, X4, 1) — (Y,Y,,0) be trace-preserving (or trace-reducing). We want to

show that
X Y
nx l lny

i

_—

commutes. That is to say, if z € X, and b € F(Y) = Y™, we want to show that

ny (f(2))(b) = GF(f)(nx (x))(b)-

We proceed as follows:

G(F(f))(nx (@))(b) = (nx (x) o F(f))(b) = nx (x)(F(f) (b)) = nx(z)(bo [)
=Ny

b(f(x)) (f())(b)-

We did not use the trace-preservation, so this naturality argument works equally
well for trace-reducing maps. Similarly, it also holds for subunital maps. O

We can now finally prove F' +4 G. This is original, in this categorical form,
as is the equivalence derived from it.

Theorem 2.5.4. The functor F : PreBNS — OUS®P is a left adjoint to the
functor G : OUS? — PreBNS, in both the case of trace-preserving/unital and
trace-reducing/subunital maps.

Proof. We want to show that the following diagrams commute, where A € OUS
and X € PreBNS:

GA A GFGA X 2 PGEX
\ J{GEA \ \LEFX
idGA idFX

GA FX

The right-hand diagram is written in OUSP. If it is written in OUS, with
the arrows turned back to normal, the proof that it commutes is virtually the
same as the proof that the left-hand diagram commutes. Therefore we will only
give the proof explicitly that the left-hand diagram commutes. The proof for
OUS<; and PreBNS<; is identical to the proof for OUS and PreBNS as the
definitions of the functors and natural transformations are identical.

With that out of the way, we have to show that for ¢ € G(A), we have

G(ea)(nga(e)) = ¢.

We can do this by evaluating the left-hand side at an arbitrary element a € A:

G(ea)(naa(9))(a) = (naa(@) o ea)(a) = naa(¢)(eala)) = eala)(9)
= ¢(a).
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As with any adjunction, we can consider those objects such that the unit
and counit are isomorphisms. We can define reflexive order-unit spaces to be
order-unit spaces A such that €4 is an isomorphism of order-unit spaces and
and reflexive base-norm spaces to be pre-base-norm spaces X such that nx is
an isomorphism of pre-base-norm spaces. We can define RBINS to be the full
subcategory of PreBINS on reflexive base-norm spaces and ROUS to be the
full subcategory of OUS on reflexive order-unit spaces. Recall that a normed
space F is called reflexive if the evaluation map F — E** is a bijection [20} III
Definition 11.2].

Proposition 2.5.5. A pre-base-norm space is reflexive if and only if its under-
lying normed space is reflexive and it is a base-norm space. An order-unit space
1s reflexive iff its underlying normed space is reflexive. The functors F and G,
when restricted to RBNS and ROUS respectively, form an adjoint equivalence
RBNS ~ ROUS®P.

Proof. On the underlying normed spaces, the maps €4 and g are the evaluation
maps. Therefore reflexivity of the underlying normed spaces is necessary in both
cases. As dual cones are always weakly closed (Lemmas and they
are closed in the finer norm topology as well, it is also necessary that a reflexive
pre-base-norm space be a base-norm space, otherwise the inverse of ng would
not be positive. We have therefore shown the necessity in both cases.

For sufficiency, observe first that any bijective unital map of order-unit spaces
has unital inverse, and every bijective trace-preserving map of pre-base-norm
spaces has trace-preserving inverse. Both a base-norm space (by definition) and
an order-unit space (by Lemma have a closed positive cone. We therefore
only need to show that for a reflexive Banach space F with a closed cone F.,
the inverse of the evaluation mapping E** — FE is positive, where E** is given
the double dual cone. This is equivalent to showing that ev ™' (E%*) C E,, as we
already know the opposite inclusion holds by Proposition So let x € E be
such that ev(z) € E3*. Then by expanding the definition of the dual cone, we
have that for all ¢ € EY, ev(z)(¢) > 0. As ev(z)(¢) = ¢(x), this is equivalent
to ¢(x) > 0. Then Lemma gives us € E; because it is closed.

Therefore F' and G form an adjoint equivalence ROUS°? ~ RBNS by the
“unity of opposites” — the triangle laws for an adjunction imply that if ng is an
isomorphism, €p(g) is too, and similarly €4 an isomorphism implies g (4) is an
isomorphism [82] Part 0, Proposition 4.2].

A normed space is reflexive iff its unit ball is compact in the weak topol-
ogy [20, V Theorem 4.2]. Therefore every finite-dimensional normed space is
reflexive because the unit ball is compact by the Heine-Borel theorem. So the
finite dimensional base-norm spaces (excluding pre-base-norm spaces) and finite
dimensional order-unit spaces are all reflexive. There are also reflexive infinite-
dimensional order-unit spaces such as the spin factors [7, Proposition 3.38]. The
corresponding base-norm spaces are those arising from taking the unit ball of a
Hilbert space as an element of CBConv [7, Proposition 5.51].

However, every reflexive C*-algebra is finite dimensional [126], 1.11 Exercise
2]. In particular, this means that C'(X) is reflexive iff X is finite, so we cannot
include examples such as C([0, 1]) in this duality. Similarly, B(H) is an infinite-



118 CHAPTER 2. BASE-NORM SPACES

dimensional C*-algebra if H is inﬁnite—dimensionaﬂ As the duality RBNS ~
ROUS®? is not general enough to include all the useful examples, we adapt it
into a pair of dualities in chapter

6As it must be to represent the canonical commutation relations [88] or have nontrivial
unitary representations of the Lorentz group [77, §XVI.1].



Chapter 3

Smith Spaces

3.1 Introduction

The purpose of this chapter is to show how the dual adjunction between base-
norm spaces and order-unit spaces in the previous chapter can be converted into
two dualities. In the previous chapter we saw that we could produce a duality
through the use of reflexive spaces, so in this chapter we first look at a way to
make every Banach space “reflexive”, by considering a different dual topology.
This leads us to consider Smith spaces. A space E is a Smith space if it is
linearly homeomorphic to the dual space of some Banach space F', given the
bounded weak-* topology or equivalently the topology of uniform convergence
on precompact sets. The term was introduced by Akbarov [2, Example 4.6],
naming them after M. F. Smith who published a paper on Pontryagin duality
for Banach spaces [I121I], Theorem 2]. Akbarov gives in [2] Proposition 4.7] and [3]
Proposition 1.2] an intrinsic characterization of Smith spaces as locally convex
spaces F satisfying three criteria:

(i) E is complete.
(ii) E is compactly generated.

(iii) There is a compact absolutely convex set in E that absorbs every compact
subset (a universal compact set).

In this chapter we show that the first condition can be dropped and the other
two relaxed so a space can be confirmed to be Smith more easily (Proposition

3.2.9). We then prove a categorical equivalence (Theorem [3.2.22)
Ban®? ~ Smith,

though this is known, with Akbarov’s definitions, from [2| Theorems 4.1, 4.2
and 4.11 (a)]. In fact, we would be able to do this using the more easily de-
fined weak-* topology instead of the bounded weak-* topology, but we know of
no characterization of such spaces, except by first characterizing the bounded
weak-* topology. Another dual category to Banach spaces is the category of
Waelbroeck spaces, as used in [I9, Chapter I, Theorem 2.8]. These spaces only
put a topology on the unit ball and so avoid having to make a distinction be-
tween the weak-* and bounded weak-* topologies, although the difficulties are
shifted elsewhere as one does not, prima facie, have a linear topology.

119
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We then turn the duality from Theorem [2.5.4]into two dualities, by choosing
either one side to be Smith spaces and the other to be Banach spaces, in each
case. That is to say, we define Smith base-norm and order-unit spaces, and
prove

SBNS ~ BOUS?
BBNS ~ SOUSP.
The first duality includes all Banach order-unit spaces, and the second all Ba-

nach base-norm spaces, so reflexivity is no longer required.
We can extend these equivalences to two squares of equivalences:

o

BOUS® SBNS (3.1)

Jali
TT\L[OJ]_ EmleB
S

BEMod®® ——> CCL

CAff(-,[0,1])

GP
SOUS® ————— > BBNS (3.2)
o
T/N/[O,l]_ EmbT\LB
cs
CEMod*? CBConv
BAff(-,[0,1])

Where CEMod and BEMod are categories of effect modules to be used as
predicates, and CBConv and CCL are categories of convex sets to be used
as state spaces. The square can be viewed as a summary of Kadison
duality (see [61] and [70]), the equivalence between BOUS and BEMod (see
[65, Proposition 11] and [54]), and the fact that a base-norm space is a dual
space iff it can be given a locally convex topology in which its base is compact
[34, Theorem 3]. The square 7 on the other hand, is mostly original, the
only preceding result being [34, Theorem 6], that an order-unit space is the
dual of a base-norm space iff its unit interval is compact in some locally convex
topology. We can use these squares and the relationship between C*-algebras
and order-unit spaces to produce a state-and-effect triangle each for C*Algpy
and W*Algpy.

In the next chapter we will see how to express the category CCL in terms of
Eilenberg-Moore algebras, and so inherit the convenient properties thereof. In
this chapter, we do show that the category CBConv is a reflective subcategory
of EM(Doo) and EM (D). This shows how we can take the bare minimum for
a structure of probabilistic mixtures on a set and “freely” construct a Banach
base-norm space from it.

In Section we show what happens if we combine the dualities in this
chapter with the adjunction in Subsection The resulting adjunctions are
related to enveloping W*-algebras and also to Semadeni’s universal compactifi-
cation for convex sets.

3.2 Smith Spaces

The purpose of this section is essentially to prove Theorem and Corol-
lary with the laxer definition of Smith space used here. This is done
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by combining well-known results of functional analysis, so we make no claim
to originality for the intermediate results used, but make them explicit for the
benefit of the reader.

Let E be a normed space and E* its dual space. We have already seen
that E* can be given the dual norm, which defines one topology, and it can
also be given the weak-* (or o(E*, F)) topology. We now concern ourselves
with a third topology, in between these, the bounded weak-* topology (see [28,
Definition V.5.3, Corollary V.5.5]). This topology is defined to be the finest
topology agreeing with o(E*, E') on bounded sets, i.e. a set O C E* is open if
for all @ € (0,00) there exists a o(E*, E)-open O such that

ONnalU =0"nNnal,

where U is the unit ball of £* with respect to its usual norm.

On the dual of a Banach space E, the bounded weak-* topology is also the
same as the polar topology for compact subsets of F ([8, Chapter 1, Theorem
2.2]). Smith spaces are related to the circle of ideas around the Krein-Smulian
theorem, the Banach-Dieudonné theorem and Grothendieck’s completeness the-
orem.

A barrel in a locally convex space (E,T) is a subset B C E that is absolutely
convex, closed, and absorbent. To avoid confusion, we state here that a barrelled
space is one in which every barrel is a zero neighbourhood, but that every locally
convex space contains several barrels, whether or not it is barrelled.

We now give our definition of a Smith space. A Smith space (E,T,B) is a
locally convex space F, the topology being T, and a compact barrel B, such
that 7 is the finest topology agreeing with 7 on all the subsets aB for a € Ry.
The category Smith of Smith spaces has continuous linear maps as morphisms,
and the category Smith; is the subcategory of maps between Smith spaces
f:(E, T,B)— (F,S,C) such that f(B) C C.

At this stage, we can show that closed subspaces of Smith spaces are Smith.

Lemma 3.2.1. If (E, T, B) is a Smith space, F C E a closed linear subspace,
then (F,T|r, BN F) is a Smith space.

Proof. We first show that BNF' is a compact barrel. We use the name C' = BNF'.
We have that T|r agrees with 7 on F, so C is T|r-compact because C is a
closed subspace of a compact space B. As C'is the intersection of two absolutely
convex sets, it is absolutely convex. To show that it is absorbent, let x € F. As
x € F, there exists a € Ry such that x € aB. Therefore

z€(@aB)NF=aBNaF =«a(BNF)=aC.

To show (F,T|p,C) is Smith, we only need to show that any set U C F'
such that for all @ € Rsq there exists U, € T|r U NaC = U, N aC, then
U € T|r. Solet U be such a set. As U, € T|F, there exists V,, € T such that
U, =V,NF. We first show that

(VoU(E\F)NnaB=(UU(E\F))NnaB (3.3)

for all & € Ryy.



122 CHAPTER 3. SMITH SPACES

We have

VaNF)U(E\F))NaB
wNEFNaB)U((E\F)NaB)
U,NaC)U((E\ F)NaB)
UnaC)U((E\ F)NnaB)
UNFnaB)U((E\F)NnaB)
UU(E\F))NaB,

(VaU(E\ F))NaB =

m~ o~ o~ o~ o~ o~

proving (3.3)).
As Fis closed, E\ F is T-open, so V, U (E \ F) is a T-open set. As E is a
Smith space, (3.3) shows that U U (E'\ F') is T-open. Therefore

U=UUE\F)NF
is a T|p-open set, so (F,T|r,C) is a Smith space. O

From what we have proven so far, it is not yet clear that there are any useful
Smith spaces, or that Smithness can be verified usefully in practice. The rest of
this section is dedicated to resolving these matters.

Lemma 3.2.2. Let (E,T,B) be a locally convex space (E,T) and a compact
barrel B C E. The set B° C E* is radially compact and absorbent, and therefore
defines a norm ||-||go on E*, of which B° is the closed unit ball.

Proof. We first show that B° is radially bounded. Suppose for a contradiction
that B° is radially unbounded. Then it contains an element ¢ # 0 such that
n¢ € B° for all n € N. Since B° = Bl°l (Lemma|0.3.6)), we see that for all n € N
and x € B

|(ng, z)| <1< [ne(x)] < 1 [o(x)

<

SEES

Therefore ¢(z) = 0 for all z € B. Since B is absorbent, its span is all of E, so
¢ = 0, a contradiction.

Since B° is a polar, it is o(E*, E)-closed, therefore the intersection of any
line with B° is closed, so it is radially compact.

To show that B° is absorbent, let ¢ € E*. As ¢ is continuous, there is an
absolutely convex 0-neighbourhood U C E such that ¢(E) C (—1,1). Since
B is compact, it is bounded (Lemma , so there is an a € Ry such
that B C aU. Therefore a'B C U and so ¢(a~*B) C (—1,1). This implies
¢ € (a~'B)’ = aB° (Lemma (i)).

By Lemma [0.1.5] ||-|| go is a norm, and by Lemmal[0.1.7} B° is the closed unit
ball of ||-|| . O

In fact, as B is itself radially compact, ||-||p is a norm.

Lemma 3.2.3. Let (E,T,B) be a locally convex space with compact barrel B.
The topology defined by the norm ||-||g is finer than T.

Proof. As the ||-|| g topology and T are both locally convex topologies, it suffices
to show that every O-neighbourhood for 7 is a 0-neighbourhood for ||-|| 5. So let
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N be a 0-neighbourhood for 7, and U C N an open subset of IV containing 0. As
all compact sets are bounded (Lemma|0.1.14)), we have that there exists a € R g
such that B C aU. Therefore a7 'B C U C N, so N is a 0-neighbourhood for
-l 8- O

Lemma 3.2.4. If (E, T, B) is a locally convexr space with B a compact barrel,
the usual pairing (-,-) between E and E* is separately continuous for T and

[I-ll 3o -
Proof.

e Forall p € E*, (-, ¢): (E,T) — R is continuous:

Since (-, ¢) = ¢, this follows from the definition of E* as the continuous
dual.

e Forall z € E, (x,-) : (E*,]||-||po) — R is continuous:

As E* is normed, we only need to show that (x,-) is bounded for each
x € E, i.e. that there exists some o € Rs¢ such that (z, B°) C [, q].
Since B is absorbent, there exists & € Rsq such that a='z € B. We
know by Lemma that |¢p(a~tz)] < 1 for all ¢ € B°. Therefore
l{z,9)| = |d(x)] < a for all ¢ € B°, which gives us that (z, B°) C [—a, ],
as required. O

We need the following small lemma about the Minkowski functional only for
the next proposition.

Lemma 3.2.5. Let B be an absolutely convex, radially compact and absorbent
subset of a real vector space E. Then for alla € Ryg and y € E

aB C ([lylls +a)B +y.
Proof. If © € aB, then ||z||p < a. This implies ||z — y|lz < ||zl + |lyllz =

llyll B + . The radial compactness implies x —y € (||y||p + «)B (Lemma[0.1.7)),
and therefore x € (||ly|lp + a)B +y.

O

In the following proposition we show how to redefine the topology on any
locally convex space with a compact barrel.

Proposition 3.2.6. Let (E, T, B) be a locally convexr space with B a compact
barrel. Then:

(i) To={U C E |VYa € R5¢.3U, € T.UNaB = U, NaB} is a topology.
(ii) Ty is the finest topology agreeing with T on aB for all a € Rsg.

(111) Ty is Hausdorff, and using N to refer to the neighbourhood filter at x, we
have Ny = Ng + .

Proof.
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(i) We see that @ € T, and E € T, because they are both in 7 and so
P NnaB =0NaB and likewise for E.

Let U,V € Ty, with U, and V,, defined as expected. We see that

UnVynaB=UnaB)N(VNnaB)=(U,NaB)N (V,NaB)
= (U, NVy)NaB,

soUNV €T,
If we let (U;);er be a family of sets in 7, with U; , the corresponding

families of elements of 7, then

(U UZ-> naB=|JUinaB) = J(UianaB) = (U Uw> NaB,

i€l i€l i€l i€l
so Ty is closed under unions too, and is therefore a topology.

(ii) There are two parts, the first is showing 7, is finer than any topology
agreeing with 7 on each set B where a € Rso. The second is to show
that 7, agrees with 7 on each aB.

Let S be a topology on FE that agrees with 7 on each set aB. We need
to show that S C 7,. Let U € S. Since S agrees with 7 on aB, there
is some U, € T such that U, NaB = U N aB. We have therefore shown
U € Ty. It follows that 7y is also finer than 7.

We must now show that 7, agrees with 7 on each aB. Since T, is finer
than T, Tp|ap is finer than T|,5. To prove the above, we must show that
Tlap is finer than Tplap. If U’ € Tplap, then U’ = U N aB for some
Ué€Ty. Then UNaB=U,NaB for some U, € T, so U’ € T|aB.

(iii) Since we showed in (ii) that 7 is finer than 7, it is Hausdorff because T
is. To prove the rest of the statement, we will first show N, +y C N4,
in 7p. If N € N, we have that there is a U € T, such that z € U C N.
We see that x +y € U +y C N + y, so we have proven the inclusion of
neighbourhoods if we can show that U +y € 7,. We make the definition
(U +9)a = Uay|y|z +y- Then we have

Un(a+|ylle)B = Uatjy)s N (a+ lyls)B
= U+y)Nn((a+yls)B+y)=U+y)aN(aB+y)
= U+y NnaB=(U+y),NaB,

by Lemma [3:2.5] This shows U +y € Tp.
Now that we have established that N, +y C N1, we have Ny +a C N,
and N, + —x C Ny, and by adding = we get N, C Ny + . O

We now show how T and 7, relate to the weak topology, o(E, E*).

Lemma 3.2.7. Let (E,T,B) be a locally convex space with compact barrel B.
Then T and o(E, E*) agree on each set aB for a € Rsq, and so the topology
To = o(E,E*)y.
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Proof. Since « - - is continuous, aB is compact for all « € Rsg. We also
have that by definition o(E, E*) is coarser than 7, and therefore the identity
map id : (E,T) — (E,0(E, E*)) is continuous. Therefore aB is compact in
o(E,E*), and it is also Hausdorff because o(E, E*) is. A consequence of this
is that id : (aB,T|g) — (aB,o(E, E*)|p) is a continuous bijection of compact
Hausdorff spaces, and therefore a homemorphism. Proposition (ii) then
implies that 7, = o(E, E*)y. O

We can conclude from the above that the topologies admitting a compact
barrel are quite restricted in how they can behave.

The following definition and proposition draw on [28, V.5.4-5], which was
not sufficiently general for our purposes.

If we have (E,T,B), a locally convex space with compact barrel E, and
(¢i)ien is a sequence in E* converging to 0 with respect to ||-|| go. Define

Ny ={r € E|Vi € N|¢gs(z)| < 1}

Proposition 3.2.8. Given (E,T,B), the sets of the form N4,y form a base
for the neighbourhood filter of 0 in (E,Tp).

Proof. We use Lemma to reduce the problem to showing that the family
of sets N(4,) is a neighbourhood base for 0 in (E,o(E, E*)).

o {N, | ¢i = 0in (E*,||-||po)} is a filter base:
Recall the definition of a filter base from [16] 1.6.3]: A set B of subsets of
E is a filter base if the intersection of two sets from B contains a set from
B and B is nonempty and does not contain the empty set. To show the
first property, we need to prove one thing first. Let (¢;)ien and (¢));en
be sequences converging to zero in E*. Define

oy = 5 Voiy1 = ;.

Then we show that 1; — 0. Let ¢ € Ryg. There exist n,n’ € N such
that for all © > n ||¢;]] < € and for all ¢ > n/, ||¢i]| < e. Define m =
2max{n,n'} + 1. If ¢ > m and is odd, then |[¢;] = ||¢%1|| < € because

< € because % > n. Therefore

=1 > n/. Likewise, if i is even, ||| = 165
Ny, fits the definition. Now

N(¢z) ﬂN(d);) = {x S ‘ Vi € N|¢l(l‘)| <1 and ‘(b;(.’l?)‘ < 1}
= {ZL’ eF ‘ Vi € NWJQZ((E” <1 and |"Ll)27;+1(1')| < 1}
={r e F|VieNy(x)] <1}
= Ny.)-
We have therefore verified the first property. To show that there always
exists a set of the form N(,,), we can take ¢; = 0 for all i € N. Then

N,y = E. To show that all the N4, are nonempty, we observe that
however (¢;) is defined, we always have |$(0)] =0 < 1, so 0 € Ny, for

all (¢;).
o Ny, is a o(E, E*),-open neighbourhood of 0:
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We just showed that N(4,) always contains 0, so we only need to show that
it is o(E, E*)-open. Recall from the definition of o(E, E*) that (Ng)ecr-
is a subbase of open 0-neighbourhoods (see (0.2)):

Ny ={z € E[|p(x)| <1}

Observe that N,y = [);en No,- We can prove Ny, is o(E, E*)p-open
by finding, for each a € Ry, a finite set {¢1,...,¢,} C E* such that
N(¢1) NaB = m?:l N¢j NabB.

To do this, we start with the fact that for all e € Ry, there is an n. € N

such that for all i > n, ||¢;||pe < €. Ifi > n(aq)-1, then ||¢;]|go < (2a)71,
so since B is the closed unit ball (Lemma|3.2.2), ¢; € (2a)"'B°® = $aB°
(Lemma [0.3.11] (ii)). So we have that for all i > n34)-1 and all z € aB

1
20i(2)] < 1 & [i(2)| < 5 = [di(@)] <16 @€ Ny,
So aB C N¢i for ¢ > n2a)-1-

Let m = n(q)-1, and

N(qn) NaB = ﬁN@ NaB = <ﬁ N¢iaB> N ﬁ aB

i=1 i=1 i=m+1
m
= <ﬂ N(z,i) NaB.
i=1

Now, /%, Ny, is o(E, E*)-open, and since this can be done for all o €
R0, we have shown N, is o(E, E*),-open.

The sets N4,y generate the neighbourhood filter for 0, i.e. for each
o(E, E*)p 0-neighbourhood N, there is a (¢;) such that ¢; — 0in (E*, ||-|| 5o)
such that N(4,) € N:

Let N be a o(E, E*) 0-neighbourhood, and U C N its interior, which is
necessarily an open 0O-neighbourhood. We constuct (¢;);en inductively.
We define two countable families of finite subsets of E*, which we call
(Xi)ien and (Y;)ien, such that X;1°'NiB C U, X;,1 = X; UY; 41, and for
i>1, Y C LBl

We first observe that UNB = U;NB for some Uy that is o(E, E*)-open. We
therefore have that there are ¢1,...,¢, € E* such that ﬂ?zl Ny, € Us.
We define Y1 = X7 = {2¢1,...,2¢,}. We then observe that

X ={ze X |Vie{l,... n}.|2¢;(z) <1}
— {x e X |Vie{l,. . nhlee) < ;}
Cl{zeX|Vie{l,... n}|piz) <1}

= ﬁNqSi c Uy,

=1

so X;°'nB=U,NBCU.
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The inductive step proceeds as follows. Assume that there is a subset
X; € E* such that XZ-‘OI NiB C U. We only use this part of the inductive
hypothesis. We show that there exists a finite Y; 1 C %B lol such that

(X;UYi) NG+ 1)BCU

by contradiction. Assume for a contradiction that if Y C %B lol g finite,
then (X; U Y)‘Ol N(i+1)B € U. We define F to be the set of all subsets
of E* of the form (X; UY)°'n (i + 1)B N (E\ U), with Y C 1Bl
By the assumption, F consists of non-empty sets. Now, (X; U Y)lo‘ is
o(E, E*)-closed because it is an absolute polar, and (i + 1)B N E \ U

is o(E, E*)-closed because U is o(E, E*)p-open. So F consists of closed
subsets of (i + 1)B. If Y and Y are such that

X;unelnG+1)BN(E\U) e F
X;uYHl NG+ 1)BN(E\U) € F,
then we have
X;u) NG+ 1B ((E\NU)N (X uY) ! NG+ 1)BN(E\U)
—(x;uY)nx;uY)n+1)Bn(E\U)
— (X, uYuY)n@+1)BN(E\U)  Lemma[03.11 (i).

The set Y UY; is also a finite subset of %B'O‘, so we have shown that
F is closed under finite intersections, and any finite intersection of sets
in F is non-empty. By the intersection formulation of compactness [16],

L9.1 (C")], N F is not empty. Let 2 € (F. By Lemma [0.3.11]iii),
x;u)el c x;lol for any set YV, s0o 2 € X, n (i + 1)BN (E\U). We
also have that for all ¢ € 1Bl z € {o}°!, which is to say, |¢(z)] < 1.
Therefore

T € {1:’ eX ‘VQS € %B‘°|.|¢(:ﬂ)\ < 1}

= (iB)l°llel Lemma [0.3.11] (ii)
=B Corollary [0.3.12

so in fact, x € Xi‘ol NiBNE\U, which contradicts the inductive hypothesis
that X;I°' niB C U.

We then define Y; to be a finite subset of %B")' that we have just shown to
exist, and define X,;11 = X; +Y; ;. We now have Xi+1‘°| N(E+1)BCU,
as required. This finishes the inductive construction.

Define (¢;)ien to enumerate the elements of the Y; in increasing order of
1.

To see that ¢; — 0 for ||-|| gor, let € € Ryg. There is a smallest m such
that % < e Forall i >m,any ¢ € Y] is in %B“)'. We may now define
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n=3"|Yi|+1. Thenifi > n we have ¢; € LBl so il glel < £ <,
proving convergence to 0.

All that remains is to show that Ny €U, as U C N. From the defini-

tions, we have N4 ((bl) , as it is a change from a strict inequality to
one that is not strlct. It therefore suffices to show that (¢i)|0\ CU. We
have

oy (UY)lOl: (Qxi>|0:ﬁ&'°',

by Lemma 0.3.11] and we constructed the (X;) so that X;/°'NiB C U. So
foralli e N

U x,l°ll niBCc x;l°lniB C U.
j=1

Therefore

(¢)l° = ﬂX ol _ (ﬂX |o|> NE = (ﬁxid) N
- G <ﬁ Xﬁ') NjB.

i=1

TC®
o,
s}

As each part of the big union is a subset of U, the union is too, so we have
shown (¢;)°l C U. O

Proposition 3.2.9. If (E,T,B) is a locally convex space with compact barrel
B, then Ty is locally convex and (E, Ty, B) is a Smith space.

Proof. We prove this by showing that the filter base
N = {N,) | (¢:) converges to 0 in (E*, |-[|gio1) }

defines a locally convex topology S using [I5, I1.4.1 Proposition 1]E| Then
Proposition implies (E,Tp) has the same neighbourhood filter at zero as
S, and therefore has the same neighbourhood filter at every point by Proposition
3.2.6| (iii).

We must therefore show that each N4,) € N is absorbent, absolutely convex
and that aN(g,) € N for all o € R-o.

e Each N,y € N is absorbent:

We showed in Proposition@ that N,y 2 Ng,) N1 B = (N2, Ny,) N B
for some n € N. It is not hard to prove directly that Ny, is absorbent,
but we can also deduce this from Lemma By assumption, B is
absorbent, so by Lemma Nizy Ny, N B is absorbent and so N4, is
absorbent.

1See [16] 1.1.2 Proposition 2 and II1.1.2 Proposition 1], then [I5 I.1.5 Proposition 4] for
the whole story.
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e N4, is absolutely convex:

Let Zie 7 oyx; be a finite absolutely convex combination of elements of
N(g,)- Then for all i € I and j € N, [¢;(x;)| < 1. Therefore

oy (Zam>| = Zai%(%’) < Zlail ()| < Z|O<z'| <1,

i€l i€l i€l
SO Zie[ o;T; € N(¢z)

o Ny, € N implies aN(y,) € N for all o € Rs:

We show this by proving that aN4,) = N(o-14,), analogously to Lemma
0.3.11] (ii), and then continuity of scalar multiplication on (E*,|-||ze)
shows that (a~1¢;);en converges to 0, so Na-14,) €N

z € aNg,) < o 'z € Ny, © Vi € N|gi(a'z)| < 1
e VieN|a '¢(z)| <14z € Niy-14)).

So the two sets are the same.

Therefore T; is a locally convex topology. We know that 7, agrees with T
on aB for all a € Ry, and that it is the finest such topology. Therefore it is
the finest topology agreeing with T, on aB for all & € Ry, so (E, Ty, B) is a
Smith space, by our definition. O

For reasons that should be clear, we call (E, Ty, B) the Smithification of
(E,T,D).
Lemma 3.2.10. Let (E, T, B) be a Smith space.

(i) If U C E is a set such that UNaB is T-open in aB for all a € Ry, then
U is T -open.

(ii) If C C E is a set such that S N aB is T-closed in aB for all a € Ry,
then C is T -closed.

Proof.

(i) We can take T, = {U C F | Vo € R50.3U, € T.UNaB = Ua N aB}
as in Proposition By part (ii) of that proposition, 7 is the finest
topology agreeing with 7 on aB for all a € R-q, so by our assumption
that (E, 7T, B) is Smith, 7, = T. Since U € Ty, we have that U € T.

(ii) We deduce this from part (i) as follows. We know that CNaB = C,NaB
for all @ € Rsq, where C,, is a T-closed set. Now
(E\C)NaB=aB\C=aB\ (aBNC)=aB\ (aBNC,)
= (E\ Cy)NaB.

Sine E \ C, is T-open for all a € R-q, we deduce from (i) that E\ C' is
T-open, and therefore C' is T-closed. O
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We now introduce a notation. If (E, 7T, B) a locally convex space with com-
pact barrel B, such as a Smith space, we define (E, 7T, B)”, or E? where no
confusion is possible, to be E* with the topology defined by ||-||go. We use the
letter 8 because it is associated to strong topologies, although we have not yet
shown that for a Smith space (E, T, B), E” is the dual space with the strong
dual topology. The choice of the letter 5 comes from the relationship between
the strong dual topology and uniform convergence on bounded sets. We have
already shown in Lemma that E° is always a normed space. We aim to
show that in the case that F is a Smith space, E? is in fact a Banach space. To
do this we first need a lemma.

Lemma 3.2.11. Let (E, T, B) be a locally convex space with a compact barrel.
The family
6B:{S§OAB|C¥€R>O}

is a saturated family (in the sense of [118, p. 81]) that covers E and consists
of sets that are bounded.

Proof. There are three conditions to check for Gp to be a saturated family
(ILI8, p.81)).

(i) &p contains all subsets of its elements: Trivially implied by the definition.

(ii) &p contains all scalar multiples of its elements: Let S C aB. We then
have that 85 C afB, so 8S € &p.

(iii) &p contains the closed absolutely convex hull of all finite unions of its
elements: Let (S;);c; be a finite family of elements of Sp, with (a;)ier
being defined such that S; C a;B. Let j be the index of max;cr ;. Then
foralli € I, S; C B, and so Uiel S; C aB. Then «;B is closed and
absolutely convex, so the closed absolutely convex hull of | J,_; S; is also a
subset of a;; B, hence an element of &p.

icl

We see that aB covers E because B is absorbent. Each S € &g is bounded
because compact sets are bounded (Lemma|0.1.14) and any subset of a bounded
set is bounded. O

For any saturated family of sets on a locally convex space E, we can define
a locally convex topology on E* by using the polars of sets from that family as
a base for 0-neighbourhoods ([I18|, 111.3.2 Corollary] with F' = R).

Lemma 3.2.12. Given a locally convex space with compact barrel (E, T, B),
the & p-topology on E* is the ||-||go topology.

Proof. Suppose N C FE is a &g 0-neighbourhood, i.e. there exists an S € Gp
such that S° C N. Then S C aB for some a € R, so by Lemma ii)
and (iii), a7 *B° = (aB)° € S° C N, so N is a ||-|| po 0-neighbourhood.

In the other direction, let N be a ||-|[go O-neighbourhood, i.e. there exists
some a € Rsg such that aB° C N. Then by Lemma [0.3.11] (i), (o« 'B)” C N,
so N is a G 0-neighbourhood. O

Proposition 3.2.13. Let (E, T, B) be a locally convex space with B a compact
barrel. Then (E, Ty, B)? is isomorphic to the completion of (E,T,B)%. In
particular, if (E, T, B) is a Smith space, E® is a Banach space.
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Proof. We use Grothendieck’s completeness theorem ([I18, Theorem IV.6.2]).
This states that E* is complete in the &p topology iff every ¢ : E'— R which
is continuous when restricted to any S € &p is continuous. We want to use
this to show that (E, T, B)? is complete whenever (E, T, B) is a Smith space,
identifying the norm topology with the &p topology by Lemma [3:2.12

Let (E, T, B) be a Smith space and let ¢ : E — R be a linear map such that
for all S € &p, ¢|s is continuous, where F has the subspace topology from 7.
Then a fortiori we have that ¢|,p is continuous, and so if V' C R is an open
set, there exists U, € R such that f~1(V)NnaB = U, NaB. By Lemma
F~YV) € T, so ¢ is continuous. We have therefore shown E? is complete for
any Smith space (E,T,B), and so if (F,S,C) is a locally convex space with
compact barrel B, then (F,Sy,, C')? is complete by Proposition

It remains to show that if (E, T, B) is a locally convex space with compact
barrel B, that (E,T,, B)? is isomorphic the completion of (E,T,B). By a
standard theorem ([I6] I1.3.7 Proposition 13]) this can be proven by showing
that (E, T, B)? is dense in (E, Ty, B)? and (E, T, B)? has the subspace topology
as a subset of (E, Ty, B)? (it is a subset because Ty, is finer than 7).

We show that (£, T, B)? has the subspace topology as follows. We use B5
to mean the polar of B in (E,T)*, and B, to mean the polar of B in (£, T;)*.
The unit ball of |-[|gs. is B The unit ball of the subspace topology of ||'HB°T,,
in (E,7)"is B, N(E,T)*. By Lemma these are equal, so the two norms
and the topologies they generate are equal on (E,T)* = (E, T, B)”.

To show that (E,7T)* is dense in (E, Tp)*, we use [II8, IV.6.2 Corollary 1].
This states that if (E, F, (-,-)) is a duality and & is a saturated family of weakly
bounded sets covering E, and F} is the space of linear maps ¢ : E — R whose
restrictions to each S € & are o(F, F')-continuous, given the G-topology, then
(G is complete and G, embedded in it via the pairing, is dense in it.

Now, Gp is a saturated family of bounded sets covering E (Lemma (3.2.11)
and every bounded set is weakly bounded because every weak 0-neighbourhood
is a 0-neighbourhood in 7. We also have a duality (F, (E,7)*), by Proposition
Let ¢ : E — R be alinear map. By Lemma[3.2.7] ¢ is o(E, (E, T)*)-continuous
when restricted to each S € & iff it is T-continuous when restricted to each
S € 6. So by the argument in the second paragraph, ¢ is T, continuous. If ¢ is
Ty continuous, it is also T-continuous when restricted to any S € & (Proposi-
tion [3.2.6[(ii)), so we have shown (E, 7;)* = (E, T)}, so by [118, IV.6.2 Corollary
1], (E,T)* is dense in (E,T;)*, and therefore (E, Ty, B)? is the completion of
(E,T,B)". O

We can now prove the following fact about bounded sets in Smith spaces.

Proposition 3.2.14. In any Smith space (E, T, B), if S C E is weakly bounded,
then there exists and o € Rsg such that S C aB, and therefore S is bounded.
Therefore {aB}aer., is a fundamental family for both weakly bounded sets and
bounded sets. We also have that for each compact set C' C E there is an a € Ry
such that C C aB.

Proof. Let S C E be a weakly bounded (i.e. o(E, E*)-bounded) set. We
first show that S!°l is a barrel, i.e. a set that is closed, absolutely convex and
absorbent.

By Lemma Slel is absolutely convex and o(E*, E)-closed. The topol-
ogy o(E*, E) is, by definition, the coarsest locally convex topology such that
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for all x € E, ev(z) : E* — R is continuous. We proved in Lemma that
ev(z) was continuous for the ||-|| go norm for all z € E, and therefore o (E*, F) is
coarser than the ||-|| go topology, so SI° is also closed in this topology. To show
that Sl°l is absorbent, let ¢ € E*. Since S is weakly bounded, there exists an
a € Ry such that S C aNy, where Ny is the open o(E, E*) 0-neighbourhood
as in equation . So we have

Vr € Sa € aNy & Vo € S.alz € Ny
sVrea 'Sz e Ny
eVrea 'S |é(z) <1
=Vrea 'S |p(x) <1

soe(als)
& ¢ e asl

We have now shown S/°! is a barrel.

Since E” is a Banach space, it is barrelled by [1I8, I1.7.1 Corollary], and
so Sl°l is a 0-neighbourhood. Therefore there exists an a € Rsq such that
aBl°l C Sl°l (recall that Bl°l = B° by Lemma lm and S° is the closed unit

ball by Lemma |3.2.2)). By Lemma 0.3.11

ol
— o1 plollol

glollol - (QB\OI)
We then have
S C Glellel ¢ g=1glellel — o~1p

by the absolute bipolar theorem (Corollary .

Since aB is compact, it is 7-bounded, by Lemma [0.1.14] Therefore every
weakly bounded set is T-bounded, the other implication holding by definition.
Therefore a set S C E is (weakly) bounded iff it is a subset of some aB for
a € Ryg. Since compact sets are bounded, we also have that every compact set
is contained in some aB. O

The preceding proof shows that, for ' a Smith space, &g is actually the
family of weakly bounded sets in E, so E? is in fact the strong dual, as de-
fined in [TI8] TV.5], justifying our choice of Greek letter. We also see that the
previous result and Lemma [3.2.10] imply that every Smith space is compactly
generated (see [87, VIL.8] and [75, page 230] for compactly generated spaces,
and [2, Proposition 4.7] for Akbarov’s proof of this).

We can prove continuity of maps from Smith spaces to topological vector
spaces more easily using the following proposition.

Proposition 3.2.15. Let (E, T, B) be a Smith space, (F,S) a topological vector
space, and f : E — F a linear map such that f|p is continuous. Then f is
continuous.

Proof. As f|p is continuous, we have that for all V' € S, there exists a U € T
such that f~1(V)N B = U N B. The first step in proving f is continuous is to
prove that f|,p is continuous for all @ € Ryg. So let V € S. Since (F,S) is
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a topological vector space, a~'V € S. Therefore there is a Uy € T such that
e 'V)NB=UyNB. So

a(fHa V)N B) = a(Uyn B)
s 7Y (V)naB =alUyNaB.

Since aly € T, we have shown f|,p is continuous.

If we fix an open set V € &, and denote by U, an open set such that
f~Y(V)naB = U, NaB, which we proved to exist in the previous paragraph
for each a € R+q, we can see that f~1(V) € T by Lemma O

Corollary 3.2.16. Let (E,T,B) be a Smith space, (F,S,C) a locally convex
space with compact barrel C, and f : E — F a linear map such that there is
an « € Ryg such that f(B) C aC and f|g is continuous for S. Then f is
continuous from (E,T) to (F,Sp).

Proof. We first show that f|p is continuous from (B, T|p) to (F,Sp). Let V €
Sp. This means, in particular, that there exists a set V,, € S such that V,NaC =
V NnaC. Then

"t Vanal) =YV Nal)
S Va) N fHal) = f7H (V)N fH (a0)
& T (Va)NB=f"(V)NB,

by the assumption that B C f~!(aC). By the assumed continuity of f|g for S,
f~Y(Va)NB = UNB for some U € T, so this shows that f~1(V)NB = UNB and
therefore f|p is continuous for S, as well. By Proposition f is continuous
from (E,T) to (F,Ss). O

If E is a normed space, by the Banach-Alaoglu theorem [28, V.4 Theorem
2]E| Ball(E*), of the dual norm, is compact in the weak-* (or o(E*, E)) topology.
Since Ball(E*) is absolutely convex and absorbent, (E,o(E*, E)p, B) is a Smith
space (Proposition . We denote this by E?. This is known as the bounded
weak-* topology [28, Definition V.5.3, Corollary V.5.5] [8, Chapter 1, Theorem
2.2], usually restricted to the case that E is Banach. We use the letter o as it
is associated to weak topologies (probably from schwach).

We now consider the embedding in the double dual, in particular

ev: E — EP°
ev(z)(¢) = é(z),

where (E, T, B) is a Smith space.

Proposition 3.2.17. If (E, T, B) is a Smith space, the map ev : E — EB? is a
linear homeomorphism preserving the unit ball. Therefore every Smith space is
isomorphic to the bounded weak-* dual of a Banach space, which can be taken
to be EP.

2Though the theorem is stated for Banach spaces in this reference, the proof does not use
completeness.
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Proof. We first show that z € E implies ev(z) € E??. The underlying space
of EF? is (E*,||-||Bo)*, so ev(x) € EF7 iff ev(x) : E* — R is continuous with
respect to ||-|| ge. This follows from Lemma
To show that ev is continuous, we first show it is continuous if EA7 is given
the o(E??, E®) topology. A subbasis for open neighbourhoods is given by the
family of sets
Ny = {® € B | |0(¢)| < 1}

where ¢ € EP (see (0.2))). Because preimages preserve intersections, we only
need to show that ev—1(NNy) is open for all ¢ € EP. So

ev I (Ny)={z € E|ev(z) € Ny} ={z € E | |ev(z)(9)| < €}
={zeE[|p@) <t ={r e E|¢x) € (~€¢ )} =9 ((—¢6)),
which is open because ¢ is continuous.
We denote the unit ball of E#? by C. This is the polar of the unit ball of
EP which is B° (Lemma , but the polars are with respect to different

pairings. We show that
B=ev 1(0). (3.4)
By definition
C={2eE"|Vpe B|o(g) <1},

SO

ev {(C)={z € E|ev(z) e C}={x € E|V¢ € B |ev(z)(p)| <1}
={z € E|V¢ € B°.|p(z)| < 1} = B,

and B°° = B by Corollary [0.3.10] as B is closed.

Now, let, U be an open subset of E57, i.e. U € o(E??, E?),, which is to say
that for all a > 0, there exists U, € o(E”?, Ef) such that U NaC = U, NaC.
Then

ev H({U)NnaB =ev Y (U)Naev (0) (13.4)
=ev 1(UNaO) linearity

We already showed that ev=1(U,) is T-open, so U is T-open by Lemma
and we have shown that ev is continuous.

To see that ev is injective, suppose z,y € E and ev(z) = ev(y). Then for
all ¢ € E*, we have ev(z)(¢) = ev(y)(¢), i.e. p(x) = ¢(y) and so ¢(z —y) = 0.
Since the pairing between F and E* is separating, © = y (Proposition .

To show that ev is surjective, we first show that ev(B) = C. We do this by
showing first that Ball(E®) = ev(B)°, where the polar is with respect to the
(E?, EA?) duality. We have

ev(B)° = {¢ € E? |V c ev(B).|®(¢)| < 1},
and ® € ev(B) iff there exists an « € B such that ev(z) = ®. Therefore

ev(B)° = {¢ € EP |Vz € B.lev(z)(¢)| <1} = {¢ € EP | Vz € B.|p(z)] < 1}.
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This is equal to Ball(E®) = B° (the polar being with respect to the (E, Ef)
duality this time).

Taking polars, we get that C' = Ball(E®)° = ev(B)°°. Since ev is continuous,
ev(B) is a compact, hence closed, subset of E57 and it is also absolutely convex
by the linearity of ev. So ev(B)°® = ev(B), and we conclude that C' = ev(B).
By linearity of ev we also obtain aC = ev(aB) for all & € Ryy.

Now, let ® € EB?. Since C is absorbent, being the unit ball of a norm, there
is an o € R such that ® € aC. Since ev(aB) = aC, there is an x € aB C E
such that ev(z) = ®, so we have shown that ev is surjective.

Since ev is a continuous bijection, to show that it is a homeomorphism we
only need to show that it is an open mapping. So let U € T. For all a € Ry,
ev|np is a continuous bijection of compact Hausdorff spaces from aB to aC,
and therefore an open mapping, so ev(U N aB) is relatively open in aC, so is
equal to V, N aC for some V,, that is open in E??. Therefore for all a € R+q

ev(U)NaC =ev(U)Nev(aB)

=ev(U NaB) ev bijective
=VoanaC,
so by Lemma|3.2.10, ev(U) is open in EA7. O

The preceding proposition shows that our redefinition of Smith space agrees
with Akbarov’s [2 Theorem 4.11]. Results of the above nature go back to
Dixmier’s fundamental work [25, Théoreme 19], where instead of a dealing with
a topology on E one chose a subspace of the dual, and Ng’s improvement of this
result [97, Theorem 1].

Propositions [3.2.13] [3.2.14] and [3.2.17] can also be derived from Cooper’s
results about Saks spaces [21I, Chapter I, 1.13, 4.1 and 4.2]. This is via a
different approach, taking the finest linear topology agreeing with the original
topology on a given family of compact sets, and deducing that this is also the
finest general topology from the Banach-Dieudonné theorem.

Corollary 3.2.18. For each Smith space (E,T,B), the underlying normed
space (E,||-||B) is complete. Therefore there are forgetful functors Uy : Smith; —
Ban; and Uy : Smith — Ban.

Proof. By Proposition ev is an isomorphism between F and E®?, and
the unit ball B of E is mapped to the unit ball C' of EA?. Therefore ev :
(B, |-lI8) = (EP?,|-|lc) is an isometry of normed spaces. Since (EA7,|-||c)
is the dual of a Banach space, it is a Banach space [28, Corollary 11.3.9], and
therefore F is.

To show that U; exists, observe that a map f : (E,7,B) — (F,S,C) in
Smith; maps B into C' and so is bounded of norm < 1 by Lemma [0.1.§

For Uy, we need a different argument. Let f : (E,T,B) — (F,S,C) be a
continuous map of Smith spaces. The set f(B) C F is compact, and therefore
there exists o € Rsq such that f(B) C aC (Proposition . Therefore f is
bounded with norm < « (Lemma [0.1.8). O

Corollary 3.2.19. If f : (E,T,B) — (F,S,C) is a continuous linear bijection
of Smith spaces, it is an isomorphism, i.e. the inverse is continuous.
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Proof. By Corollary f is a bounded surjective map of Banach spaces.
Therefore it is an open mapping (i.e. the image of an open set is open) by
the open mapping theorem [20], §I11.12.1] [118, I11.2.1 Corollary 1] [28, Theorem
I1.2.1]. The open unit ball of E contains zero, so 0 is in the ||-||¢-interior of
f(B). Therefore there exists a 8 € Rs¢ such that 3C C f(B).

To show that f~! is continuous, it suffices to show that f~!|¢ is continu-
ous. First, observe that as C C f(B), C C ' f(B) = f(87'B). Now, the
restricted map flg-1p : BB — f(B71B) is a continuous bijection of compact
Hausdorff spaces, and therefore a homeomorphism. So for any open set U C F,
there exists an open set V' C F such that f|g-1g(UNB'B) =V N f(3~'B).
As f is a bijection, f(UNB71B) = f(U)N f(B~'B), so we have

FO)YNF(BTIB) =V N f(B7'B),

and therefore f(U)NC =V NC,so f(U)NC = (f~tc)~1(U) is relatively open
in C. This shows that f~!|¢ is continuous, so f~! is continuous by Proposition

O

3.2.1 [ and o as functors

We now show how to define the strong dual functor -# : Smith — Ban®® and
the weak dual functor - : Norm®® — Smith, extending their definition on
objects.
Let f: (E,T,B) — (F,S,C) be a continuous linear map of Smith spaces.
Define
FP)y=vof,
where 1) € FP.

Proposition 3.2.20. The above definition of f defines a functor -° : Smith —
Ban®® and Smith; — Ban{".

Proof. If 1 € FP, then as it is the composite of two continuous linear maps,
1 o f is continuous and linear, so is an element of E.
If ap + B is a linear combination in F#, then for all z € E

P ad + B)(x) = (ad + Bib)(z) = ad(x) + Bib(x) = af’(¢)(x) + Bf7 () (x)
= (af?(¢) + B (¥))(2),

so fP is a linear map.

Since f is continuous, f(B) C F is compact, so there exists an a € R+ such
that f(B) C aC by Proposition (in the case that f € Smith, (E, F) we
already know f(B) C C so do not need to prove this).

We show that f%(C°) C aB°. If ¢ € C° we have that for all z € C,
(x) < 1. Since f(B) C aC, we have f(a~!B) C C, by linearity. Taking these
two facts together, we have that

Vrca 'By(f(z) <1=>Vzeca 'B.ff[W)(x) <1
& fP(y) e a ' B° = aB°,

by Lemma [0.3.11] (ii). We then use Lemma to deduce that | f?| < a,

so f# is bounded, and therefore a morphism in Ban from F? — Ef. If f ¢
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Smith; (E, F'), then previous argument shows f(C°) C B° so ||f?|| < 1 and
f? € Ban, (F# EP).

Let idg be an identity map of Smith spaces. Then if ¢ € E?, we have
id% () = poidp = ¢, s0 id?, =idgs. If f: E— F and g : F — G are maps of
Smith spaces and ¢ € G#

(go )W) =vogof=fipog) =(f og”)(¥),
which finishes the proof that -? is a contravariant functor. O

Now let f : E — F be a bounded (or, equivalently, continuous) map of
normed spaces. Define

foW)=1vof,
where ¢ € F“.

Proposition 3.2.21. The definition of f° given above defines a functor -° :
Norm® — Smith and Norm{® — Smith,.

Proof. Since linearity and continuity of functions are preserved under composi-
tion, we have that ¢ o f is always an element of E? for any f € Norm(FE, F)
and ¢ € F?. The proof that f? is linear is identical to the proof of the linearity
of f# in Proposition S0 is omitted.

To show f? is continuous from the topology o(F?,F), to o(E°, E);,, we
first show that it is continuous from o(F'?, F') to o(E?, E). We use the neigh-
bourhood definition of continuity. Let N,, where x € E, be a subbasic neigh-
bourhood in F for the o(E?, E). We can show that Ny C (f7)"H(N,) as
follows:

¥ € Nj) & [0(f(2)) <1 (o f)@) <1 & f7(Y) € Ne
S v e (f7)7HNa)

Since preimages preserve intersections, we have that the preimage of every
basic 0-neighbourhood in the o(E?, E)-topology is a 0-neighbourhood in the
o(F7, F)-topology, establishing continuity with respect to these topologies.

To show continuity for the corresponding bounded weak-* topologies, we
can first see that, as o(F?, F) is coarser than o(F7, F)y, f is continuous from
(F,o(F°,F)) to (E,0(E?,E)). We therefore know that f7|ce is continuous
with the same topologies. Now, since f is bounded, we can apply the same
argument used in Propositionto deduce f#(C°) C aB® from f(B) C aC
to f7 instead and deduce that f7(C°) C aB°, with @ < 1 n the case that f €
Norm, (E, F). We then apply Corollary to deduce that f7 is continuous
from (F,o(F?,F)) to (E,0(E?,E)). If f € Norm;(E, F) this also shows
f° € Smith;(F°,E7).

The proof of preservation of identity maps and composition of maps is similar
to that in B22.20 and so is omitted. O

We now define ng : £ — EPf? in Smith and €5 : E — E°? in Norm as

ne(r)(¢) = ¢(x) for z € F and ¢ € B
ex(z)(6) = o(x) for zx € E and ¢ € EY
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Theorem 3.2.22. The families of maps ng and eg define the unit and counit of
an adjunction 8 - o, for Norm® and Smith and also Normi® and Smith;.
The map ng is an isomorphism, while e is an isomorphism iff E is complete.

Proof. First, observe that the definition of ng coincides with that of ev in Propo-
sition [3:2.17|and that ev is proven there to be defined with the correct codomain
and to be an isomorphism in Smith. In the course of the proof it is shown that
for (E, T, B) a Smith space, ev(B) is the unit ball of £A7 there called C, so it
is also an isomorphism in Smith;.

We therefore move on to proving that ng is natural. Let f € Smith(E, F).
We want to show that

f

E———F

o

commutes, which is to say, that if z € E and ¢ € F?, then

ne(f(@) (W) = 77 (np(2) ()

For the left hand side, we have np(f(x))(®) = ¥ (f(z)). For the right hand side,
we have

197 (e (2)) () = np(@) (7 () = P () () = ¥ (f (@)

Therefore the diagram commutes, and we have shown 7 is natural.

We now move on to showing that eg is defined correctly and is natural.
The map eg has the same definition as (x,-) for the pairing between the space
E and its continuous dual E* (Proposition . Therefore eg(x) is linear
and continuous for the o(E?, E)-topology on E°. Since o(E?, E) is finer than
o(E°,E), eg(x) is also continuous in that topology, and therefore is an element
of E78. We also have that ey is linear by using Proposition again.

We show that eg is bounded as follows. Let B be the unit ball of F, C' = B°
the unit ball of E, and D = C° the unit ball of E°?. We want to show that
ex(B) C D. So let z € B. By Corollary [0.3.10] B = B°® = C°. Then

Vo e Clop(z)| <1V e Clep(z)(p)| <1< eg(x) € C°=D.

So ep is bounded with norm < 1, therefore a map in Norm;. If ey is bijective,
the above argument also shows its inverse has norm < 1, so it would be an
isomorphism in Norm;.

We show that eg is bijective, and therefore an isomorphism in Norm, iff £
is a Banach space. In Propositionwe have seen that 7P is the completion
of (E,0(E°,E),B°)?, under the inclusion mapping. By Proposition m
ep maps E bijectively onto (E?,0(E?, E))*, and we showed in the previous
paragraph that this mapping preserves the norm. Therefore e shows that E78
is a completion of E. This is an isomorphism iff F is already complete, i.e. a
Banach space.

The proof that e is natural is similar to the proof that n is natural, so is
omitted.
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We now show that the following diagrams commute, which are the unit-
counit diagrams for showing that 8 + ¢ (Theorem [0.4.1] (v)).

EB B pBop Fo 1 poBo
5 -
Ef E°

Note that F is a Smith space in the left triangle, while the triangle itself is in
Norm, and so is reversed from its usual appearance. In the triangle on the
right, F is a normed space and the triangle is in Smith.

To show the left triangle commutes, let ¢ € E# and z € E. Then

Mg (eps (9))(@) = es () (ne(2)) = ne(@)(9) = ¢(x).

As this holds for all z € X and ¢ € EP, we get ng oeps(¢p) =idgs as required.
The proof that the right triangle commutes is similar, with o replacing 3
and the roles of 77 and € reversed, so is omitted.
During the proof that 1 and € are well defined, we already showed that 7 is
always an isomorphism and eg an isomorphism whenever F is Banach. O

The following corollary is immediate.
Corollary 3.2.23. The functors -° and -° define equivalences

Ban®® ~ Smith

Ban(? ~ Smith;.
We also have

Corollary 3.2.24. If (E,T,B) and (F,S,C) are Smith spaces, then a linear
map f: E — F is continuous from T to S iff it is continuous from o(E, E®) to
o(F,F%). A special case is that if E,, F, are Banach spaces, then a linear map
E? — F? is continuous on the Smith space topologies iff it is weak-* continuous.

Proof. Suppose f : E — F is continuous from o (E, E?) — o(F, F#). By Lemma
B is o(E, EP)-compact, so f(B) is o(F, F?)-compact, and therefore S-
compact because S is a finer topology. By Proposition f(B) C aC for
some « € R+, and so by Corollary [3.2.16] f is continuous from 7 to S.

If, on the other hand, we start with f : E — F being continuous from 7 to
S, we have that f# : F# — EP. If we consider the usual pairings between the
spaces E, F and their duals E?, F? we have, for all ¢ € F? and z € E

(f7(@),2) = (o f.a) = ¢(f(2)) = (&, f(2)),

so by Proposition f is continuous from o(E, E®) to o(F, F?).
The statement for F, and F, follows from the fact that the counit map
ep,  E. — E?? is an isometry of Banach spaces (Theorem [3.2.22)). O

We prove one more fact that we will need later.

Proposition 3.2.25. Let f: E — F be a bounded map of Banach spaces.
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(i) If f(E) is dense in F, then f° is injective.
(i) If f is injective, f(F?) is dense in E°.
Proof.

(i) Let ¢,% € F7 such that f9(¢) = f9(1»). This means ¢ and ¢ agree on all
elements of f(FE), a dense subset of F. As they are continuous, ¢ = .

(ii) Theset f7(F7) is a subspace of E?, so is a convex set. Therefore its closure
in the Smith topology of E? equals its closure in E?’s weak topology
o(E?,E°%) = ¢(E°, E) (Proposition [0.3.4)), which equals its bipolar by

Corollary [0-3:10} So
cd (f7(F7)) = f7(F7)™

= f_l(FUO)O Lemma
= f1({o})°

={0}° f injective
= F7.

O

3.3 Compact Convex Sets and Smith Base-Norm
Spaces

We first define Smith base-norm spaces. A Smith base-norm space is a quadruple
(E,T,E4,7), where (E,T) is a locally convex topology, F, is a closed positive
cone in this topology, and 7 is a T-continuous map E — R such that (E, B, 7) is
a base-norm space, and (F,T,absco(Bg)) is a Smith space. A trace-preserving
morphism f : (E,T,E;,7) — (F,S,Fy,0) of Smith base-norm spaces is a
continuous linear map that is a trace-preserving morphism of the underlying
base-norm spaces. Trace-reducing maps are defined in a similar manner and
Smith spaces with each kind of map form the categories SBNS and SBNS<;,
respectively.

In the following, we will often need to consider, given a topological vector
space F, the map ¢: R x £ x E — F defined by

clayz,y) = ax + (1 — a)y. (3.5)
This mapping can be written as
c=++o0 ((— . —) X (— —)) o (ldR X oR,E X ldE) o (<id]R, 1-— —> X idExE),

which is therefore a continuous map by the definition of a topological vector
space.

Lemma 3.3.1. Let (E,T) be a topological vector space, and X C E a compact
conver subset. Let B = absco(X) and f: (E,T) — (F,S) be a linear map such
that f|x is continuous. Then f|p is continuous.



3.3. COMPACT CONVEX SETS AND SMITH BASE-NORM SPACES 141

Proof. We first define g : R x E x E such that

Rx ExFE

1

E——F

commutes.

Define g(o, z,y) = af(x) + (1 — a) f(y). We see that f(c(a,z,y)) = f(ax +
(1-a)y) =af(x)+ (1 —a)f(y) = g(o,x,y) by linearity of f. We use Corol-
lary to prove that gl 1jxxxx is continuous. Let (ay,z;,yi)icr be a net
converging in the product topology to («,z,y), everything being contained in
[0,1] x X x X. Then

ll.lenllg(aivxivyi)
= 11161111 aif(zi) + (1 —aq) f(ys)

= 121611]1 a; f(z;) + liienll(l — ;) f(y:) + continuous
= (liien}ai) . (12161? f(a:l)> + (121611;1(1 - ozz-)) . (lzleﬂll f(yz)) - continuous
=af(xz)+ (hen}(l - ai)> f(y) f|x continuous
=af(z)+(1-a)f(y) +, — continuous
= g(a7 x? y)?

which establishes the continuity.

To show that f|p is continuous, we first show that for each closed set C C F,
f~YHC) N B is closed. We know that ¢g=1(C) N[0,1] x X x X is closed, by the
continuity of gljo.1jxxxx- As g = f oc, this implies that the set cHfYHO)N
[0,1] x X x X is closed, and as it is a closed subset of a compact space, it is
compact. Therefore c(c™(f~1(C))N[0,1] x X x X) is compact, and therefore
closed. If we show f~H(C)NB = c(c 1(f~HC))N[0,1] x X x X), we will have
shown it is closed. We do this by showing an inclusion in each direction.

If 2’ € f~1(C)NB, then as B = co(— X UX), we have that there are z,y € X
and « € [0,1] such that ax + (1 — @)y = @', i.e. cla,z,y) = z'. Therefore
(a,z,y) € cHfHO))N[0,1] x X x X, s0 2" € c(c™H(f~1(C))N[0,1] x X x X).

For the other direction, if 2’ € c(c=1(f~1(C)) N [0,1] x X x X), there exist
(a,z,y) € cHf~HC))N[0,1] x X x X such that 2’ = c(a, z,y), so c(a, z,y) €
F7YC) and c(a,z,y) =ax+ (1 —a)y € co(—X UX) =B, soz’ € f~1{(C)NB.

Now, let V' C F be an open set, so F'\ V is closed. Then f~}(F\ V)N B is
closed in E, and so E'\ (f~1(F \ V)N B) is open in E. Now

(E\(fTHF\V)NB)NB =B\ (fT'(F\V)NB)
=B\ ((E\f7(V))nB)
—B\(B\f '(V)
—(v)n

so f~1(V) N B is relatively open in B, as required. O
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The following proposition is a version of [33], Theorem 4] adapted to compact
convex sets and Smith spaces instead of locally compact cones.

Proposition 3.3.2. If (E,E,T) is a pre-base-norm space, T a locally convex
topology on E in which By is compact, then (E, Ty, E4,T) is a Smith base-norm
space, where Ty is taken with respect to the compact barrel absco(Bg).

Proof. If Bg is empty, then by Lemma [2.2.1) F = 0 and the result holds tauto-
logically as there is only one topology on E, which is Smith. Therefore we now
assume that Bg # 0.

By Proposition (i), absco(Bg) is compact in T, and therefore radi-
ally compact, so (E,Ey,T) is a base-norm space. The set absco(Bg) is also
absolutely convex, and is absorbent by Lemma [2.:233] so is a compact bar-
rel. We can therefore define 7, with respect to it, and obtain a Smith space
(E, Ty, absco(Bg)) (Proposition [3.2.9).

We can show that E. is closed as follows. Let a € Ryg. Then E. N
aabsco(Bg) = aco({0} U Bg) (Corollary 2.2.9). Now aco({0} U Bg) is the
image of [0, a] x Bg under the continuous map ---: R x F — E, so is compact,
and therefore closed. So E;Naabsco(Bg) is relatively closed in absco(Bg) for all
a € Ry, which by Lemma [3.2.10]implies it is closed. The map 7 is the constant
1 function when restricted to Bg, so 7z, is continuous. By bSCO( Bg)
is continuous. Therefore 7 is continuous (in 7,) by Proposition and so
(E,Tp, E4+,7) is a Smith base-norm space. O

Recall the category CCL, which has pairs (E, X) as objects, where E is
a locally convex space and X C E a compact convex set, and where maps
(E,X) — (F,Y) are simply affine continuous maps X — Y. We have a functor
B : SBNS — CCL defined on objects as B(E) = (E,Bg) and on maps as
restriction, similar to the definition in and after Proposition [2:2.13] for pre-base-
norm spaces and BConv.

Proposition 3.3.3. The functor B : SBNS — CCL is an equivalence of
categories.

Proof. We show that B it is faithful, full and essentially surjective. The proof
that B is faithful is the same as the proof that B? : PreBNS — EM(D) is
faithful in Proposition [2.4.8

To show it is full, let (E,T,E.,7) and (F,S, F4,0) be Smith base-norm
spaces, and let ¢ : By — Bp be a continuous affine map. it is therefore
an affine map and so, by Proposition [2.4.8] it extends to a trace-preserving
(linear) map f : (E,E4,7) — (F,Fy,0). Since f|p, = g, we know that f|p,
is continuous from Br — (F,S), so by Lemma fabsco(Bg) 18 continuous,
and since (E,T,absco(Bg)) is a Smith space we apply Proposition to
conclude that f is continuous, and therefore a map in SBINS.

To show that it is essentially surjective, let (E, X) be an object of CCL,
T being the topology on E, which as all compact sets are bounded (Lemma
is also an element of BConv. By Proposition there exists a
pre-base-norm space (F, Fy,7) with locally convex topology S and a BConv
isomorphism ¢ : (E,X) — (F, Bp) that is relatively continuous from 7|x to
S|Br. By Proposition (F,Sp, F,7) is a Smith space, whose topology
agrees with S on absco(Bp) and therefore on By itself. This means the identity
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mapping (F, S, Br) — (F, Sy, Br) is an isomorphism in CCL, so composing it
with ¢ : (E, X) — (F, Br) proves that B is essentially surjective. O

By Theorem [0.4.3] we can find a functor Emb : CCL — SBNS (for embed-
ding) such that B and Emb are part of an adjoint equivalence.

3.3.1 Continuous Affine Functions and the Strong Dual

The following is a standard construction (see e.g. [4, §I.1]). If (E, X) € CCL,
we define
CAff(X) ={a: X — R | a affine and continuous}.

We take CAff(X); to be elements of CAff(X) with range inside R>¢, and its
unit to be the constant function with value 1.
Given f: (E,X) — (F,Y) in CCL, we can define

CAff(f)(b) =bo f.
Proposition 3.3.4. CAfl is a functor from CCL to BOUS®P.

Proof. We first show that CAff(X) is a Banach order-unit space for any (E, X) €
CCL. We have that CAff(X) C C(X), where C(X) is taken as the real-valued
continuous functions. That linear combinations of affine functions are affine was
already proven in the first part of Proposition [2.4.15] and linear combinations
of continuous functions are continuous because addition and multiplication of
real numbers are continuous, so CAff(X) is a linear subspace of C(X). This
proves that CAff(X) is a vector space under the pointwise operations.

We have that CAff(X) is a cone because C(X,R>q) is a cone, the unit
element is affine by an argument in Proposition [2.4.15] and continuous because
it is constant. The unit element is a strong archimedean unit because it is a
strong archimedean unit in C'(X), so CAff(X) is an order-unit space.

To see that CAff(X) is a Banach space, we show that it is closed in C(X),
which is a Banach space. So if (a;)ien is a sequence of elements of CAff(X)
converging in norm, then we know from the proof in Proposition [2:4.15| that the
limit of that sequence is affine. Since C'(X) is a Banach space, the limit is also
continuous, so the limit of (a;) is an element of CAff(X).

We now show that CAff(f) : CAff(Y) — CAff(X) is well-defined and a
positive unital map for all f : (F,X) — (FY). If we take b € CAff(Y),
CAfi(f) = bo f is an affine map as it is the composite of two affine maps
and is continuous because it is the composite of two continuous maps, so is an
element of CAff(A). The linearity of CAff(f) follows from the pointwiseness
of the operations, and the positivity and unitality have the same proof as for
Proposition [2.4.16

Then CAff preserves identity maps because a o idx = a and preserves com-
position because ao (go f) = (aog)o f. O

Given a Smith base-norm space (E,T,E,7), as (E,T,absco(Bg)) is a
3.2.13)

Smith space, the continuous dual is a Banach space E® (Proposition
We can define Eﬁ to be the dual cone of F, (a cone rather than a wedge by
Lemma and the unit « = 7, which is an element of E# by the definition
of Smith base-norm space. Given ¢ € E?, we can define pg(¢) € CAff(Bg) to

be ¢|BE
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Proposition 3.3.5. The map pg : E® — CAff(Bg) is a linear isomorphism
preserving the positive cone and unit both ways. Therefore EP is a Banach
order-unit space for any Smith base-norm space E, with the closed unit ball of
EP being [—,7].

Proof. 1f a € EP, then pg(a) € CAff(Bg), because if a is affine and continuous
on FE, it is affine and continuous on the subset Bg. The proof in Proposition
shows that p|g is linear and injective, without modification. We also
know by the proof in Propositionthat every a € BAff(Bg), and therefore
every a € CAff(Bg) (continuous implies bounded as Bg is compact), extends
to a bounded linear map o’ : E — R. Since a’ extends a, d’|p, is continuous
in the Smith topologyof E. By Lemma[3.3.1] a/|absco(py) 18 continuous, and we
can then apply Proposition [3.2.15|to deduce that a’ is continuous, and therefore
an element of CAff(Bg). Therefore pg is a linear isomorphism.

The proof that it is a positive unital map is the same as in Proposition[2.4.17]
as is the proof that the usual dual unit ball is the same as [—7, 7]. This shows
it is an order-unit space, and by Proposition [3.2.13] it is a Banach order-unit
space. L]

Theorem 3.3.6. Restricted to continuous trace-preserving maps, -° is a functor
SBNS — BOUSP. We call this functor FP. Then p is a natural isomorphism
F8 = CAffo B.

Proof. Let f : (D,T,Ds+,7) — (F,S, E;+,0) be a continuous trace-preserving
map. The following diagram commutes

EP 25 CAfH(B(E))
fﬁl lCAff(B(f))

by essentially the same argument given for the diagram commuting in Theo-
rem [2.4.18] In fact, the proof that F is therefore a functor and p a natural
transformation is also essentially the same, and therefore is omitted. O

We can define G° : BOUS? — SBNS to be G with the bounded weak-*
topology. That is to say, if (A, Ay, u) is a Banach order-unit space, then we
know that G(A, Ay, u), which is (A*, A%, ev(u)), is a base-norm space. Ad-
ditionally, the unit ball is compact in o(A*, A) by Banach-Alaoglu, and since
B = A7 nev(u)~!(1) is a o(A*, A)-closed subset of the unit ball, B is compact.
Therefore G7(A, Ay, u) = (A*,0(A*, A)y, A% ,ev(u)) is a Smith base-norm space
by Proposition[3.3.2] On maps G7 is defined in the same manner as G, which is
to say that if f : (A, Ay, u) — (B, B4, v) is a positive unital map and ¢ € G?(B)

GT(NW) =vof

Theorem 3.3.7. G is a functor from BOUS® — SBNS. The restriction
of the adjoint equivalence defined by o and 8 defines an adjoint equivalence
BOUS? ~ SBNS.
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Proof. Let f : (A,Ay,u) — (B,B4,v) be a positive unital map. Since the
definition of G¢ agrees with G, except in topology, we have that G7(f) is a
trace-preserving map of base-norm spaces. By Proposition f is a map
in Bany, and as the definition of G agrees with -7, we have that G°(f) is
a continuous map of Smith spaces by Proposition [3:2.21] The proof that G
preserves identity maps and composition then follows from the proof that G and

-7 are functors.

Following Theorem |3.2.22] and Proposition we define

ne : E— G°(FP(E)) e A— FP(G7(A))
ne(z)(a) = a(x) ca(a)(¢) = ¢(a).

The underlying space of G°(F?(E)) is E#? and the underlying space of
FA(G7(A)) is A°P. By Theorem these maps are linear homeomorphisms
of the underyling topological vector spaces.

We will show that ng is an isomorphism of Smith base-norm spaces and €4
an isomorphism of Banach order-unit spaces.

The proof that ng is positive is similar to the proof in Proposition in
short, if v € E4 and a € Ef_, we have ng(z)(a) = a(z) > 0, so ng(x) € Ef_”.
If, on the other hand, we start with & € Eﬁ”, we know from the bijectivity
of ng that there exists an © € E such that ng(xz) = ®. The positivity of &
implies that for all a € Ef, ne(z)(a) > 0. Expanding the definition, we have
that a(z) > 0 for all a € Eﬁ As E, is a closed cone and Ef = E*, we can

use Lemma to deduce that € E. We have shown that ng(F;) = Ef_g,
and therefore the inverse of ng is also positive.

The proof that ng is trace-preserving is similar to that in Proposition [2.5.3
but as it is short we can show it here. The trace of G°(F?(E)) is ev(r). If
x € F we have

(ev(7) o ne)(x) = ne(x)(T) = 7(z),
so ev(t) ong = 7. It follows that 7 o ' = ev(7), so the inverse is also trace-
preserving.

The proof that €4 and its inverse are positive is similar to the proof for ng,
except using the fact that A, is norm-closed by Lemma The proof of
unitality is as follows. Let ¢ € A“:

€a(u)(9) = ¢(u) = ev(u)(0),

so ea(u) = ev(u), the unit of F#(G?(A)). If a map is unital, then its inverse
must also be, so 621 is also unital.

In each case we know by Theorem that the naturality diagrams com-
mute with maps that are only linear and continuous, so they commute a fortiori
for maps of Smith base-norm spaces and maps of Banach order-unit spaces. The
commutativity of the diagrams to show that this is an adjoint equivalence also
follows in this way. O

We define § : BOUS? — CCL to be B o G°. This is an equivalence of
categories. In fact:

Theorem 3.3.8. The functor CAff is a left adjoint to S. Therefore this ad-
Junction is an adjoint equivalence.
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Proof. We use Theorem (v) to define the adjunction by defining a unit
and a counit. The counit should be € : CAff o S = Idgous in BOUS®P, i.e.
€ : Idpous = CAffoS in BOUS. If we temporarily use € to refer to the counit
in Theorem and use the natural transformation p from Theorem [3:3.6] we
can define

€= pG° o€ :1dpous = CAffo S.

By defining it in this way, it is already proven that ¢ is well defined and natural.
We can also expand the definition for A € BOUS, a € A and ¢ € S(A):

ca(a)(9) = pae(a)(€4(a))(9) = €4(a)(¢) = é(a),

because p is just restriction to the base of a Smith base-norm space.
We define the unit as follows, for (£, X) € CCL, z € X, and a € CAff(X):

We prove that this is defined correctly as follows.

o nx(z) is a state on CAff(X):

We see that nx(z) preserves addition and scalar multiplication by the
pointwiseness of the definition of those operations on CAff(X). Similarly,
since the positive cone of CAff(X) is defined to be exactly those continuous
affine functions taking nonnegative values at every point of X, we have
that nx (x) is positive. For unitality, we have nx (z)(1) = 1(z) = 1.

e 7x is an affine map X — S(CAff(X)):
Let z,y € X and « € [0,1]. Then

nx(ox + (1 —a)y) = aloax + (1 - a)y)
= aa(z) + (1 — a)a(y) a affine
= anx (z)(a) + (1 — a)nx (y)(a)
= (anx (z) — (1 — a)nx (y))(a)

e 7)x is continuous from X to the weak-* topology on S(CAff(X)):

We use preservation of convergence of nets as the definition of continuity.
Let (x;);er be a net converging to  in X. For each a € CAff(X) we have

nx (i) (a) = a(zi) = a(z) = nx (z)(a)

because a is continuous. As this is true for all a € CAff(X), we have that
nx (z;) = nx(x) in the weak-* topology, and therefore nx is continuous.

We can show that 7 is natural as follows. The commutativity of the naturality
diagram for a map f: X — Y is equivalent to ny o f = S(CAff(f)) onx. If we
let © € X and b € CAff(Y'), we have

(S(CATE(f)) o nx)(x)(b) = S(CAH(f))(nx (2))(b) = nx (x) (CAL(f) (D))
= CAME(f)(b)(z) = b(f (2)) = ny (f(x))(b)
= (ny o f)(x)(b)
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The unit and counit diagrams are

CAffnx NS(A)

CAffEX = CAESCAfEX S(A) =YL SCAfESA
m TECAH‘X im \LSEA
CAfF(X) SA.

To show that the left hand diagram commutes, let ¢ € CAff(X) and z € X
in the following:

CAfE(nx)(ecan(x)(a) (@) = ecan(x) (@) (nx () = nx(z)(a) = a(),

so (CAff(nx) o ecam(x))(a) = a for all a € CAff(X), and therefore the diagram
commutes.
For the right hand diagram, let ¢ € SA and a € A in the following:

S(ea)(ns(a)(9))(a) = ns(a)(9)(€ala)) = eala)(d) = ¢(a).

We therefore have that CAff 4 S. By composing the adjoint equivalences
arising from Proposition and Theorem we have I’ o Emb 4 Bo G°.
Therefore (CAff, S, 7, €) forms an adjoint equivalence, and F” o Emb = CAff by
Lemma [

We call the above adjoint equivalence Kadison duality, because it was Kadi-
son who first proved that e4 was an isomorphism [70, Lemma 2.5|[T2] Lemma
4.3, Remark 4.4]. A more modern proof that €4 is an isomorphism can also be
found in [4, Theorem II.1.8]. The name Kadison duality was first used publicly
in [61].

We now have three sides of the square . We define a new functor
S : BEMod® — CCL, using the same name as S : BOUS® — CCL, to
be B(G?(A)) for all Banach effect modules of the form [0,1]4. As [0, 1]- is an
equivalence, this can be extended to all of BEMod®?, and all such extensions
are naturally isomorphic. This also ensures that S o [0,1]. = B o G°.

We define CAff(X, [0, 1]) for X an object of CCL to be

CAf(X,[0,1]) = {a € CAF(X) | Vz € X.0 < a(z) < 1}.

Since the order on CAff(X) is pointwise and 0 and u are given by constant
functions, it is clear that CAff(X,[0,1]) = [0, 1]cag(x)-
On maps f: (F,X) — (F,Y) in CCL we define

CAff(f,[0,1])(b) =bo f.

This definition agrees with CAfI(f), so CAff(-,[0,1]) = [0,1]- o CAff, and is
therefore a functor. The second part of the following theorem is the author’s
version of [65, Theorem 6].

Theorem 3.3.9. In (3.1) we have CAff(-,[0,1]) o B = [0,1]- o F# and that
CAff(-,[0,1]) and S define an equivalence between CCL and BEMod®".
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Proof. We have a natural isomorphism p : F# = CAff o B from Theorem m
Therefore [0,1], : [0,1]- 0 F# = [0,1]- o CAff o B = CAff(, [0, 1]) o B, which is
the isomorphism we need.

To prove that CAff(-,[0,1]) and S define an equivalence, we show that
CAff(-,[0,1]) o S = Idpemod and S o CAf(-,[0,1]) = Idccr. We reason as
follows

CAff(-,[0,1]) o B 22 [0,1]- 0 F”
CAff(-,[0,1]) o BoEmb 2 [0,1]- o F¥ o Emb &
CAff(-,[0,1]) 2 [0,1]- o F¥ o Emb,

¥

as Emb is an inverse for B. Similarly, we have

So0[0,1-=BoG’ &
S§0[0,1]-0T =BoG%oT <
S=BoG70T,
as T is an inverse for [0, 1]-.
We then have
S o CAff(-,[0,1])) 2 Bo G o T 0[0,1]- o F¥ o Emb
>~ BoG? o F# o Emb Theorem [[2.9]
~ BoEmb Theorem [3.3.7]
=~ IdeccerL Proposition @
On the other side, we have
CAff(-,[0,1)) 0 S = [0,1]-0 FP o Embo Bo G o T
=~ [0,1]-0FP 0G0 T Proposition [3:3-3
>~1[0,1]-0T Theorem B.3.7]
=~ IdgEMod Theorem [[.2.9]

O

3.4 Compact Effect Modules and Smith Order-
Unit Spaces

In this section, we reverse which kind of space has a Smith topology with respect
to the previous section. Except for the subsection [3.4.1]and Ellis’s theorem that
an order-unit space whose unit interval is compact in a locally convex topology
is the dual space of a base-norm space [34, Theorem 6], the results are original,
as the notion of compact effect module does not seem to have been considered
previously.

We begin with the definition of a Smith order-unit space. A Smith order-
unit space is a quadruple (E, T, E+,u) where (E, T) is a locally convex topology,
E, a closed positive cone, (E, E4,u) an order-unit space, such that [—u,u] is
compact and T is a Smith space topology with respect to the compact barrel
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[, u]. Unital and subunital maps of Smith order-unit spaces are simply unital
and subunital maps of the underlying order-unit spaces that are continuous, and
these maps define the categories SOUS and SOUS<;.

Proposition 3.4.1. If (A, Ay, u) is a partially ordered vector space with strong
order unit, T a locally convex topology on A in which [0,u] is compact, then
(A, Ty, Ay, 7) is a Smith order-unit space, where Ty, is taken with respect to the
compact barrel [—u,u].

Proof. We first observe that [—u,u] is compact because 2[0,u] — u = [0,u]
(Lemma and scalar multiplication and addition are continuous and there-
fore map compact sets to compact sets.

Since [—u,u] is affinely isomorphic to [0,u], it is convex, and it is balanced
because —[—u, u] = [—u,u] so is absolutely convex by Lemma It is ab-
sorbent by the definition of a strong order unit, so [—u,u] is a compact barrel.
We can therefore give A the Smith topology T, with respect to [—u, u] (Propo-
sition .

We can now show that A, is closed in this topology as follows. We have
that Ay N [—au, au] = [0,au] for all @ € Ry, and therefore by Lemma
A Naf—u,u] = a0, u]. Since multiplication by a scalar is continuous, «[0, u] is
compact, and therefore closed. Therefore A is closed, by Lemma (ii). By
Lemma [3.2.3] A} is also norm-closed, and this implies (A4, A4, u) is archimedean
by Lemma This proves it is an order-unit space, and the facts already
proven show it is a Smith order-unit space. O

We can now define compact effect modules. As with compact convex sets, we
deal first with the “concrete” definition, and later give an alternative definition
via monads. We know that for every effect module A, there is a partially
ordered vector space with strong unit (F, E;,u) and an EMod isomorphism
A = [0,u]lg. We know by Lemma that effect modules have an intrinsic
notion of convex combination, which maps to convex combinations in [0, u|g.
We define the category CEMod to have objects (E, A), where E is a locally
convex space and A an effect module structure on a compact convex subset of £
such that for all ,y € A and « € [0, 1], we have that ez @ (1 — )y, calculated
using the effect module structure, equals ax + (1 — a)y, calulated using the
vector space structure of . The maps in CEMod are effect module maps that
are also continuous, and by Lemma they are affine.

We first prove a lemma about elements of CEMod.
Lemma 3.4.2. Let (E,A) € CEMod. Ifa,b € A such that a L b, we have
a@b=a+b,
where + is the vector space addition for E. We also have that a* =1 —a, 1
being the unit element of A. If 0Og = 04, then if a € [0,1], a-4a = a-ga, where

the subscript on the - and 0 indicates which structure it refers to.

Proof. For the additive part, we reason as follows, with all scalar multiplications
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being in A, not E.

1 1
a@b= §(a®b)@§(a@b)
1 1
= 5((1 @b)+ i(a @ b) convex combinations
1 1 1 1
= (2a W) 2b) + <2a V) 2b> effect module axiom
—(fa+Lo) + (Lot t binati
= 2a 5 2a 5 convex combinations
1 1 1 1
—(2a02a)+ (2o b binati
=300 5a ) ) convex combinations

=a-+0b,

the last step using the effect module axioms.

We now have that because a @ at =1, a +a+ =1, and so at =1 — a.

We now assume that the zero of A is the same element as the zero of E, or
in our notation, 04 = Og. Then

aga=0a-4a6Q04 effect algebra axiom
=a-2a@(1—a) 404 Lemma [A.4.2]
=a-ga+(l—a)g04 convex combinations
=a-ga+(l—a) g0g 04 =0g
=a- ga.

O

For each order-unit space (A, Ay, u), we have seen that we have an effect
module [0, 1] 4, and this in fact defines a functor OUS — EMod. We can now
deal with the analogue of this for Smith order-unit spaces and compact effect
modules.

We can see that if (A, T, Ay, u) is a Smith order-unit space, then (A, [0,1]4)
is an object of CEMod. Additionally, if f : A — B is a unital morphism of
Smith spaces, we already know f|jg 1), is a morphism of effect modules, and
it is a CEMod map because it is continuous. As this is simply restriction of
functions, [0, 1]- is a functor SOUS — CEMod.

Theorem 3.4.3. The functor [0,1]- : SOUS — CEMod is an equivalence.

Proof. In the following, let (A, 7T, A4+, u) and (B, S, By, v) be Smith order-unit
spaces.

The functor [0, 1]- is faithful because for any order-unit space, [0,1]4 spans
A, 50 if flo11, = 9l[o,1]4> then f = g by linearity.

Now let g : [0,1]4 — [0,1]p be a continuous effect module homomorphism.
We know by the fullness of [0, 1]- : poVectu — EMod that thereisan f: A —
B that is linear, positive and unital such that [0,1]; = g. Therefore flj 1), is
continuous. However, we need to show that f is continuous. We first show that
flio,21, is continuous.
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Let V C B be an open set. Since B is a topological vector space %B is also
open. By continuity of g, we have that f~'(3V) N [0,u] = U’ N[0, u] for some
U’ an open subset of A. Multiplying both sides by 2, we get

2f~ 1 <;v> N[0,2u] = 2U" N [0, 2u],

and using the linearity of f this shows
YV N[0, 2u] = 20" N[0, 2u].

Since 2U" is an open subset of A, this implies that flj 4, is continuous. From
here, we can show that f|;_; 1), is continuous.

So again, let V' C B be an open set. We see that V + f(u) is also open, as B
is a topological vector space. We therefore have that f=*(V + f(u)) N[0, 2u] =
U’ N10,2u] for some open U’ C A. We can then subtract u from both sides and
get

(FHV + f(u) N][0,2u]) —u = (U N[0,2u]) —u
(V) +u—u)N[—u,u) = (U = u) N [-u,u]
FHV) 0 [=u,u] = (U = w) N [~u,u].

¢t ¢

We have that U’ —u is an open subset of A, so f[[_1 1, is continuous. We then
apply Proposition to conclude that f is continuous, and therefore a map
in SOUS, proving the fullness.

We now move on to the final stage, proving that [0, 1]- is essentially surjec-
tive. Let (E, A) € CEMod. We need to find (4’,7,4’ ,u) € SOUS and a
continuous effect module isomorphism ¢ : A — [0,1]4/. For purposes of disam-
biguation, we will at first use 04 to refer to the 0 element of A and Og to that
of E. We can then redefine A to be A — 04 and make - — 04 an isomorphism
(E,A) = (E,A—04), so that 04 = 0g, which we now refer to as 0 again.

Define A" = span(4), A", = U aA and u = 14. We can show that
[0,1] 4 = A right away:

aERs

[0,1]4 ={aespan(A) |ac A andu—aec A, } ={ac A, |[u—ac A},

as A’ C span(A) by definition. Suppose that a is an element of this set, i.e.
that @ = Aa’ where o/ € A and A € Rg, and u — a = pa” where o’ € A
and € Ryg, which is to say that a = u — pa”. Eliminating a, we get that
Aa’ = u — pad”’, or A\a’ + pa” = u. We know that A + p > 0 and we can take
n=[A+p] > 1. Then % + £ <1, so the equation
1
“d@=d" = —u
n n n
holds in A (Lemma|A.4.1). We can then add this equation to itself n times and
rearrange the terms using commutativity and associativity to get
A A
(a/@_“@a/) Q (H(J//@HGH) =,
n n n n
and we therefore have that these repeated additions are defined as elements of
A. We can apply Lemma to conclude that

A A
7a/@...@7a/:Aa/
n n
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by replacing the effect module operations by the vector space ones, and we
therefore have a = Aa’ € A. This shows that [0,1]4 C A. Now if a € A, we
have that a € A, with A =1, and a € u — A4 because a = 1 — a* by Lemma
so A C [0,1]4. We now show that (A’, A’ ,u) is a partially ordered vector
space with strong order unit.

e A is a cone:
For closure under addition, let a,b € A’ , i.e. a = Aa’ and b = pb’ for

a, b e A, \,u € Ryg. By Lemma we have

A I
—a @ —b €A,
/\+ua At p

and
-\ r_ A H
a+b=M\a + ub —()\+u)<>\+ﬂa +)\+Mb>

a/ @ /’l’bl> ,

= >\ _—
( +u)(/\+u A+ p

by preservation of convex combinations. Therefore a +b € A’,.

We have that 0 € A C A’Jr directly. To show that A’Jr is closed under
positive scalar multiplication, we separate into two cases. Let a = Ad’
with a € A as before. If u € Ryg, then pa = pAd’, and since uA > 0 we
have that pa € A’,. The other case is when p = 0. In this case, pa = 0,
which is in A/, as we already showed.

e 1 is a strong order unit:

We show this in two steps using Lemma We first show that A’, —
Al = A', as follows. Since A’ is the span of A, we have that every a € A’
can be expressed as Ziej «aja;, where «; € ]R\(ﬂ, a; € A, and [ is a finite
set. We then define

Iy ={iel|q; >0} I_={iel|a; <0},
and we have I, UI_ = I. Therefore
a= Z aa; — Z (—aj)aq,
il iel_
and this expresses a as a difference of two elements of A/, .
We can then see that for o € Ry, [0, u] = [0, ] as follows:
z € al0,u] & a tr €[0,u]
salzed anda 'z eu— A,
salzed andu—alze A,

s xeA and au—x e A Al a cone
<z € [0, aul.

3We can exclude any zero terms without affecting the value of the sum.
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Therefore

U[O,nu]: U [0, au] = U al0,u) = A,

neN a€Rso a€R>o
so u is a strong order unit.

We then use the compactness of A = [0, u] to apply Proposition defin-
ing T to be the Smithification of the original (subspace) topology on A, to get
that (A’, 7T, A’,,u) is a Smith order-unit space. O

Now we define G®. On a Smith order-unit space (A, T, Ay, u) we define
GP(A) = (AP, AT ev(u)),

and for a continuous unital or subunital map f: (4,7, 4+,u) = (B,S,B4,v)
and ¢ € B?

GP(f)(¢) =¢o f
Proposition 3.4.4. G? defines a functor SOUSY, — BBNS<; and SOUS® —
BBNS. a

Proof. We first show that GP(A, T, Ay, u) = (AP, Ai, ev(u)) is a Banach base-
norm space. In aid of this, we define:

F=A% — A% C AP
Bs! = A'i Nev(u) *((—o0,1]) = {¢p € A® | ¢(u) < 1 and Va € A, .4(a) > 0}
V = co(BS' U -B=1h).

We already know that A” is a Banach space with unit ball [—u,u] by
Proposition We show that BS! = A% N [—u,u]* as follows. If we start
with ¢ € [—u, u|”, we can conclude from u € [—u, u] that ev(u)(¢) = ¢(u) < 1, so
¢ € ev(u)~((—o0,1]). Therefore Aﬁ N [~u,u]® € BSL. For the other direction,
observe that if ¢ € A’i, then it preserves positive elements as a map ¢ : A — R,
so is a monotone map. Therefore if ¢ € A’i Nev(u)~((—o0,1]), and a € [—u, ul,
we have ¢(a) < ¢(u) = ev(u)(¢) < 1, so ¢ € [—u,u]".

As Af_ and [—u,u]® are closed in A?, B! is closed, and therefore complete,

and so is o-convex (by Lemma [0.1.19). We can therefore apply Lemma [2.2.15
to deduce that (F,|-||v) is a Banach space. Consider the inclusion mapping

i: F — AP which is a contraction as i(V) C [~u,u]® because BS! C [—u,u]®
and [—u,u)° is absolutely convex. The map i : AP” — F° exists as a map of
Smith spaces. We aim to show that this is a Smith; isomorphism, from which
we could conclude that F' = A,

First consider V as a subset of A, in its pairing with A. We can show that
Ve = [—u,u] as follows.

VO = co(B<' U —B=Y’
= absco(B<1)’

— =il Lemma [0.3.11] (iv)
={acA|VpeBS. —1<¢(a) <1} =X
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We now show that this set X that we have just defined is equal to
Y={acA|Vpec A —pu) <a<p(u)}

e X CVY:

Let a € X and suppose that ¢ € A’i. Then if ¢(u) = 0, by Lemma m
¢ =0, 50 —p(u) < ¢(a) < ¢(u) because they are all zero. If ¢(u) # 0,
then ¢(u) > 0. Let a = ¢(u). The map a~'¢ € BS!, and therefore

—1<a'¢(a) <1.

Multiplying through by « and substituting it for its definition we get
—¢(u) < ¢(a) < d(u)

as required.

e YC X:IfacY,and ¢ € BS!, then ¢(u) < 1 by definition. Therefore
—1< —¢(u) < ¢(a) < ¢(u) < 1.
So far we have shown that V° =Y. Now

Y ={a€AVp e AL — p(u) < ¢(a) < ¢(u)}
={ac A(Vop € Aﬁ.qﬁ(u +a) >0) and
(Vo € AL .¢(u—a) > 0)}

={a€cAu+ac Ay andu—ac A} Lemma [0.3.75]
= [—u,ul.
Therefore V°° = [~u,u]® = U. Therefore U is the o(A”, A)-closure of

V' (Corollary [0.3.10), and therefore the (A%, A%)-closure of V (Proposition
ﬁ

.2.17)), which by Proposition is in fact the ||-||-closure. So if ¢ € AP,
there exists a € R~ such that a~'¢ € U. There is therefore a sequence (;);en
in V, and therefore in F', converging in ||-||¢7 to a~14. Therefore aty; — ¢, and
so Fis ||-||y-dense in A®. As the inclusion map i is also injective, by Proposition
[3:2:25] 7 is injective with dense image.

If we consider the pairings between F' and F° and A® and A%?, the map
i: F — AP has adjoint i° : A% — F?. Considering the polars with respect to
these dualities, we have

(@)~ (Vo) =i(V)* =U°
by Lemma [0.3.14) and the fact that U = ¢l (V). Therefore
i°(U°) =i°((i7) " (V°) = i7 (A7) n Ve,

As U° is compact, being the unit ball of A% i7(U°) is compact, and therefore
closed. We have therefore shown that i°(A4%7) N V° is closed. By multiplying
by « and using the fact that i?(A%7) is a subspace, we see that i?(A457) N aV°
is closed. By Lemma i%(AP7) is closed, and as we already showed it was
dense in F'?, we have that 7 is surjective. Therefore i? is a continuous linear
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bijection of Smith spaces, so therefore is an isomorphism of Smith spaces by
Corollary [3.2.19

All together, we have seen that i is an isomorphism in Smith;, so by
Corollaryi is an isomorphism in Ban;. Therefore A® = Ai — Ai. The
map ev(u) : A® — R is positive because if ¢ € A’i, ev(u)(¢) = od(u) > 0
because u € Ay. Suppose A% # {0}, and therefore A” # {0}. Then there
exists ¢ € Ai # 0. If ev(u)(¢) = ¢(u) = 0, Lemma implies ¢ = 0,
contradicting the assumption. We now define B = Aﬁ Nev(u)~1(1).

e absco(B) CV:

Recall that V = co(—B=<! U BS!), and BS! = Aﬁ Nev(u)~t((—oo,1]).
As BS! contains zero, V is nonempty, and it is convex by definition. If
ady — (1 —a)p_ is an element of V, i.e. a € [0,1], ¢4, ¢_ € BS!, then

—(apy —(1-)p-) = (1 —a)p- —ady,

which is also an element of V. Therefore V is balanced, and so absolutely
convex by Lemma Since B C B=!, absco(B) C absco(B<!) C V.

o V C absco(B):

As absco(B) is balanced, BS! C absco(B) iff —B<! C absco(B), and as
it is convex each of these implies V' C absco(B). Therefore we reduce
to showing that BS! C absco(B). Let ¢ € BS!. If ¢(u) = 0, we have
¢ = 0 and so ¢ € absco(B) (Lemma [A5.4). If ¢(u) # 0, and therefore
#(u) € (0,1], define @ = ¢(u). We have that a~1¢ is in Aﬁ and maps u
to 1, hence is an element of B. Therefore ¢ = (1 — a)0 + a(a™1¢) is an
element of absco(B).

As we know that V is radially compact, we have absco(B) is radially compact,
so we have a pre-base-norm space. We also showed already that Af_ is complete,
and therefore closed in ||-||v/, so we have a base-norm space. Since F' = A is
complete in ||-||y;, we have a Banach base-norm space. We have finished with
the object part of the functor.

Now we show that for f: (A, T, Ay, u) — (B, S, B4, v) a continuous subuni-
tal map GP(f) is a trace-reducing map, which is trace-preserving if f is unital.
Since GA(f) = f#, it is a linear map (Proposition and it is positive by
the positivity argument in Proposition Additonally, the proofs that G ( f)
is trace-reducing or trace-preserving when f is subunital or unital respectively
are similar to the proofs for G in Proposition [2.5.2] Preservation of identity
maps and composition follows from the identity map laws and associativity of
composition of continuous linear maps in the usual way. O

We can also define F? : BBNS — SOUSP. We give it almost the same
definitions as F': BBNS — BOUS®":

F(E,Ey,7)=(E7,0(E°, E)[—rr, ET,T)

where f: (E, EL,7) = (F, F},0) is a trace-reducing map and b € F'.
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Theorem 3.4.5. F° is a functor from BBNS — SOUS®P. The restriction
of the adjoint equivalence defined by o and B makes an adjoint equivalence
BBNS ~ SOUS®? and BBNS<,; ~ SOUSY,.

Proof. We have that F°(FE, Ey,7) is a Banach order-unit space by Proposition
and that [—7,7] is the unit ball in the usual dual norm. Therefore
o(E, E)[-+ is a Smith topology on F'/(E, E,,T) (Proposition . All we
need to show that F?(E, E,,7) is a Smith order-unit space is to show that F
is closed. We know that it is closed in o(E?, E) because it is a dual cone, and
therefore a polar. Therefore it is closed in the finer o(E7, E)[_,, - -topology.

In Proposition it is shown that if f : (E, E4,7) — (F, F},0) is trace-
reducing, then F'(f) is subunital, and if f is trace-preserving, F'(f) is unital, as
well as F' preserving identity maps and composition. Therefore to show F' is
functor we only need to show that if f is trace-reducing, F7(f) is continuous
in the Smith topologies. This has already been shown for f a bounded linear
map in Proposition[3.2.21] so we only need to use Proposition[2.2.12] that trace-
reducing implies bounded.

We consider the usual

ng: E— GP(F°(E)) €a:A— F7(GP(A))
ne(x)(a) = a(x) ea(a)(¢) = é(a).

By Theorem [3.2:22] these are linear homeomorphisms of the underlying topologi-
cal vector spaces, and the diagrams required for an adjoint equivalence commute.
Therefore we only need to show that ng is an isomorphism in BBNS and €4
an isomorphism in SOUS.

If x € E4, then for all a € ET, np(z)(a) = a(x) > 0, so ne(x) € Eiﬁ.
If, on the other hand, if ¢ € G?(F(E)),, i.e. Eiﬁ, then by bijectivity of ng
there exists an x € E such that ng(x) = ¢. So for all @ € E7 there a(x) =
ne(z)(a) > 0, so x is in the dual cone of E” under the duality (E, E7, (-,-)).
As E, is closed, by the definition of a base-norm space, Lemma shows
that x € E;. Therefore ng and its inverse are both positive.

The proof that €4 and its inverse are positive is similar, using the fact that
Ay is required to be closed in the Smith topology as part of the definition of a
Smith order-unit space.

The proofs of trace-preservation and unitality are similar to Theorem [3.3.7]
so are omitted. O

The previous theorem can be considered to be a categorical version of Ellis’s
result [34, Theorem 6] that an order-unit space (A, A4, u) is the dual of a base-
norm space iff A can be equipped with a locally convex topology in which [0, 1] 4
is compact.

3.4.1 Relationship to Convex Sets

In this subsection we show that BAff produces a Smith order-unit space and
that CBConv, and therefore BOUS, forms a reflective subcategory of both
EM(D) and EM (D) via the comparison functors and (2.4). The topology
used to make BAff(X) Smith, a variation of the bounded weak-* topology, was
first defined in [98, Theorem 3], in the more general case where X is a convex
prestructure, for the purpose of producing, for each X, a unique base-norm
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space whose dual space was isomorphic to BAff(X) (a theorem strongly related
to Corollary . There is also Pumpliin’s result in [I06, Theorem 3.3],
although “base-norm space” in that reference refers to a pre-base-norm space,
so that result is not quite the same as Corollary .

To redefine BAff, we first define nx : X — S(BAff(X)) as

nx(z)(a) = a(@).

Lemma 3.4.6. For all (X,ax) in EM(D) and x € X, nx(z) is a state on
BAff(X).

Proof. To show that nx (z) is linear, consider a,b € BAff(X). Then
nx(z)(a+b) = (a+b)(z) = a(z) + b(z) = nx (z)(a) + nx ()(b).
And if a € R,
nx (z)(aa) = (aa)(z) = aa(z) = anx (z)(a).
For positivity, let a € BAfF(X);. Then
nx(z)(a) = a(z) >0,

by the definition of BAff(X),. For unitality, nx(z)(u) = u(z) = 1 by the
definition of wu. O

We have that nx(X) C BAff(X)* because all states are continuous (Propo-
sition [1.2.8)). Therefore span(ny (X)) is a subspace of BAff(X)*.

Lemma 3.4.7. The set nx(X) C BAff(X)* separates the points of BAff(X),
therefore the topology o(BAf(X),span(nx (X))) is a Hausdorff locally convex

topology.

Proof. Let a,b € BAff(X). If for all ¢ € span(nx (X)), then for all x €
X we have nx(x)(a) = nx(z)(b), i.e. a(x) = b(z), so a = b. Therefore
o(BAff(X),n(X)) = o(BAfF(X),span(nx (X)) is a Hausdorff locally convex
topology. O

We can now show that BAff(X) is a Smith space.

Proposition 3.4.8. The interval [0, 1]pag(x) 45 0(BAff(X),nx (X)) compact,
so BAff(X) is a Smith space.

Proof. Each element a € [0,1]gag(x) is a function from X — [0,1], or an
element of [0, 1]X. By Tychonoff’s theorem, [0, 1]¥ is a compact Hausdorff space,
so if we show that [0, 1]gaf(x) is closed in [0, 1)%, with its standard topology,
and that the topology agrees with the o(BAff(X),span(nx(X))) topology, we
have shown that [0, 1]gas(x) is compact.

First we show that every o(BAff(X),nx (X)) neighbourhood of a point a €
[0,1]afr(x) is a neighbourhood in subspace topology from [0,1]*. A base of
neighbourhoods is defined by sets defined as follows. Given a finite set I, and
finite sequences (z;)icr, ; € X, and (€;)cr, € € Rso, we take

Na,(mi),(ei) = ﬂ Na,zi,ei = m{b S BAH(X) | |a(wz) — b(ml)| < EZ‘}.
icl el
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Sets of this form make up a base of a-neighbourhoods in o(BAff(X),nx(X)).
Now, |a(z;) — b(x;)] < & iff b(x;) € (a(x;) — €, a(x;) + ¢;), and

{b€[0,1]% | b(as) € (alw) — ey a(z:) + &)} = 7w, ((a(2:) — €, a(:) + &)

is an open set in the product topology, so we have shown that the product
topology is finer than o(BAff(X), nx(X)).

Now, let I be a finite set, (U;);cs a finite sequence of open subsets of R, and
(2;)ier a finite sequence of elements of X such that a(z;) € U;. Then

()72 (U)

i€l

is an open neighbourhood of a in the product topology, and the family of sets
of this form make a neighbourhood base for a. As each U; is open, we can pick
an (€;);er such that (a(z) — €, a(x) +¢€) CU; for all ¢ € I. Then Ny 4, C
W;I(Ui), so the o (BAff(X), nx (X)) topology is finer than the product topology.
Combining this with the previous paragraph proves that they are both the same.

We can now move on to showing that [0, 1]gas(x) € [0, 1]% is closed. Let
(ai)icr be a net in [0, 1]gag(x) converging to a € [0, 1]%. Since the function
a € [0,1]% is bounded, we only need to show that it is D-affine. Let ¢ € D(X),
and we want to show that ). .y ¢(z)a(r) = a(ax(4)). For all i € I, we
have ®(a;) = Y cx ¢(v)a;(z) = a;(ax(4)). Since convergence in the product
topology is pointwise, we have that a;(ax(¢)) — a(ax(¢)). Since the sum is
finite, and addition and scalar multiplication are continuous, ®(a;) — ®(a). As
the topology is Hausdorff, we have that ®(a) = a(ax(¢)), i.e. a is D-affine.

We then apply Proposition (using the fact that o(BAff(X),nx (X)) is
a locally convex topology from Lemma to conclude that

(BAFF(X), o(BAK(X), x (X)) _us BAK(X) 1, )
is a Smith order-unit space. O

Proposition 3.4.9. For all maps [ : (X,ax) — (Y,ay) in EM(D), BA(f)
is a continuous map of Smith spaces, so BAff is a functor EM (D) — SOUSP.

Proof. We show that BAff(f) : BAff(Y) — BAff(X) is continuous from the
topology o(BAff(Y),ny(Y)) to o(BAff(X),nx(X)). Therefore [0,1]gag(s) is
continuous, so by Theorem BAff(f) is continuous in the Smith space
topologies. Then BAff is a functor EM(D) — SOUS? by the same proof
that in Theorem for BAff : EM(D) — BOUSP.

We show that if M, . (where x € X and € € Ry) is a subbasic 0-neighbour-
hood in BAff(X), then Ny, is a subbasic 0-neighbourhood in BAff(Y") such
that Ny C BAff(f)~*(M,.), which implies continuity by the fact that
BAff(f)~! preserves intersections.

Solet b € Ny(y).e, i-e. |b(f(x))] < e. Then we want to show that BAff(f)(b) €
My .. We have that BAff(f)(b)(z) = b(f(x)). So [b(f(x))| < € implies that
IBAfE(f)(b)(z)] < €, so BAE(f)(b) € My,.. O

Recall the natural isomorphisms p : F' = BAff o B from Theorem [2.4.18
where BAff are the functors to BOUS®?. We have seen above how to make
BAfI into a functor to SOUSP, and we have seen in Theoremhow to make
F into a functor 7 : BBNS — SOUS? by giving F(E) a Smith topology.
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Proposition 3.4.10. p defines a natural isomorphism F° = BAff o BP and
F° = BAff o BP~.

Proof. We show this for BP, and then it follows for BP~ by Lemma

We only need to show that pg is a homeomorphism, i.e. it is continuous and
open. To do this, we show that the image of the o(F7, F) topology on F is
the o(BAff(BP(E)), ngo(5)(BP(E))) topology. First observe that o(F7, F) =
o(F°,BP(E)) as span(BP(E)) = F. So the family of sets N, . where x €
BP(E) and € € Ry is a subbasis for o(F?, F). We have

pe(Noe) = {pr(a) |a € Ny} = {ppla) |a € E7 and |a(2)] < ¢}
— {pp(a) | a € B and |pp(a)()| < €}
— {a € BAH(B(E)) | |a(z)| < ¢}
— {a € BAR(BP(E)) | lnpo (s (0)(0)] < ¢} = M.

which is a subbasic neighbourhood for o(BAff(BP(E)),npo ) (BT (E))). In
the other direction, if we start with a subbasic neighbourhood for the locally
convex topology o(BAff(BP(E)), ngo(g)(BP(E))), it is always the image of a
subbasic neighbourhood for o(E?, BP(E)), so the two topologies are the same.
Since the unit ball of E? is mapped to the unit ball of BAff(BP(E)) by pg, it
is a linear homeomorphism of the Smith topologies as well.

The proof of naturality then carries over from Theorem [2.4.18 O

We define the functor CS : SOUS® — EM(Dy,) to be BP> o G we reuse
the name for CS : SOUS — EM(D), defined as BPoG”, and CS : SOUS® —
BConv, defined as B o G, as it will be clear from context which is meant. It
is also clear that CS(A, Ay, u) consists of continuous positive linear functionals

¢ : A — R such that ¢(u) = 1, i.e. continuous states, hence the name.
We define nx : X — CS(BAff(X)) as

nx (z)(a) = a(),

where (X, ax) can be a D-algebra or a Dy-algebra, © € X and a € BAff(X).
We also define €4 : A — BAff(CS(A)).

ea(a)(¢) = ¢(a),

where A is a Smith order-unit space, a € A, and ¢ € CS(A).
For ease of notation, from now on we use D- to refer to either Dy, or D in
cases where the proof works both ways.

Theorem 3.4.11. BAfl is a left adjoint to CS, whether we are using EM(Dxo)
or EM(D), with n and € being given by the definitions above, and € is a natural
isomorphism.

Proof. We first show that 1 and € are natural transformations, then that they
satisfy the triangle identities necessary for an adjunction (from Theorem m
(v)-

We first need to show that nx(xz) € CS(BAff(X)). It is a state by Lemma
We know from Proposition that the Smith topology for BAff(X)
is the Smithification of o(BAfI(X),nx) with respect to [—u,u]. By definition
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nx(x) is o(BAff(X),nx (v))-continuous, so 7nx(x)|[—y,) is continuous, so by
Proposition nx (z) is a continuous state.

We want to show that nx is an EM(Dq)-morphism, where D7 means either
D or D, as appropriate. To show this we need to show

D7(nx)

D (X) — D7(CS(BAff(X)))
axi \LO‘CS(BAH(X))
X e CS(BAff(X))

commutes. So let ¢ € D7(X), and a € BAff(X). For the lower left path we get

nx(ax (¥))(a) = alax (¥)) = Y v(@)a(z).

reX

For the upper right path we get

acsBagx)) (D2 (nx)(¥))(a) = Z Dr(nx)(1)(9) - ¢(a)

$ECS(BAFE(X))
~ ¥ ( ) wm) o(a).
$ECS(BAR(X)) \zenz'(¢)

If nx'(#) = 0 then the inner sum is zero and so can be omitted, so we can
restrict the outer sum to be over nx(X). We pick an x4 for each ¢ € nx(X),
such that nx(zs) = ¢. Resuming,

= > ( > w(w)) nx(zs)(a)

penx (X) \zeny'(¢)
= Z Y(x) - nX(Inx(w))(a)
zeX
=Y W(@)nx(x)(a) because 1x (T (z)) = 1x ()
zeX
=Y W(x)a(x).
zeX

Therefore nx () is an EM(D7)-morphism.
The naturality diagram of 7 is

X 5 CS(BAf(X))
fl lCS(BAfT(f))
Y —— CS(BAf(Y)).

For X, Y € EM(Dr), x € X and b € BAff(Y), then for the lower left path we
have
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while for the upper right path, we have
CS(BALE(f))(nx ())(b) = nx (x)(BAH(f) (b)) = BAE(f)(b)(x) = b(f(x)),

so the diagram commutes, and so 7 is natural.

We now show that e is a natural ismorphism Id o BAff o CS. To avoid
confusion, we temporarily use the notation ¢ for the counit from Theorem
We have that pG¥ o €’ is a natural isomorphism Id = BAff o BP? o G,
and BAff o BP? 0 G# = BAff o CS. Therefore pG® o€’ has the type that we want
€ to have, and it is a natural isomorphism by Theorem [3.4.5| and Proposition
Now, if A is a Smith order-unit space, a € A, and ¢ € CS(A), we have

pci(a)(€a(a))(@) = ex(a)() = ¢(a) = ea(a)(9),

so € = pGP o € and is therefore a natural isomorphism.
The diagrams for an adjunction BAff 4 CS are

Nes(A)

CS(A) CS(BA(CS(4)))

—_—_—
. CS(ea)
ides(a)

CS(A)

AN BA(CS(BAS(X)))

. EBAFf(X)
idBafr(x)

BA(X)

BAff(X)

where A is a Smith order-unit space, and X an Eilenberg-Moore algebra of D-.
Let ¢ € CS(A) and a € A. Then

CS(ea)(mescay(@))(a) = nescay(@)(eala)) = eala)(d) = ¢(a),

so CS(ea)(nes(ay(¢)) = ¢ and the top diagram commutes. Now, if we have
a € BAff(X) and z € X,

BAff(nx)(epas(x)(a))(x) = ean(x)(a)(nx (z)) = nx(z)(a) = a(),
so the bottom diagram commutes as well. O

As B: BBNS — CBConv is an equivalence (Proposition, Theorem
implies the existence of a functor Emb : CBConv — BBNS such that
there exist a unit and counit making B and Emb part of an adjoint equivalence,
and we have both B 4 Emb and Emb - B.

Corollary 3.4.12. The functors BP? : BBNS — EM(D>) and the comparison
functor CBConv — EM(D>) have left adjoints, making BBNS and CBConv
full reflective subcategories of EM(D-).

Proof. We have that BAff 4 CS = BP? o G?, and G 4 F° by Theorems
3.4.11| and respectively. By composing the adjunctions, we have that G o



162 CHAPTER 3. SMITH SPACES

BAff 4 BP? oGP o F?. Applying Theorem again, we have the isomorphism
BP? 0GP o F7 = BP? so GP o BAff 4 BP”.

The comparison functor K : CBConv — EM(D;) is BP? o Emb. We
can compose the previous adjunction with B 4 Emb to get the adjunction
B oGP o BAff 4 BP? o Emb. Using our definitions, this is CS o BAff 4 K. [

We now have three sides of the square (3.2). To fill in the fourth side, we
define CS : CEMod®® — CBConv to be B(G?(A)) for all compact effect
modules of the form [0,1]4. As [0, 1]- is an equivalence, this can be extended to
all of CEMod®P, all such extensions being naturally isomorphic. This implies
CSo[0,1]- = BoGP. We also define BAfF(-,[0,1]) as

BAff(X,[0,1]) = {a € BAff(X) | Vz € X.0 < a(z) <1}
BAfE(f,[0,1])(b) = bo f
where X,Y are objects of CBConv, f : X — Y is an affine map and the

function b € BAff(Y). It is clear that BAff(-, [0,1]) = [0, 1]-oBAff, and therefore
a functor.

Theorem 3.4.13. In (3.2) we have BAff(-,[0,1]) o B = [0,1]- 0o F? and that
BAf(-,[0,1]) and CS define an equivalence between CBConv and CEMod®®.

Proof. We have a natural isomorphism p : F¥ = BAff o B from Proposition
3.4.100 Therefore [0,1], : [0,1]- o F7 = [0,1]. o BAff o B = BAff(-,[0,1]) o B,
which is the required isomorphism.

To prove that BAff(-,[0,1]) and CS define an equivalence, we show that
BAff(-,]0,1]) o CS = IdcEMoa and CS o BAff(-,[0,1]) = IdcBconv: We reason
as follows

BAff(-,[0,1]) o B 2 [0,1]- 0 F° &
BAff(-,[0,1]) o Bo Emb 2 [0,1]- o F° o Emb =3
BAff(-,[0,1]) 2 [0,1]- o ¥ o Emb,

as Emb is an inverse for B. Similarly, we have

CSo[0,1-=BoG”? &
CS0[0,1-0T=BoG’oT &
CS=BoG"oT,

as T is an inverse for [0, 1]-.
Then we have

CS o BAf(-,[0,1])) 2 Bo G 0 T 0[0,1]- 0 F” o Emb

~ BoGP o F? o Emb Theorem [3.4.3]
~ B o Emb Theorem [3.4.5]
=~ IdcBConv Proposition [2.4.13]

On the other side, we have
BAH(—,[O,l])oCS%[O,l}-oF”oEmboBoGﬁoT
~1[0,1-0 F° 0GP 0T Proposition 2.4.13)
[0,1]-0T Theorem B.4.5]
ldcEMod Theorem B.4.3

1%

1
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3.5 Universal Enveloping Objects

We can combine the adjunctiorﬂ F 4 G and the adjoint equivalences F7 4 G
and F# 4 G? to produce adjunctions analogous to the enveloping W*-algebra
of a C*-algebra.

By Corollaryeach Smith base-norm space (E, T, E4,7) has an under-
lying Banach base-norm space defined by U(F) = (E, E4, ), and each Smith
order-unit space (A, 7T, Ay, u) has an underlying Banach order-unit space de-
fined by V(A) = (A, Ay, u) (in each case the positive cone remains closed be-
cause the topology is finer). As the maps in SBNS and SOUS are maps
in BBNS and BOUS, required to be continuous, we have forgetful functors
U :SBNS — BBNS and V : SOUS — BOUS. We also see that by definition
G=UG" and F = V°PF7.

Theorem 3.5.1. The functor U = GF?, and V°P = FGP. By composition of
adjunctions, GCF U and F°G 4 V°P, or equivalently V 4 (F°G)°P.

Proof. From Theorem we have the isomorphism 7 : Idgpns = G F ﬁ, SO
Un: U = GF? is a natural isomorphism. Analogously, V°Pe : VP — FG#
is a natural isomorphism, using the e from Theorem If we compose the
adjunctions from the above two theorems and the one from Theorem we
have G°F 4 GFP = U and V°P = FGP? 4 F°@G, as required. O

On the underlying Banach spaces, G°F and (F°G)°P are both double du-
alization, taking a space E to E**. Therefore the above theorem for (F?G)°P
is a version of Dauns’s adjunction for the universal enveloping W*-algebra of a
C*-algebra [22], §3].

We can also consider, for an object (E,X) € CCL, U'(X) = (E,X) is
an object of CBConv because compact spaces are complete in their unique
uniformity [I6, 11.4.1 Theorem 1]. Again, as maps in CCL are just maps in
CBConv required to be continuous, U’ is a functor CCL — CBConv.

Theorem 3.5.2. The functor S o VP o BAfl is a left adjoint to U’.

Proof. We first show that U’ = BUEmb, as follows. By definition the following
diagram commutes

B

SBNS CCL
Ui lU’
BBNS — CBConv,

so BUEmb = U’ BEmb. By the definition of Emb, we have BEmb = Idccr, so
composing this isomorphism with U’ gives U’ = U’ BEmb = BUEmb.

1F : PreBNS — BOUS®P and G : OUS°P — PreBNS
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We can then compose adjunctions as follows

CCL

B |4|Emb

SBNS
G°F [4|U

BBNS
Emb [4| B

CBConv,

showing that BG° FEmb - U’. But this is not quite the statement we want, so
we rearrange the left hand side a little:

BoG° o FoEmb=S8o0F oEmb definition of S
=SoVoF?0Emb
= SoV oBAff Proposition [3.4.10
This gives S o V o BAff 4 U’, as required. O

This shows that every (E, X) € CBConv has a universal compactification.
The construction of it given above is an instance of Semadeni compactification
[105, Theorem 4.5].

We can also consider the case of effect modules. We can define the functor
V' : CEMod — BEMod by dropping the embedding in a topological vector
space. The reason the codomain is BEMod and not just EMod is Corollary

B2I18
Theorem 3.5.3. The functor (BAff(-,[0,1]) o U’ 0 §)°P is a left adjoint to V.

Proof. First we show that V/ 22 [0,1]. o V o T. Observe that by definition, the
diagram

sous X cEMod

N

BOUS W BEMod

commutes. We have that [0,1]- o T = Idcemoa by Theorem so V' =
V'ol[0,1]-0T =[0,1]-0VoT.
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We can then compose adjunctions as follows

CEMod
[0,1]- |4| T
SOUS
(F°G)°P |4V
BOUS

T|41][0,1]-

CEMod,

giving us [0,1]- o (F°G)Po T 41[0,1]-0V o T = V’. We need to adjust the left
hand side a bit:

[0,1]- 0 (F7G)* o T

>~ [0,1]-0 (BATo Bo G)®o T Proposition [3.4.10]
— (BAfE(-,[0,1]) 0 Bo G) o T definition of BAF(-, [0, 1])
= (BAff(-,[0,1)) o BoU o G?)? o T
= (BAff(-,[0,1]) oU" 0o Bo G°)P o T see Theorem [3.5.2]
= (BAff(-,[0,1]) o U" 0 )

the last isomorphism arising from the definition of S : BEMod — CCL and
(T,10,1]-) forming an equivalence between BEMod and BOUS. O

3.6 Relationship to C* and W*-algebras

We have C*Algpy; is a full subcategory of BOUS via the functor SA (Proposi-
tion [1.2.10)), so we can produce the following state-effect triangle:

BEMod®

CAf(-,[0,1])
k /

C*Alghy;,

The top line is an adjoint equivalence by Theorem As § =S0]0,1]- by
definition, and

CAfE(-,[0,1]) 0 S = CAff(-,[0,1]) 0 Bo G° 2 [0,1]- 0 F# 0 G° = [0, 1],

the two isomorphisms being from Theorems and so the triangle
commutes up to isomorphisnﬂ

The state-and-effect triangle above summarizes how, given a quantum pro-
gram in C*Algpy, one can consider its state transformer semantics in CCL,
which is also known as the “Schrédinger picture”, and also its predicate trans-
former semantics in BEMod®?, also known as the “Heisenberg picture”, and

5We implicitly use the definitions [0, 1]- o SA = [0, 1]- and So SA = S.
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these are equivalent, with no further healthiness conditions. This triangle ap-
peared first in [50], with EM(R) instead of CCL, but we will see in the next
chapter that this is equivalent.

The above implies that S : C*Algpy; — CCL is full and faithful. As an
aside, we note that Alfsen, Hanche-Olsen and Shultz have characterized the
essential image of S [B Corollary 8.6]. We do not give the characterization
here as it involves many further definitions. We note that it is also possible to
produce a characterization of the spaces of pure states of C*-algebras[83], §1.3.9],
which is closer to what happens in Gelfand duality.

Since there are PU-maps that are not completely positive, S is not a full
functor when restricted to C*Algcpyy, the category of C*-algebras with com-
pletely positive unital maps. In fact, whether a map is completely positive or
not depends on the orientation (in the sense of [5]) and cannot be defined purely
from the CCL structure of the state space. This can be seen by the fact that
the transpose map, the archetypal positive but not completely positive map, is
self-inverse, and hence an isomorphism as a PU map, and so by the above result
defines an isomorphism in CCL on the state space.

We now move on to W*-algebras. As we saw in Theorem the self-
adjoint part of the predual A, of a W*-algebra A can be equipped with the
structure of a base-norm space such that the dual of A, is the self-adjoint part
of A, where the base is the normal state space.

A morphism of W*-algebras, whether it is positive, completely positive, or
a *-homomorphism, is said to be normal if it is continuous with respect to
the weak-* topologies arising from the preduals. We define W*Algp; to be
the category with W*-algebras as objects and normal PU-maps as morphisms.
Similarly, W*Alg has normal *-homomorphisms, and W*Algp.; has normal
positive subunital maps. Similar to the C*-algebraic case, we can restrict to
full subcategories on commutative W*-algebras, which we call CW*Alg and
CW*Alng

We can define SA, extending the definition from chapter [I] to W*Algp; as
follows.

Lemma 3.6.1. For any W*-algebra A, the adjoint operation -* : A — A is
(A, Ay)p-continuous. Therefore SA(A) is a o(A, As)p-closed subspace, and
therefore a Smith space. The set of positive operators is o(A, Ay)-closed and
therefore o (A, A )p-closed.

Proof. We show that -* is continuous for the weak operator topology on any von
Neumann algebra A on a Hilbert space H. Recall that the the weak operator
topology is defined to be the coarsest topology such that for all ¢, ¢ € H the
functional a € A — (1, a¢) is continuous [69, Definition 5.1.1]. We show that
-* is continuous by showing it preserves limits of nets. Let (a;);c; be a net in
A, converging with respect to the weak operator topology to a € A, i.e. for all

Y, ¢ € H, we have (¢, a;¢) — (1, a¢) in C. Then

(,ai9) = (a9, @) = (¢, a]¢)

so we have (¢, af) = (¢,a*1p). As=: C — C is a homeomorphism, we therefore
have, for all ¢, € H:

(9, aih) = (¢, a" ),
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so af — a* in the weak operator topology. As this holds for an arbitrary a € A,
we have -* is continuous in the weak operator topology.

The weak operator topology agrees with the o(A, A,)-topology on the unit
ball [69, Theorem 7.4.2], their Smithifications are the same, o (A, A,),. Because
o(A, A,), is finer than the weak operator topology, -* : A — A is continuous
from o(A, A.), to the weak operator topology. By Corollary the map
1A — Ais o(A, A,)p-continuous for any von Neumann algebra A. We then
use the fact that every W*-algebra is linearly homeomorphic to a von Neumann
algebra by a normal *-homomorphism [126, Theorem II1.3.5]. Using Corollary
again, this is true for the Smithifications of the o(A, A,) and ultraweak
topologies also, so -* is continuous in this topology for all W*-algebras.

We therefore have SA(A) is o(A, A, )p-closed because

SA(A) = (" —ida) " ({0}),

the preimage of a closed set by a continuous function. It is therefore a Smith
space by Lemma (3.2.1

For the positive cone, recall that a bounded operator a on a Hilbert space
H is positive iff for all ¢ € H we have (¢, a¢p) > 0 [26], §1.6.7]. Therefore this is
true for any element of a von Neumann algebra A on H. We therefore have

A+ - m <¢7'¢>71([07OO))7

PEH

which is closed in the weak operator topology because it is an intersection of
closed sets. As o(A, A,) and o(A, A,)p are finer than the weak operator topol-
ogy, A4 is closed in them as well, for any von Neumann algebra. This is therefore
true for all W*-algebras by the same argument seen above. O

Proposition 3.6.2. For each W*-algebra A, (SA(A),0(A, Ay, A+,14) is a
Smith order-unit space. Defining SA(f) = flsa(a) for any normal PU-map or
positive subunital map f : A — B defines functors W*Algpy — SOUS and
WHAlgp ., — SOUS<;. These functors are full and faithful.

Proof. We have already seen in Proposition that (SA(A),A1,14) is a
Banach order-unit space, and Lemma shows that it is a Smith space with
respect to [—14,14] and Ay is closed, so (SA,0(A, Ay)p, At,14) is a Smith
order-unit space.

We have SA(f) = fsa(a) defines a functor in each case by combining Propo-
sition [1.2.10] with the fact that the composition of continuous functions is con-
tinuous.

Faithfulness follows directly from the faithfulness in Proposition [[.2.10} so
we only need to show fullness. Let g : SA(A) — SA(B) be a morphism in
SOUS. As in Proposition we define

f(a) = glar) +ig(as),

and this is a map in C*Algpy (A, B), or C*Algp (A, B) such that its restriction
SA(f) = g. Therefore we only need to show that f is continuous, from o (A, A,)
to o(B, B.). We first remark that the formulas defining ay and ag show that
the mappings -x and -g are continuous in (A, A,)p, because addition and
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scalar multiplication are continuous in any topological vector space, and -* is
continuous by Lemma [3.6.1
Let (aj)jes be anet in A converging to a € A in o(A, A,),. We have

fla;) = g((aj)n) +ig((a;)s)

By the previous paragraph, (a;)x — ax, so since g is continuous g((a;)r)
converges to g(ax), and similarly g((a;)g) converges to g(ag). By continuity of
addition and scalar multiplication

flaj) = g((aj)w) +ig((aj)s) — glaw) +iglag) = f(a),

and therefore f is continuous from o (A4, A.), to o(B, B,)y. By Corollarym
f is continuous from o (A4, A,) to (B, By) so is a map in W*Algpy.

Corollary 3.6.3. The functor NS : W*Algpy — EM(D) and the functor
NS<i : WHAlgp — EM(D=Y) are fully faithful.

Proof. The categories of W*-algebras embed fully and faithfully in SOUS and
SOUS<; by the functor SA (PI‘OpOSlthH . The functor NS = B 0GP oSA
and NS<; = BS'oGPoSA. Now, G is an equlvalence by Theorem hence
is full and faithful. By Proposition 2.4.8] B and B=<! are full and falthful so
the composite functors NS and NS<; are full and faithful. O

The preceding corollary has been used in [I10], where it is used to show
that the category of W*-algebras with completely positive unital maps embeds
contravariantly into the category of quantum predomains defined there.

We also get a triangle of adjunctions for the state and predicate transformer
semantics of quantum programs interpreted in W*Algpy;:

CEMod®® CBConv

BAff(-,[0,1])
k /

WrAlg®,

This time we use Theorems [3.4.13] and [3.4.5] as well as the necessary results
about W*-algebras above. We should mention that, using an alternative defi-
nition of normal map of W*-algebras in order-theoretic terms, Mathys Rennela
produced a state-and-effect triangle for W*Algp ., in [I09, Theorem 4.1]. How-
ever, the top line is only an adjunction, rather than an equivalence.

When this thesis was originally written, I did not know whether the order-
theoretic definition of normal map could be used to produce an equivalence in
the general case of a directed-complete order-unit space separated by its normal
states. Certainly the proof for W*-algebras could not be applied, as it uses the
representation as operators on a Hilbert space. The lack of such a proof was
the reason for introducing the weak-* topology and Smith order-unit spaces.

I have since proved in [46], Counterexample 4.2 (ii)] that, even for a directed-
complete order-unit space that is the dual of a base-norm space, there can be
normal states (in the sense of Scott continuity) that are not weak-* continuous,
so there is no such duality and the use of topologies is completely justified.




Chapter 4

Compact Convex Sets, R
and £

This chapter originated in the paper “The FExpectation Monad in Quantum
Foundations”[66] by Bart Jacobs, Jorik Mandemaker and the author, as well
as its original version [63] with only Jacobs and Mandemaker. The part on the
Radon monad originates in [50]. The part on compact effect modules is original.

4.1 Introduction

In chapter [2| we saw that sequentially complete bounded convex subsets of topo-
logical vector spaces, or equivalently the bases of Banach base norm spaces, can
be embedded as a reflective subcategory of EM(D) and EM(Ds,). We gave no
corresponding result for compact convex subsets, or equivalently bases of Smith
base-norm spaces. We have also seen that EM(R) and EM(E) can both be
seen as categories of compact convex sets, and so should be related to CCL in
some way. In this chapter, we use some results due to Swirszez to prove that
CCL ~ EM(R) ~ EM(E). This justifies the notion that these are a legitimate
notion of convex set, as they occur in many different guises, and also that the
embedding in a locally convex space can be considered as merely a property
rather than a structure.

We can then apply these results to reformulate CEMod in two different
ways in an embedding-independent fashion.

4.2 Swirszcz’s Theorem for R

In this section we show that the Radon monad arises from an adjunction in
[124] enabling us to use Swirszcz’s theorem 3 from that paper to show that the
categories CCL and EM(R) are equivalent. The adjunction in question has
U: CCL — CHaus as the right adjoint, and the details of the construction of
the left adjoint are not given. In order to prove that R is the monad arising
from this adjunction, we need to know its unit and counit, so our next task
is to define the left adjoint explicitly. Of course, any other left adjoint will be

naturally isomorphic (Proposition [0.4.2)).

169
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We begin as follows. We define S: CHaus — CCL as S = S o C. Hence
R =U oS. To show that & is the left adjoint to U, we use the unit and counit
definition of an adjunction (Theorem (iv)). We already know the unit,
nx: X — U(S(X)), as we gave it when defining the unit of R. To define the
counit we use the notion of barycentre.

We can understand the intuitive notion of barycentre by thinking of a (Radon)
probability measure y on the unit square [0, 1]2. If we wanted to find the centre

of mass of u, which we shall call b € [0,1]2, we would take

by, = [ zdp and b, = [ ydu
[0,1]? [0,1]?

for the « and y coordinates. We can see that z and y are continuous affine
functions from [0,1]? — R, assigning each point to its = and y coordinate
respectively. Therefore we can rewrite the above as

[ xdp = x(b) and [ ydu = y(b).
[0,1] [0,1)?

In monadic terms, this means that both projections 7y, m: [0,1]? — [0,1] are
maps of Eilenberg-Moore algebras for the Radon monad, in the sense that the
following diagram commutes.

R([0,12) — ==~ R((0,1])

o) I

0,12 ———————[0,1]

We write a for the algebra v — [iddv, see also [60], and 8 for the product
algebra structure, given by p — ([ m dp, [ modp) = ([ aduy, [ydu).

In fact, any affine continuous R-valued function a on [0, 1] can be expressed
as ax + Py + v for a, 5,y € R, and so

/ (am+ﬁy+7)du=0¢/ xdu+6/ ydu+7/ dp
[0.1]2 [0.1]2 [0.1]2 [0.1]2

= ax(b) + By(b) +
= (az + By +7)(b),

or f[o.l}? adp = a(b) for all affine continuous functions a : [0,1]> — R. If we
use the linear functional definition of a Radon measure, we have motivated the
following standard definition.

Definition 4.2.1. If X € CCL and ¢ € S(U(X)), then a point z € X is a
barycentre for ¢ if for all continuous affine functions a from X — R we have
that ¢(a) = a(x). O

To handle barycentres, and for some other purposes, will require the follow-
ing important lemma and corollary, which are standard variants of the Hahn-
Banach separation lemma and its corollaries. Taken together, they are an affine
analogue, for objects in CCL, of what Urysohn’s lemma is for compact Haus-
dorff spaces. We collect them here for the convenience of the reader.
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Lemma 4.2.2. If E is a locally convex topological vector space, X a closed
conver subset and Y a compact convex subset that is disjoint from X, then
there exists a continuous linear functional ¢: E — R and o € R such that
d(X) C (a,00) and ¢(Y) C (—o0, ). O

For a proof, see either [20, theorem IV.3.9] or [II8| I1.4.2 corollary 1].

Corollary 4.2.3. Let (E,K) € CCL. In the following X,Y will be arbitrary
closed disjoint convexr subsets of K, x,y arbitrary distinct points of K.

(i) There is a ¢ € CAff(K) and an o € R such that ¢(X) C (a,00) and
P(Y) € (—o0, ).

(i) There is a ¢ € CA(K) such that ¢(z) # P(y).

(i1i) There is a ¢ € CCL(K,[0,1]) and an o € R such that $(X) C (o, 1] and
¢(Y) € [0,).

(iv) There is a ¢ € CCL(K,[0,1]) such that ¢(x) # P(y).

Proof.

(i) Apply Lemma to obtain ¢': V — R separating X from Y. Since
K has the subspace topology, ¢ = ¢'|k is continuous, and since ¢’ is
linear, ¢ is affine, hence ¢ € CAff(K). We also keep the properties that
H(X) € (a,00) and ¢(¥) C (~o0,a).

(ii) This follows directly from (i), using the fact that points are compact and
convex.

(iii) We use (i) and obtain ¢’ € CAff(K) and o/ € R. Since the image of
a compact space is compact, and a compact subset of R is closed and
bounded, the numbers

B+ = sup ¢'(K) B, = inf ¢/(K)
exist, and ¢’ can be considered as an affine continuous map K — [, 5+].
We define oK) — B
k) = 2\ TP

if By # B, otherwise we define it without dividing by anything, though
this can only happen if one of X or Y is empty. The image of ¢ is contained
in [0,1], and ¢ is affine and continuous, being the composition of affine and
continuous maps. We define

0/ — ﬁ¢
o =
Br =By
again not doing the division if it is zero. We have that ¢(X) C (a, 00),
(

and since the image of ¢ is contained in [0, 1], this implies ¢(X) C (a, 1].
The proof that ¢(Y) C [0, ) is similar.

(iv) This is proven using (iii), again using the fact that points are closed, convex
sets. O
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Using the properties proven above, we can start to define the counit of the
adjunction. For (E, X) € CCL, we define ex : S(U(X)) — X to map a Radon
measure ¢ to a barycentre in X. As yet, we did not show that a barycentre
exists for every measure or that it is unique if it exists. We address the second
point first (the proof is standard).

Lemma 4.2.4. For every ¢ € S(U(X)) the {)arycentre 18 unique, i.e. any two
barycentres of ¢ are equal. Therefore ex: S(U(X)) — X mapping ¢ to its
barycentre is at least a partial function.

Proof. Let (E, X) be an object of CCL, E being the locally convex space and
X the compact convex subset. Suppose for a contradiction that x,2’ € X are
barycentres of ¢ € S(U), and © # a2’. By Corollary (ii), there is an
f € CAff(X) such that f(z) # f(2'). Since x and " are both barycentres of ¢,

a contradiction. O

In fact, it is well known that Radon measures on compact convex subsets of
locally convex spaces always have barycentres [4, Proposition 1.2.1 and 1.2.2]. In
[50] we used this theorem and then proved that the mapping ex was continuous
and affine in a separate step. Using the results of Chapter [3] we can in fact
show this in one step. This result is also shown in [I0I, Proposition 1.1] and
[37, Proposition 7.1], but we include it here for the convenience of the reader,
and also because it makes a nice, and perhaps unexpected, application of Smith
base-norm spaces.

In the following we use ix to refer to the inclusion mapping CAff(X) —
C(U(X)), where (F, X) € CCL, which is a positive unital map by definition.

Lemma 4.2.5. For each (E,X) € CCL, every Radon measure ¢ € SU(X))
has a barycentre in X. The mappingex : S(U(X)) — X is an affine, continuous
map, i.e. a map in CCL.

Proof. We first show that this is true for bases of Smith base-norm spaces,
which by Proposition [3.3.3| gives us essentially all objects of CCL. We show
that this is true by showing that for any Smith base-norm space (E, 7T, E4,T)
the composite map

B(ng")

56 5er) s(ro(E) 2N B(E),

S(B(E)) — S(CAff(B(E)))

where pg is the restriction isomorphism from Proposition 3.3.5, and ng the unit
of the adjoint equivalence from Theorem [3.3.7] maps a Radon measure ¢ to a
barycentre of it in B(E). It follows from this that () is a total function and
is a morphism in CCL.

We need to show that for all ¢ € S(B(E)), and all a € CAff(B(E))

¢(a) = a(B(ng') o S(io pp)(9))-
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We start with the right hand side:

a(B(ng")(S(iopr)(8) = a(B(ng')(¢oiopr))
= a(ng' (¢ oiopr))
=a(ng'(¢opp)) i an inclusion
=gy (60 pr))(pp (@) defn. of np and pg
= (¢0pr)(p5 (a))
= ¢(a).

We now extend this to all objects in CCL. We use Proposition [3.3.3] specif-
ically the fact that every object (F,X) € CCL is isomorphic to (F, B(F)) for
some Smith base-norm space F. To avoid cumbersome notation, we prove in-
stead that if (F,Y) is an object in CCL such that ey : S(Y) — Y is total
and a map in CCL, and (F, X) € CCL is equipped with a CCL-isomorphism
f: X =Y, then

S’(X) S(f) S’(Y) gy Y f- X

maps a Radon measure ¢ € S (X) to its barycentre in X, and therefore ex is
total and a morphism in CCL.

Therefore we want to show that for all ¢ € S(X) and a € CAff(X) that
o(a) = a(f ey (S(f)(9))). As ao f~! is the composite of affine continuous
functions, it is affine and continuous and therefore an element of CAff(Y). By
the definition of barycentre, we have

(a0 f N (Eev(S(F)(9)) =S(f)(@)(ao f1) =dlao f o f) = ¢(a).
O

Lemma 4.2.6. The family {ex} is a natural transformation e : S o U = Id.

Proof. We must show that

Suppose that ¢ € S(U(X)) and ex(¢) = , Le. z is the barycentre of ¢. It
suffices to show that f(z) is the barycentre of S(U(f)(¢). Let h € C(Y), and
we have by definition that

SWU())(¢)(h) = ¢(ho f)

We want to show that if & is affine, then S(U(f))(¢)(h) = h(f(z)), as this
would show f(z) is the barycentre. Since h o f is the composite of continuous,
affine functions, it is also continuous and affine, and so, using the fact that =
is the barycentre of ¢, we have that ¢(h o f) = (h o f)(z) = h(f(z)), which is
what we were required to prove. O
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Taken together, the preceding three lemmas define the counit. We can now
move on to showing that this is actually an adjunction.

Theorem 4.2.7. The functor S : CHaus — CCL is the left adjoint to U :
CCL — CHaus

Proof. We show that the unit-counit diagrams commute (Theorem [0.4.1] (v)).
The first diagram is:

vy 2 U SU(Y)))
iduy iUsy
Uy

To show that it commutes, we must show that for all y € UY', y is the barycentre
of nuy(y). Using the definition of 1, we have that for any affine continuous
function a : X — R that
noy (z)(a) = a(x)
because that is already true for any continuous functions a € C'(X). Therefore
x is the barycentre of nyy (z), and so the diagram commutes.
The second diagram we must consider is the following:

§(x) 2 §wS(x))

) €s(x)

S(X)

This time, we need to show that ¢ € S(X) is the barycentre of S(nx)(¢). So
consider an affine continuous function a : S(X) — R. We want _to show that
S(nx)(¢)(a) = a(¢) for all ¢ € S(X). To do this, we use Lemma We show
the diagram commutes on the convex combinations of extreme points, and since
this is a dense subset, the diagram commutes by continuity. So let {x1,...z,}
be a finite subset of X, and
n
Z aqnx ()
i=1

a finite convex combination of extreme points of S(X). Now

S(nx) <Z amx(%)) (a) = (Z Oémx(xi)> (a0 nx)
i=1 i=1

= Zozmx(ﬂfi)(a o nx)
- Zaia(nx(ﬂii))
a (2<nx<xi>>>

=1
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with the last step holding because a is an affine function. )
As explained before, this shows S(nx)(¢)(a) = a(¢) for all ¢ € S(X), and
hence the diagram commutes. Thus we have that S is the left adjoint to U. O

Now that we have defined the adjunction SHU , We can move on to proving
that R is not only the same functor as the monad derived from S 4 U but also
the same as a monad. In order to do this, we require a few lemmas concerning
the definition of i we gave at the start of Section [I.5] The map p was defined
using the map ¢ +— (a). In fact, this map is simply ega(a), using the counit
from Theorem [3.3.8

When defining px for the Radon monad, we were using ec, (x) for a compact
Hausdorff space X, since SA(C(X)) = Cr(X), the real-valued functions. We
can see that

px (®)(a) = ®(ecy (x)(a)- (4.1)

Theorem 4.2.8. The monad : CHaus — CHaus given by 84U is the Radon
monad R.

Proof. We have by definition that R = U S and 1n = n. Therefore we only need
to show that pu = UeS. What we need to show, then, is that if X is a compact
Hausdorff space and ® € S(U(S(X))), then p(®) is the barycentre of ®. That
is to say, for all a € CAff(S(X)), ®(a) = a(ux (®)). By Theorem every
a € CAff(S(X)) is of the form €cp(x)(b) for some b € Cgr(X). Substituting
this expression for a, we want to show that ®(ec,(x)(b)) = €cy(x)(0)(1x (P)).
Starting with the right hand side and using (4.1) we get

€cu(x) (D) (1x (®)) = px (®)(b) = P(ecy (x) (b))
as required. O

The preceding theorem shows that Swirszcz’s definitions can be translated
into ours. Therefore we can appeal to the following theorem.

Theorem 4.2.9 (Swirgzcz). The forgetful functor U: CCL — CHaus is monadic,
i.e. CCL ~ EM(U o S). By Theorem CCL ~ EM(R). O

This comes from [124, Theorem 3]. A proof not using any monadicity the-
orems can be found in [120, Proposition 7.3], and another proof may be found
in [74, Theorem 8.5] where the subprobabilistic case is also treated. Note that
because of the weak map of monads R — G (Theorem it is also the case
that any compact convex subset of a locally convex topological vector space
becomes a G-algebra when equipped with its Baire o-algebra.

At this point the reader might wonder what réle the embedding in a locally
convex space plays. If X is a compact convex subset of a topological vector
space, R(X) is still defined, and we have a map D(X) — X by the convexity, so
we have a partially defined map on the dense subset 7x (D(X)) (Lemmal[L.5.5) of
R(X) to X. If it were always possible to extend this to all of R(X), for instance
by proving it was uniformly continuous, then every compact convex subset of a
topological vector space would be an R-algebra, and therefore be embeddable
in a locally convex space. However, there are compact convex subsets of non-
locally compact spaces that have no extreme points. If they were embeddable
in a locally convex space this would contradict the Krein-Milman theorem [20),
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Proposition 7.4]. The first example was given by Roberts [I11], and later he
constructed an example in LP for 0 < p < 1, a metrizable topological vector
space that is not locally convex. A more recent example is given in [73, Theorem
4.3], and a textbook treatment in [I13, §5.6]. Such convex sets are necessarily
not “observable” in the sense of [66], i.e. there are pairs of points that cannot
be distinguished by any continuous affine map to [0, 1] (or equivalently R).

4.3 Swirszcz’s Theorem for &£

We introduce at this point the functor Set — BOUS®P that plays, for £, the
role that C' : CHaus — BOUS®? plays for R. We write £>°(X) for the set of
functions ¢: X — R which are bounded: there is an N € N with |¢(z)] < N
for all z € X. These functions form an ordered vector space, via pointwise
operations and order. The function u: X — R with u(xz) = 1 is a strong unit
that is archimedean. The induced norm is the uniform or supremum norm
lolloo = sup{|o(z)| | z € X}. Tt is not hard to see that £°(X) is complete in
this norm, and thus a Banach order-unit space.

For the category CHaus we have seen a monadicity result over Set in Sub-
section and for CCL we have seen a monadicity result over CHaus (The-
orem There in fact a monadicity result for CCL over Set, also due to
Swirszcz.

Theorem 4.3.1 (Swirszcz). The category CCL of compact convez sets is monadic
over Set, where the left adjoint to the forgetful functor CCL — Set is the fol-
lowing composite:

S = (Set —“~ CHaus —> > CCL).

obtained by composing the adjunctions from Subsection[0.4.1] and Theorem[].2.7.
O

The proof in [I124] uses Linton’s monadicity theorem. A more elementary
proof (of monadicity over CHaus, but adaptable to this case) can be found
in [120, Proposition 7.3].

However, we cannot use this result immediately because the monad arising
from the adjunction above is not £. To help with this, we will show that
S 00%° 4V in the diagram below:

CCL
ol
so¢= | CHaus |v
[
Set

The monad VS¢> will be more easily related to £. We define the unit of
the adjunction first.

Lemma 4.3.2. The map nx : X — V(S({>(X))), defined as follows

nx(z)(a) = a(z),
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where x € X and a € €*°(X), is a natural transformation n : Id = VS,

Proof. First we must check that nx (z) is a state. It is linear by the pointwiseness
of the definitions of addition and scalar multiplication. We can show it is positive
because the positive elements of £°°(X) are just the non-negative functions, and
the unit is 1, so nx(x) preserves positive elements and the unit. Therefore
nx defines a function in Set, so we move on to verifying that it is natural. Let
f: X — Y be a function, and we want to show the following diagram commutes

X L USsre(X)

fl J{U'Sfx’(f)

Y —— USI®(Y).
ny

To do so, let z € X and b € £>°(Y). For the lower left route we have

(ny © f)(@) () = ny (f(x))(b) = b(f(x)),

while for the upper right route we have

(USLE(f) 0 nx)(@)(b) = US=(1)) (nx (2)) (b) = nx (2) (€=(£) (b))
= 2()0)(2) = b(f (=),

hence the diagram commutes. O

We can extend the notion of barycentre as follows. For (E, X) € CCL and
¢ € SU™(V(X))) we say z € X is a barycentre of ¢ if for all a € CAff(X)
we have ¢(a) = a(z). As CAff(X) C C(X) C ¢>°(X) (Proposition [A.2.3)), this
is a valid definition. By a similar argument to that used in Lemma the
Hahn-Banach separation theorem implies that barycentres are unique if they
exist.

Proposition 4.3.3. The functor S o £*° is left adjoint to V : CCL — Set.

Proof. We prove this by defining the counit and verifying the triangle axioms for
the unit and counit (Theorem (v)). We use, from Proposition the
inclusion mapping ¢ : C = (W (where for the moment we define the functor
W : CHaus — Set is the forgetful functor) to define

e=coSu,

where ¢ is the counit from Theorem By definition this is a natural trans-
formation of the correct type. If ¢ € S¢*°(V(X))) and a € CAff(X), we can
observe that

= a(ex(S(t)(9))) definition of ¢

so €x maps states to their barycentres, where barycentre is taken with the more
general sense.
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Thus we have defined a unit (in Lemma [4.3.2) and a counit and need to
show that they satisfy the unit-counit laws. The first diagram is the following
(for X € CCL)

nvx

VX —VS*VX

Ve
k\lx

VX

This states that the barycentre of a Dirac measure at z is z. So we must show
that for all z € X, and for all a € CAff(X), nyx(x)(a) = a(x). This follows
directly from the definition.

The second diagram is (for X a set):

S (nx
S(t=(x)) —T0)  gpeoyrspee(x)
€500 (X)

St (X)

Let ¢ € S(¢*>°(X)). To show this diagram commutes, we will show that ¢ is
the barycentre of S(¢*°(nx))(¢). So let a € CAf(S(¢{>(X))), and we want
to show that S(¢*°(nx))(¢)(a) = a(é). By Theorem the affine function
a= 629&? (b) for some b € £>°(X). We then have that

S(0(1x))(9) (g X5 (b)) = A% (nx ) (€27 %) (1)) = D% (b) 0 11x).

By using z € X, we observe

(2% (0) o nx)(w) = 28RS (0)(nx (2)) = nx () (b) = b(x),

SO e?ooo(?ﬁ (b) onx = b, and we have

S (nx)) (@) (K5 (1) = 6(b) = LK (0)(9) = al9).
Therefore we have an adjunction. O

Since we have just introduced this generalized notion of barycentre, we take
this moment to give an equivalent characterization of it.

Lemma 4.3.4. Let X € CCL and ¢ € SU{>*(V(X))). A point x € X is
the barycentre of ¢ iff for all a € CAF(S((>(V(X))),[0,1]) a(x) = ¢(a). For
convenience, we call this property that of being a truncated barycentre.

Proof. Because a € CAff(S(¢(>(V(X))),[0,1]) € CAff(SU¢>(V(X)))), if = is
the barycentre of ¢, then for all « € CAff(S(¢>°(V(X))), [0,1]), we have ¢(a) =
a(x). We reduce to proving the converse. Suppose that x is a truncated

barycentre of ¢, and let y be the barycentre. Then for all functions a €
CAff(S(¢>=(V(X))),[0,1]), we have

a(z) = ¢(a) = aly)

By the contrapositive of Corollary (iv), = y, so « is the barycentre of
®. O
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We now have, by Lemma 9| that VSI™ =~ VSU as monads, so by Propo-
sition and Theorem 5M(VS€°°) =~ EM(VSU) ~ CCL. The final
step is to produce a monad 1som0rphlsm E 2 V&SI, To do this, we first give
an equivalent definition of uf.

We will be using the isomorphism between hom sets

ex : BOUS(ZOO(X), R) = ]3]5‘41\/[0(:1([07 1]400()(), [0, 1]R)
that is implied to exist by Theorem [1.2.9] so we have given it a name.
Lemma 4.3.5. For ® € £2(X) and a € [0,1]%, we have

u (®)(a) = (W ([0, ]mous (a)) 0 )
Proof. The original definition is
HE(@)(a) = @(¢ € E(X) = (a)),

and so it suffices to show that

(b S S(X) — ¢(a) = W([O 1] BO(L)T(S( )) 0(9)_(1

)

We start with the right hand side, evaluating it at an arbitrary ¢ € £(X):
(W([0, Uemoys (a)) 0 0x1)(¢) = V ([0, Lemous () (0 (¢))

€00 (X)

= 9% (@) (0% (¢))
= 0%'(¢)(a) = ¢(a).
The last step is true because 9;(1 (¢) is only being evaluted at elements of [0, 1]X
where it agrees with ¢. O
For ease of notation, in the following we use (T, 1T, u*') for the monad VS¢*°.
Theorem 4.3.6. 0 is a monad isomorphism T = £, and so EM(E) ~ CCL.

Proof. We first observe that the composite functor V o § is equal to the hom
functor BOUS(-,R), and hence VS¢* = BOUS(-,R) o £*>°. This is simply
because the set is exactly the same set of maps to R in each case and the action
on maps is precomposition in both cases. Now we can use fx as follows:

VS (X) = BOUS(L(X),R) = BEMod([0, 1]~ (x), [0, 1]r)
~ BEMod((0. 1%, 0,1)) = £(X)
and this is in fact a natural isomorphism because the only actual isomorphism
is fx : BOUS({*(X),R) = BEMod([0, 1] (x),[0.1]r) which was already
proven to be natural, in the other cases the functors agree on both maps and
objects and so are trivially naturally isomorphic.

To show it is a monad isomorphism, we must show that the relevant diagrams
involving the unit and multiplication commute. First, we must show:

T
X o rx

RN

£(X)
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Let z € X and a € [0,1]%. Then

Ox (0" (2))(¢) = 0" (2)(¢) = ¢(x) = 1 (2)(9)

and so the diagram commutes. We therefore move on to showing that the
following diagram commutes:

rx) &)
£(X)

The diagram commutes iff p% = 63" o u§ o E(6x) o Orx, and since, by
deﬁnition, ,u)T( = VES(goo (X)) this will follow if 0)_(1 (,ui- (5(0}()(97')((@)))) is the
barycentre of ® for each ® € T?(X). To simplify matters we will use the
truncated barycentre characterization from Lemma Suppose that a €
CAff(S(¢>(X)),[0,1]), and define b € [0,1]X to be such that [0, 1]52309&53 b)=a
(using Theorem [3.3.8). We have

a(0x (5 (E(Ox) (Orx (2))))) = %) (0) (0" (15 (£(0x) (0rx (2)))))
= 0% (1% (E(0x)(07x (9))))(b) = & (E(0x) (07x (®))) (1)

We then use Lemma [4.3.5]

= £(0x)(0rx (2)(W ([0, ]nous (b)) 0 0x)
= 07 (P)(W([0,1]mous (b)) 0 0" 0 Ox) = Orx (®)(W ([0, 1 mous (b))

€0 (X) £2°(X)

= Orx(®)(a) = B(a).

The last step works because 6 is just truncation. We can therefore deduce that
0% (1% (E(0x)(07x (®)))) is the truncated barycentre of ®, and hence is its
barycentre.

We can compose the isomorphism §~! : & — VS With the isomorphism
VSI® — VSU arising from Theorem and Lemma 9| to obtain a monad
isomorphism £ — VSUu. By Propos1t10n et an lbOInOI'phISHl of cat-
egories EM(E) = EM(VSU), so by Theorem 4 1| we have an equivalence
EM(E) ~ CCL. O

We can now show that every Eilenberg-Moore algebra of £ is “observable”,
in the sense of [65].

Corollary 4.3.7. Every (X,a) € Obj(EM(E)) is observable, i.e. for each
x1,x9 € X, where x1 # T2, we have an a : (X, a) — [0,1] in EM(E) such that
a(z1) # a(za).

Proof. By Theorem we find Y € Obj(CCL) such that (X, a) = (UY, B)
in EM(E), where § is the Eilenberg-Moore algebra map for Y. Under the
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isomorphism X = U(Y), z1,22 € X map to y1,y2 € U(Y) which are still
distinct. By Corollary (iv) there exists a ¢ € CCL(Y,[0,1]) such that
o(y1) # ¢(y2). Regarding this as a map in EM(E), and composing with the
isomorphism X 2 UY we have a map a : (X,a) — [0,1] in EM(E) such that
a(zy) # a(xs). O

4.4 Compact Effect Modules

Using Swirszez’s results, as shown in this chapter, we can characterize CEMod
intrinsically, i.e. without using an embedding in a vector space, in two different
ways, according to whether we use R or £.

We define the objects of CEModgx to be triples (A4, T, a4), where A is an
effect module, 7" a compact Hausdorff topology on A, and a4 : R(A) — A amap
making A an Eilenberg-Moore algebra of R, such that the EM(D)-structures on
A defined by a4 and the effect module structure of A are the same. The maps
in CEModyx are maps that are effect module maps that are also continuous
and EM(R) maps.

Similarly, the objects of CEMod¢ are pairs (A, «4) where A is an effect
module and a4 : E(A) — A is a map making A an Eilenberg-Moore algebra of
€ such that the EM(D)-structures on A defined by a4 and the effect module
structure of A are the same. The maps in CEModg are effect module maps
that are also EM(E) maps.

We write UR for the comparison functor CCL — EM(R), known to be
an equivalence by Theorem and we write U® for the comparison functor
CCL — EM(E), an equivalence by Theorem

We can therefore define a functor V* : CEMod — CEModx and a functor
V¢ : CEMod — CEModg as follows. The definition on objects is V*(E, A) =
(A, T,aa) where T is the subspace topology on A, and a4 the Eilenberg-Moore
structure arising from U(E, A), considered as an object of CCL. This is
an object of CEModpg, because the condition that convex combinations of
elements of A defined in E agree with those defined in terms of the effect module
structure implies that the EM (D) structure defined by a4 and that defined by
the effect module structure agree. On maps V? does nothing, and any map
that is affine and continuous is an EM(R) map, so this is well defined. The
functor V¢ is defined similarly, based on U¥.

Proposition 4.4.1. VR and V¢ are equivalences.

Proof. As V™ and V¢ are the identity on maps, they are both faithful. We
can see that each functor is full as follows. If g : VR(E, A) — VR(F,B) is a
map in CEModrp, i.e. it is an effect module map A — B that is continuous
and an EM(R) map. Then by the fullness of U, it is an affine and continuous
map A — B, hence a morphism in CEMod. In fact, we did not use the fact
that it is an EM(R)-morphism and could have defined CEModg without this
condition. To see that V¢ is full, let g : V& (E, A) — V¢(F, B) be a map that
is an effect module morphism and an EM(E)-morphism. Then by the fullness
of U, g is a map A — B that is affine and continuous, considering A and B as
subsets of ' and F respectively, and therefore a morphism in CEMod.

We now consider essential surjectivity. If (A, 7,a4) € CEModg, by es-
sential surjectivity of U, there exists a locally convex space F, a compact
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convex subset X, and a map ¢ : A — X that is an EM(R) isomorphism, where
X is considered as an Eilenberg-Moore algebra of R using the barycentre map
ex 1 R(X) — X. We can define an effect module structure on X so as to make
this an isomorphism, and since every EM(R) map is D-affine (Lemma [L.5.2),
convex combinations defined using the effect module structure on X agree with
convex combinations in E.

The proof of essential surjectivity for V¢ is similar, using essential surjectiv-
ity of U¢ and Proposition O

4.5 Closing Remarks
In this chapter we saw two adjunctions and their composite, arranged as follows:

CCL

CHaus

M

Set.

The monad arising from the bottom adjunction was the ultrafilter monad, the
monad arising from the top adjunction was the Radon monad, and the monad
arising from the composite adjunction was the expectation monad, and all
three adjunctions were monadic, giving rise to equivalences EM(U) ~ CHaus,
EM(R) ~ CCL and EM(E) ~ CCL, the first being due to Manes and the sec-
ond two to Swirszez. Perhaps more familiar in computer science is the following
pair of adjunctions and their composite, from [132]

CSL

Set,

where CSL is the category of compact Lawson semilattices, or equivalently
continuous lattices. The monad arising from the bottom adjunction is again
the ultrafilter monad, the monad arising from the top adjunction is the Vietoris
monad, and the monad arising from the composite adjunction is the filter monad.
These adjunctions are all monadic again. This can be considered to be for
nondeterminism what this chapter’s results are for probability.

It might be interesting in future work to look at the relationship between
these two situations and if there is a similar situation for the combination of
probability and nondeterminism.



Appendix A

Miscellanea

This appendiz contains proofs we were unable to find elsewhere.

A.1 Elementary Real Analysis

In this section we go over some elementary real analysis facts that we require.
As we will use results from this section in Section [A.7] we break the convention
used elsewhere and take care to avoid using the axiom of choice. For clarity, we
state at this point that we are considering R to be defined as the Dedekind cuts
of @ (not by families of Cauchy sequences).

Recall that a Dedekind cut in the rationals is a pair (A, B) where A, B C Q
are non-empty and disjoint, and

() AUB=Q,
(i) Ya € A,b € B.a <b, and
(iii) A has no greatest element.

Lemma A.1.1. Let S C R be a non-empty set of reals that is bounded above,
i.e. there exists r € R such that Vs € S.s < r. Then S has a least upper bound
sup S € R.

Proof. Define

By ={qeQ|Vse Ss<q}
B_={qeQ]|3se Ss>q}.

We prove that (B_,By) is a Dedekind cut. We see that B_ is not empty
because S is not empty, and By is not empty because By is bounded. Now (i),
the fact that B_ U By = Q, follows from the fact that the predicate defining
B_ is the negation of the predicate defining By (using De Morgan’s law for
quantifiers). To prove (ii), observe that if « € B_ and b € B, there exists
s € S such that s > a, and for any such s, s < b, so a < b. To prove (iii),
suppose for a contradiction that Ja € B_ such that Vg € B_.q < a. We know
that there exists an s € S such that s > a, and as s is itself a Dedekind cut,
and a € s_, there is a larger @’ € s_ too. Now, s > a’ as well, contradicting a’s

183
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definition as a maximal element of B_. Therefore B_ has no maximal element
and we have proved that (B_, B;) is a Dedekind cut.

Now we show that (B_, By) is a least upper bound for S. To show that it
is an upper bound, suppose that s € S. If ¢ € B, then for all s € S, s < g, i.e.
q € s4. So By C sy, and therefore s < (B_, By).

To show that (B_, By) is a least upper bound, suppose that u is an upper
bound for s. If ¢ € uy, then ¢ > s for all s € S, so ¢ € By. Therefore uy C By
and so (B_,By) < u. O

Lemma A.1.2. Let (P, <) be a directed poset, and (a;);cp be a monotone net
i R. Then

(1) If lim;cp a; exists then sup;cp a; exists and lim;cp a; = sup;cp a;.
(i) If sup;cp a; exists then lim;cp a; exists and it is sup;cp a;.
Proof.

(i) First we show that lim;cp a; is an upper bound. Suppose for a contradic-
tion that thereis a j € P such that a; > lim;ep a;. We take € = a;—lim;¢p,
and by our assumption this is greater than 0. Since (a;) converges, there
exists a k € P such that for all m > j we have |a,, — lim;ep a;| < €. Since
P is directed, there is some m € P such that m > j, k. Since m > k, we
have |a,, — lim;ecp a;| < e. But since m > j, we have

am —lima; > a; —lima; > 0,
ieP 1eP

SO
Ay, — lim a; = Uy — lim a;
| m PP 7,| ] icp 7

> a; —lima;
ieP

:6,

which is a contradiction. This implies lim;cp a; is an upper bound for
(ai)icp-

To show it is a least upper bound, let b be an upper bound for (a;), and
suppose for a contradiction that b < lim;cp a;. Let € = lim;cpa; — b. By
convergence of (a;) there is a j € P such that |lim;cp a; — a;| < e. Since
lim;c p a; is an upper bound, we have

lima; —aj| =lima; —a,
| iep il iep
<€
= lima; — b.
ieP
Therefore a; > b, contradicting the assumption that b is an upper bound.

(ii) Suppose (a;) has a least upper bound, sup;cp a;. We aim to show that
(a;) converges to it, i.e. that for all € > 0, there is some j € P such that
for all k > j, |sup;cpa; — ax| < €. So sppose for a contradiction that
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there is some € > 0 such that for all j € P, there exists a k£ > j such that
| sup;cp a; — ag| = sup;ep a; — ax > €.

Observe that since a; < ay, we have

€ <supa; — ap < supa; — aj,
iel icl

so it is actually true that for all j € P, sup,cp a; — a; > € > 0. Therefore
€

Sup; ¢ p a; — 5 is a smaller upper bound for (a;), contradicting the definition
of sup;cp ;. O

Now we can prove a lemma about monotone nets.

Lemma A.1.3. Let (P, <) be a directed poset, (a;)icp, (bi)icp be monotone nets
in R, such that (b;) converges and a; < b; for all i € P. Then (a;) converges.

Proof. By Lemma lim;e p b; = sup;ep b;. Since a; < b; < sup;ep b, (a;)
is bounded above, and therefore has a least upper bound. Therefore sup;¢; a;
exists, so by [A1.2) again, lim;cp a; exists. O

Lemma A.1.4. Let (a;)ier be a family of nonnegative reals indexed by I, a set.
If 3 ;e ai exists, then sup ;> oy a; ewists and they are equal, where J € I
indicates that J is a finite subset of I. Conversely, if sup ey > ;e @i €xists (in
R), then )., a; converges to it.

icJ

Proof. This follows from Lemma, specializing to directed nets of the form
i€J Jel

A.1.1 Sums

We will require some facts about sums of nonnegative reals, where a divergent
sum is considered to have the value co. In particular, we prove a discrete, but
uncountable analogue of Tonelli’s theorem from measure theory. The Tonelli
and Fubini theorems require a o-finiteness hypothesis so we cannot use them
directlyﬂ

Lemma A.1.5. Let (a;)icr and (bj)jes be monotone nets in R>g. Then

supa; +supb; = sup (a; +b;).
iel jeJ (i,9)eIxJ

Proof. We prove this by showing an inequality each way.

o >:

For each i € I we have a; < sup;cra;, and for each j € J we have
bj <sup;c;bj. So a; +bj <sup;eya; +supje;bj, and therefore

sup (a; +b;) <supa; +supb;.
(i,§)ETXT iel jeJ

1Though perhaps Halmos’s definitions in [65] would work as he uses o-rings.
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o <:

‘We reason as follows.

vi'el,j € J. apy +by < sup (a;+b;), SO
(i,5)€IXJ

vi'el,j' € J. ap < sup  (a; +b;) — by, 80
(i,§)€Ix T

Vi’ e J. supa; < sup (a; +b;) — by, S0
iel (i,9)eIxJ

Vi e J. by < sup (a;+b;)—supa;, so

(i,4)eIxJ iel

supb; < sup (a; +b;) —supa;, so
jed (i,5)EIxJ iel

supa; +supb; < sup (a; + b;).
iel JjEJ (i,)eIxJ

O

Lemma A.1.6. Let (a;);gjf be a family of monotone nets indexed by a finite
set I, where J; is a poset varying with i € I. Then

Z sup aé = sup Z aé.

icr I€7i (Gi)ier€llier Ji Geg
Proof. We prove this inductively in |I|. The base cases of |I| = 0 is trivial.

So we go straight to the inductive step. As |I]| > 0, there exists some element
n € I. We define I’ = I\ {n}. Then

Z sup aé- = Z sup az» + sup aj,

el jeJi iGI"jeJi anJn
= sup g a; + sup a;, inductive hypothesis
(G)icr €llier Ji jepr Jn€Jdn
= sup E a; Lemma [A. 1.5l

(3i)ier€llier Ji jer

The following lemma is useful for proving inequalities between suprema.

Lemma A.1.7. Let P be a poset, and a : D — P and b : E — P be directed

sets whose suprema exist. If Vi € D.3j € E.a; < bj, then supa; < supb;. In
i€D JjEE
particular, this holds for P equal to [0,00] or R.

Proof. It suffices to show that sup;c g b; is an upper bound for (a;)iep. Since

Vi € D.3j € E.a; < bj, and b; < sup;cpbj, we have that for all i € D,
a; < supjep by, as required. O

We can now prove the discrete Tonelli theorem (without using choice).
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Lemma A.1.8. Let I and J be sets, and (aij); j)erxs be a family of nonneg-

ative reals. Then
DD = Y, a= )

iel jed (i,5)€IxT jeJiel

where the sum is interpreted in [0,00]. Therefore, if any one of the three con-
verges in R>q, they all converge and are equal.

Proof. We prove that > ;> ic;aij = > jyerx. @ij, and the other case fol-
lows by symmetry. By unpacking the definitions and using Lemma we

have
E E a;j = sup E sup E a;j = sup sup E E a;j
( % 'LEK
i€l jeJ Led i€EK jEL;
and
E G;; = Sup E Qg
(i,5)elxJ MEIXT ; iem

We now prove inequalities in each direction.
o <:
For each K € I, and (L;);cx with L; € J, we can define
M= {(/La]) | (S K?] € Lz}

For each i € K and j € L;, there is a unique element (i,j) € M, and

D ick Z]eL a;; = Z(m e @ij, 50 by Lemma
sup sup Z Z a;; < sup Z Qij-

KCI([L,)lGKZGKJGL MEIxJ

e >: For any M € I x J, we can define
K={iel|3jeJ(i,j)e M}
Li={jeJ|(ij) e M}

Then for each (i,7) € M, there is a unique pair ¢ € K and j € L;, and

DG jyen ij = Dick 2o jer; Gijs 80 by Lemma
sup Z a;; < sup sup Z Z Qij-

MerxJ 2y KCI(L )leKleKjeL

O

The following are some useful lemmas for deducing the summability of a
series from the summability of a related series.

Lemma A.1.9. Ifa € Rxg and ¢ : X — Rxq such that ) ¢(x) converges,

then
S as(e) =a 3 6(@)

zeX zeX

In particular, this implies that the left hand side converges.
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Proof. If a = 0, then ) v ag(x) = >, .x0 =0, and a) .y ¢(z) = 0.
Therefore we can reduce to the case where o > 0. We prove the inequality in
each direction.

o <:

For all J € X, we have ) _;¢(x) <>y #(v). Applying distributivity
of multiplication, we have

Yoag(a) =a)y ¢@) <a ) ¢la).
zeJ zeJ zeX
As this holds for all J € X, we have

> ad(z) = sup ¥ _agx) <a )y é(x).
eJ

reX Jex T reX
This also proves that ).\ a¢(x) converges, by Lemma

o >:

For any J € X, we have ), ad(z) < > ag(x), and consequentially
Yees (@) <atY v ad(x). By LemmalA.1.4] we have

Do b@)<at Y ag(a),

reX zeX

and so a) v o(x) <D oy ad(x). O

Lemma A.1.10. Let a: X = R>q be bounded with bound o and ¢ : X — R>g

be summable. Then
> da)a(x)

rzeX

converges, and is less than or equal to )y ag(x).

Proof. For any J € X, we have

D d@alx) <Y ad(x) <> ad().

xcJ zeJ zeX
By Lemma SUp jex 2 _,cs ?(x)a(r) exists, and so ) .y ¢(x)a(z) con-
verges by Lemma and it is less than or equal to ).y a¢(x). O

Corollary A.1.11. Let ¢ : X — Rx>q be summable, and Y C X. Then ¢y is
summable, and

D> o) < gla).

€Y zeX

Proof. Lemma [A.1.10/implies that ) . xy(z)¢(x) converges and is less than
or equal to Yy ¢(z). So we only need to show

D xv(@)d(z) = é(x),
zeX zeY

as follows.
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o <:
We use Lemma [A-T.7] as follows. For each I € X, we have

D oxv@o@) = Y é(x),

xel zelnNY

and therefore ) ¢ xv (z)p(x) < >0 oy o(x).
o >:
For any J €Y, and x € J, we have xy(x) =1, so

D @) = xv(@)é(a),

zeJ zeJ

and by Lemma Dowey P() <X cx Xy (@)o (). O
Lemma A.1.12. Let f : X = Y be a function, and a : X — R>¢. Then

Yoa@=) > al),

zeX yeY zef-1(y)
each side being summable if the other is.

Proof. By expanding the definitions, and using Lemma where necessary,

we have
Z Z a(x) = sup Z sup Z a(x)

c cf—1
yeY zef—1(y) KEY yex lv€f ' W) ger,

sup  sup Z Z a(x) and

Key (Ly)yGK

Lyer i ST
Z a(z) = sup Za(z).
z€X JEX oe

So we prove the two sides are equal by proving inequalities in each direction.
o <:

We use Lemma as follows. For each K € Y and family (Ly)yecx
with L, @ f~'(y), we can define J = Uyex Ly, and this is a finite subset

of X, such that
YD al@)=) alx),

yeEK xz€L, zedJ

so
sup  sup Z Z a(z) < sup Za(az).
KeY (Ly)yex yeK €L, J@XJJEJ
Lyef *(y)
o >:

Given J € X, define K = f(J) and L, = f~*(y) N J for each y € K.
Then K €Y and L, € f~'(y), and by rebracketing addition

Za(m) = Z Z a(x).

zeJ yeEK €L,
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So by Lemma
sup Y a(z) < sup  sup  » > a().
JEX 77 KeY (Ly)yex yeEK z€L,

Ly@f_l(y)

A.2 General Topology

It is commonly known that f : X — Y is continuous iff for all nets (z;)er,
z; € X we have lim;es f(x;) = f (lim;es ;). The following lemmas relate this
fact to the subspace topology.

Lemma A.2.1. Let X be a topological space, S C X a subspace, (z;)icr a net
with x; € S for alli € I, and x € S. Then lim;cr x; = = in X'’s topology iff
lim;er x; = x in S’s subspace topology.

Proof.

e r; — x in S implies x; — = in X:

Suppose x; — x in S, i.e. for all U € O(S) such that x € U, there exists
ju € I such that for all i > jy we have x; € U. Then if U € O(X) and
xeU,UNS € O(S) so we take jyns to prove the convergence of z; to
r,asUNSCU.

e z; — x in X implies z; — x in S:

Now suppose z; — x in X, and define jy for each U € O(X) such that
x € U as before. If U € O(S), we have U = U’ N S for U’ € O(X). So if
z € U, we have x € U’ and so there exists a jys such that for all ¢ > jy
we have x; € U’. Since x; € S, we also have that x; € U'NS = U, so
r; — = in S too. O

Corollary A.2.2. Let f: X — Y be a function, where X andY are topological
spaces. Let S C X. Then f|g is continuous iff for all nets (x;);er with x; € S
that converge to a point x € S, we have lim;es f(z;) = f(x).

Proof. By [75, Chapter 3, Theorem 1] the map f|g is continuous iff for all nets
(2;)ier in S converging to a point x in S, (f(z;))ier converges to f(z) in Y.
We then use Lemma to deduce that this is so iff for all (z;);c; converging
to x € S in the topology of X, (f(z;))ics converges to f(z) in the topology of
Y. O

Let U : CHaus — Set be the forgetful functor.

Proposition A.2.3. Every continuous function on a compact Hausdorff space
is bounded. Therefore we have an inclusion tx : C(X) — £>°(U(X)). This is a
natural transformation « : C = £>°U. This is so whether we take C and > to
be C*-algebras of C-valued functions or Banach order-unit spaces of R-valued
functions.
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Proof. The reason that every continuous function on a compact Hausdorff space
is bounded is that the image of a compact set is compact, and every compact
subset of R (respectively, C) is bounded by the Heine-Borel theorem. The map
tx is a map in BOUS because the vector space structure, positive cone and
order unit are exactly the same for C(X) and ¢>°(U(X)), or it is a map in
C*Alg because the multiplication, involution and vector space structure are the
same. Thus we only need to show that this forms a natural transformation. Let
f: X — Y be a continuous map between compact Hausdorff spaces. We want
to show that

CY) — £2(U(Y)
C(f)l if‘”(U(f))
CX) = (U (X))

%
commutes.
So let b € C(Y), and for the lower left way:

x (C(F)(b) = bo f,

while for the upper right way:
U )) ey () =bo f

hence the diagram commutes. O

A.3 Absolutely Convex Sets

Lemma A.3.1. A set is absolutely convex iff it is balanced, convex and nonempty,
and in either case contains 0.

Proof. If E is a real vector space and S C F an absolutely convex set, we can see
that it is convex because each convex combination is also an absolutely convex
combination. It is balanced because —z is an absolutely convex combination of
z. It is non-empty because we can take the empty absolutely convex combination
to get 0 € S.

On the other hand, let S be balanced, convex and non-empty. We know there
isan z € S, so —z € S by balancedness, and 1z + 3(—z) € S by convexity.
Therefore 0 € S.

Now, let > | a;x; be an absolutely convex combination of elements of S.
Define §; = |oy| for i € {1...n} and

n
ﬂn—‘rl =1- Z ‘O‘i‘v
1=1

which is an element of [0,1]. We then see that Z?:ll ; = 1. We define

y; = sgn(oy)x; for i € {1...n} and y,y; = 0. Then Z?:ll ;1S a convex



192 APPENDIX A. MISCELLANEA

combination of elements of S, and so is in S by its convexity. All we need is

n+1

Z Biyi = Z |ai| sgn(ai)zi + Bri10
i—1

i=1
n

= E ;T
i=1

to show that S is absolutely convex. O

A.4 Effect Modules

Lemma A.4.1. Let A be an effect module. If a,b € A and o, € [0,1] such
that o + 8 < 1, then ax L By in A. In particular, A is closed under convex
combinations (when 8 =1—a). Any effect module morphism f: A — B is an
affine map with respect to these convexr combinations.

Proof. We have

au=ala®at) =aa @ aat
Bu=Bbwbt)=pBbw Bb.

Define vy = a+f € [0, 1]. Since au®fu = yu, we have that aa@aa’ 1 fb@3b*,
and their sum is yu. Using associativity, we see that ((ca @ cal) @ gb) L Bbt.
We then use commutativity and associativity as follows

aa @ aat L Bbe aat @ aa L Bb
= aa L Bb.

To see that an effect module morphism f : A — B is affine, observe that

flaz © (1= a)y) =af(z) © (1-a)f(y)
by the definition of an effect module morphism. O
Lemma A.4.2. In any effect module, if o € [0,1], we have o -0 = 0.

Proof. We have that a-0@ (1—a)-0 = 0 by the effect module axioms. Therefore
a-0@(1—a) 0L 1. By associativity and commutativity we have therefore
that -0 L 1, and so a - 0 = 0 by the effect algebra axioms. O

A.5 Order-Unit Spaces

Here we show that the two possible definitions of strong order-unit coincide.

Lemma A.5.1. For an ordered vector space (E, Ey) with chosen element u €
E., the following two statements are equivalent:

(i) E = UneN[fnu,nu}

(ii) Ey = U,enl0,nu] and Ey is generating (or E is directed).
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Proof.

o (i) = (ii):
First we show that E is generating. Given x € E, we have the existence
of some n € N such that © € [—nu,nu]. Therefore nu —z € Ey. Since
nu € E; too, we can define zy = nu and x_ = nu — z, and then x =
Ty —T—.
Now we show the condition on positive elements. First, [0,v] C E,, so
Unen(0,nu] € Ey. For the other inclusion, suppose that z € E,. We

have that © € [—nu,nu] for some n by assumption, and then we simply
apply the fact that > 0 to deduce that = € [0, nu].
o (i) = (i):

Let x € E. Since E, is generating, z = x4 — z_ for ., v € Ey.
Since this equation can be rearranged as x4 —x = x_, showing x4 > «x,
and ¢ — (—z_) = x + x_ = x4, showing z_ < z. Using the alternative
definition of an order unit, there are m,n € N such that . € [0, mu]
and z_ € [0,nu]. We have that —z_ € [—nu,0]. We can then apply
transitivity of the order and deduce = € [—nu,mu]. If we take p to be
whichever of {n,m} is larger, we have z € [—pu, pu], as required. O

Recall that ({0}, {0},0) is an order-unit space by our definition.
This is the reason for the apparent contradiction between the following
Proposition and [0, Lemma 1.15].

Lemma A.5.2. If (A, A, u) is an order-unit space, the following three prop-
erties are equivalent.

(i) A#0

(i) u#0
(iii) |ull =1
Proof.

e (i) = (ii): Suppose that A # 0. Then there exists an a € A, and a =
ay — a_, so there is some positive element 0 # o’ € F. If u were 0, we
would have au = u for all a € [0,00), contradicting its being a strong
unit. Therefore u # 0.

o (ii) = (iii):

By definition, u € [—u,u], so |Ju|| < 1. Suppose that v € [—au,au| for
0 <a< 1l Thenu < au, ie (a—1)u € Ay. Since u is positive and
a —1 < 0, we have that —u € A, and so v = 0. By contraposition, if
u#0, ||ul| > 1, and so |lul| = 1.

o (iii) = (i):

If A =0, the only element is 0, and |[|0] = 0. So the existence of any

element of nonzero norm implies A # 0. O

There is another characterization of when an ordered vector space with
strong unit is an order-unit space, i.e. when it is archimedean.
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Lemma A.5.3. Let (A, Ay, u) be an ordered vector space with strong order

unit . Let ||-|| = ||-l{=u, be the Minkowski seminorm. Then Ay is ||-||-closed
iff (A, Ay, u) is archimedean. Furthermore, if (A, Ay, u) is archimedean, the
seminorm ||-||[—y,u) i5 @ norm with unit ball [—u, u].

Proof. We first show that if (4, A;,u) is archimedean, then A, is ||-||-closed.
Let © € cl(Ay). This means that for all n € N, we have that there exists a
y € A, such that ||z — y|| < 1. We know that Ball(4) C [—2u,2u] (Lemma
7 so for all n € N we have z — y € 1[—2u,2u]. By redefining n to 2n
and using Lemma we have that for all n € N there exists a y € A4 such
that y € [z — Lu,x + ~u]. This implies that v+ tu —y € A and y € A4, so
T+ %u € A;. Therefore —x < %u for all n € N, so by archimedeanness we have
—z € —Ay, sox € Ay. Therefore cl (A4) = A4, i.e. Ay is closed.

We now show that if the cone is closed, (A, A4, u) is archimedean. So sup-
pose that for all n € N, we have a < %u, equivalently %u —a € A;. If we show
that (%Lu — a)n — —a, we can conclude that —a € Ay because Ay is closed,
and therefore a € —A;. So let € € R+, and take n = [e~1 + 1]. We then
aim to show that for all i > n we have ||(+u — a) — (—a)|| < ¢, or equivalently
[+ull < e. Since u € 4[—u, u], we have || Iul| <.

Now, since ¢ > n, we have % < % So we have

1 < 1 1
—u —_—
i ||~ n  [el+1]
We have
n=le'+1]>e 41>,
SO
1 1
—-ull < — <e.
1 n

As explained earlier, the closedness of Ay implies —a € A4 and so a € —A,.

Finally, we want to show that ||-||[_,, ) is a norm, and that the ball Ball(||-||{—y.)) =
[—u,u] if (A, Ay, u) is archimedean. We show |[-||[_y ] is a norm by showing
[—u,u] contains no line through the origin and using Lemma Suppose for
a contradiction that @ € [—u,u] generates a line through the origin contained
in [—u,u]. We therefore have nx < u for all n € N5, so z < %u too, and so
x € —A,. However, this same argument can be applied with —nz < u to show
—x € —Ay, and since A, is assume to be a cone, x = 0. This contradicts z
generating a line.

To show [~u,u] is the unit ball, by Lemma [0.1.6} [—u,u] C Ball(||-[|{—u,«),
so we show the opposite inclusion. By Lemmas [0.1.6] and [0.2.2]

Ball(E) = ﬂ al—u,u] = ﬂ [—au, aul.

l1<a<oco I<a<oo

If 2 € Ball(E), we therefore have  —u < Lu for all n € Nyg, so  —u € —Ey,
i.e. * < u. By the same argument applied to —z we get —u < x, so we have
x € [—u,u], as required. O

We will require this fact about positive linear functionals on order-unit spaces
more than once.
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Lemma A.5.4. Let (A, Ai,u) be an order-unit space and ¢ : A — R a positive
linear functional. If ¢(u) =0 then ¢ = 0.

Proof. By linearity, ¢(au) = a-0 = 0 for all @ € R. For each a € A, there exists
a € Ry such that —au < a < au. As positive linear maps are monotone, we
have

0= ¢(—au) < ¢(a) < ¢(au) =0,
¢(a) =0foralla € A, i.e. $=0. O

A.6 Asimow’s Example

Here we give Asimow’s example of a Banach base-norm space whose unit ball
is not radially compact. This example was originally published in [35], without
proof.

Recall the Banach space ¢g of sequences of real numbers converging to 0 [28]
IV.2 Example 7][20, p. 65], with pointwise vector space operations and its norm
being the usual supremum norm. Recall also that there is a bilinear pairing
between ¢ and ¢! defined by

<a’ b> = i aibia
=0

where (a;) € co and (b;) € ¢, which defines an isomorphism ¢! 2 ¢§ 20, Example
I1L.5.8).
The underlying space of Asimow’s example is

m1+x2=Z2fj2}. (A1)

=3

E = {(%‘) € Co

To avoid confusion, we stress at this point that the sequences are considered
to start at xg, not x;. If we define ¢ = ((),—1,—1,%,...,21%2,...), we can
see that ¢ € ¢!, the sum of the absolute values of its entries being 3, and so
(-,®) : ¢co — R is a continuous linear functional. As F = (-, ¢)~1(0), we have
shown that F is a closed subset of ¢y, and therefore a Banach space in the usual
norm of ¢g.

Following Asimow, we define K C F as
K ={(z;) € E|zo=1=||(xs)|¢, and Vi € N.z; > 0}, (A.2)
and we define E; to be the wedge generated by K, i.e.
Ei ={azr|a€eRspand z € K}. (A.3)

Take FF = E, — E,, or equivalently to be the span of K. We can define
T:E—>Ras

7((z:)) = 2o (A4)

Proposition A.6.1. The subspace F' = E, and (E,E.,7) is a Banach base-
norm space with base K.
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Proof. First we describe all the steps in the proof. We first show that K is
convex and E. is a proper cone. Then we show that 7 : FF — R is positive and
not zero, and that EFy N7-1(1) = K. Then we show absco(K) C Ball(||-||¢,),
which shows that absco(K) is radially bounded and that F' is a pre-base-norm
space. We then show that $Ball(||-||c,) € absco(K), where Ball(||-||s,) is the
unit ball of [|-||¢, restricted to E, and therefore E = F' and so (E, E4,7T) is a
Banach pre-base-norm space. We then show that K is complete in the cy-norm,
and so therefore is £, by Lemma so E; is closed and (E,E,7) is a
Banach base-norm space.

e K is convex:
Let (z;), (y;) € K and o € [0,1]. Then azo+ (1 —a)yo =a+ (1 —a) =1.
Since x; and y; > 0, we have ax; + (1 — @)y; > 0. Then using the
subadditivity of the norm

le(i) + (1 = a)(@i)lley < all(@)ll+ (A —)[[(w)ll = +1—-a=1,

and because azg + (1 — @)y = 1, we have |a(x;) + (1 — a)(y;)|| > 1, so
we have shown a(z;) + (1 — o) (y;) € K.

e [, is a proper cone:

We see immediately that E is closed under positive scalar multiplication.
If ax, By € E+ (ie. 2,y € K, a, 8 € Rxg), then

a p
azr + By = (a+ 5) (a—f—ﬁx—i— a+ﬁy>'
We have a + 8 € R>¢, and the rest is a convex combination of elements
of K, so is an element of K. We have shown that F, is a wedge. Now,
suppose that a(z;) = —B(y;). Then in particular, axg = —fxo and so
o = —f. As both of these are in R>p, we have ¢« = f = 0 and so
E, Nn—E; = {0}, and therefore E is a cone.

e 7 is linear, positive and nonzero:

The map 7 is linear because the vector space operations on E are point-
wise. If a(x;) € E4, then 7(a(x;)) = axrg = a > 0, so 7 is positive. If we
take any element of (x;) € K, such as (x;) = (1,0,...), then 7((z;)) = 1,
So T is nonzero.

e E,NT7(1)=K:
We already saw that if © € K, we have 7(x) = 1, and by definition z € E,
so we have K C E, N71(1). For the other inclusion, let a(x;) € E..
Then 7(a(x;)) = axg = a, so if 7(a(x;)) = 1, we have a(x;) = (x;) and
therefore a(z;) € K.

e absco(K) C Ball(]|-||¢,) and (F, E,7) € PreBNS:

By definition of K, we have K C Ball(||-||s,), and since Ball(||-||,) is a
absolutely convex, absco(K) C Ball(||-||¢,). By Lemma [0.1.5] Ball(||-|c,)
is radially bounded, so absco(K) is radially bounded. We have therefore
shown (F, Ey,T) is a pre-base-norm space.



A.6. ASIMOW’S EXAMPLE 197

o +Ball(||-[|c,) € absco(K):

Recall that Ball(||-||,) is taken to mean the unit ball of the ¢o-norm re-

stricted to E. Let (z;) € $Ball(||-[|¢,), i.e. (2;) € E and |jz;]| < &. It

follows that for all ¢ € N, we have f% <z < %. We want to produce

(yi), (z:) € K and o € [0, 1] such that for all i € N, ay; — (1 — a)z; = z;.

We know that no matter what, we must take yg = z9 = 1, and therefore
o+ 1

a=—F, (A.5)

and therefore the bounds on xg give

5 7
—<a< —

. 1 (A.6)

How we define y; and z; for the other coordinates depends on a case split.

— If T2 Z 0:
For reasons that will become clear later, we will want to define y; so

that
[e's) ) Lo
S ooy, > 22,
i=3 @

so we want to make y; as large as possible, while still remaining within
¢o. To do this, we first define sequences (v;);>3, ((;)i>3, taking values
in [0,1], such that av; — (1 —a)¢; = 2; and the sum >_;o, 272y, >
2. We will ultimately define y; and z; using a truncation of these
sequences. We define them as follows:

1- i -
UZ_:M(W) g—:m(a x>
le% 11—«

where A is the usual lattice operation on R, i.e. the greatest lower
bound, which is the minimum in this case.

* v;, ¢ € [0,1]: Since 1 Ax < 1 for all z, we have v;,(; < 1. To
show nonnegativity, we only need to show that H‘% >0 and
T=at > 0, because we already know 1 > 0. As we have 1—a > %

and z; > —é, sol—a+x; > % > (. Therefore % > 0. We

have the same inequalities for o and —z;, so we have =2 > 0
also.

* av; — (1 — @) =z
If 1_@% <1, then §=¢* > 1 and vice-versa, so there are two
cases. The first is that v; = H"Tﬂ and (; =1, so

l—a+uz;
o——

—(1—a)-1=ua.
T (1-a)1=a

The other case is that v; = 1 and (; = 9=2*. Then

o — I

11—«

a-1—(1-a) =z,

so in either case, we are done.
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* Zfi:s 2-(=2)y, > %:
‘We want to show

S 22y, =3 2762 (10 I-oday) 22
=3 « « ,

=3

and as o > 0, this is equivalent to

> 27 (A (1 -t i) > .

i=3
We start the argument as follows. We have a > 1—52, and also
l—a+z; > 15—24——% = %, soaN(l—a+uz;) > 1—32 Therefore
(i .3 3 _1
2= (g A (1 — N>y 27D = s D> g
; (an( O”Lx))*; 12 127 6"

Convergence of the sum implies there exists an N € N such that
SN 27072y, > 22 We define y; and z; as follows:

Yi = % ifi>Nandx; >0

0 otherwise

G ifi<N
2 = —1‘{"& ifi>Nand z; <0
0 otherwise.

By combining the inequalities on z; and «, we have Z& < % and the
x; > 0 in the case that <¢ occurs ensures that 0 <y; < 1. A similar
argument using the inequalities for 1 — « ensures 0 < z; < 1. We
therefore have that y;, z; are in [0, 1] and that the sequences converge
to 0 because they are eventually equal to a subsequence of a multiple
of z;, which converges to 0. We can now define

oo
T2 T2
Y1 = E Yi — — Y2 = —
‘ « «

=3

e’}
zZ1 = E Zi Z9 = 0.
=3

We first show that (y;), (z;) € K. The condition that yg,2zo = 1 is
satisfied by definition. We have already shown that for i > 3 we have
Yi, zi € 10,1] and y; and z; converge to 0.

We arranged that y; > 0 by taking N to be sufficiently large so that
SN2y, > L2 and )y > SN, 2=y, because the rest
of the y; for ¢ > N are nonnegative. We also have

o0

ZQ—(i—Q)yi < ig—(i—Q) 1=1

i=3 =3



A.6. ASIMOW’S EXAMPLE 199

and so y; < 1 because x5 > 0. Then x5 > 0 also implies yo > 0, and

as ro < %, we have

12

— <1.
5 =

cn\)—*
m\m

X9
Yo = 2 <
(0%

Then z; € [0, 1] because it is a sum of nonnegative numbers and

- ir“*?)zi < iz*“*?) 1=1.
=3 1=3

We have zp € [0,1] because it is 0. We have therefore shown that
Yi, 2 > 0 and ||(y;)|| = ||(z:)]| = 1. Therefore, to complete the proof
that (2;), (y;) € K, we only need to show y; + yo = > ;0,27 (172,
and likewise for (z;), and this follows trivially from the definitions in
each case.

We can now show ay; — (1 — a)z; = x;. For 3 < i < N, we have
already shown av; — (1 — a)¢; = ;. For i > N and z; > 0, we have
a®—(1-a)-0 = x;. Fori > N and z; < 0, we have a0—(1—a) =% =
x; too. For i = 0, we have the fact that a-1—(1—«)-1 = 2a—1 = .
For i = 2 we have a®2 — (1 — a) - 0 = x5. Finally, for i = 1 we have

o) s T e s
a(ZQ ( 2)yia2>(1a)22 (i=2) 4

=3 =3

o0
=—x2+ Z 270D (ay; — (1 - a)z)
i=3

= -T2+ Z 27Dy = 1y

i=3
because (x;) € E.
- If T9 S 0:
Define x} = —z; and apply the previous case to obtain o’ € [0,1]
and (y}),(z}) € K such that ay — (1 =)z} = z;. Then define
=(1—-4d), y; =7 and z; =y} and we have z; = ay; — (1 — @)z.

e K complete in ||-||¢,:

Let x; be a Cauchy sequence of elements of K in the cy-norm. As FE is
complete, there exists some y € E such that x; — y. In particular, we
have that for all j € N, x;; — y; in the usual topology of real numbers.
As each z;0 = 1, we have yo = 1. For each j € N, we have z;; > 0, so
y; > 0. Any norm is continuous in the topology it defines, so we also have
[lyl] = lim; o0 ||2;]] = 1, and therefore y € K, and so K is complete.

e £ =F and (F, E;,T) a Banach base-norm space:
By definition, F' C E. If x € F, then

€ [[z]|eoBall([|-lley) < [|z[|e, 6absco(K) € F.



200 APPENDIX A. MISCELLANEA

Therefore F' = E, so (E,E,,7) is a Banach pre-base-norm space. By
Lemma E, is complete in the cy-norm, which is equivalent to the
base-norm, therefore F, is closed in the base-norm, and so (E, E,,T) is
a Banach base-norm space. O

Now define z = (0, 3,—3.0,...) € E.

Counterexample A.6.2. The point © € absco(K), but for all a € [0,1),
ax € absco(K). Therefore (E, E4,T) is a Banach base-norm space that is not
radially compact.

Proof. The first part of the proof is to show that x & absco(K). Recall that,
by Lemma[0.1.1] we want to show that there can be no a € [0,1], (v:), (2;) € K
such that ay; — (1 — a)z; = x;. So assume for a contradiction that such a
decomposition of x exists. Then

0=1x9=ay— (1 —a)zo =2a —1,

and so we must have o = % We have

1 1 1
g — S = =
23!1 1 B
1 1 1
Ty — e = — =
292 B 2 9’

clearing the denominators gives

y1—z =1
Yo — 22 = —L.

The only way to satisfy these conditions and have z;,y; € [0,1] is to take
y1=1,z1 =0 and ys =0, 20 = 1. We require

14+0=") 27072y,
=3

For any sequence w; € [0,1], we have > ;0,2 (=2, € [0, 1], because [0, 1] is
complete and convex. Since y; — 0, there is some k such that y; < 1. We can
define y; = y; for i # k and yj, = 1. Then

S 2ty < Yo a2 1
=3 =3

so we cannot obtain a y; — 0 where »_.~, 2-0=2)ys = 1 = y; + yo. Therefore
x; & absco(K).
We have 0 - x = 0 € absco(K) because every absolutely convex set contains
0. We will now show that Sz € absco(K) for every 8 € (0,1). We have Sz =
(0, %ﬁ, —%@ 0,...). Take the largest N € N (possibly 0) such that 1 —2=V < 3.
We therefore have
1-27V<p<1-27H,
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SO

0= (12N —(1-2%) <a-(1-2) < (1-2-"0) - (1 -9
— 9= (N+1)

We therefore have 0 < 2V (a — (1 — 27)) < 1. We define

1 if3<i<N+2
yi =2V a—-(1-27N)) ifi=N+3
0 if i > N + 4.

By the preceding arguments, y; € [0,1] and as it is eventually 0, y; — 0. We
define yo = 1, y; = a and y» = 0. We then have

%) N+2
Z27(i72)yi — Z 27(’&72) 4 27(N+372)2N+1(a _ (1 _ 271\/')) 4 0
=3 =3

=1-2V4ta-(1-27N)

=«

=1 + Y2,

so (y;) € K. We can define zp = 1, 21 =0, 20 = a and z; = y; for i > 3. Then
similarly to the argument above, we have (z;) € K. Taking o = %, we have that
for i = 0:

1 1 1 1
g T3 =55 =0=an
For i = 1:
1 1 1
Y1 — 521 = 504 = Ty,
and for i = 2:
1 1 1
53/2 - 522 _ia = QX2
For i > 3, we have z; = y; so
1 1
oY% — g% =0=am;,

so we have shown that a(x;) € absco(K).

By absolute convexity, we also have —ax € absco(K), so for all @ € (—1,1),
we have ax € absco(K), and for all other o we have ax ¢ absco(K), because
otherwise we could use the convexity of absco(K) to prove z € absco(K), which
is false. We therefore have that the intersection of the ray generated by z with
absco(K) is homeomorphic to (—1,1) and therefore not compact, so absco(K)
is not radially compact. O

A.7 The Expectation Monad and the Axiom of
Choice

In this section, we show how badly Theorem and Corollary can break
down in the absence of the axiom of choice.
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We consider a monad morphism 7 : Dy, = &, similar to the map o in [66]
Lemma 39|, and show that it is consistent, not only with ZF, but with ZF +
DC (dependent choice) that 7 is an isomorphism, using a result of Solovay and
Pincus [103] §4.1]. We can then take one of the usual examples of a D-algebra
that does not embed in a vector space to show that this implies that EM(E) is
not equivalent to CCL.

A.71 D, in ZF

We go over the definition of D.,. For a set X, we define

Doo(X) = {¢:X — [0,1]

Z¢(m):1}.

rzeX

For amap f: X — Y in Set, with ¢ € Do(X) and y € Y, we define

Doo(H) )W) = > o(x).
)

ze€f 1 (y

Proposition A.7.1. The above defines a functor Do, : Set — Set.

Proof. We first need to show that if f : X — Y is a function and ¢ € D, (X),
then Doo(f)(¢) € Doo(Y). We have that Do (f)(4)(y) € [0,1] by Corollary
We have that Do (f)(¢) sums to 1 by Lemma [A.1.12}

Y Y b)) =Y d@) =1

yeY zef~1(y) reX

Therefore Doo (f)(¢) € Doo(Y).

We can now show that D, preserves identity maps and composition. We
have

Dooidx)(9) = > o(y) = o(x),

yeidx’ (z)

SO Doo(ldx) :idDoo(X)'
Now,let f: X > Y and g: Y = Z, ¢ € Do (X). We want to show

Doo(g 0 f)(¢)(2) = Doo(9) (Do ()(¢))(2)-
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Expanding the definitions, and using Lemma

Dus(goN@)(=)= >,  ¢la)

z€(gof)~1(2)

= sup o(x) and
JE(gof)~1(2) ;

> D))

y€g~1(2)

ZZ¢

yeg—1(z) zef-1

= Jm 2 2 #la)

K€g~1(2) pcr Ly er W) T,

= sup sup Z Z o(x)

Keg=1(z) (Ly)yEIK yEK z€L,
Lyef™" (y)

Doo(9)(Poo (£)())(2)

We prove inequalities in each direction to establish these two suprema are equal.

o <:

We prove this using Lemma Let J € (go f)~(z). We define
K = f(J) and as g(f(J)) = 2z, we have K € g~1(z). For each y € K,
define L, = f~!(y) N J. By reordering the finite sum,

o) =3 Y o)

z€J yEK z€Ly
and so
. Tows an w Y Y
JE(gof)— wEJ “1(2) (Ly)yer yeEK xz€Ly
Lyef t(y)
o >:

Given K € g~ !(2) and (Ly)yex with L, € f~!(y), define J = Nyex Ly
This is a finite subset of (g o f)~1(z). By rearranging the finite sum,

YD s@) =) é()

yeEK €L, zeJ
SO
sup sup Z Z o(z) < sup Zd)
K@gil(z) (Ly)yEK yeK xeLy gOf) 1 IEJ
Ly@fil(y)
by Lemma [A1.7] O

We give the definition of D, as a monad, by defining its unit and multipli-
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cation. In the following, X € Set, ® € D2 (X) and z,y € X:

nx : X = Doo(X)

1 ifz=y
nx(z)(y) =[xz =y| = {0 otherwise

px i D2 (X) = Doo(X)
px(@)(z) = > ¥(¢)- b(x).

$€D (X)

The [z = y] is the Iverson bracket, i.e. it takes the value 1 when the state-
ment inside is true and 0 when it is false.

Theorem A.7.2. The above definitions of n and p are natural transformations
making (Do, 1, 1) a monad.

Proof. We can see that nx(z) € Dy (X) immediately because it takes the value
1 only once. The naturality of n is defined to be the commutativity of the
following diagram, for each f: X — Y in Set:

x— 71 .y
UX\L ny
Do (X Do (V).

( )m (Y)

In the following, we use the Iverson bracket. The upper right path, for x € X
and y €Y is

whereas the bottom left path is

Doo(N)nx(@)y) = D nx(@)(@) = [f(z) =),

z’ef~1(y)

so the diagram commutes, and 7 is natural.
As ® € D2 (X) is bounded and ¢ € D, (X) is summable, we have that
pwx (®)(z) converges by Lemma [A.1.10] We show that px(®) € Doo(X) as

follows
Noux@)@) =Y > 2(¢) ¢x)

zeX 2€X €D (X)
= > D () o) Lemma [A 18
GEDw (X) zEX
= ) 2(6)) o) Lemma
$ED o (X) T€X
= > 9 ¢ € Deo(X)
$€Do (X)

=1 ® € D2 (X).
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The naturality diagram for p is, for each f: X — Y

Dic(f)l J{Doo(f)

D2,(Y) —— Da(Y).

Expanding the definitions with ® € D2 (X) and y € Y, the upper right path is

Deo(Hux(@)N) = D px(®)()

z€f~1(y)

= > D %0) ¢

z€f~1(y) p€D (X)

= sup > sup Y B(¢)-o(x)

TEFT1W) ooy KE€Dw(X) e

= sup sup Z Z CI)((b) : ¢($)7

J@fil(y) (Kw)ar J
Kw@Dooe(X) ze] peK,

the last step using Lemma[A.1.6] The lower left path is

py (D (N@)) = Y DLN@)@) - ¢(y)

PEDoo (Y)

= Y S ®(e) Yy

$hEDoo (Y) ¢EDoo (f) 1 (¥)

— s S s Y 0(6)-bly)

LED (Y) YEL MED (f)_l(d)) peM

= sup sup Z Z q)((b) 1/)(?4),

LeD=(Y)  (Mylyer  yer sem
My €D () (1) !

the last step using Lemma again. We prove these suprema are equal by
showing inequalities in each direction.

o <:
We use Lemma as follows. If we have J € f~!(y) and a family
(Kz)zes such that K, € Do (X). We then define

L= Pl f)(Ko)

xzeJ
My ={¢ € Doo(X) | Do (f)(¢) = ¢ and 3z € J4p € Ko},

where ¢ € Do (X).
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Now,

DD AN W= D ) DS

el peMy YeL peMy
=Y > o) > o)
YeEL pEMy, z€f~1(y)

=33 > 2(e) ¢lx),

PYEL pEMy x€f—1(y)

using Lemma We can then see that given z € J,¢ € K, taking
Y = Do (f)(4) € L, we have ¢ € M, and xz € f~1(y), so

Y3 a9) b2 <Y S 2(0)-d(y),

zeJ pEK YeL peMy

so Lemma implies

SUIZl) sup Z Z () - ¢()
Jef~(y) Kifé%);e&)wg $EK,

< sup sup > Y D) P(y).

B LED(Y) (My)yer YEL pEM
My €Doc ()1 () v

o >:

For the other direction, we start with the right hand side:

sup sup SN @) DY o)
)

L@DOO(Y) (Mw)wGL YEL pEM. cf-1
My €D ()} () v e

= sup sup Z Z Z ®(¢) - ¢(x) (Lemma [AT.9)

LED(Y) (My)yer YEL pEMy zef—1
My €Doo ()1 () Vel

= sup sup s S0 0(9) - o)
LED(Y) (My)yer N@ffl(y)mejv
My€Doo ()1 (¢)

T repat)  (mn swp D D> > ®(9)-élw),

(My)yer (Ny,p)ver,0eMy e, $EMy 2ENy 4

My€Doo(f) 1 (W) Ny yes—1(y)

by Lemma

If we have L € Dyo(Y), a family (My)yer with My @ Doo(f) 1 (¥) and
a family (Ny.¢)per,sem, with Ny o € f71(y), then we define

J=U U Nus
YEL peM,

K, = U My, for each x € J.
YeL
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Then J € f~(y) and K, € Dso(X). If we have ¢ € L, ¢ € M, and
x € Ny, then z € J and ¢ € K,. It is also the case that if we have
(¥, ¢,2) and (¢',¢',2’') and © = 2’ and ¢ = ¢, then

so this mapping from L x My x Ny 4 to J x K, is injective. Therefore,
by rearranging the finite sums

DX D @)@ <D Y (o) d(a)

YeL ¢EM¢ .’I)Ewaqb zeJ peK,
which implies the remaining inequality by Lemma

This proves naturality of p. The first diagram we need for (D, n, 1) to be a

monad is:
NDoo(X) o Doo (nx)

Doo(X) —= D5 (X)) =—— D (X)

We prove the left triangle commutes, taking ¢ € D (X) and z € X:

px (o (x)(W))(x) = Z oo (x) (V) (@) - p(x) = V().

$ED oo (X)
For the right triangle
px (Doo (nx) (1)) () = Doo(UX)W)(@ ()
= Z ( é()
€Doo (X)
Z P(') - nx ¥(x).

The second-to-last step occurs because the inner sum is 0 unless nx () = ¢, in
which case it is ().
The final diagram that we need to show commutes is

HDoo (X)

—— D, (X)

We prove this as follows. With ® € D3 (X) and z € X, we start with the lower
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left path, and rearrange till we get the upper right:

x (Doo (px ) (®)) ()
= ) Duolpx)(®)(9) - 6()

$€Doc (X)

= > Yo ) |- é@)

#€Doo(X) \Tepy'(¢)

- Z Z (V) - ¢() Lemma [A.1.9]
PED (X) \Ijelu‘;(l (¢)

- Z Z (V) - pux (V)(2) because px (V) = ¢
€D (X) Vepn ()

= > > > B(W) - W(y) - () Lemma [A.1.9]
€D (X) Wep;t (¢) YED(X)

= > > ew)-v(e) ) Lemma AITY
VeDZ (X) p€Doo (X)

= > Y e u(e) ) Lemma AT
$ED (X) ¥ED2 (X)

= Z Z DY) -V(9) | - p(x) Lemma [A. 1.0

$E€D (X) \PeED2 (X)
= Z MDOO(X)(@)(@ “¢(x)
$ED oo (X)

= px (.. ) (®) ().

A.7.2 The monad morphism 7

We note at this point that £ does not require any use of the axiom of choice
at all in the proof that it exists and is a monad. This is because the proof
only uses the existence of the real numbers and basic properties of composition
of functions, rather than any non-trivial theorems of analysis (the reader may
verify this).

We define 7x : Doo (X) — E(X) as follows, for ¢ € Do (X) and a € [0, 1]X:

x(¢)(a) = Y ¢(x) - ala).

zeX
Proposition A.7.3. The above definition defines a monad morphism Do, = £.

Proof. The sum defining 7x converges by Lemma The naturality dia-
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gram for 7, for a function f: X — Y, is

Doo(X) =L p (1)

E(X) WE(Y).

If we let ¢ € Doo(X) and b € [0,1]Y, we show the commutativity starting with
the lower left path:

E()x(9))(b) = Tx(d)(bo f)
= dlz) - b(f())

reX

=3 Y @) b(f) Lemma LTI

yeY zef~1(y)

=3 > é) by

yeY zef~1(y)

= Z Z o(z) | - o(y) Lemma [AT.9]

yeY \zef-1(y)

= Dec()(@)(y) - b(y)

yey
= 7y (Doo (f)(9)) (0).
The diagram needed for the units is
X D (X)
N
E(X).

Taking € X and a € [0,1]%, we prove it commutes as follows
Tx(nx=(@)(a) = Y nx=(2)(@") - a(@’) = a(z) = n% (z)(a).
r’eX

Finally, the diagram for the monad multiplications is

D2 (X) 2= (D (X)) £2(X)
Doo (X) = £(X).

As we are using M§(7 we make the following map explicit, analogously to
what we did for the Radon monad just before Lemma [1.6.5] For a set X, we
define Cx : [0,1]% — [0,1)¢) by
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Then the definition of u% from Section is equivalent to

15 (®)(a) = (Cx (a)).

To prove the commutativity of the diagram above, we let ® € D2 (X) and
a € [0,1]%, and start with the lower left path

Tx (pR= (@) (@) = Y pR=(®)(2) - alz)

zeX

Dl X 2e)é@) | -alx)

z€X \¢pED(X)

= Z Z ®(¢) - p(x) - ax) Lemma [A 1.9
2EX $pEDoo (X)
= Z Z () - p(x) - a(w) Lemma [A 1.8

$€Do (X) v€X

- > @(¢>~<Z¢<x>-a<x)> Lemma [AT9)
$EDoo (X) z€X

®(¢) - 7x(#)(a)

= >
$ED (X)
= > @O (@)rx (@)
$ED (X)
=Tp.(x)(P)(Cx(a) o Tx)

= E(7x)(Tp. (x)(®))(Cx (@)
= ,ugg(g(TX)(TDOO(X)(@)))(a)'

A.7.3 7 can be an isomorphism
Let X be a set. We say that a finitely-additive finite measure p : P(X) — Rx¢
on X is nonprincipal if p({z}) = 0 for all z € X. If, on the other hand, we have
p(S) =Y u{z}),
zeS

then we call the measure p point-supported.

Lemma A.7.4. For any set X and any finitely-additive finite probability mea-
sure p 2 P(X) = Rxo, u = pip + pin, where py, is point-supported (possibly 0)
and p, s nonprincipal (also possibly 0).

Proof. We begin by defining p, as follows:
np(S) =Y p({z}).

zeS

We first show that p1,(S) < p(S) for all S C X. By Lemma > owes H{x})
exists iff sup;eg >, c; u({z}) = sup e p(J) exists. If the supremum does not
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exist, by Lemma w(J) is unbounded, so there exists some J C S such
that p(J) > p(S), which contradicts nonnegativity and finite additivity of pu.
Therefore (u(J))ses is bounded, and so by Lemma sup yc s i(J) € Rxo.
We also have that pu,(S) < p(S), because otherwise there would exist some
J € S such that p(J) > u(S), a contradiction.

Having shown that p,(S) is defined for each S C X, we must show that it
is finitely additive. So let S1,55 C X, such that S; NSy = (). We show that
Up(S1US2) = 1p(S1) + 1p(S2) by showing that 11,(S1) + 14, (S2) is a least upper
bound for the directed set (u(J))ses,us,. We show it is an upper bound as
follows. For each J € S7 U Sy, we have u(J) = u(J N S1) + w(J N Sy) by finite
additivity of p and disjointness of S; and S;. Therefore

tp(S1) 4 pp(S2) > pu(J N S1) 4 p(J N S2) = pu(J)

for all J € S7 U Ss, as required.
To show that it is a least upper bound, suppose that b > p(J) for all J €
S1 U Sa, and then suppose for a contradiction that p,(S1) + pp(S2) > b. Then
pp(S1) < b — pp(S2), so there exists a J; € Sy such that pu(J1) > b — p,(S2).
Likewise, i, (S2) > b—pu(J1), so there exists Jo € Sg such that p(J2) > b—p(Jy).
Therefore
p(J1 U J2) = p(Jr) + p(J2) > b,

contradicting the assumption that b is an upper bound. Therefore p,(S1) +

pp(S2) < b, proving p,(S1) + pp(S2) = p1p(S1 U S2).
We can therefore simply define

pn(S) = p(S) — pp(S),

which is non-negative because p,(S) < p(S), and it is easily seen to be finitely
additive by using the finite additivity of p and pp. As p,({z}) = p({x}) for all
x € X, we have u,({z}) =0, i.e. u, is non-principal, as required. O

Corollary A.7.5. If there are no non-principal (finitely additive) probability
measures on X, then for all p: P(X) — Rxq, we have p = p,, ie.

u(S) = nl{x})

€S
forall S C X.
Proof. We have that p = p, + p, by Lemma We have that pu, is a

non-principal measure. If p,(X) > 0, then % is a non-principal probability
measure. As X has no non-principal probability measures, u,(X) = 0 and so

ttn, = 0. Therefore = p,. O

Solovay and Pincus proved in [103] §4.1] that there is a model of ZF + DC
in which there are no non-principal finitely additive measures on any set X at
all. In such a model, for any set X and any finitely additive positive measure
p:P(X) = Rsg we have p = py,.

In order to relate this to effect module maps [0,1]¥ — [0,1], we need some
lemmas.

The following lemma can be proven from the equivalence between BEMod
and BOUS, but we reprove it here to make it easier to verify that it does not
use any choice.
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Lemma A.7.6. Any effect module homomorphism ® : [0,1]X — [0,1] can be
extended to a positive unital map ¥ : £*°(X) — R.

Proof. Given @ : [0,1]% — [0, 1], define a relation R C ¢*°(X) x R by

R={(a,B8) € >°(X) x R| Jas,a_ €[0,1]X,ay,a_ € Rsg.a =ayar —a_a_
and 8 = a1 P(ay) —a_P(a_)}.
This relation exists by the axiom of replacement. We show that R is total

and well-defined, and therefore defines a function ¥ : ¢>°(X) — R such that
U(atar —a—a_) =a;P(ay) — a_P(a).

e Totality:
It suffices to show that for all a € £°°(X) there exist at,a_ € [0,1]% and
oy, € R>g such that apar —a_a_ = a. So define

S = {a(x) ifa(z) >0
=

0 otherwise

a

;o {—a(m) if a(z) < O.

B 0 otherwise

It is clear these are nonnegative functions. In the following, we use a +
subscript when we intend to give a definition or make a statement that
is true when we uniformly choose + subscripts or — subscripts. Define
a4 = sup,¢cyx a4 (x). This supremum exists in each case by Lemma

Then define
1 .
o, = ar ifagx >0
0 otherwise
ar =aLax.

We have arranged it so that ax € [0,1]% and ay+ € Rsg, and a simple
case analysis shows that a = aya; —a_a_.

o Well-definedness:

Suppose we have ay,a_,b,b_ € [0,1]% and ay,a_, B4, 8- € Rsp, and
ayay —a_a- = Biby — f_b_. We want to show that a;®(aq) —
a_Pla_) =B P(by) — f_P(b_). We first observe that

oatar + [Bobo = Prby +a_a_.
Let v = max{ay + 84,8+ + a_}. If vy =0, then ay,a_,B4,6- =0, so
0s®(as) —a-®(a_) = 0= B, D(by) — B_0(b_)
so we can reduce to the case where v > 0. We have that

arth and 0 < P

Y Y

0<



A.7. THE EXPECTATION MONAD AND THE AXIOM OF CHOICE 213

so by Lemma (which does not use choice) the subconvex combina-~
tions

aia+ ) 6—_b_ and 6—+b+ 9 Xa
Y Y Y Y

are elements of [0,1]%. Using the fact that ® is an effect module homo-
morphism, we have

P (O‘+a+ o 6(;) = Y P(a) © 6;@(57)
v Y Y
=%MMH—@wm
and

o ([’)ﬂu ) O‘a> — P a0y 0 S a(a)
Y Y 'Y Y

= 2o, + So(a)

and therefore, by the assumption that ayay + _b_ =S40y +a_a_ we
have

%*cb(cu) + %cb(b,) =3 (O‘;M @ i—b) =3 (i*m ) Oiy_a)
B+ -
= 5 0(by) + = d(al).
v v

Multiplying through by v and rearranging, we now have
a1 ®(ay) —a-P(a-) = B4+ P(by) — B-2(b-),
as required.

So we have shown the existence of a function ¥ : ¢*°(X) — R such that
U(aray —a—a_) = arP(ay) — a_P(a—). We now show that this function
has the properties we require of it.

o U extends &:
For each a € [0,1]%, we havea=1-a —0-0. So

U(a)=¥(1l-a—0-0)=1-P(a) —0-2(0) = &(a).

e VU is linear: We show this by proving preservation of +, of unary —, and
of scaling by a nonnegative real.

— U preserves +:

Let ay,a_,by,b_ € [0,1]¥ and ay,a—,B+,8- € Rsg. Note that
without loss of generality, we can take ay, S+ > 0, by making the
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corresponding element of [0, 1]X to be 0, without changing the values
of ayar —a_a_ and fyb_ — S_b_, so we do this. Then

Y((aray —a—a_) + (B4by — f-b-))
= Y(ayay + Biby — (a—a_ + b))
= v ((Oé+ + B+) ( =t at+ + O b+>

o + B4 04++5+

o _

a8 (et +ﬁ— )
— A+
= (e the <a++5+a CY++ﬁ+ >

o B

—(a_ +B_)® <a s a_ + P b_> Lemma [A4T]
— i B(as) + BD(by) —a (o) — B_B(b_)
0 B(ay) — a-B(a )+ B, 0(by) — A-0(b_)
= V(oagay —a—a-)+¥(Brby — B-b-).

— W preserves unary —:

U(—(ayay —a—a_)) =¥(a_a_ —aray)
=a_®(a-) — ayP(ay)

(s Blas) —a_B(a_))
=—V(atar —a_a_)

— U preserves scaling by a positive real:
Let 8 > 0:

Y(Blayay —a_a_)) = ¥((Bay)ay — (Ba_)a-)
= Pai¥(ay) — Ba_¥(a-)
— Blay¥(ay) —a_¥(a )
=0U(atay —a_a_).

e U is positive:
Suppose that a is positive. Then a is of the form « - a; — 0-0. Then
U(aay) =¥(aayr —0-0) = aP(ay) — 0= aP(ay),

as ®(ay) € [0,1]% and therefore ®(ay) > 0, we have a®(as) > 0, so ¥ is
positive.

e W is unital:

We have
U(1)=WY(1-1-0-0)=1-®(1)—0-P(0) = (1) =1,

by the definition of an effect module homomorphism. O
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This lemma is standard, but we prove it here to show that no choice is used.

Lemma A.7.7. Let U : (>*(X) — R be a positive unital map, and let (a;);en
be a sequence in £>°(X) converging uniformly to a. Then ¥(a;) — ¥(a).

Proof. We want to show that for all € > 0, there exists N € N such that for all
1> N |¥(a;) —¥(a)|] < e. So, given € > 0, take N to be the N such that for all
i > N, we have for all z € X, |a;(x)—a(z)| < §, which must exist by the uniform
convergence of (a;). We therefore have that for all i > N, —51<a;—a<g5- 1
As positive maps are monotone, we have

€ € € €
- _,__\1,(_,.1)@1, ;i — <\IJ(7~1)—_7 ,
e << 5 5 (@ Cl) 9 2<€

so € > |¥(a; —a)| = |¥(a;) — ¥(a)|, as required. O

Corollary A.7.8. Let @ : [0,1]% — [0,1] be an effect module homomorphism,
and suppose that (a;)ien s a sequence in [0, 1]%X converging uniformly to a. Then
<I>(al) — <I>(a)

Proof. By Lemma ® extends to a positive unital map ¥ : £°(X) — R.
By Lemma we have W(a;) — ¥(a). As all a; and a are in [0, 1]X, we have
®(a;) — P(a). O

Proposition A.7.9. If ® € £(X) = EMod([0,1]%,[0,1]) and the finitely ad-
ditive measure p(S) = ®(xs) is point-supported, then ® = 7x(¢) for some
¢ € Doo(X). Therefore, if X has no nonprincipal probability measures, Tx 1is
bijective.

Proof. Define ¢(x) = ®(x(,}). By definition, ¢ : X — [0,1], and by the fact
that p is point-supported, we have

L=p(X) =Y u{az}) =Y ®(xpy) = Y o),
reX zeX zeX
50 ¢ € Doo(X). We want to show that 7x(¢) = . We do this first by showing
that 7x (¢)(xs) = ®(xs) for all S C X:

x(9)(xs) = Y d(x)xs(x)

zeX
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As @ and 7x(¢) are both effect module homomorphisms, we therefore have
that they agree on all simple functions, i.e. convex combinations of characteris-
tic functions. By [65, Lemma 12], we have (without using choice) that for each
a € [0,1]%, there exists a sequence of simple functions (a;) in [0, 1]X converging
uniformly to a. Therefore, by Corollary [A.7.8] we have

mx(6)(a) = x(@) ( lim a; )

71— 00

T 7(6) (@)
= ‘lim (I)(al)

= (fim )

= ®(a)

We have therefore shown that 7x(¢) = .

If there are no nonprincipal measures on X, then by Corollary I
is always point-supported, and so there always exists ¢ € Dy (X) such that
Tx(¢) = @, for any ® € £(X). Therefore 7x is surjective. We can see that it
is always injective as follows. If ¢, 9 € Do (X) and 7x(¢) = 7x (1)), then for all
y € X, we have

P(y) = Z o(x) - X (@) = 7x () (Xqy3) = Tx (V) (Xyy) = Y(¥),

zeX
so ¢ = 1. Therefore it is bijective. O

Corollary A.7.10. If there are no nonprincipal probability measures, such as
in Solovay and Pincus’s model [I03, §4.1], then T is an isomorphism of monads.

There are well-known D,-algebras that are not embeddable in a vector
space, even disregarding topological considerations. Some examples are given
in [43, §5]. For completeness, we given an example explicitly, to show that the
axiom of choice is not used.

We define X = {a,b} and ax : Doo(X) — X by

aX(gb):{a if ¢(a) >0

b otherwise.

Proposition A.7.11. The above definition makes (X, ax) an Filenberg-Moore
algebra of Duo .

Proof. The unit diagram is

We have ax (nx(a)) = a because nx(a)(a) =1 > 0, and ax(nx (b)) = b because
Nx(b)(a) = 0. This shows the diagram commutes.
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The multiplication diagram is

We let ® € D% (X) and split into two cases
e For all ¢ € Do(X), ¢(a) > 0 implies ®(¢) = 0:
In this case,

px(@)(a)= Y ®(@)-gla)= Y 0=0,

€D (X) €D (X)

so the lower left path ax (pux(®)) =b. We have

Dulax)@) (@)= 3 @)= Y 0=0,

¢eay’ (a) ¢eay’ (a)
and therefore the upper right path gives ax(Doo(ax)(®P)) = b.

o Otherwise:
We have that there exists 1) € Do (X) such that ¢(a) > 0 and ®(¢) > 0.
By Lemma this implies 3o p_ (x) 2(¢)-¢(a) > 0, 50 px (P)(a) > 0,
and therefore the lower left path gives ax (ux (®)) = a. For the other path,
we consider

Do(ax)(@)(a) = > 2(¢).
b€y (a)

Because ¥(a) > 0, and therefore ax (1)) = a, and ®(¢) > 0, Lemma
implies this is strictly greater than zero. Therefore the upper right path

gives ax (Do (ax)(P)) = a.

Since the two paths gave equal results in both cases, the diagram commutes. [

For the following, we need to define, for X a set a,b € X and a € [0,1],
Kab,a € D(X) C Dy (X) as follows. If a # b:

Kabala) =«
Kapba(d) =1—a (A7)
K’a,b,a('x) =0 T 7é a, b.

and if @ = b, we have Kqpo = J,. It is apparent that x,po € D(X) and
therefore is in Do, (X) as well. Following [43] and [96], we call an EM(Dy)
(X, ax) cancellative if for all & # 0 and z,y,z € X, we have

aX(F':y,:E,a) = aX(ﬁz,z,a) =>Yy==z.
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In more suggestive notation, this would be written
ay+(l—a)r=az+ (1 —a)z =y =z,

but we avoid this as we want to keep the use of 4+ for when an embedding in a
vector space exists.

Lemma A.7.12. If an EM(Dy) or EM(D) (X, ax) arises from a convex subset
of a vector space, i.e. X C E for a real vector space E and

ax(kz,ya) = az + (1 = a)y,

where the operations on the right are the vector space operations of E, then
(X, ax) is cancellative.

Proof. Let a # 0, z,y,z € X such that ax(kyz.a) = @x(Kz2,a). Then
ay+ (1 —a)r = ax(kyza) = ax(keza) =az+ (1 —a)z,
so ay = az, and as a # 0, we have y = 2. O

Note that any D..-algebra isomorphic to a cancellative one is cancellative.

Lemma A.7.13. (X, ax), as defined in Proposition|A.7.11}, is not cancellative,
and therefore cannot be embedded in a vector space.

Proof. We have

OéX(Hb,a,%) =0 =0x (na,a

1)
but a # b. O

In Solovay and Pincus’s model, we have that the above example is an EM(E)
(Corollary that is not embeddable in a vector space. This is starkly
different from the situation under the axiom of choice, as expressed in Theorem
4.3.6] where every EM(E) arises from a compact convex subset of a locally
convex topological vector space.

A.8 An Example of a G-algebra not Embeddable
in a Vector Space

The weak map of monads (Ba,p) : R — G defined in Theorem shows
that for every R-algebra (X,ax : R(X) — X), the pair (Ba(X),ax o px) is
a G-algebra. By combining this with Swirszcz’s Theorem (Theorem , we
see that every compact convex subset of a locally convex space is a G-algebra
(equipped with its Baire o-algebra), and continuous affine maps define G-algebra
homomorphisms. In this section we produce an example, essentially a measure
theory version of that in Proposition [A-7.11] that cannot arise from a compact
convex subset of a vector space.

We will need an unrelated lemma of measure theory, the fact that if a non-
negative function integrates to 0, then its support has measure zero.
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Lemma A.8.1. Let (X,X) be o measure space, a : X — R>¢ a measurable
function, and v : ¥ — [0,00] a measure. Then

/ adv =20

b's

implies that v(a=1((0,00))) = 0.

Proof. This is essentially [55, §25 Theorem B|. O

As in Proposition [A.7.11] we define X = {a, b}, and consider it to have the
discrete o-algebra P(X). We define ax : G(X) — X as follows

~Ja ifv({a})>0
ax(v) = {b otherwise.
Proposition A.8.2. (X,«ax) is a G-algebra.

Proof. We must first show that ax : G(X) — X is measurable. As X only has
four measurable subsets, there are four cases, and the cases of ) and X itself
are trivial.

e a'({a}) is measurable: We have that
ax' ({a}) = {v € G(X) | v({a}) > 0}
= {r e g(X) [ pray(v) > 0}
= pgal}((ov 1])7
which is a generator of the Giry o-algebra on G(X).

. a;(l({b}) is measurable:
We have

oy ({b}) = {v € G(X) | v({a}) = 0}
= p{;}({O}),

and as before, this is a generator of the Giry o-algebra.

The unit diagram is

We prove it commutes by treating the cases of a and b separately. For a, we
have ax (nx(a)) = a because nx(a)({a}) =1 > 0. For b, wehave ax(nx (b)) =b
because nx (b)({a}) = 0. Therefore the diagram commutes.

The multiplication diagram is

G(ax)
—_—

G*(X) g(x)
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We prove it commutes as follows. We first show that ax(G(ax)(®)) = b iff
® = §5,. Then we show that ax(ux(®)) = b iff & = d5,. When put together,
these facts show the diagram commutes.

(] ax(g(ax)(@)) =bs o= (55]3:

We have that ax (G(ax)(®)) = biff G(ax)(®)({a}) = 0, by definition, and
this second equation is equivalent to G(ax)(®)({b}) = 1 by normalization
of probability measures. Now,

G(ax)(@)({b}) = ®(ax' ({b})),

and

X (o) = {r € G(X) | v({b}) = 1} = {&v}
therefore G(ax)(®)({b}) =1 iff ®({d}) =1, i.e. iff D = dy,.
o & =105 = ax(ux(®)) =

We have ax(ux(®)) = b if ,uX(q))({a}) = 0. Now
i (65,)({a}) = / Pray 65, = piay (8) = y({a}) = 0,
g(X)

using Proposition m (ii) for the second equality.

o ax(ux(®))=b= o =dy,:
We have that ax (ux (®)) = biff ux(®)({a}) = 0, so we have fg(X)p{a}dfb =

0. As py,) takes only nonnegative values, Lemma implies that
(p{ }((0 00)) = 0. Therefore (I>(p{ }({0})) =1. As p{a}({O}) = {0}, we

have ¢ = 65, .
O

The G-algebra (X, ax) cannot arise from a subset of a vector space because
any such set is either empty, a singleton, or contains an image of [0,1], and is
therefore uncountably infinite, so X is ruled out because its cardinality is 2.



Appendix B

Summary

In general, we study pairs of categories, where one consists of state spaces and
state transformers, the other of algebras of predicates and predicate transform-
ers, and there is a contravariant equivalence of categories between the two.

Another common thread is the use of probability monads, a categorical way
of representing probabilistic maps (by using the Kleisli category) and convex
sets (by using the Eilenberg-Moore category). The monads D and D, are
known as distribution monads. We can describe D as mapping a set to the set
of discrete probability distributions of finite support on it, and D, as mapping
a set to the set of discrete probability distributions of countable support on it.
We also consider &, the expectation monad, one version of which maps a set X
to the finitely-additive measures on P(X). On compact Hausdorfl spaces, we
use the Radon monad R, which assigns to a compact Hausdorff space X the
space of Radon probability measures on it, or equivalently the state space of
the C*-algebra C'(X).

In the first chapter, we describe a probabilistic version of Gelfand duality,
where, in the category of commutative C*-algebras, we replace *-homomorphisms
with maps that are only required to preserve positive elements and the unit, and
we replace the category of compact Hausdorff spaces with the Kleisli category
of the Radon monad. Kleisli categories of probability monads are a standard
way of producing a category of probabilistic mappings.

If we consider non-commutative C*-algebras, a natural category to embed
them in, when considering only the order structure, is order-unit spaces. If we
consider the dual spaces of C*-algebras, or alternatively the preduals of W*-
algebras, a natural category to embed them in, when considering only the order
structure, is base-norm spaces. The definition of an order-unit space is stable,
i.e. apparently different definitions used by various authors are equivalent.
However, this is not the case for base-norm spaces.

We give three definitions of base-norm space and examples distinguishing
them. We then show that each bounded convex set defines a pre-base-norm
space, which is a Banach base-norm space iff the original convex set is sequen-
tially complete. Later, we show that bases of Banach base-norm spaces, equiv-
alently sequentially complete convex sets, are a reflective subcategory of both
the categories of Eilenberg-Moore algebras EM (D) and EM(Do).

We show that taking the dual space defines a dual adjunction between pre-
base-norm spaces and order-unit spaces, and that this adjunction restricts to
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an equivalence between reflexive spaces, such as finite-dimensional spaces.

To extend this duality to a larger class of spaces that includes all C*-
algebras, we first describe the duality between Banach spaces and Smith spaces.
Smith spaces are a kind of space, originated by Akbarov, that characterize the
“bounded weak-*” topology on the dual of a Banach space. We can then define
Smith base-norm spaces, which are dual to Banach order-unit spaces, and Smith
order-unit spaces, which are dual to Banach base-norm spaces. We can also com-
bine these dualities with the previous adjunction to show that the double dual
space is an “enveloping” Smith space, analogous to the enveloping W*-algebra
of a C*-algebra.

We go over Swirszez’s theorem that EM(R) and EM(E) are equivalent to
the category of compact convex subsets of locally convex topological vector
spaces. This gives us a characterization of the bases of Smith base-norm spaces
and the unit intervals of Smith order-unit spaces without having to consider an
embedding in a vector space.
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Samenvatting

In het algemeen, bestuderen we paren van categorieén, waarvan de ene uit toe-
standruimtes en transformaties van toestanden bestaat, en de andere uit alge-
bra’s van predicaten en transformaties van predicaten bestaat, met een equiv-
alentie van categorieén ertussen.

Een andere algemene rode draad is het gebruik van kansmonaden. Die
geven een categorische manier om stochastieke afbeeldingen (met behulp van
de Kleisli categorie) en convexe verzamelingen (met behulp van de Eilenberg-
Moore categorie) te representeren. De monaden D en Dy, heten kansverdeling-
monaden. De monade D beeldt een verzameling af op de verzameling van
discrete kansverdelingen met eindige drager, en de monade D, beeldt een
verzameling af op de verzameling van discrete kansverdelingen met aftelbare
drager. We beschouwen ook &, de verwachtingmonade, waarvan één uitvoering
een verzameling X afbeeldt op de verzameling van eindig additieve kansmaten
op P(X). Op compacte Hausdorff ruimtes gebruiken we de Radonmonade die
een compacte Hausdorff ruimte X afbeeldt op de ruimte van Radon kansmaten
op X, of equivalent, op de toestandruimte van de C*-algebra C(X).

In het eerste hoofdstuk, beschrijven we een stochastische versie van Gelfand-
dualiteit, waarbij we geen *-homomorfismen in de categorie van C*-algebra’s
gebruiken maar lineaire afbeeldingen die positieve elementen en de eenheid be-
waren, en waarbij we niet de categorie van compacte Hausdorff ruimtes ge-
bruiken, maar de Kleisli categorie van deze Radonmonad. Kleisli categorieén
zijn een standaard manier om een categorie van stochastische afbeedlingen te
maken.

Voor het bestuderen van de structuur van de ordening van niet-commuta-
tieve C*-algebras gebruiken we een natuurlijke inbedding in de categorie van
orde-eenheidsruimtes. Op vergelijkbare wijze bestuderen we de structuur van
de ordening van de dualen van C*-algebra’s, of de predualen van W*-algebra’s,
via een natuurlijke inbedding in de categorie van basisnormruimtes. De definitie
van een orde-eenheidsruimte is stabiel, d.w.z. ogenschijnlijk ongelijke definities
die verschillende auteurs gebruiken zijn equivalent. Dit geldt niet voor basis-
normruimtes.

We geven drie verschillende definities van het begrip basisnormruimte en we
geven voorbeelden die hen onderscheiden. Dan bewijzen we dat elke begrensde
convexe verzameling een prebasisnormruimte definiéert, die een Banachbasis-
normruimte is dan en slechts dan als de oorspronkelijke convexe verzameling
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sequentié€l volledig is. Tenslotte bewijzen we dat basissen van Banachbasisnorm-
ruimtes, of sequentiél volledige convexe verzamelingen, een reflectieve deelcat-
egorie van de categorieén van Eilenberg-Moore algebras EM(D) en EM (Do)
vormen.

We tonen aan dat afbeelden naar de duale ruimte een contravariante adjunc-
tie tussen prebasisnormruimtes en orde-eenheidsruimtes definiéren, en dat deze
adjunctie zich beperkt tot een equivalentie tussen reflexieve ruimtes, bijvoor-
beeld eindigdimensionale ruimtes.

Om deze dualiteit tot een grotere klasse van ruimtes uit te breiden, beschrij-
ven we eerst de dualiteit tussen Banachruimtes en Smithruimtes. Smithruimtes
vormen een soort ruimte die oorspronkelijk gedefinieerd zijn door Akbarov en die
de “begrensde zwakke ster” topologie op de duale ruimte van een Banachruimte
karakteriseren. Daarmee kunnen we Smithbasisnormruimtes definiéren, die de
duale van Banach-orde-eenheidsruimtes zijn, en Smith-orde-eenheidsruimtes, die
de duale van Banachbasisnormruimtes zijn. We kunnen ook deze dualiteiten met
de vorige adjunctie samenvoegen om te laten zien dat de dubbel duale ruimte een
“omhullende” Smithruimte is, zoals de dubbel duale ruimte van een C*-algebra
de omhullende W*-algebra is.

We geven een samenvatting van de stelling van Swirszcz, die zegt dat EM(R)
en EM(E) equivalent zijn aan de categorie van compacte convexe deelverzamelin-
gen van locaal convexe topologische vectorruimtes. Deze stelling geeft ons een
karakterisering van de basissen van Smithbasisnormruimtes en van de eenhei-
dintervalen van Smith-orde-eenheidsruimtes, zonder gebruik van een inbedding
in een vectorruimte.
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Index of Categories

1 Name Objects | Morphisms | Page ||
AEMod archimedean effect | effect module homo- 48
modules morphisms
Ban Banach spaces bounded linear maps 30
Ban; Banach spaces linear maps of norm 30
<1
BBNS Banach base-norm | positive trace- 75
spaces preserving maps
BBNS<, Banach base-norm | positive trace- 75
spaces reducing maps
BCM barred commutative | monoid homomor- 47
monoids phisms preserving the
bar
BConv bounded convex sub- | affine maps 30
sets of topological vec-
tor spaces
BEMod Banach effect modules | effect module homo- 48
morphisms
BNS base-norm spaces positive trace- 75
preserving maps
BNS<; base-norm spaces positive trace- 75
reducing maps
BOUS Banach order-unit | positive unital maps 48
spaces
BOUS<, Banach order-unit | positive subunital 48
spaces maps
Cat large categories functors 34
CBConv sequentially complete | affine maps 106
bounded convex sub-
sets of topological vec-
tor spaces
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CBConvBan | closed bounded con- | affine maps 107
vex subsets of Banach
spaces
CCL compact convex sub- | continuous affine maps 45
sets of locally con-
vex topological vector
spaces
CC*Alg commutative C*- | *~homomorphisms 42
algebras
CC*Algp commutative C*- | positive subunital 42
- algebras maps
CC*Algpy commutative C*- | positive unital maps 42
algebras
CEMod effect modules that are | continuous effect mod- 149
compact convex sub- | ule homomorphisms
sets of locally con-
vex topological vector
spaces
CEMod¢ effect modules that are | effect module homo- 181
E-algebras morphisms that are
also &-algebra homo-
morphisms
CEModx effect modules with | effect module homo- 181
a compact Hausdorff | morphisms that are
topology that are R- | also R-algebra homor-
algebras phisms
CHaus compact Hausdorff | continuous maps 36
spaces
CMarkov compact Hausdorff | continuous Markov 69
spaces kernels
CSL compact meet semilat- | continuous lattice ho- 182
tices momorphisms
C*Alg C*-algebras *_homomorphisms 42
C*Algcpy C*-algebras completely  positive | |166
unital maps
C*Algp<; C*-algebras positive subunital 42
- maps
C*Algpy C*-algebras positive unital maps 42
CW*Alg commutative W*- | normal *_ 166,
algebras homomorphisms
CW*Algpuy commutative W*- | normal positive unital 166
algebras maps
EA effect algebras effect algebra homo- 46
morphisms
EM(T) T-algebras T-algebra morphisms 30
EMod effect modules over | effect module homo- 47
[0,1] morphisms
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FdCC*Alg; ;i | finite dimensional | *-homomorphisms 42
commutative C*-
algebras
FdCC*Algp, | finite dimensional | positive unital maps 42
commutative C*-
algebras
FdC*Alg,,;y | finite dimensional C*- | *-homomorphisms 42
algebras
FdC*Alg py; finite dimensional C*- | positive unital maps 42
algebras
FinSet finite sets functions 52
Ke(T) objects of underlying | morphisms X — 30
category T(X)
Kin(T) finite cardinals morphisms n — T'(m) 30
Monad(C) monads on the cate- | monad morphisms 34
gory C
Markov measurable spaces Markov kernels 61
Mble measurable spaces measurable maps 60
Norm normed spaces bounded linear maps 30
Norm; normed spaces linear maps of norm 30
<1
ous order-unit spaces positive unital maps 48
OUS<; order-unit spaces positive subunital 48
maps
poVectu partially ordered vec- | positive unital maps 48
tor spaces with strong
order unit
PreBNS pre-base-norm spaces positive trace- 75
preserving maps
PreBNS<; pre-base-norm spaces positive trace- 75
reducing maps
Predual Preduals of  W*- | positive trace- 38
algebras preserving maps
RBNS reflexive  base-norm | positive trace- 117
spaces preserving maps
ROUS reflexive order-unit | positive unital maps 117
spaces
SBNS Smith base-norm | continuous positive 140
spaces trace-preserving maps
SBNS«; Smith base-norm | continuous positive 140
spaces trace-reducing maps
Set sets functions 30
Smith Smith spaces continuous linear 121
maps
Smith, Smith spaces continuous linear 121
maps of norm < 1
SOUS Smith order-unit | continuous positive 149
spaces unital maps
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SOUS<; Smith order-unit | continuous  positive | (149
spaces subunital maps

Top topological spaces continuous maps 36

Vect vector spaces over C C-linear maps 41

WH*Alg W+-algebras normal * | |166
homomorphisms

W*Algp W+-algebras normal positive sub- | 166

B unital maps
W*Algpy Wr-algebras normal positive unital 166
maps
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-, 123
-8.1130
< defined by a cone,

*-algebra,

absco,

absolute polar, 24]
absolutely convex, [0]
absolutely summable,
absorbent, [T1]
absorbing,

absorbs,

abstract convex set, [35]
adjoint equivalence,
adjoint inverse,
archimedean, [4§]

B
PreBNS — BConv, [§2]
SBNS — CCL,
Ba, [65]
BAft, [107]
BAff .,
Baire
o-algebra, [65]
set, [65]
balanced,
Ball, [13]
Banach base-norm space,
Banach order-unit space,

Banach pre-base-norm space, [75]

Banach space,
barrel,
barrelled, [12]]
barycentre,
of a state on £>°(X),
base-norm space, [75]

base, [74]
Smith,

trace-preserving map, [75]
trace-reducing map,
unit ball, [74]

BP=' |99
bipola
B,
Bo, [60
Borel
o-algebra,
set,
bounded
function,
map of normed spaces,
map of topological vector spaces,
10

subset of a topological vector space,
10

bounded weak-* topology, [121]
BSeta @

C functor,
C*-algebra

Spec functor,
cancellative,
Cauchy

sequence, [I9]
co, [
colax map of monads,
comparison functor,

cone, 27]
generating, [21]

convex, [

convex hull, ]

convex set
abstract,

cs. 159
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CEMod°® — CBConv, m point-supported,
SOUS? — BConv, [159 Minkowski functional, [12]
monad
D, colax map, [32]
Deo, lax map,
directed poset, weak map,
D-, [159 monad functor,
dual cone, 25 monad morphism,
dual space, [23]
duality nonprincipal measure, [210]
of vector spaces, @ norm topology,
transpose, 22] normal
map of W*-algebras,
£, @ normal state,
effect algebra, [46]
effect module, [47] order unit
Emb archimedean,
CBConv — BBNS, strong, (48]
CCL — SBNS, order-unit space,
expectation monad, Banach,
Smith,
F,[13] ordered vector space,

finite power set,
partially ordered vector space,

g’&lgd dualit directed,
elfand duality, [44] Pan(X), [
point-supported measure, [210
healthy, [f] polar,
inverse absolute, 24]
adjoint, pOSfett., 5]
categorical, 2§ positive
5 element in a C*-algebra,
Kadison duality, positive map, [21]
kernel positive unital map,
Markov, power set
finite,
lax map of monads, pre-base-norm space,
L%, base, [74]
2, trace-preserving map, [75]
locally convex space, trace-reducing map,
bounded subset, unit ball, [74]
product, predual,

pure state, 58|
Markov kernel,

measurable R, 56
function, radially bounded,
map, radially compact,
space, [60 Radon monad,
measure reflexive base-norm space,

nonprincipal, reflexive order-unit space,
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self-adjoint,
linear functional,

sequentially complete,

o-convex, [9]

o-weak,

Smith space, |[121
base-norm space, [140
order-unit space, [148

Smithification, [129

Spec
of C*-algebras, [5]

state
normal,
pure, 58|

state-and-effect triangle,
strict plane, [§4]

strictly positive,

strong order unit,
archimedean,

sub-base, [77]

subunital map, [48]

T,

topological vector space
bounded subset, [16]

triangle
state-and-effect,

ultraweak,

W*-algebra

normal map, [166]
weak map of monads, [33]
weak topology,
weak-* topology,
wedge,

zero set, [67]
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