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ABSTRACT

Operator algebras, specifically C*-algebras and W*-algebras (the latter are also known
as von Neumann algebras), give a formulation for quantum theory that is alternative to
the one by Hilbert spaces. They are successfully used in areas such as quantum field
theory and quantum information theory, yielding many notable results. It seems, how-
ever, that the use of operator algebras is not common so far in the area of quantum
computation.

As an application of operator algebras to quantum computation, the present thesis
gives a denotational semantics for a quantum programming language by operator alge-
bras. We show that the opposite category of the category of W*-algebras and normal
completely positive pre-unital maps is an elementary quantum flow chart category in the
sense of Selinger. As a consequence, Selinger’s quantum programming language QPL can
be interpreted as a map between W*-algebras.
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Chapter 1

Introduction

1.1 Background

1.1.1 Quantum computation and quantum programming language

Quantum computation is a new paradigm of computation that is done in the
framework of quantum theory. In other words, it is a computation making use
of quantum phenomena such as superposition and entanglement. Such quantum
phenomena enable us to design quantum algorithms and quantum protocols which
realize what is impossible in a classical way. For instance, Shor’s algorithm [568]
performs integer factorization in polynomial time, which is believed to be clas-
sically impossible. Another example is quantum cryptography protocols such
as BB84 [6]. It guarantees unconditional security without relying the computa-
tional hardness, while the security of the classical cryptographic system RSA, for
instance, relies on the hardness of integer factorization.

Quantum algorithms and protocols are actively studied, but they are often
designed via low level machinery such as quantum gates and circuits. Coupled
with the counter-intuitive nature of quantum phenomena, it is difficult to design
quantum algorithms and protocols correctly. To alleviate such difficulties, quan-
tum programming languages have been recently studied. As one of pioneering
works, Selinger proposed a first-order functional language for quantum compu-
tation and its denotational semantics [63]. He (jointly with Valiron) successively
started to study a higher-order functional language for quantum computation,
also known as a quantum lambda calculus [55-57]. The first denotational seman-
tics for a quantum lambda calculus with full features (especially, the ! modality)
was given by Hasuo and Hoshino via Geometry of Interaction [Z5]. Recently,
Pagani, Selinger and Valiron gave a denotational semantics by a different ap-
proach [d5].

1.1.2 Operator algebras for quantum theory

It is now standard that quantum theory is formulated in terms of Hilbert spaces.
This rigorous formulation of quantum theory is, after enormous efforts by physi-
cists, finally given by John von Neumann [64]. It seems lesser-known, however,
that quantum theory can be formulated in more abstract and general way by
operator algebras. This formulation is sometimes called the algebraic formula-
tion [85]. In fact, von Neumann also played a major role in developing the theory
of operator algebras, and he preferred the formulation of quantum theory by
operator algebras to the one by Hilbert spaces [4R].

An operator algebra, in general, refers to an algebra of bounded operators
on a Hilbert space, but there are two important classes. Von Neumann (jointly



with Murray) studied rings of operators [A1-43,62,63], a certain class of operator
algebras which are now called von Neumann algebras. Gelfand and Neumark char-
acterized C*-algebras abstractly (i.e. space-freely) [20], which is another class of
operator algebras that includes von Neumann algebras. Abstract characterization
of von Neumann algebras, called W*-algebras, was later obtained by Sakai [51].
Currently, the theory of operator algebras is usually concerned with C*-algebras
and W*-algebras, or von Neumann algebras [562,60].

C*-algebras can be seen as noncommutative geometry [12], while W*-algebras
can be thought of as noncommutative measure (or probability), which in fact
coincides with measure (probability) in quantum theory [23,86,89,49]. Operator
algebras are, indeed, successfully used in the wide area of quantum theory such
as quantum statistical mechanics [8,9], quantum information theory [5,81] and
quantum field theory [2,21,22]. It is commonly said that the algebraic formulation
has an advantage in handling a system with infinitely many degrees of freedom
over the Hilbert space formulation.

1.2 Our work

Despite its success in many areas of quantum theory, the use of operator algebras
is not common so far in the area of quantum computation. One of the reasons
is that to study quantum computation, usually a finite level system is sufficient,
i.e. we can work in just a finite dimensional Hilbert space C™. Therefore, it
might seem useless and meaningless to use operator algebras to study quantum
computation. One of motivations of our work is to demonstrate that operator
algebras are indeed useful and meaningful to study quantum computation.

In the present paper, as an application of operator algebras to quantum com-
putation, we give a denotational semantics for a quantum programming language
by operator algebras. More specifically, we show that the category Wstarcp_py
of W*-algebras and normal completely positive pre-unital maps is a symmetric
monoidal Dcppo | -enriched category with products, and hence the opposite cat-
egory of Wstarcp py is an elementary quantum flow chart category [63]. As a
consequence, it gives rise to a denotational semantics for the quantum program-
ming language QPL [53].

Our contributions can be summarized as follows. On the mathematical side,
we examine categories of operator algebras (C*-algebras or W*-algebras) with
various morphisms, and especially we show the category Wstarcp_py is a Dcppo | -
enriched category with suitably enriched (categorical) products and symmetric
monoidal structure (i.e. tensor products). To the author’s knowledge, this fact
is not previously observed. We also prove some missing results in the literature
such as the distribution of tensor products over direct sums. On the quantum
computational side, we propose a novel denotational semantics of the quantum
programming language QPL by operator algebras. Due to Selinger’s work [53],
it suffices to show the opposite category of Wstarcp_py is an elementary quan-
tum flow chart category, which is immediate from the fact that Wstarcp_py is a
symmetric monoidal Deppo | -enriched category with finite products.

In comparison to Selinger’s original semantics, our semantics by operator
algebras has an advantage in handling infinite data and classical data well. As
a consequence, we demonstrate that operator algebras (especially, W*-algebras)
give a good model for quantum computation.



1.3 Related work

First of all, our work depends to a great extent on Selinger’s work [53], where he
designed a first-order functional quantum programming language QPL® and gave
its denotational semantics. The denotational semantics is given by (matrices of)
quantum operations, but he also established what (abstract) categorical structures
suffice to interpret the language QPL. Namely, he clarified that any elementary
quantum flow chart category gives rise to a denotational semantics of the language
QPL (without recursion). Hence we can give a denotational semantics of QPL,
just by showing that a category satisfies the conditions of a elementary quantum
flow chart category.

D’Hondt and Panangaden also gave a denotational semantics of QPL by the
weakest precondition semantics [T5]. We will discuss in Chap. B the difference
between Selinger’s original semantics, D’Hondt and Panangaden’s weakest pre-
condition semantics, and our semantics by operator algebras.

Recently, there are much more works on higher-order functional quantum
programming languages, or quantum lambda calculi. Selinger and Valiron first
proposed a quantum lambda calculus with classical controls and its operational
semantics in [65]. They then gave a denotational semantics of a fragment of the
quantum lambda calculus in [566]; it is given in essentially the same approach as
in [63]. Most recently, Pagani, Selinger and Valiron have succeeded in giving a
denotational semantics of the “full” quantum lambda calculus by the extending
the approach of [63,565]. In advance of them, however, the first denotational se-
mantics of the “full” quantum lambda calculus is given by Hasuo and Hoshino [25]
via Geometry of Interaction. Their semantics has a flavor of game semantics, and
hence is significantly different from Selinger et al. [45,53,56] and our work.

Jacobs” work [B0] is one of a few works using operator algebras for quantum
computation. The work axiomatized, in categorical terms, block structures that
often appears in programming languages. Applying it to the quantum setting,
it turns out that such a block structure does not exist on Hilbert spaces, but
does exist on C*-algebras. It led him to use operator algebras. His work does
not overlap directly with ours, but they should be related in some way. The
exploration of the relationship between his and our works will be future work.
Actually, Jacobs’ work [B0] and Furber and Jacobs’ works [IR,19], which also
study C*-algebras from a categorical perspective, were what inspired the author
to use operator algebras for quantum computation.

1.4 Organization of the thesis

In Chap. B, we will fix notations and terminologies, and collect basic results we
need later. Chapter B presents the basics on C*-algebras, almost all of which are
well-known. Chapter B first presents the basics on W*-algebras, and then shows
the order-enrichment of categories of W*-algebras. In Chap. B, we will present a
denotational semantics of the language QPL by operator algebras. We conclude
the thesis with future work in Chap. B.

!Strictly speaking, he defined two languages: a flow chart language and a textual language.
The name QPL is in fact reserved for the textual one. Because the denotation of the textual
language is given by reducing to the flow chart language, we do not distinguish the two languages.



Chapter 2

Preliminaries

This chapter is intended to fix notations and terminologies, and collect some
elementary results we will use later.

2.1 Functional analysis

In this section, we will fix notations and terminologies and present some basic
results in the theory of functional analysis. Our primary references are [3,47].

Definition 2.1.1. Let X and Y be normed spaces. A linear map f: X — Y is
said to be

1. bounded if there exists M € RT such that || f(z)|| < M||z|| for all x € X.

2. (weakly) contractive (or non-expansive, short) if it does not increase the
norm, i.e. || f(z)] < || for all z € X.

3. isometric if it preserves the norm, i.e. ||f(x)| = |lz| for all z € X. N

Definition 2.1.2. Let f: X — Y be a bounded linear map between normed
space. An operator norm || f|| of f is defined by:

I£1 = sup{[lf (@)]| | € X, ||l=[| < 1}
=inf{M e R" | || f(2)|| < M||z| for all z € X} . <

Here are some elementary properties of normed spaces.
Proposition 2.1.3. Let X, Y and Z be normed spaces.

1. A linear map f: X —'Y is bounded if and only if it is continuous (wrt. the
norms).

2. A bounded linear map f: X —'Y is contractive if and only if ||f|| < 1.

3. The set B(X,Y) of bounded linear maps is again a normed space with point-
wise operations and operator norm. Moreover, if Y is complete (i.e. a Ba-
nach space) then so is B(X,Y). In particular, a dual space X* := B(X,C)
of a normed space X is a Banach space.

4. Let f: X — Y and g: Y — Z be bounded linear maps. Then ||go f|| <
gl - I[£1]-

5. The canonical map v: X — X**, defined by 1(x)(¢) = ¢(z), is an isometry.
Thus we can regard X as a sub-normed space of X**.



6. Let f: X — Y be a bounded linear map. Then its dual f*: Y* — X*,
defined by f*(¢) = ¢ o f, is again bounded linear. <

Proof. M. See [&7, Prop. 2.1.2] or [I3, Prop. I11.2.1].
B. Immediate by definition.

B. See [47, 2.1.3-4] or 13, Prop. 111.2.1, Prop. I11.5.4].

A. See [47, 2.1.3].

B. See [£7, 2.3.7] or [13, IIL.§11].

B. See [#7, Prop. 2.3.10]. [ |
Lemma 2.1.4. Let X be a locally convex topological vector space. Then there is
a canonical bijection v: X = (X*, wk*)*, given by o(z)(¢) = ¢(z). q
Proof. See [13, Thm. V.1.3] or [47, 2.4.4-5]. [ |

Notation 2.1.5. Let X be a normed space (or, more generally, a locally convex
topological vector space). For x € X and ¢ € X* we write (p,z) = ¢(x),
emphasizing the duality (-,-): X* x X — C. Furthermore, when we have an
(often canonical) isomorphism ¢: Y — X*, we also write (y,z) = «(y)(z) and
make the isomorphism ¢ implicit. N

Proposition 2.1.6. Let X and Y be Banach spaces. For every bounded map
f: X =Y, the dual f*: Y* — X* is weakly* continuous (besides norm-continuous).
Conversely, for every weakly* continuous map h: Y* — X*, there exists a unique
bounded map f: X — Y such that h = f*. Hence we establish the following bi-
jective correspondence:

f: X —Y bounded

h:Y* — X*  weakly* continuous 4

Proof. This is proved in [47, Prop. 2.4.12] except the uniqueness. The uniqueness
is showed as follows. Suppose f,g: X — Y are bounded maps with f* = g¢*.
Then for each x € X, we have f*(¢)(xz) = g*(¢)(z) for all p € Y* ie. p(f(x)) =
w(g(z)) for all ¢ € Y*. It follows that f(x) = g(z) since Y* separates the points

of Y (see e.g. [d7, Cor. 2.3.4]). Hence f = g. [ |
Corollary 2.1.7. Let X and Y be Banach spaces. Every weakly* continuous
map Y* — X* is bounded. q
Proof. By Prop. 210 and Prop. Z123.8. |

Definition 2.1.8. Let {V;};cs be a finite family of Banach spaces. We define two
different direct sums: an £*-direct sum @52, V; and an £'-direct sum @jc; Vi.
These two have the same underlying sets™:

00 1
D, V=D, Vi=11V
i€l
and pointwise operations, but have the different norms:
I(vi)ierlloo = max|jui]
Ivi)ierlly =D _lluill
i€l

respectively. <

IThis is because I is finite.



Lemma 2.1.9. Let {V;}ier be a finite family of Banach spaces. There is an
isometric isomorphism:

1 * o0 %
<@iel Vl) - @iel Vi - <
Proof. The mapping is given by the following bijection of sets:
1
B( iel‘/i’c) =11, BV C)

which is due to the universality of direct sums as coproduct. Its linearity is
easy. We then check it is isometric. Let (¢;); € @;° V;*, which corresponds to
[¢i]; € (B; Vi)*. By definition,

I(@0)ierlloo = maxles
= max (sup{|¢i(v)| | v € Vi, [|o]| < 1})
= sup{|é:(v)| | i € Lv e Vi, ol] < 1}
and
ligilall = sup{|(6:]; ((v0)2)| | (v0)s € B Vi, lwidilly <1}
= sup{| 2", d(wi)| | (v)i € [[, Vi, X lull <1} -

We clearly see ||(¢i)icr|l.o < |l[#i];]], but observe, for (v;); € [1; Vi with >, ||vi|] <
1,

’ZZ ®i(vi)

<> o)l

< ZiH@HHUz‘H

< max||¢i|

= [|(¢s)ierll

Hence [|[¢s];]| < [[(¢i)icsllo and then [[[¢i];]| = [[(di)ier]l - u

Lemma 2.1.10. Let {V;}ier be a finite family of Banach spaces. There is an
isometric isomorphism:

<@ZI V1>* = 69;61 Vi* ’ q

Proof. Since algebraic structures are the same as Lem. 19, it suffices to check
the mapping is isometric. Let (¢;); € P} V;*, which corresponds to [¢;], €
(P;° Vi)*. Then

Iea)ill, =D llill

=3 sup{Jeu(w)] | v € Vi, ol < 1}

= Sup{Z.\cm vi)l | wi)i € [T Viu¥i € 1. [loi] < 1}
v)| | ()i € TL, Vi vi € I flui]) <1}
w)| | @)

V)i € H Vi, max; ||v; || < 1}

= sup |[¢i]i((vi i ’ v;); € @Z Vi, | (wi)ill, < 1}
= [l[gal; |l -



The equality = is because we can always reverse the sign of each ¢i(v;) by sub-
stituting —v; for v;, since ||—v;|| = ||vi]|. [ |

Remark 2.1.11. Lemma P29 holds even if the index set is infinite, but Lem. 22110
fails in the infinite case. N

Definition 2.1.12 ([d7, §2.3.6]). Let X be a normed space. For a subspace Y
of X, the annihilator Y+ of Y is a subspace of X* defined by

Yhi={pe X" |VyeY.p(y) =0} .
For a subspace Z of X*, the annihilator Z+ of Z is a subspace of X defined by

Zt ={reX|VoeZox)=0} . q

Lemma 2.1.13. Let X be a normed space. For any subspace Z of X*, the
annihilator Z+ is norm-closed in X. If Z is weakly* closed in X*, then (Z+)+ =
Z. <

Proof. The norm-closedness of Z+ follows from norm-continuity of functionals
¢ € Z. Tt is easy to check Z C (Z+)*. To show the converse inclusion when Z is
weakly* closed, use [47, Prop. 2.4.10). [ ]

Lemma 2.1.14 ([I3, Thm. V.2.2]). Let X be a normed space, M C X a closed
subspace, and Q: X — X/M a quotient map. Then a mapping f — foQ defines
isometric isomorphism (X /M )* S Mt of normed spaces. Moreover, the mapping

is homeomorphic wrt. the weak™ topology on (X/M)* and the relative topology on
M+ to the weak* topology on X*. |

Lemma 2.1.15. Let X, Y, Z, W be normed spaces and f: X = Y,g: Z — W be
dense isometric maps. Let @ denote one of the {>®-direct sum ©> and the (!-
direct sum ®'. Then f®g: X®Z — Y ®W is also dense isometric. Especially,
if X and Y are the completions of X and Y respectively, then X @Y is the
completion of X @Y. N

Proof. 1t is easy to see f @ g is isometric. Let (z;);, (2;); be a net in X,V
respectively. Suppose (f(z;)); converges to y in Y and (g(z;)); converges to w
in W. Then ((z;, Zj))(m) is a net in X @ Z, and moreover ((f & g) (i, zj))(i,j) =
((f(:cl),g(zj)))(l ;) converges to (y,w) in Y @& W. Hence f @ g is dense. [ ]

Proposition 2.1.16. Let H be a Hilbert space. Let B(H) := B(H,H) and T (H)
denote the sets of bounded operators and trace class operators, respectively. Then

1. T(H) is a Banach space with the trace norm ||T'||, = tr(|T).
2. The dual of T(H) is isometrically isomorphic to B(H) by the mapping
v: B(H) = T(H)* defined by o(T) = tr(T'(—)). 4

Proof. See [#7, Thm. 3.4.13], [I4, Thm. 19.2] or [60, §II.1]. [ ]

Lemma 2.1.17. Let H be a Hilbert space. Recall we have the isometric isomor-
phism v: B(H) — T(H)* defined by o«(T) = tr(T(—)). Then a bounded operator
T € B(H) is positive if and only if «(T)(S) € R™ for all positive S € T(H). <



Proof. (if) Assume that +(T)(S) = tr(T'S) € RT for all positive trace class oper-
ator S. For any = € H, |z)(z| is obviously positive and trace class. Then

(x, Tx) = tr(T|x){zx|) € RT .

Hence T is positive.
(only if) Let T be a positive operator with T' = AT A. Then, for any positive
trace class operator S with S = BYB,

tr(TS) = tr(ATAB'B) = tr(BATAB") = tr((AB")TAB") € R*. ™

2.2 Complete partial orders
We here list some elementary definitions and properties. Our references are [[]
and [61)].

Definition 2.2.1. A preordered set P is directed if every finite subset of P has
an upper bound, which is equivalent to that P is nonempty and every pair of
elements in P has an upper bound. A directed set refers to a directed preordered
set. N

Definition 2.2.2. A poset P is directed complete if every directed subset of P
has the supremum (i.e. least upper bound, or join) A directed complete poset is
abbreviated as a dcpo. N

Definition 2.2.3. Let P and @ be posets. A function f: P — @Q is Scott-
continuous if it is monotone and preserves directed suprema, that is:

o) =1so)
for any directed subset D C P with its supremum | | D. N

Remark 2.2.4. If a function f: P — () between posets preserves directed suprema,
then it is automatically monotone and hence Scott-continuous. This is because:

rCy <= y=zUy = f(y)=f(@)Ufly) <= fl@)C f(y) .

Nevertheless, it is convenient to assume the monotonicity in advance because
f(D) is then a directed subset of Q. q

Definition 2.2.5. A poset is pointed if it has the least element. A monotone
function between pointed posets is strict if it preserves the least element. q

A notion “monotone net” is useful to describe directed subsets.

Definition 2.2.6. Let P be a poset. A monotone net in P is a family (z;);er in
P indexed by a directed set I satisfying

for all ¢, j € I. In other words, the function x(_y: I — P is monotone. N

Definition 2.2.7. Let P be a poset, and (z;)ijc; a monotone net in P. The
supremum of (x;);cr is defined by:

el

Notice that {z; | i € I'} is a directed subset of P. q



The next proposition is immediate, since every directed subset of a poset can
be seen as a monotone net, which is indexed by itself.

Proposition 2.2.8. Fvery monotone net in a dcpo has the supremum. Con-
versely, a poset in which every monotone net has the supremum is directed com-
plete. |

We will use a notion that slightly generalizes directed completeness.

Definition 2.2.9. A poset P is bounded directed complete if every bounded-
above directed subset of P has the supremum. A bounded directed complete
poset is abbreviated as a bdcpo. N

There are weaker notions than directed completeness and Scott continuity.

Definition 2.2.10. An w-chain is a monotone net (x,)pen indexed by I = N
(with usual order), that is, a monotone sequence. <

Definition 2.2.11. A poset is w-complete if every w-chain has the supremum.
An w-complete poset is abbreviated as an wepo. N

Definition 2.2.12. A function between posets is w-continuous if it is monotone
and preserves suprema of w-chains. N

We here present some results we use later.

Proposition 2.2.13. Let I and J be directed sets, and (vij) (i jyerxs @ monotone
net. Note that (zi;)jes and (zi;)icr are monotone nets for each i € I and j € J
respectively. If | |;cyxij and | |jcr xij exists for each i € I and j € J respectively,

then we have
(U =)= U 2= ()

i€l jeJ (i.j)elxJ jeJ iel 4
Proof. Apply [, Prop. 2.1.4.3]. See also [, Prop. 2.1.12]. |
Proposition 2.2.14. Let P,Q, R be posets. A function f: P x Q — R is Scott-
continuous if (and only if) it is separately Scott-continuous. N
Proof. See [, Lem. 3.2.6]. [ |

Lemma 2.2.15. Let P be a poset and D C P a directed subset of P. For any
element | € D, let DNl ={d € D |l < d}, which is clearly directed. Then we

have
LD =LJmnm) -

this means if one side exists, then the other side exists and they are equal. N

Proof. Note that for any subset S C P, u € P is the supremum of S if and only
if
VpeP.(uCp < VseS.sCp) .

To prove the lemma, therefore, it suffices to show for all p € P,
Vde D.dCp < Vze DNftl.zCp .

= is obvious. We shall show <. Assume x C p for all z € D N1l. Because
D is directed, for any d € D there exists e € D such that d CE e and [ C e, i.e.
e€ DNTl. Hence d C e C p. |



2.3 Category theory

We assume the reader is familiar with the basics of category theory. The standard

textbook of category theory is [37], and a more introductory one is [3]. The article
[I1] is a good introduction of category theory for physics, putting emphasis on
monoidal categories.

We here just fix notations for some categories.

Definition 2.3.1.
1. Dcppo, is the category of pointed dcpos and strict Scott-continuous maps.

2. Bdcppo, is the category of pointed bdcpos and strict Scott-continuous
maps.

3. wCppo is the category of pointed wcpos and w-continuous maps. N

10



Chapter 3

(C*-algebras

This chapter is devoted to the study of C*-algebras. We will study basics of
C*-algebras, maps between C*-algebras, representations of C*-algebras, matrices
of C*-algebras, completely positive maps, direct sums and tensor products of C*-
algebras. Almost all results in this chapter are well-known, but some results do
not seem to be found in the literature. One of such results is the distribution of
tensor products over direct sums, which will be proved in §874. Finally, in §83,
we will summarize structures of C*-algebras from a categorical point of view.
The contents of this chapter is a prerequisite for Chap. B because W *-algebras
are “special” kind of C*-algebras.

3.1 Basics of C*-algebras
We start with the definition of x-algebras rather than C*-algebras.

Definition 3.1.1 (x-algebra). A x-algebra is a complex vector space A with a
multiplication -: A x A — A and an involution (—)*: A — A that satisfy the
following conditions.

e The multiplication is bilinear, i.e.
—(z+2) y=xz-y+2'-y
—ae-yty)=eyta-y
= (tr) y=t(z-y) =z (ty)
for all z,2",y,y' € A and t € C. It is also associative, i.e.
_ (xy)zz:b(yz)
for all z,y,z € A.

e The involution is anti-linear, i.e.

- ) =ty
= (tx)" = t(a")
for all z,y € A and t € C. It also satisfies:

- (z-y)=y"-z

for all z,y € A.

11



Furthermore, in this paper, we require *-algebras to be unital. Namely, there
exists 1 € Asuch that 1 -z =z =x -1 for all x € A. <

Note. A multiplication z-y is also written just as zy. Note that we do not symbol-
ically distinguish the multiplication -: A x A — A from the scalar multiplication
-2 C x A — A. Usually the distinction is clear from the context. <

Definition 3.1.2 (Banach x-algebra). A Banach x-algebra is a x-algebra A with
a norm ||-||: A — R* which makes A a Banach space and further satisfies:

o llzyll < ll=llllyl

o llz*ll = ll=| <
Definition 3.1.3 (C*-algebra). A C*-algebra is a Banach -algebra A satisfying
|| = ||| <

Remark 3.1.4. Since we have required *-algebras to be unital, all C*-algebras
are unital, too, in this paper. Note that it is not usually assumed in the litera-

ture. <
Remark 3.1.5. We may drop the axiom ||z*|| = ||z|| from the definition of C*-
algebras. This is because ||z|? = ||#*z|| < ||z*||||z| and then ||z| < ||«*||, while
llz*]| < [|[z**|| = ||z| by substituting z* for . N
Remark 3.1.6. For a historical reason, the identity ||z*z|| = ||z||* is sometimes
called the B*-identity, while the identity ||z*z| = ||z*||||z|| may be called the
C*-identity. They are obviously equivalent in the presence of ||z*|| = ||z||. By

Remark BT, the B*-identity implies the C*-identity without assuming ||z*|| =
|z||. The converse in fact holds, though it is highly nontrivial (see e.g. [i6, §2
and Thm. 16.1], [62, The last remark in §1.1]). Therefore we do not distinguish
two identities, and in what follows we will call the identity ||z*z| = ||z|?* the
C*-identity. N

Example 3.1.7. Let H be a Hilbert space. Then B(H), the set of bounded
operators on H, is a C*-algebra. See [13, Example VIII.1.2], [d7, 4.3.7]. <

Definition 3.1.8. Let A be a C*-algebra. An element x € A is said to be

1. dnvertible (or regular) if yxr = xy = 1 for some y € A, i.e. the inverse 7!

exists;
2. normal if x*r = zx*;
3. unitary if o*x = xz* =1, i.e. z* =27 1;
4. self-adjoint (or hermitian) if 2* = x;
5. positive if x = y*y for some y € A;

6. an effect if both x and 1 — x are positive;

7. a projection if x? = v = x*. <

12



Notation 3.1.9. Let A be C*-algebra. We write SA(A) for the set of self-adjoint
elements in A, Pos(A) or AT for the set of positive elements in A, and Ef (A) for
the set of effects in A. N

Proposition 3.1.10. For an element of a C*-algebra,
1. unitary = invertible;

unitary = normal;

self-adjoint = normal;

positive = self-adjoint;

being an effect = positive;

S & e e

being a projection =—> being an effect. N

Proof. Immediate by definition except B, which follows from

and
1-z)*Q-2)=1-2)?=1-x . [

Definition 3.1.11 (Spectrum). Let A be an algebra. A spectrum Sp,(x) of
x € A is defined by:

Spa(z) :={A € C | x — Al is not invertible} . q
Definition 3.1.12 (Spectral radius). Let A be an algebra. A spectral radius

|z||sp of @ € A is defined by:

|z]lsp == sup{|A| | X € Spa(z)} . 4

Proposition 3.1.13. Let A be a Banach algebra. Then for any x € A,
1. ([60, Prop. 2.3]) ||lz||sp < 00;

2. (60, Prop. 24)) [allsy = lim [|e"]"". -

n—oo

Proposition 3.1.14 ([60, Prop. 4.2]). Let A be a C*-algebra. Then for a normal
element x € A, we have ||z| = ||z|sp- [ |

Corollary 3.1.15. Let A be a C*-algebra. For any x € A,
2]l = y/llz*llsp - q

Proof. |l = lla*a|| = [|z*x]sp- =

The last result means that a norm of a C*-algebra is determined by its algebraic
structure. The following is an immediate consequence.
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Corollary 3.1.16. For a *-algebra A, a norm with which A is a C*-algebra is
unique if exists. |

Proposition 3.1.17 ([60, Thm. 6.1]). Let A be a C*-algebra. Then the set AT
of positive elements is a closed convex cone in A with AT N (—A*1) = {0}. Con-
sequently:

1. AT is a closed subset of A;
2. If x,y is positive and t,s > 0, then tx + sy is positive.
3. If both x and —x is positive, then x = 0. |

Definition 3.1.18. Let A be a C*-algebra. We define a relation < on A by

def . ..
x <y <= y — x Is positive . q

Proposition 3.1.19. The relation < defined in Def. @118 is a partial order. <

Proof. 1t is reflexive since x —x = 0 is positive. To show the transitivity, assume
x <yandy <z Then z—2z = (2 —y) + (y — z) is positive since a sum of
positive elements is positive by Prop. BT T4. Hence z < z. Finally to show
the antisymmetry, assume ¢z < y and y < x. It means that both y — z and
x —y = —(y — x) are positive. Then y — x = 0 by Prop. B4, thus x =y. W

Note. The ordering on a C*-algebra defined in Def. BTIR is standard in the
literature (e.g. [60, §1.6], [62, §1.4], [14, §1.3]). For matrix algebras, it is called
the Lowner partial order. It appears in [53, §3.8] and |75, Def. 11.2]. <

Remark 3.1.20. We may write x > 0 for “x is positive”, which is consistent
with the ordering in Def. BTTR. N

Lemma 3.1.21 ([60, Thm. 6.1]). Let A be a C*-algebra. A self-adjoint element
x € A is positive if and only if Sp4(z) C RT. <

Proposition 3.1.22. Let A be a C*-algebra and v € SA(A) a self-adjoint ele-
ment. Then
|z]| <M <<= —-M1<zx<M1

for any M € RT. N

Proof. First, note that for each ¢ € C we have Sp4(tx) =t-Sp4(x) and Sp4(z +
t1) = Spy(z) +t. Then

el < M
< ||z|lsp :=sup{|A| | X € Spu(z)} <M by Prop. 8114
< VYA eSpy(z).—-M <A< M

<= VA eSpy(x) M —A>0and A+ M >0

<= Sps(1IM —2) CR' and Sp,(z + M) CRT

<— IM—-—z>0andx+1M >0 by Lem. B2
<— —-M1<zx< M1 |

Corollary 3.1.23. Let A be a C*-algebra and x,y € A.
1. z € SA(A) implies —||z||1 < z < ||z||1.

2. 0 <z <y implies |z| < |yl u
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3.2 Maps between (C*-algebras

We next consider maps between C*-algebras.

Definition 3.2.1. Let A and B be C*-algebras. A linear map f: A — B is said
to be

1. multiplicative if it commutes with the multiplication, i.e. f(zy) = f(x)f(y)
for all z,y € A.

2. involutive if it commutes with the involution, i.e. f(z*) = f(z)* for all
x € A.

3. wunital if it preserves the unit, i.e. f(1) = 1.
4. pre-unital if it decreases the unit, i.e. f(1) < 1.
5. positive if it preserves positive elements, i.e. f(x) € BT for all x € A™.

A multiplicative involutive linear map is called a x-homomorphism. A bijective
x-homomorphism is called x-isomorphism. N

Note. Note that we do not assume *x-homomorphism is unital. Instead, *-homomorphism
is automatically pre-unital, see Cor. B2Z12. N

Note. The terminology “pre-unital” is not common in the literature. To make
matters worse, some authors use “pre-unital” for maps between quantales in the
dual way to ours (e.g. [34, Def. 2.5]): a homomorphism ¢: Q@ — Q' between
quantales is pre-unital if ¢/ < ¢(e), where e € Q and €’ € @’ are the units.

Later it turns out that a positive map between C*-algebras is pre-unital if
and only if contractive. <

Note. Since we consider only linear maps, the adjective ‘linear’ is often omitted.
When we say ‘positive map’, for example, it refers to a positive linear map. <

The following three propositions are easy consequences from the definition.

Proposition 3.2.2. If a multiplicative map is surjective, it is unital. |
Proposition 3.2.3. A x-homomorphism is positive. |

Proposition 3.2.4. A linear map between C*-algebras is positive if and only if
it is monotone wrt. the orders defined in Def. B113. |

Proposition 3.2.5. Every positive map between C*-algebras is involutive and
bounded. <

Proof. See [IR8, Lem. 1]. Note that the unitality is not necessary. For a posi-
tive (not necessarily unital) map f, we have an inequality || f(z)|| < 4|/ f(1)]|||z||
instead of theirs. [ |

We can say more about norm of positive maps although it is nontrivial.

Proposition 3.2.6 ([48, Cor. 2.9]). Let f: A — B be a positive map between
C*-algebras. Then || f|| = ||f(1)]]. N
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Remark 3.2.7. For Prop. BZZ8 to hold, it is crucial that not only A but also
B is unital. Even when B does not have a unit, we have ||f| < 2||f(1)| ([g8,
Prop. 2.1]), and ||f|| = || f(1)]| provided f is completely positive ([46, Prop. 3.6]).

N

Also nontrivially, *-homomorphisms have even more good properties.
Proposition 3.2.8.

1. Every x-homomorphism between C*-algebras is contractive.

2. A x-homomorphism between C*-algebras is isometric if and only if it is

injective. N

Proof. M. See [13, Thm. VII1.4.8, Prop. VIII.1.11.(d)], [T7, Prop. 4.67] or [62,
Cor. 1.2.6).

2. See [3, Thm. VIIL.4.8] or [I7, Prop. 4.67]. [
Corollary 3.2.9. Fvery x-isomorphism is unital and isometric. N
Proof. By Prop. B22 and Prop. BZZ3.0. |
Lemma 3.2.10. Let A be a C*-algebra, and x € A a positive element. Then
x <1 if and only if ||x| < 1. q
Proof. Note that for 0,1 € A, if 0 = 1 then ||1|| = 0, otherwise ||1| = 1 because
|1]| = [|1* - 1|| = ||1]|®. Hence we have ||1]] < 1 in both cases.

Then, using Cor. B123, 0 < z < 1 implies ||z|| < ||1|| < 1, and conversely
|z| <1 implies = < |jz[1 < 1. |

Proposition 3.2.11. Let f: A — B be a positive map between C*-algebras.
Then f is pre-unital if and only if contractive. <

Proof. Note that f(1) is positive. Now

f) <1 = |f)) <1 by Lem. G210
= |If] <1 by Prop. BZA. [ |

Corollary 3.2.12. FEvery x-homomorphism between C*-algebras is pre-unital. M

3.3 Representations of C*-algebras

Definition 3.3.1 (Representation). A representation of a C*-algebra A is a pair
(H, ), where H is a Hilbert space and m: A — B(H) is a *-homomorphism. It is
said to be faithful if 7 is injective (that is, w(z) = 0 implies z = 0 for all x € A)
and unital if 7 is unital. N

The next theorem is fundamental in the theory of C*-algebras.

Theorem 3.3.2. Every C*-algebra admits a faithful unital representation. <

Proof. See one of [60, Thm. 1.9.18], [62, Thm. 1.16.6], [13, Thm. 5.17] and [i4,
Thm. 7.10]. The unitality is not mentioned explicitly, but it is clear from construc-
tion. The way constructing the representation is called the Gelfand-Naimark-
Segal construction. |
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3.4 Matrices of C*-algebras and completely positive maps

Definition 3.4.1. Let A be a x-algebra. For n € N, let M,,(A) denote the set
of n x n matrices with entries from A. Then M, (A) is again a x-algebra with
the following operations:

e The addition and the scalar multiplication are pointwise:

[ig] + [yis] = [z + yij]
t[zij] = [twy]

e The multiplication is the matrix multiplication:
wiillyss]) = [, winun |

e The involution is the conjugate transpose:

*

[zi5]" = 2] <

Remark 3.4.2. When n = 1, M;(A) is *-isomorphic to A. When n = 0, M(A)
is the zero space {0}. q
Lemma 3.4.3. Let H be a Hilbert space. For eachn € N there is a x-isomorphism
M (B(H)) = B(H™") .
Hence My (B(H)) is a C*-algebra. N
Proof. See [59, Lem. 1.22] or |46, Exercise 1.2]. [ |
Lemma 3.4.4. Let A be a C*-algebra and (m,H) a faithful representation of
A. Then for each n € N, My(m): M, (A) — M, (B(H)) is an injective x-

homomorphism such that the image M, (7)(My(A)) is closed in My(B(H)).
Hence M,,(A) is a C*-algebra with a faithful representation:

M ()

M, (A) M, (B(H)) = B(H™) . q

Proof. See [59, Thm. 1.24]. [ |
Remark 3.4.5. [60, §IV.3] gives a slightly different representation of M,,(A4).<
Corollary 3.4.6. Let A be a C*-algebra. Then M, (A) is a C*-algebra, too. <
Proof. By Thm. B332 and Lem. B24. |

Definition 3.4.7 (Complete positivity). Every linear map f: A — B between
C*-algebras induces a linear map M, (f): My (A) - M, (B) for each n € N by

Mo (f)[zij] = [f (@ij)] -

A linear map f is said to be n-positive if M, (f) is positive, and completely
positive if for all n € N, M,,(f) is positive. <
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Remark 3.4.8. Every linear map is trivially O-positive. The 1-positivity is
equivalent to ordinary positivity. N

Proposition 3.4.9. Let f: A — B be a linear map between C*-algebras. Then
My (f): Mu(A) = My (B) is multiplicative (resp. involutive, unital, pre-unital)
for each n € N if f is multiplicative (resp. involutive, unital, pre-unital). N

Proof. Assume f is multiplicative. Then

Ma(H) (i) = Ma(D) ([, antis])

= [, ) Fur)]
= [f(@i)I[f (yi5)]
= My (f)([2i)Man () ([yig]) -

Assume f is involutive. Then

Assume f is unital. Note that the unit of M,,(A) is [0;;], where
f1eA ifi=j
Y l0eA ifi#j.

Then M, (f)([d:5]) = [f(i;)] is the unit of M,,(B), because f(1) =1 and f(0) =
0.

Assume f is pre-unital. Then M, (f)([0:;]) = [f(6i;)], where f(d;5) = 0 for
i # jand f(d;) < 1. It is easy to see [0;5] — [f(dij)] = [0i; — f(di5)] is positive,

because it is a diagonal matrix such that each diagonal entry is positive. |

Corollary 3.4.10. Let f: A — B be x-homomorphism between C*-algebras.
Then My(f) is x-homomorphism, too. It follows that f is completely positive
(by Prop. 323). [ |

The following theorem is useful.

Theorem 3.4.11. Let f: A — B be a positive map between C*-algebras. If at
least one of A and B is commutative, then f is completely positive. N

Proof. See [B0, Cor. IV.3.5 and Prop. IV.3.9]. [ |

3.5 Direct sums of C*-algebras

Definition 3.5.1. A direct sum of a finite family of C*-algebras (4;);cr, denoted
by @,cr A, is defined as follows.

e An underlying set is the product of the underlying sets:

@Ai = HAZ-

iel iel
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e Operations are defined pointwisely:

— (ai)ier + (bi)ier = (a; + b;)ier
-« az‘)z‘el = (04 : ai)ief

a;)icr - (bi)ier = (a; - bi)icr

- (ai)
= (ai)jer = (a7 )ier
e A norm is defined by maximum:

I(as)ier| = maxlai

The disjoint sum is equipped with projections m;: @;c; A; — A; and injections
kit Ai = @;er Ai defined by

Wi((ai)ief) = a,

a ifj=i
Iﬁi(a) = (5ij(a))j€1 where 51']'(&) = {0 ifj 757, . <
Remark 3.5.2. When I = @, the direct sum @ @ is the zero space {0}. 4

Remark 3.5.3. We can define an infinite direct sum, not only a finite one. For
an infinite (small) family of C*-algebras (A;)icr, an £>°-direct sum ©g; A; is given
by:

e An underlying set: @Oo A; = {(ai)iej S HAZ-

el el

suplas| < oo
el

o A norm: ||(a;)ierl|| == sup||ail|
el

e Operations are defined pointwisely.

There is another choice of direct sum. It is called a cy-direct sum, denoted by
®52;Ai. The definition is the same as £*>°-direct sums except that an underlying
set is defined by:

“ A; = {(ai)ie[ S HAZ

el

Ve s 0.{i €I |as]| > e} is ﬁnite} .
i€l

Note that if I = N, the condition
Ve > 0.{n € N|||a,|| > €} is finite

is equivalent to |la,| — 0 when n — occ. N

Proposition 3.5.4. Let @,.; A; be the direct sum of a finite family of C*-
algebras.

1. Each projection mj: @;c; Ai — A; is multiplicative involutive unital (hence
completely positive).

2. Each injection k;: A; — @5 Ai is multiplicative involutive pre-unital
(hence completely positive). N

Proof. Straightforward. [ ]
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Proposition 3.5.5. Let @,;c; A; be the direct sum of a finite family of C*-
algebras. It is the categorical biproduct as a vector space. That is, it has following
universal properties.

1. For each C*-algebra B and for every family of linear maps { f;: B — A;}icr,
there is a unique linear map h: B — @,;c; A; such that f; = m; o h for each
1€ 1.

The unique map h is denoted by (fi);c;, and defined by (fi);c;(x) = (fi(x))ier.

2. For each C*-algebra C' and for every family of linear maps {g;: A; — C}ier,
there is a unique linear map k: @,c; Ai — C such that g; = ko k; for each
1el.

The unique map k is denoted by [gi];c;, and defined by [gil;c;((xi)ier) =
>ier 9i(@i).

Pictorially:

C ]

Proposition 3.5.6. In the setting of Prop. B, the following equations hold.
(fiyy =D Kiofi
i
l9ili = > _giom <
i

Proof. By direct calculation. |

Proposition 3.5.7. Let (Aj)ier be a finite family of C*-algebras, {fi: B —
Aitier and {gi: Ai — C}icr families of linear maps between C*-algebras. For the
direct sum @,y Ai, and linear maps (fi);c;: B — @yer Ai and [gil;cr: Bicr Ai —
C, the following hold.

1. If fi is multiplicative (resp. involutive, positive, completely positive, unital,
pre-unital) for all i € I, then (fi);c; is multiplicative (resp. involutive,
positive, completely positive, unital, pre-unital), too.

2. If g; is involutive (resp. positive, completely positive) for all i € I, then
[9il;c is involutive (resp. positive, completely positive), too. <

Proof. M. Assume f; is multiplicative for all ¢ € I. Then

{fi)i(2y) =



Assume f; is involutive (resp. positive, completely positive) for all i € I. The
involutivity (resp. positivity, complete positivity) of (f;),; follows from Prop. B58,
Prop. BAA.0 and the fact the involutivity (resp. positivity, complete positivity)
is preserved by the composition and the addition of maps.

Assume f; is unital for all ¢ € I. Then

(fi);(1) = (f:(1)):
= (1)2 )

which is the unit of &;A;.
Assume f; is pre-unital for all ¢ € I. Then

(fi);(1) = (fi(1)):
<(L)i

since the order is pointwise.
B. One can follow the same argument as . |

Proposition 3.5.8. Let A, B be C*-algebras, and (wa,H),(7p,K) representa-
tions of them respectively. Then we have a representation (magp, H ® K) of
A @ B, defined by

maeB(a,b)(2,y) = (ra(a)(z), 75 (0)(y)) -

Moreover, the representation (HBK, Tagp is faithful (resp. unital) if both (H,74)

and (IC,wp) are faithful (resp. unital). We shall denote the map wagp by T4 ®
m

TRB. <

Proof. We have just to show magp is a *-homomorphism. In the following, we
suppress the subscripts of w4, 75, TAgp When it is clear from the context.

7((a,b) + (a',0))(z,y) = 7(a+d,b+V)(z,y)
— (w(a+d)(2), 7(b+V)(y))
= (m(a)(z) + m(d')(z), 7(b)(y) + 7 (V) (y))
since m4 and 7wpg are linear
(ﬂ(a (2),7(b)(y)) + (r(a') (@), 7 (t')(y))
(a,b)(z,y) +m(d, V) (z,y)
(W(a, b) + 7(a’, b)) (2,y)

:1

7 (t(a,b))(x,y) = w(ta,tb)(x,y)
= (7 (ta)(z), 7 (tb)(y))
(tm(a)(x), tm(b)(y))

since m4 and wpg are linear

'In the literature, the notation 7 @ n’ is often reserved for the different meaning. See [B0,
Def. 1.9.15]
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W((% b) ) (alv b,))(.%', y) = 7r<aa/’ bb/)(:B, y)
= (m(aa’)(z), 7 (bb')(y))
(m(a)(m(a’)(2)), 7 (0)(x(¥)(y)))

since m4 and wp are multiplicative

=n(a,b)(m(a’)(z), 7(b")(y))
= n(a,b)(7(d', V) (z,y))
= (m(a,b) o w(d',V))(z,y)

We assume that representations (74, ) and (7p,K) are faithful, i.e. 74 and
mp are injective. Then

Hence 74 p is injective, i.e. the representation (m49p, H ® K) is faithful.
We assume that representations (w4, M) and (7p,K) are unital, i.e. 74 and
7g are unital. Then

(L D)(z,y) = (r(1)(2), 7(1)(y)) = (z,y) -

Hence m4gp is unital, i.e. the representation (7maqp, H @ K) is unital. |

3.6 Tensor products of C*-algebras

Definition 3.6.1. Let A, B be C*-algebras. The algebraic tensor product A® B
(as vector spaces) is a *-algebra with the following operations. The operations

(z®yY)(z@w) =2z yw
2@y =" @y’
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extend to a bilinear map -: (A ® B)? - A® B and an antilinear map (—)*: A®
B — A ® B. Explicitly, they are given by

(Zz i yi) (Zg %@ wj) =D 2 iz O yiwj
(Zixi@)yi)*:: Ziﬁ@yf : q

Definition 3.6.2. Let A, B be C*-algebras and (H,m4), (K, mp) representations
of them, respectively. Then we obtain a representation (H ® K,7) of A® B
defined by:

Tz ®y) =Ta(r) ®TB(Y) |

or, more explicitly,

(X, @i @ u) =Y, mala) © wu(y) -

We shall denote the map m by mq4 ©® mp. If both (H,74) and (K, 7p) are faithful,
then (H ® K, m4 ® 7pg) is faithful (see [0, Prop. 3.1.12 and Lem. 3.3.9)). Q

Lemma 3.6.3. Let A, B be C*-algebras and (H,mwa),(K,7wg) be faithful repre-
sentations of them, respectively. Note that we have a faithful representation
(HRK,ma ©7p) of A® B. Then we define a norm on A® B by

]| = [l(ra © 75)(2)]|
forx € A® B. Here, the following hold.

1. The norm on A® B is a C*-cross-norm; it satisfies, besides usual conditions
for a norm,

o [lzyll < ll=llyl
2
o [lz"z|l = ||z

forx,y e A® B, and
e la@b] = alllp]
forae Abe B.
2. The norm does not depend on a choice of faithful representations of A and

B. q

Proof. See [60, Def. IV.4.8, Thm. IV.4.9, etc.] or [10, Def. 3.3.4, Prop. 3.3.11,
ete.]. [ |

Definition 3.6.4 (Tensor product of C*-algebras). A (spatial) tensor product of
C*-algebras A and B, denoted by A ® B, is a completion of A ® B wrt. the norm
defined in Lem. BG3. N

Proposition 3.6.5. Let A, B be C*-algebras and (H,ma),(KC,mp) representa-
tions of them respectively. Then the representation (H @ K, 74 ©® mg) of A® B
extends to a representation (H @ K,ma @ mg) of A® B.

A®B

TARXTRB
dense

ADB—— 3 BHK)
TAOTE

If both (H,74) and (K,7wg) are faithful, then (H @ K, 74 @ 7p) is faithful. N
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Proof. See [60, Def. IV.4.8, Thm. IV.4.9.(iii)] or [62, Prop. 1.22.9]. [ |

Remark 3.6.6. For C*-algebras A and B, a norm on A ® B is not necessarily
canonically determined. In other words, it is possible for A ® B to have C*-
cross-norms other than the one defined in Lem. B63. In the literature, the norm
defined in Lem. BB is called a spatial (or injective, minimal) C*-norm, which is
in fact the least C*-norm. A tensor product defined in Def. B64 is called a spatial
(or injective, minimal) tensor product. Another important C*-cross-norm is the
greatest one, which is called a projective (or mazimal) C*-norm in the literature.
For further details, see [B0, §IV.4], [10, §3.3] or [62, §1.22]. <

Definition 3.6.7. Let A, A, B, B’ be x-algebras, and f: A — A',g: B — B’
linear maps. We define f ©g: A©® B — A’ ® B’ by

(fog) (Zl a; ® b;) = Zl flai) @ g(bi) - q

The C*-tensor product of maps is not easy to handle as seen in the following
fact.

Fact 3.6.8 ([T0, Prop. 3.5.2]). There exists a positive unital isometry f: A — A
such that f ©®idga: A® A — A® A is unbounded (i.e. not norm-continuous). <

However, if maps are *-homomorphism, the situation becomes simple.

Proposition 3.6.9 ([60, Prop. 4.22]). Let A, A', B, B’ be C*-algebras, and f: A —
A',g: B — B’ be x-homomorphisms. It is easy to see f ©g: A© B — A'® B’ is
again a x-homomorphism. Moreover, it extends to a x-homomorphism f®g: A®
B— A®DB. |

More interestingly and importantly, tensor products of completely positive maps
work well.

Theorem 3.6.10. Let A, A’, B, B’ be C*-algebras, and f: A — A',g: B — B’
completely positive maps. Then f © g extends to a completely positive map f ®
g: A®B - A ®B. N

Proof. See [B0, Prop. 1V.4.23.(i)] or [0, Thm. 3.5.3]. [ |

Remark 3.6.11. In Prop. B69 and Thm. B610, if both f and g are unital,
then f ® ¢ is unital, too, since f ® g is clearly unital, and A ® B, A’ ® B’ are
(norm-dense) unital x-subalgebras of A ® B, A’ ® B’ respectively. Moreover, if
both f and g are pre-unital, then f ® ¢ is pre-unital. This is because

19l-fHegl)=101-f1)1+ f(1)@1 - f1)og(1)
=(1-f)el+f1)e(l-g1)

>0.

Note here that we use the positivity of f. N
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3.7 Tensor products distribute over direct sums

In this section, we will show that tensor products distribute over direct sums.
The author cannot find this result in the literature, so that we give a rather
detailed proof.

Proposition 3.7.1 (® distributes over ®). Let A, B,C be C*-algebras. Then
we have a *-isomorphism:

(ApB)C=Z(AC)d (B () .
The mapping is given as the extension of

Zi(aiabi) & c; — ZZ(CLZ ® ¢, b; ®Ci) . 4q

Proof. Note firstly the following *-isomorphism:
(AeB)oC=Z(AoC)®(BoC) . (3.1)
The mappings are given by
Zi(ai, b)) ® ¢; — Zi(ai ® ci, b @ ¢;)
and
Zi(ai, 0)®ci + Zj(O, bi) ®@ ¢ +— (Zl a; @ ¢, Zj bj ® c;) .
Let

ta: AOC — AR C
tg: BOC— B®C(C

be dense inclusions. Then we have an injective s-homomorphism:
tAadip: (AoC)a(Bol) — (AC)a (B C) |,

which is also dense by Lem. ZZT13. Because of the uniqueness of completion, it
suffices to show (B1) is isometric wrt. spatial C*-norms.

Let (Ha,7a),(Hp,7B),(Hc,mc) be faithful representations of A, B,C re-
spectively. Notice that the following diagram commutes:

(A C)® (BoC)
l (raGTC)®(TpOTC)
LADLB

(AeC)o (B O) B(Ha®He) @ (He @ He))

(ra®mc)®(Tp®mc)

and hence (14 ® m¢) @ (7p ® 7¢) is isometric. It is known that we have the
following isomorphism of Hilbert spaces:

(Ha®Hp) @He = (Ha®He) @ (Hp @ He)
hence we have

B(Ha®Hp) @ He) = B(Ha®He) ® (Hp @ He)) -
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By Prop. B3R, (Ha ® Hp, 74 ® 7p) is a faithful representation of A ® B. To
show (BD) is isometric, it suffices to show the following diagram commutes:

(ma®7B)OTC

(A®B)oC B(Ha®Hp) @ He)

F F

(AcC)®(BoO) B(Ha®Heo)® (Hp @ He)) -

(raGTc)®(TBOTC)

It follows from the commutativity of the following diagram:

(Ha®Hp)@He ——— (Ha® He) @ (Hp @ He)
(ﬂA(a)®wB(b))®ﬂc(C)J Jm<a>®wc<c>>ea<m<b>®m<c>)
(Ha®Hp)@He ——— (Ha® He) @ (Hp @ He)
for each a € A,b€ B,ce C. [ |

We also have a result for the nullary direct sum, i.e. the zero space. The proof
is trivial.

Proposition 3.7.2. Let A be a C*-algebra, and let O denotes the zero space {0},
which is a C*-algebra in trivial way. Then

0®A=0 . |

3.8 Categories of C*-algebras

In this section, we shall summarize structures of C*-algebras from a categorical
point of view. First of all, notice that we have many choices of maps between
C*-algebras.

Definition 3.8.1. We define categories Cstaryx of C*-algebras and maps be-
tween them of the kind denoted by the subscript X. Specifically:

1. Cstaryy is the category of C*-algebras and multiplicative involutive maps
(i.e. *~homomorphisms).

2. Cstarypry is the category of C*-algebras and multiplicative involutive uni-
tal maps (i.e. unital x-homomorphisms).

3. Cstarcp is the category of C*-algebras and completely positive maps.

4. Cstarcgp.py is the category of C*-algebras and completely positive pre-
unital maps.

5. Cstarcp.y is the category of C*-algebras and completely positive unital
maps.

Notice that all these categories have the same collection of objects. Note also
that all C*-algebras are assumed to be unital, and maps are linear. N

Proposition 3.8.2. There are the following inclusions of categories.

Cstary. .y~ Cstar)i

CStarcp_U(—> CStaI‘CP_pUC—> Cstarcp q
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Proof. Note that multiplicative involutive maps (*-homomorphisms) are com-
pletely positive (Cor. B210) and pre-unital (Cor. B=219). [ |

Proposition 3.8.3. Finite direct sums of C*-algebras form categorical finite
products in all of the five categories defined in Def. T&1. <

Proof. Finite direct sums form categorical products as vector spaces (Prop. B55.).
Hence it suffices to check the projections satisfy the conditions of maps, and the
tupling (-,-) of maps preserves the structures of maps. We have already done it
in Prop. B53.0 and Prop. B5274.0. |

Remark 3.8.4. In fact, °°-direct sums are infinite categorical products. <

Proposition 3.8.5. Finite direct sums of C*-algebras form categorical finite co-
products in Cstarcp. Hence, combined with Prop. &3, Cstarcp has finite
biproducts. <

Proof. Use Prop. B5733.8, Prop. B554.2 and Prop. B3271.0. |

Remark 3.8.6. The nullary direct sum, i.e. the zero space 0, is the initial object
in the categories Cstary1, Cstarcp.py (and Cstarcp, of course). Hence they
have the zero object. N

Proposition 3.8.7. The (spatial) C*-tensor products of C*-algebras makes all
of five categories defined in Def. B8 symmetric monoidal categories. N

Proof. The functoriality of the C*-tensor products wrt. each category follows
from Prop. B69, Thm. 3610 and Remark BBG11. Then, it suffices to show that
Cstaryr; with the C*-tensor products is symmetric monoidal, i.e. there exist
isomorphisms that satisfy the axioms for a symmetric monoidal category. This is
because isomorphisms in Cstary1 are isomorphism in the other categories. We
will skip the detail since it is straightforward and well-known (see e.g. [40, §2.3],
[65, Scholium 6.19]). [ |

Remark 3.8.8. By Fact BB6R, the C*-tensor products fail to be functorial in
the category of C*-algebras and just positive maps. N

The distribution of the C*-tensor product over direct sum (Prop. B, Prop. B=72)
means the preservation of (categorical) finite products by the functor (—) ® A for
each C*-algebra A.
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Chapter 4

W*-algebras

This chapter is devoted to the study of W*-algebras. As the previous chapter,
we will study basics of W*-algebras, representations of W*-algebras, matrices of
W*-algebras, direct sums and tensor products of W*-algebras. Direct sums of
WH*-algebras are the same as C*-algebras, while tensor products of W*-algebras
are more complicated than C*-algebras. The distribution of tensor products over
direct sums of W*-algebras seems missing again in the literature, hence we show
it in §83@. Then we summarize structures of W*-algebras from a categorical point
of view in §d72.

We will successively study the unique structure of W*-algebras. W*-algebras
have a pretty good order structure, which is one of features of W*-algebras that
makes them different from C*-algebras. We review such “monotone closedness”
of W*-algebras in §&R. Finally, in §89, we show this order structure of W*-
algebras is “lifted” into categories of W *-algebras. What we show is, Specifically,
that the category Wstarcp is a Bdcppo | -enriched category and the category
Wstarcp.py is a Dcppo | -enriched category. This result is, to the author’s
knowledge, not previously observed.

4.1 Basics of W*-algebras

W*-algebras are “special” kind of C*-algebras. We can define them in several
equivalent ways, but we here adopt the following definition.

Definition 4.1.1 (W*-algebra). A W*-algebra is a C*-algebra that is a dual
space of some Banach space. Specifically, a C*-algebra A is a W*-algebra if there

exists a Banach space X and an isometric isomorphism ¢: A = X* of Banach
spaces. The Banach space X is called a predual of A. N

Proposition 4.1.2. A predual of a W*-algebra is unique up to (unique) isomet-
ric tsomorphisms. For a W*-algebra M, we shall denote the predual of M by
M,. q

Proof. See [62, Cor. 1.13.3] or [60, Cor. I11.3.9]. [ |

Definition 4.1.3. Let M be a W*-algebra. Using the predual M,, We can equip
M with the weak* topology o (M, M,), which is the coarsest (weakest) topology
that makes functions M — C,z +— (z,¢) continuous for each ¢ € M,. We call
this topology the ultraweak (or o-weak) topology on M. N

Example 4.1.4. Recall that B(#) is a C*-algebra for a Hilbert space H (Ex-
ample B177). By Prop. 2118, B(H) has the predual 7 (H), the set of trace class
operators on H. Hence B(#H) is a W*-algebra. N
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Definition 4.1.5 (Normal map). A linear map between W*-algebras is normal
if it is continuous wrt. the ultraweak topologies. N

Proposition 4.1.6. Let f: M — N be a linear map between W*-algebras. Then
f s normal if and only if there exists unique bounded map f.: N. — M, such
that the following diagram commutes.

M—T N

oy, I

« B «

Proof. This is a consequence of Prop. E1 4. |

Proposition 4.1.7 (W*-subalgebra). Let M be a W*-algebra. Suppose that N C
M be a ultraweakly closed x-subalgebra of M. Then N is a W*-algebra. Moreover,
the ultraweak topology of N coincides with a relative topology to the ultraweak
topology of M . N

Proof. Note that ultraweak closedness implies norm-closedness, so that N is a
C*-algebra. Hence we have only to show N has the predual. By Lem. 2113, N-*
is norm-closed in M, and (N1+)+ = N. By applying Lem. 22114, we obtain an
isometric isomorphism:

(M,/N+*) = (N =N .
Hence M, /N 1 is the predual of N. The latter half follows from the latter half of
Lem. 114
See also [62, Def. 1.1.4]. [ |

Remark 4.1.8. In contrast to C'*-algebras, W*-algebras are necessarily unital.
In other words, we can show that if a (not necessarily unital) C*-algebra has the
predual, then it has the unit. See [61, Appendix|, and also [62, §1.6-7]. <

Remark 4.1.9. Every finite dimensional C*-algebra A is a W*-algebra, because
A is canonically isometrically isomorphic to its double dual A**. Hence A* is
the predual of A. For the same reason, every (necessarily bounded) linear map
between finite dimensional W *-algebras is normal. <

4.2 Representations of W*-algebras

Definition 4.2.1 (Representation). A representation of a W*-algebra M is a
representation (#H,m) of M as a C*-algebra (see Def. B3). It is said to be
normal if 7 is normal. <

Theorem 4.2.2. FEvery W*-algebra admits a normal faithful unital representa-
tion. N

Proof. See [62, Thm. 1.16.7] or [60, Thm. II1.3.5]. [ |

For a normal s-homomorphism f: M — N, its image f(M) is ultraweakly
closed in N ([62, Prop. 1.16.2]), so that f(M) is a W*-subalgebra of N by
Prop. B174. Therefore, Thm. =22 states that W*-algebras are characterized
as ultraweakly closed unital x-subalgebras of B(#) for some Hilbert space H,
which are called von Neumann algebras on ‘H and studied very well. Thanks to
Thm. 222, many of results for von Neumann algebras can be applied equally to
W*-algebras.
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4.3 Matrices of WW*-algebras

Lemma 4.3.1 ([0, §I1.2]). Let H be a Hilbert space. A net (1;)icr converges
ultraweakly to T in B(H) if and only if for every sequences (£,)221 and (n,)52,

in H with
S lnll® < ooy D lmnll? < oo,
n=1 n=1

we have:

o (T =T =0 .
2235 )1n)| — -

Proposition 4.3.2. Let H be a Hilbert space. Note the isometric isomorphism:
Mp(B(H)) = B(HP") (see Lem. BZ=3). A net (T;)ier = ([Tkiilik)ier converges
ultraweakly to T = [Ty] in B(H®™) if and only if a net (Tk;i)icr converges ultra-
weakly to Ty in B(H) for each k,l € {1,...,n}. Q

Proof. By Lem. B30, a net (T;)ier = ([Tkii]ri)ier converges ultraweakly to T' =
[Tii]k in B(H®™) if and only if for every sequences (£,,)°_; = ((&km)k)So_, and
(Mm)m=1 = ((m)1)7r=1 in HE™ with

Slal? <o, Yllll? < oo, (4.1)
n=1 n=1
we have:
> &y (T = Ti)nm)| — 0 .
m=1

Here the following holds:

Yo lEnl? =D Dolleml® = D0 D €rml* < o0, (4.2)
m=1

m=1k=1 k=1m=1
Sl =D lmml? =32 w1 < 0o (4.3)
m=1 m=1[=1 =1 m=1
and
> ms (T = T)nmd| = | D ((Erm)is (Trtlet — [Tt i) (mim )1)
m=1 m=1

[
hE

((€em) > (Tt — Thailrt) (M 1)

3
I

I
M8

< Ekem ks (Zn: (Thr — Thus 77lm) >|
=1

3
I

Il
11¢
M= Tps

=1

oo

> (&km (Trt — Thti) i)
(€

n
= D30 (&kms (Tht — Toti) mim)
k=11=1m=1

Note that each series converges absolutely.
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Assume for each k,l € {1,...,n}, a net (Tyj;)icr converges ultraweakly to Ty,
in B(#H). Namely, for every sequences (&gm)oo—q and (7m,)5o—; in H with

S l&ml® < ooy D Immll* < oo (4.4)
m=1 m=1
we have:
o0
> (&oms (Tt — Trti)mum)| — 0
m=1

Now, for every sequences (&,,)5_1 = ((§km )k )oo— and (nm)m 1= ((mm)1)S0— in
HE" (B (< (E2), (E23)) implies (22) for each I,k € {1,...,n}. Hence

00 n on
Z <£ma (T T 77m = Z Z gkma Tkl Tkli)"?lm)
m=1 k=11=1 1

n

IA
M:
M8 ﬁMg

(Ekm> (Tt — Thoti)im,)

k=11=1Im=1
— 0,
because
0
> (&kms (Tet — Thti)im )| — 0
m=1

for each k,l € {1,...,n}.
Conversely, assume a net (7;)ier = ([Tkiiix)ier converges ultraweakly to 1" =

[Ty1]. For each k',1" € {1,...,n} and for every sequences (£,)5°_; and (n),)5o_,
in H with

- 2 - 2

Dol <oo s Dl < oo,

m=1 m=1

we define sequences (§m)7o1 = ((Skm)k)izt and (nm)5or = ((mm)1)5=y in HE"

by
g ifk=F n, ifl=10
gkzm = . Nm = .
0  otherwise |, 0 otherwise

Then they satisfy the conditions (71). Hence

o0 oo n n
D s (T =T)nm)| =D D> (&kms (Tit — Thti) i)
m=1 m=1k=11[=1
oo
= > &ms (Tir = Toori)m)
m=1
o)
= > (& (T = Thwa)n)y,)
m=1
—0 .
It follows that a net (Tyr;);er converges ultraweakly to Ty . [ |

Proposition 4.3.3. Let M be a W*-algebra Then M, (M) is a W*-algebra.

Moreover, a net (x;)icr = ([Triilix)icr converges ultraweakly to © = [xg] in
M, (M) if and only if a net (xy;)ier converges ultraweakly to xy; in M for each
k,le{l,...,n}. <
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Proof. Take a normal faithful representation (#,7) of M. Then we have a faith-
ful representation (H®" M, (7)) of M, (M) by Lem. B44. Since the image
m(M) is ultraweakly closed in B(#), the image M, (7)(M,(M)) = M, (7(M))
is ultraweakly closed in B(H®™), too, by Prop. B332. Then M, (m)(M,(M))
is a sub-W*-algebra of B(H®"). Because M, (M) is x-isomorphic to the image
My (m)( My (M)), My, (M) is a W*-algebra, too.

For the latter half,

a net (z;)ier = ([xriilik)ier converges ultraweakly to x = [zg] in M, (M)

= (by Mu(M) = My, () (M, (M)))

anet (M (m)(x;))ier = ([m(xr1i)]ik)icr converges ultraweakly to M, (7)(z) =
()] 0 M () (M (M)) = My (M)

< (since My, (7)(M,(M)) is a ultraweakly closed subspace of B(H®™))

a net (My(m)(x;))ier = ([m(zkis)]ik)icr converges ultraweakly to M, (7)(z) =
[r(ea)] in BHE™)

<= (by Prop. B=32)

a net (m(xzky))ier converges ultraweakly to m(zy) in B(H) for each k,l €
{1,...,n}

<= (since w(M) is a ultraweakly closed subspace of B(#))

a net (m(xgy))ier converges ultraweakly to m(xy;) in w(M) for each k,l €
{1,...,n}

> (by M = n(M))

a net (zy;)ier converges ultraweakly to xy; in M for each k,l € {1,...,n}. A

Proposition 4.3.4. Let f: M — N be a normal map between W*-algebras.
Then My (f): Mup(M) = My (N) is normal, too. q

Proof. Use the latter half of Prop. B=373. |

4.4 Direct sums of W*-algebras

A direct sum of W*-algebras as C*-algebras is again a W*-algebra. In fact, we
can give its predual explicitly.

Proposition 4.4.1. Let {M;}icr be a finite family of W*-algebras. Let @;c; M;
be a direct sum of {M;}i,c; as C*-algebras. Then @1-161 M;, is the predual of
D;cr M;, where My is the predual of M;. Hence @;c; M; is a W*-algebra. N

Proof. Let {M;};cs be a finite family of W*-algebras with isometric isomorphisms
Li: (Mz*)* — Mz Then

. o0 *
D, D, (M) — P, M;
is an isometric isomorphism because ; ¢; s clearly the inverse and

(@B, 1) ((40):)|| = (st

= max]1i(1) |

= max|¢s|

= [(¢i)ill -
By Lem. 279, we now see that @11 M;, is the predual of €p; M;. |
Note. See also [62, Def. 1.1.5]. q
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As expected, structures associated with a direct sum respect normality.

Proposition 4.4.2. Let {M;}icr be a finite family of W*-algebras, and L, K
W*-algebras. Let {fi: L — M;}icr and {g;: M; — K}icr be families of normal
maps. Then the following maps are normal.

T . @ZMZ — Mi
Ki: Mi — @ZMZ
(fi)g: L — 691 M;
[gi]i: @1 MZ — K <

Proof. We can explicitly give their predual maps. Recall that 692-1 M;, is the
predual of @, M;, and suppose that f;. and g;. are the predual maps of f; and
g; respectively. Then, the predual maps of m;, ki, (fi);, [¢9i]; are respectively the
following maps:

ﬁg: M;, — @: M;,

e @Zl M. — M,

[fis); : @: M;, — L,
(gin);: Ko — @j M;,

It is straightforward to check the following diagrams commute.

(B} Mi)* —— (M;,)* (M;,)* —— (B My)*
(fids l9i];
L——@, M; DM ——K
J( % [fix]} 1l % 1l % (gi); l «
(L))" — (Bi Mix) (D Miv)* — (Kx) ]

Remark 4.4.3. Another way to show that (f;); and [g;], are normal is to use
the following equations.

(fi); = Zﬁiofi
[gi]izzgioﬂ'i <

4.5 Tensor products of W*-algebras

Let M and N be W*-algebras. Note that we have the embeddings M, —
M*, N, — N*. Then there exists canonical embeddings:

M,ON,— M*"ON*"~— (MON)"=Z(M®N)* .

33



Hence we can equip M, ® N, with the dual norm of the spatial C*-norm on
M ® N. Let M, ® N, denote the completion of M, ® N, wrt. this norm. Then
M, ® N, can be seen as a closed subspace of (M ® N)*. Let I C (M ® N)** be
the annihilator of M, ® N,, i.e.

I=(M,@N)t={pec(M®N)™|VYe e M,®N,.(zx,p) =0} .

Then (M, ® N.)* = (M @ N)**/I is a C*-algebra, and hence a W*-algebra with
the predual M, ® N,. Note that I is a two-sided ideal of (M ® N)** (and see
3, Thm. II1.10.1, Thm. V.2.3] [52, Thm. 1.17.2, Cor. 1.17.3]). The C*-tensor
product M ® N is embedded into (M, ® N,)* by

M®N =5 (M@N+1)/]— (MeN)™/I =5 (M. N,

and moreover this embedding is ultraweakly dense. We now define tensor prod-
ucts of W*-algebras as follows (for further details, see [62, §1.22], [60, §IV.5] or

)
Definition 4.5.1. A (spatial) tensor product of W*-algebras M and N is defined

to be (M, ® N,)* (&£ (M, ® N,)*), and denoted by M ® N. By definition, its
predual is (M @ N), = M, ® N,. 4

This tensor product is “spatial” in the following sense.

Theorem 4.5.2. Let M, N be W*-algebras and (H, ), (K, 7n) be a normal
representations. Then the representation (HQ K, my @ wn) of M © N extends to
a normal representation (HQ K, mp @ wn) of M @ N. Moreover, if both (H, )
and (K,7n) is faithful (resp. unital), then (H ® K,y @ mn) is faithful (resp.
unital). If both (H,mp) and (K,7n) are faithful and unital, then the image
(ry @7n) (M ® N) coincides with the tensor product of von Neumann algebras
WM(M) andﬂN(N). <

Proof. See [62, Prop. 1.22.11] and [60, Thm. IV.5.2]. [ |

Proposition 4.5.3. Let M, N be W*-algebras. Consider a chain of the canonical
embeddings:

MON<SMeN < MEN
Then M ® N is ultraweakly dense in M & N. N

Proof. Note that ¢ is a norm-dense embedding into a Banach space and 6 is an
isometry. Hence the norm closure cl(M ® N) of M @ N in M ® N coincides with
M ® N when seen as subspaces of M @ N. Now recall that 6 is a ultraweakly
dense embedding. Hence

M®N =uw-cl(M ® N) = uw-cl(cl(M ® N)) = uw-cl(M ® N) ,

where the last equality holds because the ultraweak topology is coarser than the
norm topology. |

Let f: M — M’ and g: N — N’ be normal maps between W*-algebras. By
their normality, we have the bounded maps between their preduals: f,: M. —
My, g«: N, — N,. Then, a map fx ® g«: M. ® N, — M, ® N, is bounded if
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fOg:M®N — M & N'is bounded, because f, ® g, can be considered as a
restriction of (f ® g)* as in the diagram:

M o N —I2 o N,

L

M/* @Nl* —>M* @N*
(M o Ny 2 are Ny

where vertical arrows are canonical embeddings. On that occasion we can extend
f+ ® g« to a bounded map fi ® g.: M. ® N, — M, ® N,, and hence we have
a normal map (f, ® ¢g«)*: (M, ® N,)* — (M, ® N.)*. We denote this map by
f®g: M®&N — M’'® N’, which is extension of f ® g, hence of f ® g, in the
sense that the following diagram commutes:

MoN—I9 apg N

| |

MoN—1% e N

| L

MaN—I2 N

where vertical diagrams are canonical embeddings.
Lemma 4.5.4. Let M, N be W*-algebras and A C M a ultraweakly dense x-
subalgebra of M. Let f: M — N be a normal map and f|a: A — N a restriction

of f to A. Then, if f|a is multiplicative (resp. involutive, unital, pre-unital), then
[ is multiplicative (resp. involutive, unital, pre-unital), too. N

Proof. Assume f|4 is multiplicative (resp. involutive). Then the multiplicativ-
ity (resp. involutivity) of f follows from ultraweak continuity of each operation.
Note that the multiplication is only separately ultraweakly continuous, but it is
sufficient as follows. Let (x;); and (y;); be nets in A with uw-lim; 2; = « and
uw-lim; y; = y. Then
f(zy) = f((uw-lim; z;) (uw-lim; ;)
= f(uw-lim;(z; uw-lim; y;))
= f(uw-lim; uw-lim; ;y;)
= uw-lim; uw-lim; f(z;y;)
= uw-lim; uw-lim; f(z;) f(y;)
= uw-lim; (f(z;) uw-lim; f(y;))
= (uw-lim; f(z;))(uw-lim; f(y;))
= f(uw-lim; 2;) f (uw-lim; ;)
= f@)f(y) -
Note that if 1 € A is the unit in A, then 1 is also the unit in M. This is
because for all x € M,
1-2=1-uw-lim; z;
= uw-lim;(1 - z;)
= uw-lim; x;

::L‘7
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and similarly z - 1 = 1. Hence if f|4 is unital (resp. pre-unital) then f is unital
(resp. pre-unital). [ |

The next proposition is immediate from Prop. BG9 and the arguments so far.

Proposition 4.5.5. Let M, M', N, N’ be W*-algebras, and f: M — M', g: N —
N’ normal x-homomorphisms. Then f ® g extends to normal *-homomorphisms
fR®g: MON — M'®@N'. |

Moreover, we have a similar result to Thm. BB for the tensor products of
W*-algebras.

Theorem 4.5.6. Let M, M', N, N’ be W*-algebras, and f: M — M',g: N —
N’ normal completely positive maps. Then f ® g extends to a normal completely
positive map fRg: MON — M'@ N'. N

Proof. See [B0, Prop. IV.5.13]. This is in fact a proposition for von Neumann
algebras, but we can apply it to W*-algebras via Thm. BZ22. |

Remark 4.5.7. In Prop. B534 and Thm. BZ5T, it is easy to see, by Lem. B84, if
both f and g are unital (resp. pre-unital), then f ® g is unital (resp. pre-unital),
too. <

4.6 Tensor products distribute over direct sums

In this section we show that tensor products of W*-algebras distribute over direct
sums. This result seems missing in the literature.

Proposition 4.6.1 (® distributes over ). Let M, N, L be W*-algebras. Then

we have
(M®&N)QL=Z(MRL)®(N®L) . N

Proof. Note that their preduals are explicitly given:
(MBL)®(N®L))x= (ML), ® (NBL)x = (M. ® L) ®" (N, ® L)

Hence we firstly show the preduals are isometrically isomorphic. As usual, there
is an algebraic isomorphism:

(My ® N,) ® Ly 2 (M, ® L) & (N. © Ly)

given by
(@,y)®z — (FQ2,y®2) .
The norms on them are given by embeddings:
(M, &' N)OL,— (M®N)*OL*— (M®N)O L= ((M®N)® L)*
M,®OL,— M"OL" " ~— (MO L)*=(M®®L)*
N.OL,«— N"OL*"~— (NOL)"=Z (N L)" .
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Notice that the following diagram commutes:

(M. ®' N,) ® L,

(M®N)® L)*

NlProp. 3.7.1
(M, 0 L)&!' (N,oL)— (Mo L)*ae! (N L)* —
€

m4>.;.1.1 (M®L)®(N®L))*
so that the norms on (M, @' N,) ® L, and (M, ® L,) &' (N, ® L) coincide. By
Lem. 2113,

(M. ® Ly) ®" (N« ® Ly) — (M, ® L) @' (No ® L)
is a dense isometry. Hence

(M. ®' N.) ® Ly & (M. ® L) ©' (M. ® L)

commutes:

by the uniqueness of completion. Finally, we have to show that the isomorphism
is a *-isomorphism. By Lem. BZ574, it suffices to show that the following diagram

(M&N)® L = s(M®L)® (N ®L)
1
(M @ No)* @ (Ny ® Ly)*
(M, &' N,) ® L,)* —=

=
— 2 (M. ®N.) @' (N, ® L))"
H H

(M®L)® (N®L) ,

1%

(M®&N)®L
where ®* is the dual map of

®: (M, L) &' (N, ®L,) — (M, &' N,) ® Ly .
To check the commutativity is straightforward.

|
Proposition 4.6.2. Let M be a W*-algebra, and let 0 denotes the zero space
{0}, which is a W*-algebra with the predual 0. Then

0 M 0 .
Proof. 08 M = (0® M,)* < 0* =0

|
Proposition 4.6.3. Let M, N, L be W*-algebras. Then the isomorphism in Prop. f.0.1:

(MeN)RL=Z(M®L)® (N®L)
grams commute.

respects projections and injections of the direct sum. Namely, the following dia-
(M®N)®L

~

J \ (Me&N)®L
N m ®idg

P_Vl T2 ®idy,
(M®L)® (N®L) TMgL

(M@L) D (N@L)?N@L
(M&N)SL

(Me®&N)®L
M®L——(M®L)& (N®L)

NS®L—(MBL)® (NSL)
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Proof. For the first diagram to commute, it suffices to show that the following
composites coincide:

(MeN)O L (MaN)BL

(MBL)® (NBL)—— MBL

because of the ultraweak denseness of (M @ N)® L in (M @& N)® L. It is shown
via the commutativity of the diagram:

(M®&N)o L

(M@L)@(N@L)T)MQL

The second diagram commutes in the similar way. For the third one, it suffices
to show the following composed arrows are equal.

(MeN)®L

M@LC—>M®LT>(M®L)€B(N@L)
It follows via the commutativity of the diagram:

(M®&N)oL

V |2

MoL——(MoL®(NGL)

The fourth diagram commute in the same way. |

4.7 Categories of W*-algebras

Definition 4.7.1. We define categories Wstaryx of W*-algebras and maps be-
tween them of kind denoted by the subscript X. Specifically:

1. Wstar)y 1 is the category of W*-algebras and normal multiplicative invo-
lutive maps (i.e. normal *-homomorphisms).

2. Wstary 1y is the category of W*-algebras and normal multiplicative invo-
lutive unital maps (i.e. normal unital *-homomorphisms).

3. Wstarcp is the category of W*-algebras and normal completely positive
maps.

4. Wstarcp_py is the category of W*-algebras and normal completely positive
pre-unital maps.

5. Wstarcp_y is the category of W*-algebras and normal completely positive
unital maps.

Notice that all categories have the same collection of objects. <
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Proposition 4.7.2. There are the following inclusions of categories.

Wstary..y——— Wstary,

Wstarcp.y——— Wstarcp.py——— Wstarcp ]

Proposition 4.7.3. Finite direct sums of W*-algebras form categorical finite
products in all of five categories defined in Def. G7-1. <

Proof. By Prop. B323.00, Prop. B554.0, Prop. B327.00 and Prop. 472 |

Proposition 4.7.4. Finite direct sums of W*-algebras form categorical finite
coproducts in Wstarcp. Hence, combined with Prop. .7.3, Wstarcp has finite
biproducts. N

Proof. By Prop. B323.8, Prop. B554.8, Prop. B3570.2 and Prop. =472. |

Remark 4.7.5. The nullary direct sum, i.e. the zero space 0, is the initial object
in the categories Wstaryr1, Wstarcp.py (and Wstarcp, of course). Hence they
have the zero object. <

Proposition 4.7.6. The tensor products of W*-algebras makes all of five cate-
gories defined in Def. g 71 symmetric monoidal categories. N

Proof. The functoriality of tensor products wrt. each category follows from Prop. 253,
Thm. 2253 and Remark B257. Then it suffices to show the category Wstaryi 1 is
symmetric monoidal, since isomorphisms in Wstar);; are isomorphisms in other
categories. We will skip the detail because it is routine and known fact (see
e.g. [4, §2], [32, Prop. 7.2]) [

Remark 4.7.7. In an unpublished paper [32], it is claimed that in the category
Wstar)y 1y, for each W*-algebra M the functor (—) ® M has a left adjoint. In
other words, the opposite category of Wstaryr.u is closed symmetric monoidal.
I have not checked the detail yet, but if it is the case then it follows, by the
theorem in category theory [87, Thm. V.5.1], that (=) ® M preserves any limits
in Wstaryrr.y. Therefore Prop. 61 and Prop. BG2 are abstractly implied. <

4.8 Complete partial orders in W *-algebras

Monotone closedness is one of the unique properties of W*-algebras; C*-algebras
do not possess this property in general (Prop. B=877).

Definition 4.8.1 (Monotone closed). A C*-algebra A is monotone closed if ev-
ery norm-bounded directed subset of SA(A) has the supremum in SA(A). N

Theorem 4.8.2. Fvery W*-algebra M is monotone closed. Moreover, every
norm-bounded monotone net (x;); in SA(M) converges ultraweakly to sup; z;. <

Proof. See [62, Lem. 1.7.4], [60, Thm. I11.3.16], or [i4, Prop. 43.1]. |

Lemma 4.8.3. Let A be a C*-algebra and S C SA(A) be a set of self-adjoint
elements of A. Then S is norm-bounded if and only if S is order-theoretically
bounded in SA(A). q
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Proof. Assume S is norm-bounded, that is, there exists m € R™ such that [|z| <
m for all z € S. Then, by Prop. B1I22, we have —m1 < x < ml for all z € S.
Hence S is order-theoretically bounded in SA(A).

Conversely, assume S is order-theoretically bounded in SA(A), that is, there
exists [,u € SA(A) such that [ < z < wu for all x € S. By Prop. BEI22, we have
—|l7||1 <l and u < |lul|1. Hence for all x € S,

—ml<I<zx<u<ml,

where m := max(||{||, ||u||). It follows by Prop. B122 that ||z|| < m for all z € S,
i.e. S is norm-bounded. n

Proposition 4.8.4. Let A be a C*-algebra. The following are equivalent.

1. A is monotone closed.

2. SA(A) is a bdcpo.

3. AT is a bdcpo.

4. Ef(A) =10,1]4 is a dcpo. N
Proof. B = B and B = @ are trivial.

B = 0 follows from Lem. B=X73, while 1 = A also follows from Lem. BZX3
with Lem. EZ214.

B=—m: Let D C SA(A) be a norm-bounded directed subset, and by Lem. I-&3
assume [ < d < u for all d € D, for some I,d € SA(A). Let D' =D —1={d—1]
d € D}. Then D' is a directed subset of AT, bounded above by u — . Hence we
have sup D’. Tt is easy to see [ + sup D’ is the supremum of D.

B = B: For a given directed subset D C A" bounded above by u > 0, let
D' = |ju)|"'D = {|ju]|"'d | d € D}. Note that we may assume u # 0. Because

u < |Jul|1 for any u € AT, D' is a directed subset of [0, 1] 4. Hence we have sup D’.
It is easy to see ||ul|sup D’ is the supremum of D. [ |

Corollary 4.8.5. Let M be a W*-algebra. Then the following hold.
1. SA(M) is a bdcpo.
2. M is a (pointed) bdcpo.

3. Ef(M) =10,1]ar is a (pointed) dcpo. N

Proof. By Thm. =82 and Prop. B=X4. |

Normality (i.e. ultraweak continuity) of maps between W*-algebras can be
order-theoretically characterized.

Theorem 4.8.6. Let f: M — N be a positive map between W*-algebra. The
following are equivalent.

1. f is normal, i.e. ultraweakly continuous.
2. f preserves the supremum of every norm-bounded directed subset of SA(M).
3. The restriction of f to SA(M), i.e. flsaar): SA(M) — SA(N), is Scott-

continuous.
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4. The restriction of f to M, i.e. flpy+: MT — N, is Scott-continuous. <

Proof. Il <= B is shown in [[4, Cor. 46.5] or [, Prop. I11.2.2.2]. The equivalence
of B, B and @ is straightforward. |

In general, C*-algebras are not monotone closed. We will give a counterex-
ample.

Proposition 4.8.7. There exists a C*-algebra A such that Ef (A) is not an wcpo,
and hence A is not monotone closed. N

Proof. The (real, closed) unit interval [0, 1] is a compact Hausdorff space. Then
a space C([0,1]) of complex-valued continuous functions on the unit interval is
a (commutative) C*-algebra. The positivity in C([0,1]) as a C*-algebra is the
pointwise positivity, and the order is the pointwise order. The unit is the constant
function on 1. Define a monotone sequence (f,)5; in Ef(C([0,1])) by:

0 (0§x<%>
fo(x) =< 2nz —n (%§x<%+%)
1 (%+%§x§l)

Assume the monotone sequence (f,)52; has the supremum g € C([0,1]). Then
an easy calculation shows g(x) = 0 for [0,1/2) and g(x) = 1 for (1/2,1], so that
g is never continuous. Hence the assumption is false: (f,,)52; do not have the
supremum. |

4.9 Enrichment of categories of W*-algebras

In the previous section, we have showed that W*-algebras have the (b)dcpo struc-
ture. In the present section, we will show such structures are “lifted” to the set of
morphisms. In other words, several categories of W*-algebras are enriched over
suitable cpo structures.

Proposition 4.9.1. Let M be a W*-algebra. Let (x;);cr and (y;)icr be a bounded
monotone net in SA(M). Then the following hold.

1. If x; < y; for all i € I, then sup;c; x; < sup;cs i-

2. sup;er(Ti + Yi) = Sup;ey i + Sup;er Y <

Proof. M. Assume x; < y; for all i € I. Then z; < y; < sup,;y; foralli € I. It
follows that sup; x; < sup; v;.

B. Because z; < sup;x; and y; < sup; y;, we have x; + y; < sup; z; + sup; ¥
for each ¢ € I. Hence sup;(z; + y;) < sup;x; + sup; y;. Conversely, because
x4 y; < sup; x;+yi, we have sup;(x; +y;) < sup;(sup; z; +y;) = sup; z; +sup; ¥;.
Therefore sup;(z; + y;) = sup; x; + sup; yi. [ |

Proposition 4.9.2. Let M be a W*-algebra. The addition +: M x M — M
and the scalar multiplication -: C x M — M are continuous wrt. the ultraweak
topology. N
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Proof. Recall that the ultraweak topology is defined as weak* topology. The claim
is general property of weak™ topology. See e.g. [13, Chap. IV-V] or [d7, §2.4]. &

Lemma 4.9.3 ([62, Lem. 1.7.1]). Let M be a W*-algebra. Then both SA(M)
and M are ultraweakly closed. |

Definition 4.9.4. Let M, N be W*-algebras. Recall Wstarcp(M, N) is the
set of normal completely positive maps from M to N. We define a relation
C C (Wstarcp(M, N))? by

fEyg ety g — f is completely positive

= Myu(g— f) = Mpu(g) — Myu(f) is positive for all n € N
= M, (f)(x) < My,(g)(z) for all n € N and = € (M,,(M))* .

It is clear that C is a partial order. N

Proposition 4.9.5. Let M, N be W*-algebras and ( f;)ic; a norm-bounded mono-
tone net in Wstarcp(M, N) with the order . We define a map f: Mt — NT

by
f(z) = sup fi(z) = uw-lim f;(x)
=y i€l
for x € M*. Note here that (f;(x))icr is a norm-bounded monotone net in N,
and hence sup;c; fi(z) exists by Thm. [-83. Then
1. f is Rt -linear, hence it extends to (C-)linear map f: M — N.

2. f is normal. q

Proof. M. For z,y € M,

[z +y) = uw-lim;(fi(z +y))
= uw-lim; (fi(2) + fi(y))
= uw-lim; f;(x) + uw-lim; f;(y)
by ultraweak continuity of addition
= fl@)+ fy) -
For x € MT and t > 0,
f(tz) = uw-lim;(f;(tx))
= uw-lim; (¢ f;(z))
= tuw-lim; f;(x)
by ultraweak continuity of scalar multiplication

=tf(z) .

B. Let (z;)jes be a bounded monotone net in M*. Then

f(sup :L‘j> = sup f; (SUP xj)

jed i€l jed

= sup (Sup fi(xj)) ,

i€l NjeJ
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where the last equality follows from the normality of each f;. Note that (fi(x;)) (i )erxs
is also a bounded monotone net, because for each i < i’ and j < j, fi(z;) <
fixj) < fu(xj). Hence, by Prop. ZZZT3,

sup(supfi(xj))z sup  fi(x;)

el “jed (4,5)EIXJ
= sup sup fi(z;))
jeJ Niel
=sup f(z;) .
Jj€J
Therefore f is normal by Thm. IZX4. |

Lemma 4.9.6. In the setting of Prop. B-9-3, for any © € M, a (not necessary
monotone) net (fi(x))icr converges ultraweakly to f(z). N

Proof. Note that any z € M can be decomposed as
l':$1—a72+i1‘3—il‘4 s

where 1,79, 73,14 € M™T (see e.g. [62, Def. 1.4.3]). Then for each z (k €
{1,2,3,4}), f(zx) = sup; fj(wx) = uw-lim; f;(z). By ultraweak continuity of
the addition and the scalar multiplication,

f(x)

= f(x1) = flw2) +if(x3) —if(24)

= uw-lim; f;(x1) — uw-lim; f;(z2) + i uw-lim; f;(x3) — i uw-lim; f;(z4)

= uw-lim;; (f;(21) = fi(w2) +ifj(ws) — ifj(wa))

= uw-lim; f;(x) . [ |

Theorem 4.9.7. In the setting of Prop. B.9.9, f: M — N is completely posi-
tive. N

Proof. Consider M, (f): Myp(M) — My (N). For [zg]r € Mu(M)T,

Mo (£)(zrilie) = [f (@r)]kt

= [UW-z.lim fi(zr)]m by Lem. 90
= ww-lim{fi )i by Prop. A=33
= uw=lim My, (fo) ([21a] k)

>0,

where the last inequality holds because each f; is completely positive, hence each
Mo (fi)([xr]r) is positive and by Lem. BC93. [ |

Theorem 4.9.8. In the setting of Prop. f-94, f is the supremum of (fi)i in
Wstarcp(M, N):
f=11s5-

iel <
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Proof. First of all, f € Wstarcp(M, N) by Prop. B934 and Prop. B2970. Recall
that, in the proof of Prop. B9, for each [zg]x € (M, (M))*T

M (f)([@r]i) = uw-limg My, (fi) ([28] k1)
= sup; My (fi)([zrlr)

because a net (Mo, (fi)([zxi]r1))i is monotone. Hence My (f;)([#ri]k1) < Mu(f)([#re]k1),
so that f; C f for all ¢ € I. Now it is easy to see f is the supremum of (f;)ier
because f is defined as the pointwise supremum. |

Corollary 4.9.9. Let M and N be W*-algebras.
1. Wstarcp(M, N) is a pointed bdcpo.

2. Wstarcp.py(M, N) is a pointed dcpo. <

Proof. M. Suppose (f;); is a monotone net in Wstarcp (M, N) bounded above, say
by g. Then (f;); is norm-bounded since 0 < f;(1) < g(1) implies || f;|| = || fi(1)]| <
llg(1)|| by Prop. B228 and Cor. B1=23. Therefore | |; f; exists by Thm. BCIR. It is
pointed because the zero map 0 € Wstarcp(M, N) is the least element.

2. Suppose (f;); is a monotone net in Wstarcp_py(M, N). It is norm-bounded
by Prop. B211, hence | |; f; exists in Wstarcp (M, N). Then (LJ; fi)(1) = sup; fi(1) <
1 since f;j(1) < 1 for each ¢ € I. Therefore | |; fi € Wstarcp.py(M,N). It is
pointed because 0 € Wstarcp_py(M, N). |

In what follows, we will show that Wstarcp and Wstargp_py are enriched
over Bdcppo, and Dcppo | respectively, and their categorical structures such
as categorical and monoidal products are also suitably enriched.

Proposition 4.9.10. Let M, N, L be W*-algebras. Let f, f' € Wstarcp (M, N)
and g,g' € Wstarcp(N, L).

fEf = gofCgolf (4.5)
gCg = gofEgdof .

Moreover, for norm-bounded monotone nets (f;); in Wstarcp(M, N) and (g;);
in Wstarcp (N, L), we have

<|—|1, gi) °of= Lll(gz °f) (4.7)
ge (|—|z fi) - |_|,<9 °fi) - (4.8)
<

Proof. (B34): For each n € N, let # € M,,(M)* be a positive element. Then
0 < My(f)(x) < Mu(f")(z) by f E f' and the complete positivity of f, f’. Since
g is completely positive, too, we have My, (g) (M, (f)(z)) < Myu(g)(Mn(f)(2)),
Le. My(go f)(z) < Mn(go f)().

(Am): Firstly M,,(f)(x) is positive because f is completely positive. By
g9 E ¢, we have My (g9)(Mn(f)(2)) < Mn(g")(Mn(f)(2)), i.e. Mn(go f)(z) <
Mu(g" o f)(z).
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(B2): Recall that | |; f; is defined by pointwise supremum (||; f;)(x) = sup; fi(z)
for positive z. Then

(U, g) o 7)) = (L 90) )

= sup; g;(f(x))
= sup;(gi  f)(z)
= (L (g0 H)) ()
for all z € M.
(E3):
(go <|_| fz)) = g(sup; fi(z))
= sup; 9(fi(z)) since ¢ is normal
= sup;(g o fi)(x)
( (go fz)> (z)
for all z € M. [ |

Corollary 4.9.11. Let M, N, L be W*-algebras. The composition maps
o: Wstarcp(N, L) x Wstarcp(M, N) — Wstarcp(M, L)
and
o: Wstarcp.py(N, L) x Wstarcp.py(M, N) — Wstarcp.py(M, L)

are strict and Scott-continuous. Hence Wstarcp is Bdcppo, -enriched and
Wstarcp.py 4s Dcppo | -enriched. <

Proof. Proposition B2910 shows the Scott-continuity (via Prop. E221d). The
strictness is immediate. ]

Proposition 4.9.12. Let M, N be W*-algebras. Let f, f',g,9' € Wstarcp(M,N).
Then

fCf = f+9Cf+g (4.9)
gC¢d = f+9gCf+4d

Moreover, for norm-bounded monotone nets (f;); and (g;); in Wstarcp(M, N),
we have

LI, (fi+9) = (L ) +9 (4.10)
|_|i(f+9z’) =f+ (|_|lgz) . q

Proof. We show only (79) and (B10) because the addition is symmetric.
(29): For any n € N and x € (M,,(M))™,

M (f +9)(z ) M (f)(2) + Mn(g)()
M (f)(x) + Mn(g)(2) by fE f
Mu(f'+9)() -
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(B1m): For each z € M,

(L,(fi + 9) (@) = uw-limi(fi(2) + g(x))

= (uw-lim; f;(x)) + g(x)
since the addition is ultraweakly continuous

= (L. fi) (@) + g(x)
= (L f) +9) (@) . |

Proposition 4.9.13. Let M, N be W*-algebras. and f, f' € Wstarcp(M, N).
Then for each non-negative real t € RT,

fCf = tfCtf .

Moreover, for a norm-bounded monotone net (f;); in Wstarcp(M, N), we have

Ui(tfi) :t(l_L. fi) - q

Proof. For any n € N and z € (M,,(M))*,
M (tf)(x) = tMn(f)(2)

< tMu(f)(2) by fC f
My (tf)(z)

Hence f C f’ implies tf C tf’.
For each x € M,
(L, tfi) (@) = uw-lim;(¢fi())

= t(uw-lim; f;(x))
since the scalar multiplication is ultraweakly continuous

=t( ], £i) (@)
= (], £) (@)
Hence | |;(tf;) = t(L; fi)- "

Proposition 4.9.14. Let M, N, L be W*-algebras and f, f' € Wstarcp(L, M),
9,9 € Wstarcp(L, N).

fCf = (f.9
99 = (f,9)

(f',9)
(f,9) -

Moreover, for a bounded monotone net (f;); in Wstarcp(L, M) and (g;); in
Wstarcp(L, N) we have

C
C

|_| ' :|_|fi7
|_|f,gz—f|_|gl- 4
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Proof. Assume f C f'. Note that (f,g) = k1 0 f + k2 0 g, and the composition
and addition of maps preserves the order C. Hence

(f,g)=r10f+reogT riof +ryog={(fg) .

Similarly g C ¢’ implies (f,g) C (f,g').
We will show the latter part. Let (f;: L — M); be a bounded monotone net.
Via the equation (f,g) = k1 o f + k2 0 g again,

<|_|l firg) =r10 (|_|Z fi) +K20g

= |_|i(/<61 ofi)+traog

= |_|i(/€1 o fi +kaog)

= |_|i<fi79> ~
In a similar way | |,(f, g;) = (f,Ll; ¢i) is showed. |
Corollary 4.9.15. Let M, N, L be W*-algebras. The canonical isomorphisms

Wstarcp(L, M) x Wstarcp(L, N) = Wstarcp(L, M @ N)
and
Wstarcp.py(L, M) x Wstarcp.py(L, N) = Wstarcp.py(L,M @ N)

are strict and Scott-continuous in both directions. Consequently, Wstarcp and
Wstarcp.py have Bdcppo | -enriched and Dcppo | -enriched binary products re-
spectively. The nullary product, i.e. the terminal object, is trivially enriched in
both categories, so that they have enriched finite products. N

Proof. Proposition 2914 shows the direction Wstarcp (L, M) x Wstarcp (L, N) —
Wstarcp(L, M @ N) is Scott-continuous, while the other direction is obtained
by composing the projections, so that it is also Scott-continuous. The strictness
is easy. The case of Wstarcp_py is showed for the same reason. [ |

Proposition 4.9.16. Let M, M’ , N, N' be W*-algebras, and f, f' € Wstarcp(M, M),
9,9 € Wstarcp(N, N'). Then

JCf = fRgLC f'@yg
gC¢d = [fRgC [y . <

Proof. Assume f C f’. By definition f’ — f is completely positive. Then (f’ —
[I®g=[f ®g— f®g is completely positive, too, by Thm. E58. Hence f® g C
/' ®g. The other one is showed in a similar way. [ |

Theorem 4.9.17. Let M, M’', N, N' be W*-algebras. Then we have

() =Ll 2a)

for f € Wstarcp(M, M') and a norm-bounded monotone net (g;); in Wstarcp (N, N'),

and
(LL#)®g=L],fEq)

for a norm-bounded monotone net (f;); in Wstarcp(M, M') and g € Wstarcp(N, N').
N
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Proof. Because the tensor product is symmetric, we show only the first equation.
Since both f@(l_li gi) and | |;(f ® g;) are normal, i.e. ultraweakly continuous, it
suffices to show they coincides on ultraweakly dense subset M ® N of the domain
M & N (by Prop. B253). For this, it is sufficient to show (f ®<|_|¢ gl>)(:p ®y) =
(W;(f®gi)(x®@y) for all z € M and y € N. By Lem. 298, what we will show
is:
f(z) @(uw—ilim gi(y)) = uw—ilim(f(x) ®ai(y)) -

Let b := uw-lim; g;(y). Below, we assume M, and N/ are embedded into M"* and
N respectively. For p @ p € M, ® N, C M, @ N, = (M'®@N'),,

(@ ¥)(f(@) ®gi(y)) = o(f(x)) - (gi(y))
— o(f(@)) - ¥(b)
=(p@Y)(f(z)®b) ,
because 1(g;(y)) — ¥ (b). Hence for all x € M, ® N/, we have x(f(z) ® g;(y)) —

x(f(z) ®b). Let (x;); be a net in M, ® N (norm-)convergent to { € M, ® N.
Note that the norm comes from the dual norm of the spatial C*-norm:

M;ON,CM*oN*"C (M oN) =M coN)*
Then
§(f(z) @ b) = &(f(2) ® gi(y))]
< &(f(x) @b) — x;(f(z) @ b)]
+ Ixi(f(2) @b) — x; (f () ® gi(y))|
+ Ixi (f(2) @ gi(y)) — £(f(2) @ gi(y))]
< (1€ = x;llllf (=) @bl
+ Ixi (f(z) @b) — x; (f(z) © gi(y))]|
+ 1€ = xillllf (=) @ gi(w)l
= 11§ = x;lllIf @) o]
+ x5 (f (@) @ b) = x;(f (=) ® gi(y))]
1€ = x5 17 (@) l9: ()l
= Ix;j(f(z) @) = x;(f(x) © gi(y))| + [I€ = x;llI[f @) (ol + llgi()I]) -

Because sup;||gi(y)|| < oo and x; — &, for large enough j we have
E(f (@) @b) = &(f(2) @ gi(w)] < Ixs(f(2) @ b) = x;(f(2) ® gi(y)) + ¢
for arbitrary € > 0. Then, since x;(f(z) ® gi(y)) = x;(f(z) ® b), we have

E(f(z) @b) = &(f(x) ® gi(y))] < 2¢

for sufficiently large 7. It follows that

uw;lim(f(x)@gz‘(y)) = f(z)®b . [ ]

Corollary 4.9.18. Let M, M', N, N' be W*-algebras. The maps

®: Wstargp (M, M') x Wstarcp(N, N') — Wstarcp(M @ N, M’ @ N')
®: Wstarcp.py(M, M') x Wstarcp_py(N, N') — Wstarcp.py(M @ N, M' @ N')
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are strict and Scott-continuous. Consequently, the functors

®: Wstarcp x Wstarcp — Wstarcp
®: WStaI‘cp_pU X WStaI'(jp_pU — WStaI‘cp_pU

are Bdcppo | -enriched and Dcppo | -enriched respectively. |

Proposition 4.9.19. There exist C*-algebras A, B and a bounded-above mono-
tone sequence (fy,)n in Cstarcp.py(A, B) such that (f,)n does not have the supre-
mum. Hence Cstarcp.py(A, B) is not an wcpo and Cstarcp(A, B) is not a
bw cpo. N

Proof. Take A := C. Notice that there is a bijective correspondence between
linear maps f: C — B and elements b € B; the mapping is given by f — f(1).
Moreover, f is (completely) positive and pre-unital if and only if f(1) € &f(B).
For f,g € Cstarcp.py(C, B),

fEyg LN g — [ is completely positive

<= g — f is positive by Thm. 8211
= (g—f)1) =0
— f(1)<g(1) .
Hence there is an order-isomorphism Cstarcp-py(C, B) = &f(B). By Prop. BX7,

there exists a C*-algebra B such that £f(B) is not an wcpo (take B := C([0, 1])
for example). Hence the claim follows. ]

We can summarize the results in this section as follows. The category Wstarcp
(resp. Wstarcp_py) is a symmetric monoidal Bdeppo | -enriched (resp. Deppo | -
enriched) category with (enriched) finite products.
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Chapter 5

Semantics for a quantum programming
language

In this chapter, we will give a denotational semantics for a quantum program-
ming language by operator algebras. We first review an elementary quantum
mechanics and, in particular, a notion of quantum operation. We then briefly
explain Selinger’s quantum programming language QPL and his original denota-
tional semantics. Next, we show the category Wstarcp_py is traced monoidal,
and the opposite category of Wstarcp.py is an elementary quantum flow chart
category. Therefore it gives a denotational semantics for the language QPL. Then
we compare Selinger’s and our model. It turns out that Selinger’s category Q
can be (contravariantly) embedded into our category Wstarcp_py, and moreover
Q coincides with (up to equivalence of categories) the finite dimensional part
of Wstarcp.py. Hence our model can be thought of as an infinite dimensional
extension of his model. Finally, we discuss infinite types in QPL. Especially, we
show our model can accommodate any (countable) classical types and function
between them.

5.1 Quantum operation

According to the quantum mechanics, a quantum system is associated with a
Hilbert space H. A (mixed, subnormalized) quantum state of the system is rep-
resented by a positive trace class operator p on H with tr(p) < 1. We denote
the set of quantum states by St(#H). A quantum operation, which transforms one
quantum state to another, is defined mathematically as follows.

Definition 5.1.1. A quantum operation from a system associated with a Hilbert
space H to another with K is a trace-decreasing completely positive linear map
E:T(H) — T(K) between the sets of trace class operators. Here, “trace-
decreasing” means tr(E(7T)) < tr(T) for all positive trace class operators T' €

T(H). N

It is easy to see that a quantum operation £: T (H) — T (K) can be restricted
to a map £: St(H) — St(K), that is, it indeed maps quantum states to quantum
states. If Hilbert spaces are finite dimensional, say H = C™ and K = C™,
then the set 7(C™) of trace class operators coincides with the set of all linear
operators. Hence it is identified with the set M,, := M,,(C) = C"*" of complex
n x n-matrices. Therefore, a quantum operation is a trace-decreasing completely
positive map £: M,, — M,, between the sets of matrices.

The class of quantum operations contains fundamental operations such as uni-
tary transformations, measurements and preparations of quantum states. Con-
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versely, every quantum operation can be realized by a combination of such oper-
ations. For further details, see e.g. [44, §8.2], [28, Chap. 4].

5.2 Selinger’s QPL

In [63], Selinger proposed a quantum programming language QPL and its deno-
tational semantics. The language QPL is a first-order functional language with
loop and recursion. Then an interpretation of a program P: I' — IV will be given
as a certain function [P]: [I'] — [I']. However, the function [P] cannot be
just a quantum operation since the program involves not only quantum but also
classical data. To give denotation of programs, Selinger constructed the category
Q as follows.

Definition 5.2.1. The category CPM; is defined as follows.
e An object is a natural number.

e An arrow f:n — m is a completely positive linear map f: M, — M,,. <

Definition 5.2.2. The category CPM is the finite biproduct completion of
CPM;. Specifically:

o An object is a sequence 77 = (nq,...,n) of natural numbers.

e An arrow f: 7 — m is a matrix (f;;) of arrows f;;: nj — m; in CPM,. <

Definition 5.2.3. The category Q is a subcategory of CPM such that
e Objects are the same as CPM.

e An arrow is f: @ — m in CPM which is trace-decreasing, i.e.

Zi Zj tr(fi;(45)) < Zj tr(A;)

for all positive A; € My, N

Note. The category CPM appears originally in [63] as W with an explicit defi-
nition, but later in [8R, Def. 2.3] and [45, §2.3] as the finite biproduct completion

2 e}

of CPMj;. See [64, §5] for finite biproduct completion. N

Selinger’s idea in interpreting a program with classical and quantum data
is the identification of classical data with (classical) controls. Each entry of a
sequence 1 = (ny,...,nk) represents a control. For example, having one bit
is identified with having two choices, hence an interpretation of a type bit is
[bit] = (1,1) € Q, while an interpretation of a type gbit is [gbit] = (2) € Q.
For the category Q, we have the following facts.

o Q has finite coproducts (@, 0).

o Q has a symmetric monoidal structure (®, I'), which distribute over coprod-
ucts @.

e Q is wCppo-enriched. The finite coproducts and the tensor products are
suitably enriched.
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o The wCppo-enriched structure with coproducts (&, 0) induces the monoidal
trace wrt. (6,0).

Consequently, the category Q is structured enough to interpret the language QPL.
Furthermore, Selinger has axiomatized a category which can interpret QPL.

Definition 5.2.4 ([563, §6.6]). An elementary quantum flow chart category is a
symmetric monoidal category (C, ®, I) such that

o C has finite coproducts (&, 0).
o C has a monoidal trace wrt. finite coproducts (&, 0).
e For each A € C, A® (—) is a traced monoidal functor.

e C has a distinguished object gqbit with arrows ¢: I®I — gbit and p: gqbit —
I & I such that por =id. N

Given an elementary quantum flow chart category C and an assignment of built-
in unitary operators, we can interpret QPL programs without recursion as arrows
in C. If an elementary quantum flow chart category C is wCppo-enriched, we
can interpret QPL programs with recursion.

In the remain of this chapter, we will show that the opposite category of
Wstarcp.py is an elementary quantum flow chart category, hence we can give
the denotation of the language QPL by W*-algebras.

5.3 Monoidal trace

The monoidal trace of the category Q is induced by its wCppo-enriched struc-
ture with finite coproducts. The construction is valid for any wCppo-enriched
category with finite coproducts [63, §6.4]. A rigorous discussion for this point
is found in Appendix Bl. As we showed (Cor. 2911, Cor. BUITH), the category
Wstarcp.py is a Deppo | -enriched category with finite products. Applying the
construction to the opposite category to Wstargp_py, we obtained a monoidal
trace wrt. coproducts in the opposite category, and hence a monoidal trace wrt.
products in Wstarcp_pu.

Here we will sketch the (dual) construction explicitly. Let M, N, L be W*-
algebras, and f: M @& L — N & L a normal completely positive pre-unital map.
We shall define a sequence (f,)nen in Wstarcp_py(M, N @ L) inductively by

fo=1
frnt1 = fo(idy,ma0 fp) .

For the second formula, see the diagram:

M
2
MZ-_sMaL-t NeL

o

NoL—2= [

Then clearly | = fo C f1, and f,, C fp41 implies fo(idps, o0 f,) C fo(idps, moo0
fnt1)s i€ fur1 E foy2. Hence f, E fny1 for all n € N, that is, (fy)nen is an
w-chain, and so a monotone net. Therefore we obtain

|| fo: M —NaL,
neN
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and define
Tr(f) ::71'10<|_| fn): M—5N .

neN

We have now defined a family of functions
Tr: Wstarcp.py(M & L, N @& L) — Wstarcp.py(M, N)
for M, N, L € Wstarcp_py, which indeed satisfies axioms for a monoidal trace.

Theorem 5.3.1. The category Wstarcp.py has a monoidal trace wrt. finite
products (@, 0). q

Proof. We can apply Thm. AT01. By Cor. 2911 and Cor. 2918, Wstarcp.py
is a Dcppo | -enriched (hence wCppo-enriched) cartesian category. It is easy to
see that the composition is left-strict. |

Moreover, the monoidal trace is nicely related to tensor products.

Theorem 5.3.2. For each M € Wstarcp_py, a functor (—) ® M : Wstarcp.py —
Wstarcp.py s a traced monoidal functor. N

Proof. We can apply Thm. B0, The functor (—) ® M preserves finite prod-
ucts because of distribution of tensor products over finite products (Prop. BTG,
Prop. B62 and Prop. B63). Moreover it is Deppo | -enriched by Cor. BEIIR. It
is easy to see L ®idy = L. |

5.4 Semantics by W*-algebras

We finally show that the opposite category of Wstarcp.py is an elementary
quantum flow chart category. A distinguished object gbit in Def. B24 is M,
i.e. the algebra of 2 x 2-matrices. We define two maps

t: My —CahpC
p:CpC — My

and

p(z,y) = [g 2]

It is straightforward to see the two maps are positive, hence completely positive
by Thm. 8211 (notice that C&C is commutative). They are also normal because
the dimensions are finite. Moreover they are clearly unital. Therefore ¢ and p
are arrows in Wstarcp.py. It is clear that 1 o p = id, hence p o+ = id in
(Wstal‘cp_pU)OP.

Theorem 5.4.1. The opposite category of Wstarcp.pu s an elementary quan-
tum flow chart category with a distinguished object qbit = Ms and arrows v and
p defined above. |
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5.5 Schrodinger vs. Heisenberg picture

Recall that for a Hilbert space H, B(H) is a W*-algebra with the predual T (H)
(Example B14). By Prop. B8, for every normal map £: B(H) — B(K), there
exists a corresponding bounded map &,: T (K) — T (H) between preduals. They
are related in the following way:

tr(E(S) - T) = tr(S - £.(T))
for all S € B(H) and T € T(K). Furthermore the following hold.

Proposition 5.5.1. Let H and K be Hilbert spaces. Suppose a normal map
E: B(H) — B(K) and a bounded map E.: T(K) — T (H) correspond in the sense

of Prop. f-1.0. Then
1. & is completely positive if and only if £, is completely positive.
2. & is unital if and only if €, preserves trace.

3. & is pre-unital if and only if £« decreases trace. <

Proof. See |26, §4.1.2]. [ |

Hence, a normal completely positive pre-unital map £: B(H) — B(K), i.e.
an arrow in Wstarcp_py, corresponds to a completely positive trace-decreasing
map &: T(K) — T(H), i.e. a quantum operation defined in Def. 1. This is
the well-known duality between the Heisenberg and Schrédinger pictures: one
transforms observables (or effects), whereas another transforms states.

In other words, our semantics of the language QPL in Wstarcp.py is the
Heisenberg picture, while Selinger’s semantics in Q is the Schrodinger picture.
In the words of [15], our semantics can be thought of as the weakest precondition
semantics. This is because a positive pre-unital map &: B(H) — B(K) can be
restricted to a map &: Ef(H) — &f(K) between their effects, where Ef(H) =
Ef(B(H)) is the set of effects on H, and coincides with the set of predicates in

5]
5.6 Embedding Q into Wstarcp_py

As seen in the previous section, the two semantics of the language QPL in
Wstarcp.py and Q are different viewpoints for essentially the same thing. In
fact, the category Q can be contravariantly embedded into Wstarcp_py.

First, we shall embed CPM into Wstarcp. Notice that the following bijective
correspondence.

f:(ny,...,ng) — (my,...,my) in CPM

fij: nj — m; in CPMy, for each i, j

fij: Mu; —> My, completely positive, for each i, j
(fij)": M, — My, in Wstarcp, for each i, j
I(f) : @é:l Mml — 69?:1 Mnj in Wstarcp

Here we use the self-duality:

My, = B(C) = T(C)" 2 (My,)" .
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by the finite dimensional case of Prop. ZT1G. Then the mapping I(n1,...,n;) =
69?:1 M,,; defines a contravariant functor I: CPM — (Wstarcp)°?, which is
full and faithful by definition, and clearly injective on objects.

Theorem 5.6.1. There is a (full) embedding I: CPM — (Wstarcp)P. [ |

Finally, we will show the functor restricts to a full and faithful functor I’: Q —
(Wstarcp.py)°P as follows.

l k
I(f): EBM @ n; is pre-unital

1

7=1
HMWizn) < (W)=

(fi;)*(1) <1 for each j

<.
Il

— I

M“’\

—
1

-.
I

l

= 1- Z(fij)*(l) > 0 for each j
i=1

< (tr— Ztr ofij)(A) > 0 for each positive A € M,,;, for each j

i=1
k !
— Z Z rofij)(A;) = 0 for each positive A; € M,,;
J: :
Ik
= X ) < Yt
i=1j=1

j
— f:n—>mis trace—decreasmg (Def. B23)

For the equivalence <=, we use Lem. ZT2. Hence we have shown the next
theorem.

Theorem 5.6.2. There is a (full) embedding I': Q — (Wstarcp_py)°P. [ |

In fact, we can say more about the embedding. Notice that I(77) is a finite
dimensional W*-algebra for each 7 € CPM. Hence the embedding gives a functor
I: CPM — (FdWstarcp)°P, where FdWstarcp denotes the category of finite
dimensional W*-algebras and normal completely positive maps.

Theorem 5.6.3. The embeddings

I: CPM — (FdWstarcp)®?
I': Q — (FdWstarcp_py)°P

give equivalences of categories:
CPM ~ (FdWstarcp)°?
Q ~ (FdWstaGC_pU)OP <

Proof. By Lem. 564 below, I and I’ are essentially surjective. By the theorem
in category theory [37, Thm. IV.4.1], a full, faithful and essentially surjective
functor is a part of equivalence. |
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Lemma 5.6.4 ([60, Thm. 1.11.2]). Let A be a finite dimensional C*-algebra (hence
W*-algebra, see Rem. f-1-9). There ezists a (unique up to permutations) sequence
(n1,...,ng) of positive integers and a x-isomorphism:

k

A=2PM,,; .
i=1 u

Remark 5.6.5. By Rem. 19, FdWstarcp = FdCstarcp and FdWstarcp_py =
FdCStaI'CP_PU. <

5.7 QPL with infinite types

We have defined the category Wstarcp_py to give the denotational semantics of
the language QPL. Because Selinger’s category Q is contravariantly embedded
into Wstarcp_py, the category Wstarcp.py can be thought of as an infinite
dimensional extension of Q. Working in the category Wstarcp.py rather than
Q enables us to handle infinite types. For example, as Selinger suggested in [563,
§7.3], a type int should be interpreted as [int] = ¢*°(N) = @, oy C, which is
indeed in Wstarcp_py, but not in Q.
We will present slightly more general statements.

Definition 5.7.1. Let S be an at most countable set. We define:

N(S) = {go: S—C Z]cp(s)] < oo}
sesS
A(S)={p: S = C| Y lp(s)* < 0}
seS
2(S) = {go: S—C ilég|<p(s)| < oo} . N

Proposition 5.7.2. Let S and T be at most countable sets.
1. /%(S) is a Hilbert space.

2. £>°(S) is a W*-algebra with the predual £*(S). Moreover it has a canonical
normal unital faithful representation w: £°(S) — B(£2(S)) by 7(v)(v) =
©Y (pointwise multiplication).

3. There is a *-isomorphism: £>°(S) @ (>°(T) = (S x T)

4. Any function f: S — T induces a normal unital x-homomorphism ¢>°(f): £°(T) —
£°(S) by £2(f)(p) = po f. <

Proof. We will just sketch the proof of B. By Thm. B85, we identify ® as the
tensor product of von Neumann algebras. Note the isomorphism £2(S) ® £2(T) =
¢%(S xT) of Hilbert spaces. By the identification B(¢2(S)®?(T)) = B(£2(SxT)),
we have inclusion ¢*°(S) ©£>°(T") C ¢>°(S x T'). The (ultra)weak denseness of the
inclusion proves £>°(S) @ £>°(T) = £>°(S x T)). [ |

These statements mean that at most countable sets Si,...,S5,,T and a function
f: 81 x -+ xS, — T inhabit in Wstary; (hence in Wstarcp_py) as:

0O(F): 0°(T) — 0°(S) X -+ x Sp) ZL°(S) B+ BL2(S,)
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In other words, we can interpret any (countable) classical data type and function
between them in Wstarcp_py. For example, when we interpret the type nat by
[nat] = ¢>°(N), we can build in any function f: N® — N into the language.

The inhabitancy of classical data in W*-algebras is in fact described more
generally. It is known that there is the following dual equivalence of categories

CWstary, .y ~ LocMeas®?

between the category of commutative W*-algebras and normal unital *-homomorphisms
and the category of localizable measurable spaces and measurable functions [33,

§5.8] (see also [62, Prop. 1.18.1] and [60, Thm. II1.1.18]). Then, Prop. B2
should be generalized for localizable measurable spaces and measurable functions

(cf. [@, Example II1.1.5.6]). This will be future work.

57



Chapter 6

Conclusions and future work

6.1 Conclusions

We can summarize the results of the thesis as follows. As a mathematical
result, we have shown that the category Wstarcp is Bdcppo | -enriched and
Wstarcp.py is Deppo | -enriched. Moreover, both categories have suitably en-
riched finite products. Tensor products of W *-algebras make both categories sym-
metric monoidal in a compatible way with enriched structure. As a contribution
to quantum computation, we have shown the opposite category of Wstarcp_py
is an elementary quantum flow chart category. Hence the category Wstarcp_py
gives rise to a denotational semantics for the quantum programming language
QPL. This semantics can be seen as an extension of Selinger’s original semantics,
and can accommodate infinite data and classical data well. We hope our results
demonstrate that operator algebras are useful and meaningful in the area of quan-
tum computation as well as other areas where operator algebras are successfully
used.

6.2 Future work

An unpublished paper [32] claims that the functor (—)® M on the category
Wstary1.y has a left adjoint for each W*-algebra M. It means that the oppo-
site category of Wstary iy is a closed symmetric monoidal category. The fact
suggest that W*-algebras model a higher-order functional quantum program-
ming language (or a quantum lambda calculus), not only a first-order language.
A recent work [d5] gives a denotational semantics for a “full” quantum lambda
calculus by extending the category CPM into the category that can accommo-
date infinite structures. It also suggest that W*-algebras can also model a “full”
quantum lambda calculus because they can accommodate infinite structures. An
investigation of this line is one of future works.

Another future work is to make use of the dual equivalence of the category
of commutative W*-algebras and the category of localizable measurable space.
Following the line of §670, we want to show that via the dual equivalence, any
morphism between localizable measurable space (i.e. a certain “classical” func-
tion) can be used as a build-in function in the language QPL.

Moreover, I conjecture that Furber and Jacobs’ work [I8] about the Gelfand
duality holds for commutative W*-algebras and localizable measurable space.
Specifically, my conjecture is that the Kleisli category of the Giry monad on the
category of localizable measurable space is dual to the category of commutative
W*-algebras and normal (completely) positive unital maps. It follows that any
probabilistic function between localizable measurable spaces can be embedded

o8



into Wstarcp.py. Then we will be able to use any probabilistic function as a
built-in function in the language QPL.

Yet another direction is to examine the effect logic (see e.g. [28,29]) of W*-
algebras. For example, Furber and Jacobs [I8] established the following “state-
and-effect” triangles about commutative C*-algebras.

BMod” T EM(R)

_

(CCstarp_yy)°P

Here, states are described by the Eilenberg-Moore category EM(R) of the Radon
monad R, and effects (predicates) by the category EMod of effect modules. The
adjunction between them describes the duality between states and effects. It
seems that a similar result can be obtained for W*-algebras.
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Appendix A

Monoidal traces on wCppo-enriched
cartesian categories

The goal of this appendix is to establish the following two theorems, which are
stated informally in [53, §6.4]7.

Theorem A.0.1. Every wCppo-enriched cartesian category with left-strict com-
position (i.e. Lof = 1) istraced. For f: AxX — BxX, the trace Tr(f): A— B
s given by

Tr(f) =m0 || Te™(f) , (A1)
neN
where Tr(")(f): A — B x X is defined by
TO(f) = L
Te D () = f o (ida, m 0 Te™(f)) . 4

Theorem A.0.2. Let C and D be wCppo-enriched cartesian categories, which
are traced by Thm. AID. Then, every wCppo-enriched cartesian functor be-
tween C and D satisfying F'L = L is traced. N

Let us clarify terminology. A cartesian category refers to a (symmetric)
monoidal category whose monoidal structure is given by finite products. In other
words, it is a category with a choice of a terminal object and binary products. For
an wCppo-enriched cartesian category, note that its cartesian product functor is
required to be wCppo-enriched. It is equivalent to saying that the tupling (-, -)
is w-continuous. A functor between cartesian categories is said to be cartesian if
it is strong monoidal (equivalently, if it preserves finite products).

A.1 Proof of Theorem A0

Theorem AT is showed via the following two theorems.

Theorem A.1.1 (Hyland/Hasegawa). A cartesian category is traced if and only
if it has a Conway operator. Moreover, a trace operator Tr and a Conway operator
Fix are related bijectively as follows:

Tr(f) = m o f o (ida, Fix(ms o f)) (A.2)
for f: Ax X — BxX, and
Fix(g) = Tr(Ax o g)

for g: Ax X — X, where Ax = (idx,idx) is the diagonal map. <

n fact, their dual are stated there.
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Proof. See [24, Thm. 7.1.1]. [

Theorem A.1.2. EverywCppo-enriched cartesian category with left-strict com-
position (i.e. L o f = 1) has a Conway operator Fix. For g: A x X — X,
Fix(g): A — X is given by

Fix(g) = | | Fix"(g) , (A.3)
neN

where Fix(™ (9): A— X is defined by

Fix¥(g) = L
Fix"(g) = go <idA,FiX(")(g)> . N
Proof. See [27, Lem. A.1 in Appendix]. |

Now we will prove Thm BT

Proof of Theorem A11. Let C be an wCppo-enriched cartesian category with
left-strict composition. Then, by Thm. BT and Thm. B T3, C is traced. We
have just to check the equation (BTl). For f: Ax X — B x X,

Tr(f) zﬂ'lofo<idA,Fix(7rgof)> by (BA22)
=mofo <idA, L] Fix(™ (my 0 f)> by (A=3)
neN

=m0 |_| (fo (id 4, Fix™ (my of)>> :

neN
It is easy to see, by induction on n,
Trl(f) < f o (ida, Fix™ (w2 0 f)) < T ()
for all n € N. It follows that

|_| (fo <idA,Fix(”)(7r2 of)>> = |_| Tr(")(f) .

neN neN

Hence we have

Tr(f) =mo | | Te™(f) .
neN [ |
A.2 Proof of Theorem

In this section, we will prove Thm. BT,
Proof of Theorem [A1I2. What we have to show is:

FTr(f) = Tr(¢p o Ff o ¢y')
for f: Ax X — B x X in C, where

pa: F(Ax X) FAx FX
¢p: F(Bx X)— FBx FX

14 im

66



are canonical (coherence) isomorphisms. First note that ¢4 makes the following
diagrams commute.

F(Ax X) FW
Fm gl‘“% F<k,l)l (Fk,Fl)
FA+—FAxFX ——FX F(AXX)%FAXFX

In the right diagram, k: W — A and I: W — X are arbitrary arrows in C.
Similar diagrams commute for ¢5. Now,

FTre(f) = F(?Tl ° |_| TT(ﬂ)(f))

neN

=Fmo |_| FTe™ ()
neN

=mo¢po |_| FTr™(f)

neN

=m0 |_| (¢B oFTr(")(f)> )

neN

while

Tr(ppoFfogy') =mo | | Tt™(gpo Ffogy') .
neN

Then, to show

Ll (650 F (1) = | T (650 Ffoay")

neN neN

it suffices to show
T (¢ 0 Ff 0 ¢') < ¢p o FTrV(f) < Ti" ) (gp 0 Ff 0 94"
for all n € N. We will prove it by induction on n.
(i) Base case (n =0):
T (¢po Ffogy') = L < ¢poFTrl(f)
shows the first inequality, and
T (¢po Ffogy')
= o Ffogy' o(idpa,mo T (o Ffogyh))
> ¢pol
=¢poFL by strictness of F
= ¢po FTr(f)
shows the second inequality.
(ii) Induction step:
¢p o FTr"D(f)
= ¢p o F(fo(ida,m o Tr™(f))
= ¢po Ffopylo(Fida, F(m o Tr™(f)))
= ¢poFfody' o(idra,modpo T (f))
> ¢poFfog,to(idpa,moTr™(ppoFfop,t)) by LH.
= T (gpp 0 Ff o ¢3)
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shows the first inequality, and similarly

¢p o F (" (f)
= ¢poFfodyoidpa,modpoTr™(f))
<¢poFfogylolidpa,moTr™ D (pgoFfopyl)) by LH.
= e (gpp o Ffo gl

shows the second inequality.

Therefore we have

FTe(f) =Tr(ppo Ffody') .
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