&2 Universiteit
4] Leiden
The Netherlands

Order theoretical structures in atomic J BW-algebras:

disjointness, bands, and centres
Gaans, O.W. van; Kalauch, A.; Roelands, M.

Citation

Gaans, 0. W. van, Kalauch, A., & Roelands, M. (2024). Order
theoretical structures in atomic JBW-algebras: disjointness, bands,
and centres. Positivity, 28. d0i:10.1007/s11117-023-01024-1

Version: Publisher's Version

Licensed under Article 25fa Copyright
Act/Law (Amendment Taverne)

Downloaded from: https://hdl.handle.net/1887/3731319

License:

Note: To cite this publication please use the final published version
(if applicable).


https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/3731319

Positivity (2024) 28:10 oge o

https://doi.org/10.1007/511117-023-01024-1 POSItIVIty
Check for
updates

Order theoretical structures in atomic JBW-algebras:
disjointness, bands, and centres

Onno van Gaans' - Anke Kalauch? - Mark Roelands’

Received: 5 June 2023 / Accepted: 20 November 2023
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2024

Abstract

Every atomic JBW-algebra is known to be a direct sum of JBW-algebra factors of
type 1. Extending Kadison’s anti-lattice theorem, we show that each of these factors
is a disjointness free anti-lattice. We characterise disjointness, bands, and disjointness
preserving bijections with disjointness preserving inverses in direct sums of disjoint-
ness free anti-lattices and, therefore, in atomic JBW-algebras. We show that in unital
JB-algebras the algebraic centre and the order theoretical centre are isomorphic. More-
over, the order theoretical centre is a Riesz space of multiplication operators. A survey
of JBW-algebra factors of type I is included.

Keywords Anti-lattice - Atomic JBW-algebra - Band - Centre - Disjointness -
Factor - Order direct sum - Order unit space

Mathematics Subject Classification Primary 46B40; Secondary 17C65

1 Introduction

Jordan algebras equipped with their cones of squares are interesting instances of par-
tially ordered vector spaces that are not lattices, in general. A prominent example is
the Jordan algebra B(H)g, consisting of all self-adjoint operators on some complex
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Hilbert space H with the Jordan product given by
1
AoB:E(AB+BA). 1.1

Kadison [16] has shown that this space is actually an anti-lattice, which means that
the supremum of two elements exists only if they are comparable. With the notion of
disjointness in partially ordered vector spaces [19], a partially ordered vector space
is an anti-lattice if and only if there are no non-trivial disjoint positive elements [17,
Theorem 14]. In the space B(H )s,, it turns out that there are even no disjoint elements
atall. We call such a partially ordered vector space disjointness free. The space B(H ),
is one of the possible factors in the algebraic direct sum that represents atomic JBW-
algebras. In this paper, we study all atomic JBW-algebras that are factors and show
that all of them are disjointness free anti-lattices. By [3, Theorem 3.39 and Proposi-
tion 3.45], every atomic JBW-algebra that is a factor is isomorphic as JBW-algebra to
a member of one of the following classes of JBW-algebras,

(1) the self-adjoint bounded operators B(H )s, on a real or complex Hilbert space H of
dimensiond > 3, or B(H,) where H, is a quaternionic Hilbert space of dimension
d > 3, endowed with the product (1.1),
(i1) the spin factors H @ R, where H is a real Hilbert space of dimension at least 2,
with the multiplication defined in (A.3),
(iii) the 3 x 3 self-adjoint matrices M3 (Q)g, with entries from the octonions O, endowed
with the product (1.1).

For general atomic JBW-algebras, there is a representation theorem as follows. See
[3, Proposition 3.45].

Theorem 1.1 Every atomic JBW-algebra equals the algebraic direct sum of atomic
JBW-algebras that are factors, that is, of factors that are isomorphic as JBW-algebras
to those listed in (i)—(iii).

The factors listed in (i)—(iii) are exactly the factors among all JBW-algebras that are
of so called ‘type I’, up to JBW-algebra isomorphism.

Theorem 1.1 leads to the question what can be said about disjointness and related
notions in such direct sums. The algebraic direct sum in Theorem 1.1 is in fact an
order direct sum of order unit spaces. We will characterise disjointness and bands
in order direct sums of order unit spaces that are disjointness free anti-lattices. We
will apply this characterisation to describe which disjointness preserving bijections
have a disjointness preserving inverse, proceeding corresponding research in Banach
lattices and finite-dimensional pre-Riesz spaces [12, 18]. These results apply to atomic
JBW-algebras.

In the theory of Jordan algebras, there is a notion of an algebraic centre, whereas, in
the theory of operators on partially ordered vector spaces, there is a notion of an order
theoretical centre. The algebraic centre of a Jordan algebra consists of all elements
where the corresponding left multiplication operator commutes with all other left
multiplication operators. The order theoretical centre of a partially ordered vector
space consists of all operators that are in an order interval whose end points are
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multiples of the identity. We study the natural question how these two notions of
centre are related. For a unital JB-algebra, we show that the algebraic centre and the
order theoretical centre are isomorphic as JB-algebras.

The structure of the paper is as follows. There are two preliminary sections with
the basic relevant notions from the theory of partially ordered vector spaces and JB-
algebras. We need quite a few details on the factors of atomic JBW-algebras, as listed
above in (i)—(iii). These results are known, but not easily collected from the dif-
ferent sources in the literature. Therefore, a survey on this subject is included in
“Appendix A”.

In Sect. 4, we show that every factor of an atomic JBW-algebra is a disjointness free
anti-lattice. In Sect. 5, we develop basic theory on direct sums of pre-Riesz spaces and
order direct sums of order unit spaces. Disjointness and bands in order direct sums of
order unit spaces that are disjointness free anti-lattices are characterised in Sect. 6. As
a consequence, we obtain a characterisation of disjointness and bands in atomic JBW-
algebras. This is used in Sect. 7 to show that disjointness preserving linear bijections
with disjointness preserving inverses are exactly the bijections that permute the factors
in the direct sum. In Sect. 8, we show that the algebraic centre and the order theoretical
centre of a unital JB-algebra are isomorphic as JB-algebras. Consequently, the order
theoretical centre is a Riesz space. We introduce in Sect. 9 a class of order unit spaces,
including all finite-dimensional ones, whose order theoretical centre is isomorphic to
R" for some n.

2 Preliminaries on partially ordered vector spaces

Let X be a real vector space containing a cone K, i.e., K is convex, AK C K for every
A > 0,and K N —K = {0}. The cone K induces a partial order < in X by x < y
if y —x € K. We call (X, K) a partially ordered vector space. We say that (X, K)
is directed if X = K — K. The space (X, K) is called Archimedean if, for every
x,y € X withnx < yforalln € N, we have x < 0. A partially ordered vector space
X is called monotone complete if for any increasing net (x;); in X that is bounded
from above the supremum exists in X.

If for every x, y € X the supremum of {x, y} exists, then X is called a vector lattice
or a Riesz space. For further terminology on vector lattices, see [2]. We say that (X, K)
is an anti-lattice if for every x, y € X the supremum of {x, y} exists only if x and y
are comparable, that is, x < y or x > y. Trivially, if (X, K) is totally ordered, then
X, K) is an anti-lattice. Hence R is both a lattice and an anti-lattice.

A linear subspace D of X is order dense in X if, for every x € X, we have

x=inf{d € D: d > x},

and a subspace Y of a partially ordered vector space X is is called majorizing in X if
for every x € X thereisa y € Y such that x < y. A linear map 7: X — Y, where
X and Y are partially ordered vector spaces, is called positive if for every x € X with
x > 0wehave Tx > 0and T is called bipositive if x > 0 is equivalent to Tx > 0.
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A partially ordered vector space X is called a pre-Riesz space if there is a Riesz
space Y and a bipositive linear map i: X — Y such that i[X] is order dense in Y.
We call (Y, i) a vector lattice cover of X. An intrinsic definition of pre-Riesz spaces
is given by van Haandel in [22], see also [19, Section 2.2]. Note that every directed
Archimedean partially ordered vector space is pre-Riesz, and that every pre-Riesz
space is directed. Clearly, every Riesz space is pre-Riesz. If (Y, i) is a vector lattice
cover of a pre-Riesz space X such that no proper Riesz subspace of Y contains i [ X],
then we call (Y, i) a Riesz completion of X and is denoted by X*. Such a space is
unique up to isomorphism (for details see, e.g., [19, Section 2.4]).

For A C X, denote

A" :={x e X:x>aforalla € A} and Al:={xeX:x§af0rallaeA}.

Riesz* homomorphisms are defined in [22, Definition 5.1 and Corollary 5.4(iv)] and
Riesz homomorphisms in [6].

Definition 2.1 Let X and Y be directed partially ordered vector spaces. A linear map
T: X — Yiscalled

(i) a Riesz* homomorphism if, for every non-empty finite subset F' of X, one has
T I:Ful] g T[F]ul’
(i1) a Riesz homomorphism if, for every x, y € X, one has

T [tx, '] = Tlx, Y

If X and Y are pre-Riesz spaces, then every Riesz homomorphism is a Riesz* homo-
morphism, and every Riesz* homomorphism is positive, see [19, Theorem 2.3.19]. If
X and Y are vector lattices, then the notions of a Riesz homomorphism and a Riesz*
homomorphism both coincide with the notion of a Riesz homomorphism from vector
lattice theory, see, e.g., [19, Lemma 2.3.2].

The following Lipecki—-Luxemburg—Schep theorem can be found, e.g., in [19, The-
orem 2.1.17].

Theorem 2.2 Let Y be a Riesz space, let Z be a Dedekind complete Riesz space, and
let D be a majorizing Riesz subspace of Y. If h: D — Z is a Riesz homomorphism,
then there exists a Riesz homomorphism H: Y — Z that extends h.

The subsequent theorem is due to van Haandel, see, e.g., [19, Theorem 2.4.11]. In
this section, o denotes composition.

Theorem 2.3 Let X| and X, be pre-Riesz spaces and let (Y1, i1) and (Y2, i) be vector
lattice covers, respectively. Let h: X1 — X3 be a linear map.

(1) If there exists a Riesz homomorphism h: Y1 — Y, such that ho ii =1iyoh, then
h is a Riesz* homomorphism.

(i) If (Y1, 1) is the Riesz completion of X1 and h is a Riesz* homomorphism, then
there exists a unique Riesz homomorphism h: Y1 — Yo with ho i1 =izo0h.
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An element u € K is said to be an order unit if for every x € X thereisai > 0
such that —Au < x < Au.If (X, K) is an Archimedean partially ordered vector space
with order unit u, it can be equipped with the order unit norm which is defined by

x|y :=1inf{A > 0: —Au < x < Au}

for x € X, see, e.g., [19, Section 1.5.3]. In this case, the triple (X, K, u) is called an
order unit space. Every order unit space is a pre-Riesz space. In the setting of order
unit spaces, we recall characterisations of functionals that are Riesz homomorphisms
or Riesz* homomorphisms, respectively, and construct a vector lattice cover with the
pointwise partial ordering. The functional representation of X is given by means of
the state space, X x, which is the weak* compact convex set

Ex = {p € X*: ¢[K] S [0, 00), p(u) =1} @D

by the Banach-Alaoglu theorem, and the set A x of the extreme points of X x, which
exist by the Krein-Milman theorem. The weak* closure A x of Ay in Xy is a compact
Hausdorff space, and the map

Ox: X - C(Ax), x+— (¢ ¢(x)), (2.2)

is a bipositive li_near map, and hence injective (for details, see, e.g., [19, Section 2.5]).
Moreover, (C(Ax), ®x) is a vector lattice cover of X [19, Theorem 2.5.9]. We recall
the statement in [19, Proposition 2.5.5].

Proposition 2.4 Let (X, K, u) be an order unit space and let ¢ € Xx.

(i) One has ¢ € Ax if and only if ¢ is a Riesz homomorphism.
(i1) Onme has ¢ € Ay if and only if ¢ is a Riesz* homomorphism.

Recall that two elements x and y in a Riesz space are said to be disjoint if [x| A |y| =
0. This notion is generalised to pre-Riesz spaces as follows. Two elements x and y in
a pre-Riesz space (X, K) are called disjoint, denoted x L y, if {x + y,x — y}* =
{x — y, —x + y}". The disjoint complement of a set A C X is denoted by A4, If
(Y, i) is a vector lattice cover of X, then x L y if and only if i (x) L i(y), see, e.g.,
[19, Proposition 4.1.4]. Anti-lattices can be characterised by means of disjointness. A
pre-Riesz space (X, K) is an anti-lattice if and only if there are no non-trivial positive
disjoint elements in X, see [17, Theorem 14]. We call X disjointness free if there
are no non-trivial disjoint elements in X. Clearly, every disjointness free partially
ordered vector space is an anti-lattice. In [17], an example of an anti-lattice that is not
disjointness free can be found.

A set B C X is called a band if B = B!, Bands in pre-Riesz spaces are linear
subspaces, see [19, Proposition 4.1.5(ii)]. Many examples are given in [19, Chapter 4].
It is straightforward to verify that the intersection of two bands is a band. In contrast
to vector lattices, there may exist bands that are not directed in pre-Riesz spaces.

A projection P in V is called an order projection if both P and I — P are positive
operators, where I denotes the identity operator. If V is a pre-Riesz space, then [11,
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Proposition 3.1] yields that a projection P in V is an order projection if and only if P
is a band projection, which means that the range and kernel of P both are bands in V.
The range of a band projection is called a projection band. If P and Q are two band
projections in V, then P Q is a band projection in V, see [11, Proposition 3.6].

Direct sums will play a crucial role in later sections. Let Z be a non-empty set and
let ((V;, Ci, u;));e7 be a collection of order unit spaces. We define the order direct
sum to be the vector space

@Vi =i v:7T— UVi: v; € V; foreveryi € Z and sup ||v; ||y, < o0
ieZ i€l i€
2.3)

with the cone {v € @,.7 Vi: v(i) € C;foreveryi € Z}. Then P, 7 V; is an
Archimedean directed partially ordered vector space with order unit i + u;, which
we denote by u. Note that for every v € @,.7 Vi we have that

vllu = sup (@), - 2.4

ael

Let J be a non-empty subset of Z. We define ®7: B;c7V; — D,z Vi by
® 7(w) = v, where v; = w; for every i € J and v; = 0 otherwise. Clearly,
® 7 is a bipositive linear map. If J = {;}, then we write ®; instead of ® 7.

If (W;, K;, w;));e7 is another family of order unit spaces and for every i € 7 we
have a linear map 7;: V; — W, such that for every v € @ieI Vi the map i — T;v(i)
from Z to ;.7 Wi belongs to B, .7 Wi, then we denote this map by P, 7 7.

Let (V, C, u) be an order unit space with V # {0}. Then V is called irreducible if
for every collection ((V;, C;, u;));7 of order unit spaces such that V is isomorphic to
@D,z Vi as order unit spaces, there exists i € Z such that V; = {0} for all j € Z\{i}.
Otherwise, V is called reducible. If there exists an order projection P in V with P # 0
and P # I, then

(P[V], P[C], Pu) and ((I — P)[V]. (I — P)[C], (I — P)u)

are non-trivial order unit spaces and V is as order unit space isomorphic to the order
direct sum P[V]@® (I — P)[V]. Hence, V is reducible.

Let (V, C) be adirected partially ordered vector space. The order theoretical centre
of V is the set

E(V):={T: V — V: T is linear and there exists A > O such that — Al <T <\I},

which is a partially ordered vector space with order unit /. If V is Archimedean, then
so is E(V). In that case, Buck shows in [5] that the restriction of each T € E(V) to
any subspace of V that is an order unit space corresponds to a multiplication operator
on the functional representation of that subspace. As a consequence, he obtains that
E(V) is commutative under composition. In our analysis, we also need properties of
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the operator norm on E(V), stated in Corollary 2.7(i),(ii), and (iv) below. As it is little
extra work, we will reprove Buck’s result for order unit spaces and make the treatment
of E(V) self-contained.

A norm ||| on V is called semimonotone if there exists a constant « such that
for all v, w € C with v < w we have ||v|| < k||lw]||. The norm is called regular if
lv]| = inf{]lw]: —w < v < w} forevery v € V.If ||-|| is a semimonotone norm
on V such that C is closed and V is complete, then the norm is equivalent to a regular
norm and then every element of E(V) is a bounded operator; see [19, Corollary 3.4.13
and Lemma 5.4.1]. In that case, we obtain

E(V) ={T € B(V): thereexists A > Osuchthat —AI <T < AI}, (2.5)

where B(V) denotes the vector space of all bounded linear operators on V. Note that
for a general order unit space, the order theoretical centre E(V') can be equipped with
both the operator norm and the order unit norm. In Corollary 2.7 below, we show that
these norms coincide.

For alinear subspace X C C(£2), where 2 is a compact Hausdorff space, we denote
the point evaluation at a point w € 2 by &, that is, &,,(x) = x(w) for every x € X.
For a function f € C(2), we define the corresponding multiplication operator M y on
C(2) by

Me(g)(w) = f(w)gw), we Q, geC(Q).
Note that [|[M¢|| = || fllco. We show that the operators in the order theoretical cen-

tre of an order unit space correspond to multiplication operators on the functional
representation.

Proposition 2.5 Let Q2 be a compact Hausdorff space and let X € C(S2) be a linear
subspace containing the constant one function 1. Assume that

Qo :={w € Q: 8y: X — Ris a Riesz homomorphism}

isdensein Q. Let T : X — X be alinear map withQ < T < I. Then for every x € X
and for every w € Q we have

(T'x)(w) = (T'D)(w)x(w).
Proof Let w € Qp. Define ¢: X — R by
ox) = (Tx)(w), x € X.

Then¢: X — Rislinear and forevery x € X withx > Owehave0 < Tx < Ix = x,
SO

px) = (Tx)(w) > 0and p(x) = (Tx)(w) < x(w) = &y (x).

@ Springer



10 Page 8of 54 0O.van Gaans et al.

Hence 0 < ¢ < §. Due to Proposition 2.4, we have é,, € Ay, hence §, is an
extreme point of Xx. Then §,, is extremal in the dual cone of X by [19, Lemma
1.5.19]. Therefore, there exists A € [0, 1] such that ¢ = A§,. In particular, A =
Ayw(1) = (1) = (T 1)(w). Thus, for every x € X we have

(Tx)(w) = p(x) = Ady (x) = (T1)(w)x(w).

Next, let x € X. As Tx, T1, and x are continuous on 2 and €2 is dense in €2, it
follows that (Tx)(w) = (T 1)(w)x(w) for every w € . O

The next result and Corollary 2.7(iii) are due to Buck in [5].

Theorem 2.6 Let (V, C,u) be an order unit space and let : V — C(A) be its
functional representation.

(i) Wehave E(V) ={T:V - V: ®oT = Meu o D}.
(ii) Forevery S,T € E(V), we have that ® o (SoT) = My, o ®, where f = ®(Su)
and g = ©(Tu).

Proof (i) Let T € E(V). Let @ > 0 be such that —/ < «T < I and denote S :=
I— %aT. Then0 < § < I. Since & is an order isomorphism from V onto the subspace

X = ®[V] of C(A), we have that A equals

{weA: §,: X — Ris aRiesz homomorphism}

={we A: w: V - Ris a Riesz homomorphism},
which is dense in A. Proposition 2.5 yields for every x € X and every w € A that
(@o0Sod 'x)(w)=(PoSod 1)(w)x(w),
so that for every v € V we have
(P o SHv)(w) = ((P o SHu)(w)(Pv)(w).

Hence, ((® — %acb oTv)(w) = (1 — %aCD o Tu)(w)(Pv)(w), which yields that
D oTv= Mgy (PW)).

Conversely,let T: V — V be such that ® o T = M¢(7y) o ®. There is o > 0 with
—al < ®(Tu) < al. Then for every v € C we have —a®(v) < ®(Tv) < ad(v),
sothat —al < T <al.

(ii) Wehave @ o (SoT) = (PoS)oT =Mpo®)oT =Mro(®oT) =
Mpo(Mgo®)=(MroMg)od =Mg,0d. O

Corollary 2.7 Let (V, C, u) be an order unit space.

(1) E(V) is a subspace of B(V) and the operator norm and the order unit norm
induced by I coincide.
(ii) E(V) is a closed subspace of B(V).
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(iii) E(V) with composition is a commutative associative algebra.
(iv) Forevery S, T € E(V) we have

ISTI < ST, IT>) = T2, and |T?| < |IS* + T?||.

Proof (i) We use the functional representation of V and Theorem 2.6. Let T € E(V),
denote f := ®(Tu),andput X := ®[V]. Then PoT = My o ®.Since 1 = ®(u) €
®[V], both the operator norm and the order unit norm of My on X equal || foo.
Indeed, for every x € X we have [[Mfxlloc < || flloollXlloc and [MsLlloc = || flloos
hence ||[M¢|| = || flloo- For every @ > 0 and every x € X with x > O we have that
—alx < Myx < alx if and only if —ax(w) < f(w)x(w) < ax(w) forall w € A,
hence —al < My < al ifand only if —al < f < al.Thus, [Msll; = || fllco-

As ®: V — X is an order isomorphism, for all x € C we have —Ax < Tx < Ax
if and only if —A®(x) < M;®(x) < AD(x). Hence ||T|l; = Myl 1, where | T||;
is the order unit norm in E(V) and |[M¢||; is the order unit norm in E(C(£2)). Also,
®: V — X is an isometry, so T is bounded and ||T|| = [[My|. Thus, |T]; =
IMgllr =1 flloo = IIMpll =T

(ii) Let (T,,), be asequence in E(V) andlet T € B(V) be suchthat ||7,, — T|| — O.
For every n € N denote f,, := ®(T,u). By (i), we have || f, — fullo = My, —
My, || = 1T, — Tl for every n, m € N, hence (f;,), is a Cauchy sequence in C(A).
Let f € C(A) be the limit of (f;,),. Next we show that ® o T = M o ®. Indeed, let
veV.As®oT, =My, o ® forevery n € N, we have

[(®oT)v—(Myso@u|| =[(PoT)v—(PoT)v+ (Mg, 0o ®P)v— (My o P
< [IPINT, — Tl + 11fu — fllsollvll — O,
hence ® o T = My o ®. Hence ®(Tu) = f and T € E(V) by Theorem 2.6(i).
(iii) Let S, T € E(V) and let o, B € R be such that —a/ < S < «f and
—BI <T < BI.As BI + T is positive, we obtain S(BI + T) < a(BI + T), hence
ST <afl +aT — BS <3apfl.

Similarly, ST > —3af1, hence ST € E(V).
Let f = ®(Su) and g = ®(Tu). By Theorem 2.6(ii), we have

®o(ST)=Mpgo®=Mypod=do(TS),
hence ST =TS.
(iv) Clearly, the operator norm is submultiplicative. With the aid of Theorem
2.6(ii), we obtain
T2 = Mgl = llg*lleo = lIglZ = T
Similarly, |72 = llg*lloc < /2 +8&%lloc = 1M p2y 2|l = IM7+MI| = |S*+T2],
since (MJ% + M) od=do(S?+T2). o
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Remark 2.8 Let (V, C,u) be an order unit space and Q = (T?: T € E(V)). By
Corollary 2.7(iii), we have Q C E(V). Moreover, Q € E(V),.Indeed,letT € E(V)
and f = ®(Tu). As in Corollary 2.7(iv), we have ® o T? = M g2 o ®. Since @ is an
order isomorphism, it follows that 72 is positive. In general, the sets Q and E(V),
differ. For an example, let V := Pol[0, 1] be the subspace of C([0, 1]) consisting
of all polynomials. Then V is an order unit space with the constant function 1 as
order unit. Since V is order dense in C([0, 1]), the space C([0, 1]) (with identity as
embedding map) is the functional representation of V. Further, V is an associative
subalgebra of C([0, 1]). Let f(¢) = 2 + 1. The multiplication operator M y maps V
into V. Also,0 < My < 21,hence My € E(V)4. Suppose that there exists T € E(V)
such that T2 = My. Let g = T1. Then, by Theorem 2.6, we have T = My, so that
M, = 7% = M, hence g% = f and thus g is not a polynomial. Then T'1 = M,1is
not in V, which yields a contradiction. Note that we also obtain that Q is not a cone,
as M1, M, .2 € Q.

Corollary 2.9 Let (V, C,u) be an order unit space and lﬁt ®:V > C(A) be its
functional representation. If ®[V] is a subalgebra of C(A), then E(V) = {®&~! o
Mso®: fe®[V].

3 Preliminaries on JB-algebras

A Jordan algebra (A, o) is a commutative, not necessarily associative algebra such
that

XO(yoxz) = (xoy)ox2 forall x,y € A.
A JB-algebra A is anormed, complete Jordan algebra over the scalar field R satisfying

oyl < iy,
2 2
2] = 11

| = [+ 7]

for all x,y € A.If A is finite-dimensional and there is an inner product on A such
that (x oy, z) = (x, yoz) forall x, y, z € A, then A is a so called Euclidean Jordan
algebra, see [10, Chapter III]. As mentioned in the introduction, an important example
of a JB-algebra is the set of self-adjoint elements of a C*-algebra equipped with the
Jordan product x o y := %(xy + yx).

The elements x, y € A are said to operator commute if x o (yoz) = yo (x 0z)
forall z € A. Anelement x € A is said to be central if it operator commutes with all
elements of A. The algebraic centre of A, denoted by Z(A), consists of all elements
that operator commute with all elements of A, and it is an associative subalgebra
of A. In the remainder of this paper, it will be assumed that all JB-algebras have an
algebraic unit e and then e € Z(A). The following representation theorem can be found
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in [13, Theorem 3.2.2]. Here C(£2) is endowed with supremum-norm and pointwise
multiplication.

Theorem 3.1 Every associative unital JB-algebra is isometrically isomorphic as a
JB-algebra to C(R2) for some compact Hausdorff space 2.

Corollary 3.2 The algebraic centre Z(A) of a unital JB-algebra is isometrically iso-
morphic as a JB-algebra to C(K2) for some compact Hausdorff space Q.

The spectrum o (x) of x € A is defined to be the set of A € R such that x — e
is not invertible in JB(x, e), the JB-subalgebra of A generated by x and e, see [13,
Section 3.2.3]. Furthermore, there is a continuous functional calculus, which means
that there exists an isometric JB-algebra isomorphism from JB(x, ¢) onto C(o (x)),
see [3, Corollary 1.19]. The cone of elements with non-negative spectrum is denoted
by A4, and equals the set of squares by the functional calculus, and its interior A%
consists of all elements with strictly positive spectrum. This cone turns A into an order
unit space with order unit e, that is,

lx|| =inf{A > 0: —Xke < x < Xe}.
The Jordan triple product {-, -, -} is defined as
{x,y,z2}i=(xoy)oz+(zoy)ox —(xoz)oy

for x, y, z € A. The linear map U, : A — A defined by U,y := {x, y, x} will play an
important role and is called the quadratic representation of x. It is always a positive
map by [3, Theorem 1.25]. In case x is invertible, it follows that U, is an automorphism
of the cone Ay and its inverse is U,-1 by [3, Lemma 1.23] and [3, Theorem 1.25]. A
state ¢ of A is a positive linear functional on A such that ¢(e) = 1. The set of states
on A is called the state space of A. The extreme points of the state space are referred
to as pure states on A (cf. [3, A 17]). In the notation introduced for pre-Riesz spaces
in the previous section, the state space is denoted by X 4 and the pure states by A 4,
which would be the Riesz homomorphisms from the functional representation of A
given in (2.2).

A JBW-algebra M 1is the Jordan analogue of a von Neumann algebra: it is a
monotone complete JB-algebra with unit e and a separating set of normal states,
or equivalently, a JB-algebra that is a dual space. A state ¢ on M is said to be normal
if for any bounded increasing net (x;); with supremum x we have ¢(x;) — ¢(x). The
(convex) set of normal states on M is called the normal state space of M. The topology
on M defined by the duality of M and the normal state space of M is called the o-weak
topology. That is, we say a net (x;); converges o-weakly to x if ¢(x;) — ¢(x) for
all normal states ¢ on M. The Jordan multiplication on a JBW-algebra is separately
o-weakly continuous in each variable and jointly o-weakly continuous on bounded
sets by [3, Proposition 2.4] and [3, Proposition 2.5]. Furthermore, for any x the corre-
sponding quadratic representation U, is o-weakly continuous by [3, Proposition 2.4].
If A is a JB-algebra, then one can extend the Jordan product uniquely to its bidual A**
turning A** into a JBW-algebra, see [3, Corollary 2.50].
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An element p in a JBW-algebra M is a projection if p> = p. For a projection
p € M, the orthogonal complement, e — p, will be denoted by p~ and a projection ¢
is orthogonal to p precisely when g < p=, see [3, Proposition 2.18]. In each JBW-
algebra M, the spectral theorem [3, Theorem 2.20] holds, which implies, in particular,
that the linear span of projections is norm dense in M, see [13, Proposition 4.2.3].

Let (V;);c7 be a family of JBW-algebras with units u;. The algebraic direct sum of
(Vi)iez 1s the vector space given by (2.3) endowed with the norm given by (2.4) and
componentwise multiplication. According to [3, Definition 2.42], the algebraic direct
sum ;.7 V; is a JBW-algebra. If V; is atomic for every i € Z, then the direct sum
P,z Vi is atomic, as well. As the positive elements are the squares, the algebraic
direct sum and the order direct sum of JBW-algebras coincide.

Any central projection p, i.e., p is a projection that is also a central element,
decomposes the JBW-algebra M as an algebraic direct sum of JBW-subalgebras such
that M = U,M & U oL M, see [3, Proposition 2.41]. If a JBW-algebra M has trivial
algebraic centre Re, M is called a factor. A minimal element in the set of all non-zero
projections of a JBW-algebra is called an arom. A JBW-algebra in which every non-
zero projection dominates an atom is called atomic. Our investigation of atomic JBW-
algebras relies on the representation given in Theorem 1.1 and the list (i)—(iii) (above
that theorem) of atomic JBW-algebras that are factors. Those factors are discussed
in detail in “Appendix A’. It is shown there that they are indeed JBW-algebras and
factors. Moreover the states and pure states are described. The latter are used in the
subsequent section to show that the factors are disjointness free anti-lattices.

4 Factors of atomic JBW-algebras are anti-lattices

Recall that every unital JB-algebra A is an order unit space. Therefore, its functional
representation (C(AQ), Dy) given by (2.2) is a vector lattice cover. All elements of As
are states of A, and the elements of A 4 are precisely the pure states. Disjointness of two
elements a, b € A is equivalent to disjointness of ® 4 (a) and ® 4 (b) in C(A 4), which
is pointwise disjointness on A 4. To show that a and b are not disjoint, it suffices to
find one element ¢ € A 4 such that p(a) = (®4(a))(¢) # 0 and, similarly, ¢ (b) # 0.

4.1 Disjointness in B({4)sa and B(H)sa

We will use vector states to show that there are no non-zero disjoint operators in
B(H4)sa. For a normalised vector v € H, the corresponding vector state is given by
u(T) := (Tv,v), T € B(Hy). By Lemma A.6, vector states of B(H,)sa are pure
states.

Proposition 4.1 There are no non-zero disjoint operators in B(Hy)sa.

Proof Let S and T be non-zero. Then there are normalised vectors v and w such that
(Tv,v) # 0and (Sw, w) # 0 by Lemma A.3 and the functional calculus [3, Corol-
lary 1.19]. Consider the corresponding vector states ¢, and ¢,,. If either (Tw, w) # 0
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or (Sv, v) # 0, then either

Puw(T)pu(S) # 0 or gy (T)py(S) # 0.

On the other hand, if (Tw, w) = (Sv, v) = 0, choose n > 1 such that n?(Tv, v) +
2Re((Tv, w)) # 0, 2Re({(Sv, w)) + nlz(Sw, w) # 0, and nv + %w # 0. Define

qo := nv + ywand g := [|g0[l~" go. Then

(Tq0. o) = n*(Tv, v) +2Re((Tv, w)) + 5 (Tw, w) # 0
and

(Sq0. g0) = n*(Sv. v) + 2Re((Sv, w)) + & (Sw, w) # 0.
Hence, we have

9q(T)pq(S) # 0.

We conclude that in either case there exists a pure state ¢ by Lemma A.6 such that
@(T)p(S) # 0,s0 T and S are not disjoint. m]

The argument to show that there are no non-zero disjoint operators in B(H )5, where
H is a complex or real Hilbert space is analogous to the proof of Proposition 4.1.

Proposition 4.2 Let H be a real or complex Hilbert space. Then there are no non-zero
disjoint operators in B(H )g,.

This proposition is a generalisation of [17, Proposition 16], where the space of sym-
metric n X n-matrices with the cone of positive semi-definite matrices is considered.

4.2 Disjointness in spin factors

To show that there are no non-zero disjoint elements in a spin factor H @& R, we will
use the characterisation of the pure states given in Lemma A.13.

Proposition 4.3 There are no non-zero disjoint elements in a spin factor.

Proof Let (x, A) and (y, u) be non-zero elements of H @ R. Then there are pure states
¢ and ¥ such that ¢((x,A)) # 0 and ¥ ((y, n)) # 0. According to Lemma A.13,
there are unit vectors v and w of H such that the state ¢ is represented by (v, 1) and
the state v is represented by (w, 1). We have (v, x) + A # 0 and (w, y) + u # 0.

Let us first consider the case v # w and v # —w. Then v and w are linearly
independent. For every ¢ € (0, 1), define u; = tv + (1 — f)w. Note that u; # 0.
Define n; = (us/||lus]|, 1) for every t € (0, 1). By Lemma A.13, », is a pure state.
The equation 7;((x,2)) = 0 holds for at most two values of r € (0, 1). Indeed,
n:((x, A)) = 0 comes down to (u;, x) + Al|u;|| = 0, which yields

(tv+ (1= DHw, x) = =212+ (1 — )2 4+ 2t(1 — 1) (v, w).
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Squaring both sides and sorting terms leads to the following quadratic equation in 7,

<(v, x)2 4+ (w, x)% = 2(v, x)(w, x) — 222 + 223 (v, w)) 12

+ (—Z(w, )2 4 2(v, x) (w, x) + 222 — 2220, w>) t+ (w,x)2 =22 =0.

If the equation would be satisfied for three or more values of ¢, then its coefficients
are zero, so A2 = (w, x)z, 2{v, x){w, x) — 2{(w, x)z(v, w) =0, and

(v, x)% = (w, x)% = 2(v, x){(w, x) + 2(w, x)*(v, w) = 0. 4.1)

Addition of the latter two equations yields (v, x)? = (w, x)? and from (4.1) we then
also obtain

(v, x)(w, x) = (w, x) (v, w).

Observe that (w, x) # 0, as otherwise (v, x) = 0 and A = 0, whereas (v, x) + A # 0.
Therefore, from (v, x)2 = (w, x)2 we obtain either (v, x) = (w, x) and (v, w) = 1,
or (v, x) = —(w, x) and (v, w) = —1. As v and w are unit vectors, it follows from
Cauchy-Schwarz that v = w or v = —w, which both yield a contradiction. Thus,
the equation n,((x, A)) = 0 holds for at most two values of ¢+ € (0, 1). Similarly,
n:((y, n)) = 0 holds for at most two values of t € (0, 1). We conclude that there
exists ¢ € (0, 1) with n;((x, A)) # 0 and n;((y, u)) # 0. Therefore, (x, 1) and (y, u)
are not disjoint.

Let us now address the case v = w or v = —w. Since H is at least two dimensional,
there exists a unit vector z € H which is linearly independent of v and w. For every
s € (0, 1), define wy = w + sz and note that w; 7# 0. Then ¥; = (ws/||ws]l, 1) is a
pure state by Lemma A.13. It follows by continuity that there exists s € (0, 1) such
that ¥, ((v, ) = (ws, y)/lws |l + 1 # 0. The first part of the proof with i replaced
by ¥ yields that (x, 1) and (y, i) are not disjoint. O

A finite-dimensional space with a Lorentz cone is a special case of Proposition 4.3
and for such a space the result also follows from [17, Theorem 15].

4.3 Disjointness in M3(0)s,

We will use the characterisation of the pure states in Lemma A.18 to show that there
are no non-zero disjoint elements in M3(Q)g,.

Proposition 4.4 There are no non-zero disjoint elements in M3(Q)g,.

Proof Let A, B € M3(0)g, be non-zero and distinct. By Lemma A.18, there are
minimal projections P and Q suchthat (A, P) # Oand (B, Q) # 0.Ifeither (A, Q) #
Oor (B, P) # 0,then A and B are notdisjoint. If (A, Q) = (B, P) = 0, we distinguish
two cases.

@ Springer



Order theoretical structures in atomic JBW-algebras. .. Page150f54 10

As case 1, consider P o Q # 0. Then (P, Q) # 0 by [10, Exercise I11.3]. Note that
(P, Q) < /(P, P)J/(Q, Q) = 1bythe Cauchy—Schwarz inequality,and (P, Q) < 1

as otherwise
(P—0,P—0Q)=(P,P)—=2(P, Q)+ (0, 0) =0,

which is impossible as P and Q are distinct. Hence, there exists 6 € (0, %n) such
that cos2 0 := (P, Q). Define

, (10 ,_ cos’6 cos@sind ;. cos?0  icos@sing
P = , 0 = . .9 , R:=1| . .
00 cosfsinf sin“ 6O 5 Ccos 0 sind 0

The Jordan algebra generated by P and Q (without /3) is isomorphic to M3 (R)g, via
the map

aP +BQ+yPoQ+— aP +BQ +yR

by [10, Proposition IV.1.6]. By Remark A.15, all the minimal projections in M (R)g,

are of the form
1
§+x2 X1
X1 %—XQ ’

wherex%—i—x% = }T.Letn e N. With x; :=

, it follows that

=

is a minimal projection in M (R)g,. A computation shows that
S]/q = anP/ + lgnQ/ + VnR/y

where

1, —Dcos’6  24/n—Tcosf

" nsinZ @ nsin@
B, = n—1
" nsin2e’
2Wn—1 2m—1)
Yn ‘=

ncos 0 sind nsin9

Since S}, is a projection in My (R)s, with trace(S),) = 1, the preimage
Sn =P+ B Q+yuPoQ
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is a projection in M3(Q)s, with trace(S,) = 1 as well. The spectral decomposition
of S, expands S, as a linear combination of minimal projections and the spectrum
of S, consists of the coefficients in this linear combination. As S, is a projection,
we have o (S,) = {0, 1}. Since the trace of S, equals 1, only one term in its spectral
decomposition can be non-zero. Thus, S, is a minimal projection. Suppose there is
a subsequence of ((A, S;))s>1 such that (A, S,,) = O for all k¥ > 1. Note that as
n — 0o,

cos? 6

oy —> R ) n —> R )
sin? 6 sin? 0

and y, — —

sin?6 "

By letting k — ooin (A, S,,) = 0, we find

A cos? Py 1 0 2 Po0 0
R — o = 0.
sin? 6 sin? 6 sin?

As (A, Q) = 0, we obtain (A, P o Q) = %(A, COSZQP). Hence 0 = (A, Sy,) =
(0t + % 0820y, ) (A, P) forall k > 1. But

1 1 nr —1cosf
ank—i-—cosz@ynk :——k—, <0
2 ng ny sin 6

forall n; > @, which yields a contradiction. Hence, there is a number N > 1 such
that (A, S,) #Oforalln > N.

There is anumber M > 1 such that (B, S,) # 0 whenevern > M. Indeed, suppose
there is a subsequence such that (B, S, ) = 0 for all k > 1. Taking limits yields

< cos? 6 N 1 2 p Q> 0
s — o =0.
sin@ cos?6  sin?6
As (B, P) = 0, we obtain
(B.Po0) =0 15 o)
o = — .
’ 2cos2f "’
Hence
sin? 6
0=(B, Sy,) = ﬂnk+mynk (B, Q).
Note that

ﬂ+sin26 _n—1(1 L\, vn—Tlsiné
" 2c0s26” T Tn \sin2e  cos20 ncos3f

which is non-zero for large n. Thus, we arrive at a contradiction.

@ Springer



Order theoretical structures in atomic JBW-algebras. .. Page17of54 10

Therefore, for any n > N, M, we have (A, S,)(B, S,) # 0, which yields that A
and B are not disjoint, as (-, S,) is a pure state by Lemma A.18.

Next, we consider the case 2, namely P o Q = 0. We will construct a minimal
projection R such that R o P # 0 and (B, R) # 0. Then case 1 of the proof with
Q replaced by R yields that A and B are not disjoint. To construct R, we use that
M;3(Q)s, is a factor, so there is a C € M3(Q)g, suchthat Po C = Qo C = %C and
C’=P+0 by [10, Proposition IV.1.4(i)] and [10, Proposition IV.2.4(i)]. Note that
(C,P)=(C,P%) =(PoC,P)= %(C, P),so (C, P) = 0. Similarly, it follows that
(C, Q) =0, and hence,

trace(C) = trace (%C + %C) = trace(P o C) + trace(Q o C)
=(C,P)+(C,Q)=0.

For numbers o, 8 such that o> + 8% = 1, a straightforward calculation shows that
2 2
a”P+ B0 +apC

is a projection. Its trace equals 1, so it is a minimal projection. Define for n > 1 the
minimal projection R, by

R 1 1 1

Since (B, P) = 0 and (B, Q) # 0, there exists N such that for n > N we have
(B, Ry) # 0. Moreover, there exists n > N such that R, o P # 0,50 R := R, is as
required. O

5 Order direct sums of order unit spaces

By Theorem 1.1, every atomic JBW-algebra is a direct sum of atomic JBW-algebra
factors. In Sect.4, we have shown that these factors are disjointness free anti-lattices.
Thus, every atomic JBW-algebra is the order direct sum of order unit spaces that are
disjointness free anti-lattices. In this section, we consider order direct sums of order
unit spaces, we investigate their vector lattice covers, relate Riesz* homomorphisms
on the direct sum with those on the components, and we determine the functional
representation. For clarity of the ideas, we first consider the case of two components
and then formulate the general case, which is entirely similar.

Lemma 5.1 Let Y1 and Y be partially ordered vector spaces and X1 C Y1, X C V>
subspaces. If X; is order dense in Y; (i € {1,2}), then X1 x X, is order dense in
Y| x Y».

Proof Lety = (y1, ) € Y1 xYoand S := {(x1,x2): x; € X;, x; > y;, i € {l1,2}}.
Clearly, y is a lower bound of S. Let z = (21, z2) € Y1 x Y» be a lower bound of S.
Fori € {1, 2}, we have z; < x; for every x; € X; with x; > y;. As X; is order dense
in Y;, we obtain z; < y;. Hence z < y. Therefore y = inf S. O
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We note an immediate consequence of Lemma 5.1.

Proposition 5.2 If X1, X, are pre-Riesz spaces and (Y1, 11), (Y2, i2) vector lattice
covers of X1, Xo, respectively, then (Y1 x Ya,i1 X i2) is a vector lattice cover of
X1 x X».

We relate Riesz* homomorphisms on pre-Riesz spaces to Riesz* homomorphisms
on their Cartesian product.

Proposition 5.3 Let X, X»> be pre-Riesz spaces and Z an Archimedean pre-Riesz
space.

(1) Ifh1: X1 — Z is a Riesz* homomorphism, then
h: X1 x Xo = Z, (x1,x2) = hi(x1),

is a Riesz* homomorphism.
(i) Assume that Z is a disjointness free anti-lattice. If h: X1 X X2 — Z is a Riesz*
homomorphism, then

hi: X1 —> Z, x— h(x,0), hy: Xo — Z, x— h(0, x),

are Riesz* homomorphisms, and there is k € {1, 2} such that for all (x1, x3) €
X1 x Xp we have h(xy, x2) = hy(xg).

Proof For j € {1,2},let (Y}, i;) be a vector lattice cover of X ;. Let (Z%, i) be the
Dedekind completion of Z, see [19, Theorem 2.1.13].

(i) Take for the Riesz completion X f of X the Riesz subspace of Y| generated by
i1[X1]. By Theorem 2.3, there exists a Riesz homomorphism 47 : X{ — Z% such that
hf oi] =iz ohy. Asij[X1]is majorizing in Y7, we have that X’f is majorizing in Y.
By Theorem 2.2, there is a Riesz homomorphism /1 : ¥ — Z% extending hY . Define

h:YixYa— 2%, (y,y2) = ).
Clearly, h is linear. Moreover, for every (y1, y2) € Y1 x Y, we have
(G yh =kl [y21) = by (i = [ oo [ = |7 G,y |
hence / is a Riesz homomorphism. For every (x1, x2) € X1 X X», we have

iz(h(x1, x2)) = iz(h1(x) = h (i1 (x0) = by () = h (i1 (1), i2(x2))
= h (1 x i2)(x1, x2)) -
A combination of Proposition 5.2 and Theorem 2.3 yields that % is a Riesz* homo-
morphism.

(ii) Let Y” be the Riesz subspace of Y| x Y, generated by (i1 x 2)[X1 x X»o].
According to Theorem 2.3, there is a Riesz homomorphism h:YP — Z% such that
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ho (i1 X ip) =iz oh.As Y? is majorizing in Y| x Y», by Theorem 2.2, there is a Riesz
homomorphism H: Y| x ¥» — Z° such that H extends h.In particular, for every
y € (i1 X i2)[X1 x X2], we have H(y) = fz(y), therefore H o (i1 x ip) = iz o h. For
every (y1, y2) € Y1 x Y, define

Hi:YH — Z‘S, yi+— H(y1,0), and Hy: Y — Zé, y2 = H(O, y2).
H, is linear, and for every y; € Y| we have

Hi(lyil) = H((Iy1].0)) = H(|(y1, O)]) = [H (y1, 0)| = [H1(y1)]

hence Hj is a Riesz homomorphism. Moreover, for every x € X1, we have

(Hoi)(x) = Hy (i1(x)) = H ((11(x), 0)) = H ((i1(x), 12(0)))
= H ((i1 x i2)(x,0)) = iz(h(x,0)) = iz(hi(x)),
hence Hoi1 = izoh.Similarly, H; is aRiesz homomorphism with Hyoir = izoh;. It
follows by Theorem 2.3 that /21 and &, are Riesz* homomorphisms. It remains to show

that there exists k € {1, 2} such that h(x1, x2) = hy(x) for every (x1, x2) € X1 X X>.
First, observe that for every (x1, x2) € X x X» we have

h(x1, x2) = h(x1,0) + h(0, x2) = hi(x1) + ha(x2).

If A1 = 0 then we choose k = 2. Otherwise, if 7] 7% 0, we show that i = 0. Indeed,
choose x; € X such that h1(x1) # 0. For every xo € X3, we have (ij(x1),0) L
(0, i2(x2)) in Y1 X Y», therefore H (i;(x1),0) L H (0, iz(x2)) in 78, Since

H (i1(x1),0) = Hi (i1(x1)) = iz(hi(x1)) #0,
and Z is a disjointness free anti-lattice, it follows that H (0, i»(x2)) = 0, hence

iz(ha(x2)) = Ha(i2(x2)) = H(0, i2(x2)) =0,
which implies /5 (x32) = 0. Thus, Ay = 0. O
For an order unit space X, we have, by Proposition 2.4,

Ax ={h: X - R: hisaRiesz* homomorphism, h(u) = 1} .

Therefore, we obtain the following consequence of Proposition 5.3.

Proposition5.4 Let (X1, K1, u1) and (X», K>, uy) be order unit spaces. Then (X1 X
X2, K1 x Ka, (u1, up)) is an order unit space and

Axyxx, = {1, x2) = f(x): feAx, JU{(x1,x) > g(x): g€Ax,}.
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Moreover, if we consider the disjoint union topology on le U sz, then the map
J: Ax, UAx, = Ax,xx, given by

fx) iff €Ax,,
J , = _
R P v

for (x1, x2) € X1 x X3, is a homeomorphism.

Proof We apply Proposition 5.3 for Z := R.

Leth € le xX,. Let hy, ha, and k be as in Proposition 5.3(i7). Then A (uy) =
h(uy,uz) = 1, hence hy € Ax,.

Conversely, let 1] € A x, and define & as in Proposition 5.3(7). Then A(u1, uz) =
hi(uy) =1,hence h € AX1><X2 For hy € AXZ, the proof is analogous.

It remains to show that J and J~! are continuous. Let (f;); be a netin A x, U A X,
and let f € Ax1 U sz be such that f; — f. Assume first that f € Ax1 Then there
is ig with f; € Ax, forevery i > ip. Hence, for every (x1,x2) € X1 x Xp andi > i,
we have

(Jf)(x1, x2) = filx1) = f(x1) = (Jf)(x1, x2),

therefore Jf;i — Jf. Similarly, if f € AXZ, we obtain Jf; — Jf. Thus, J is
continuous. Since A x, Y A X, 1s compact and A X, x X, is Hausdorff, it follows that
J~1is continuous. O

Corollary 5.5 The functional representation (C (Ax,xx,) . ®x,xx,) of X1 x X3 sat-
isfies

C (lexxz) =C (le) ®C (sz) ’
Dx,xx, (x1, x2) = (Px, (x1), Px,(x2))

forall x1 € X1 and x> € X».

Proposition 5.6 Ler X1 and X7 be pre-Riesz spaces. Then X1 x {0} and {0} x X, are
projection bands in X1 x X».

Proof Let (Y1, i1), (Y2, i7) be vector lattice covers of X1, X7, respectively. By Propo-
sition 5.2, (Y1 x Y2, i1 X ip) is a vector lattice cover of X| x X».
Let x; € X; and xp € X5,. Then (i;(x1),0) L (0,ip(x2)) in Y7 x Y», hence
(x1,0) L (0, x2)in X1 x X». Thus, X1 x{0} € ({0} x X»)dand {0} x X» € (X x{0})Y.
Let (v1, v2) € (X1 X {0})d. Then, for every x| € X, we have

(i1 (v1), i2(v2)) L (F1(x1), 0).
By order denseness of i1[X] in Y, we obtain (i1 (vy), i2(v2)) L (y1,0) for every
y1 € Y1. Therefore, i1(v) = 0, hence v; = 0. We get (v, v2) = (0, v2) € {0} x X».
Consequently, (X1 x {0D¢ € {0} x X».
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We conclude (X x {0})d = {0} x X, and, similarly, ({0} x X2)9 = X; x {0}.
Thus, (X1 x {0)9 = X x {0}, which means that X| x {0} is a band. Analogously,
{0} x X5 is aband. Finally, X1 x X» = (X1 x {0}) & ({0} x X3), hence X; x {0} and
{0} x X» are projection bands. O

Analogues of the statements of Proposition 5.4, Proposition 5.3, and Proposition
5.6 are valid for arbitrary direct sums of order unit spaces, as we state next without
proof.

Proposition 5.7 Let ((V;, Ci, u;));e7 be a family of order unit spaces and, for every

i €I, let Y; be an Archimedean partially ordered vector space and j;: Vi — Y; be a

bipositive linear map such that j; (u;) is an order unit in Y;. Denote V.= @, .1 V.

(1) If ji[Vi] is order dense in Y; for every i € Z, then @ieI JjilVil is order dense in
D, 1 Yi. Consequently, if (Y;, j;) is a vector lattice cover of V; for every i € T,
then (B, .7 Yi, ;7 Ji) is a vector lattice cover of V.

(ii) Let Z be a disjointness free anti-lattice. For every k € I and every Riesz* homo-
morphism h: Vy — Z the map H: V — Z defined by

H(x) = hx(®). x @V
iel
is a Riesz* homomorphism. Conversely, if H: V — Z is a Riesz* homomorphism,
then for every k € I the map h: Vi — Z defined by

hi(v) == H(®r(v)), veV,

is a Riesz* homomorphism. Moroever, in the latter case there exists k € T such
that H(v) = hi(v) for everyv € V.
(iii)) We have

Ay = U [x> fx(k): V- R: fely}.
kel

Moreover, consider the disjoint union topology on UkeIKVk and the map
J: LiieI Ay, = Ay given by (J(f))(x) = f(x(i)), where i € T is such that
f € Av,. Then J is a homeomorphism.

6 Disjointness and bands in order direct sums of disjointness free
anti-lattices

In this section, we characterise disjointness and bands in atomic JBW-algebras. First,
we show that two elements in an order direct sum of order unit spaces are disjoint if
and only if they are componentwise disjoint.

Lemma 6.1 Let ((V;, Ci, ui))ict be a collection of order unit spaces with order direct
sum (V, C,u). Let v,w € V. Then v and w are disjoint in V if and only if for every
i € 1 the elements v(i) and w(i) are disjoint in V;.
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Proof Assume that v and w are disjoint in V. We have
{v@) +w@), —v@) —wd}" = {v@d) —w@), —v@) + w@}"

Indeed, letz € {v(i) + w(@@), —v(i) —w(i)}". Take ¢t := SUp 7 lv(j) + w(j)||uj and
define x € V by x(i) = z and x(j) = tu; for every j € Z\{i}. Then x € V and
x > v+ w,—v — w. As v and w are disjoint, we obtain x > v — w, —v + w. In
particular, z = x(i) € {v(i) —w(i), —v(i) +w(i)}". The converse inclusion is proven
similarly. Thus, v(i) and w(i) are disjoint.

Next, assume that for every i € Z we have that v(i) and w(i) are disjoint. For
every z € {v+ w,—v — w}" we have z(i) € {v(@) + w(@), —v(i) — w@@)}", so
ze€{v—w,—v+w}". Hence, {v+w, —v—w}" C {v—w, —v+ w}". The converse
inclusion follows similarly, so v and w are disjoint. O

Next we observe that the components of an order direct sum of order unit spaces
are projection bands that are pairwise disjoint. Let ((V;, Ci, u;));c7 be a collection
of order unit spaces with order direct sum (V, C, u). For every J < Z, we define
P7:V — Vby Py(v) = w, where w; = v; forevery i € J and w; = 0 otherwise.
Clearly, P is a projection with range ® 7 [, 7 Vi], where ® 7 is as defined below
(2.3).

Proposition 6.2 Ler ((V;, Ci, u;));e1 be a collection of order unit spaces with order
direct sum (V,C,u) and let 7 C 1.

(1) P is a band projection.
(i) ¢ [@iej V,~] is a projection band in V and is directed.

(iii) For every x € ® g [@ie] Vi] andy € ®7\ g [@iel\j Vi] we have that x and
y are disjoint.
. dd
(iv) We have ® 7 (ul7)" = @7 [B;cs Vi)

Proof (i) As Py and I — Py = Pr\ 7 both are positive, we have that P 7 is an order
projection, hence P is a band projection by [11, Proposition 3.1].

(ii) Follows directly from (i) and the fact that ® 7 [@ e V,-] has an order unit.

(iii) For every i € J we have y(i) = 0 and for every i € 7\ J we have x(i) = 0.
It follows from Lemma 6.1 that x and y are disjoint.

(iv)Asuly € @;cs Viand 7 [D;c 7 Vi]isabandin V, we have d 7 (u|j)dd c
o7 [@z eJ Vl]

In the proof of the converse inclusion, we call a set S of a partially ordered vector
space X full if for every s, € Sand x € X withs < x < r we have x € S.
As ¢ 7 (u|j)dd is a band, it is a full subspace by [19, Theorem 4.3.13 and Lemma
4.3.5]. Forevery w € ® 7 [@iej Vi] there exists A such that —Au < w < Au, hence
)dd

—A®7 (ul7) <w < APz (u|7) and, therefore, w € ® 7 (u| 7 O

Remark 6.3 Let (V, C, u) be an order unit space which is also an anti-lattice. Then V
is irreducible. Indeed, there are no non-trivial positive disjoint elements in V, hence
no non-trivial directed bands. Therefore, V is irreducible.
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A converse of Proposition 6.2 is true if the components in the order direct sum are
disjointness free anti-lattices.

Theorem 6.4 Let ((V;, Ci, u;));eT be a collection of order unit spaces that are dis-

Jjointness free anti-lattices with order direct sum (V, C, u).

(i) B C Visabandifand only if there exists J C I suchthat B = ® 7 [@jej Vj],
where it is understood that B = {0} for 7 = 0.

(i) Two non-zero x,y € V are disjoint if and only if there is J C T with J # @ and
I\T # O suchthat x € ® 7 [®iej V,~] andy € &7\ g [@ieI\J Vi].

Proof (i) Let B be a band in V. Define
J :={i € Z: thereis av € B such that v(i) # 0}.

Let v € B. For every i € Z\J we have v(i) = 0, hence v € ®7(v|y) €
D7 [@ jeg Vj]. For the converse inclusion, first observe that for every i € J we
have

{x(i): x € B}Y = {0}.

Indeed, there exists v € B withv (i) # 0. As V; isdisjointness free, we have {x(i): x €
B} € {v())* = {0).

Next, letv € &7 [@jej Vj].Letz e Blandleti € Z.1fi € T\J, then v(i) = 0,
so v(i) and z(i) are disjoint. If i € 7, then, by Lemma 6.1, z(i) € {x(i): x € B}d,
hence z(i) = 0, so that v(i) and z(i) are disjoint. By Lemma 6.1, we obtain that v and
z are disjoint. Thus, v € BY = B.

(ii) Let x,y € V be disjoint. Define J := {i € Z: x(i) # 0}. Then
x € 7 [@B;cs Vi]- By Lemma 6.1, we have y(i) = 0 for every i € J,as V; is

disjointness free. Therefore, y € @7\ 7 [@l eT\T Vi]. o

Theorem 6.4 yields a characterisation of disjointness and bands atomic JBW-
algebras.

Theorem 6.5 Let M = D, .7 M; be an atomic JBW-algebra with its factor decompo-
sition given in Theorem 1.1.

(i) B € Misabandifandonlyif B = @jej M; for J C I, where it is understood
that B = {0} for 7 = 0.

(i) Two non-zero x,y € M are disjoint if and only if there isa J C Z with J # )
and I\J # ¥ such that x € P;c 7 Mi and y € @1\ 7 Mi.

7 Inverses of disjointness preserving bijections

In Banach lattices [12] and in finite-dimensional pre-Riesz spaces [18], the inverse of
a disjointness preserving bijection is disjointness preserving. We provide an example
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of a disjointness preserving bijection in an atomic JBW-algebra where the inverse
is not disjointness preserving. Further, we characterise the disjointness preserving
bijections with disjointness preserving inverse on order direct sums of disjointness
free anti-lattices.

Example 7.1 Define M to be the algebraic direct sum of the spin factor £2(N) @ R
and £°°(N). We have that M is an atomic JBW-algebra. For x := (x,)n>1 € 2(N),
aeR,and y := (Yp)nx>1 € £L°(N), define

T-M— M, (x,a,y) ((x2,x3,X4,...),0, (X1, Y1, ¥2,¥3,...)) .

Then T is a linear map. Moreover, T is disjointness preserving. Indeed, let (x, «, y),
(v, B, w) € M be disjoint. Then (x, o) and (v, B) are disjoint in ZZ(N) @ R by Lemma
6.1. By Proposition 4.3, we get (x, ) = 0 or (v, 8) = 0. Without loss of generality
assume (x,«) = 0. Then ( (x2, x3, X4, ...), ®) = 0. Further, (x1, y1, y2, ¥3,...) =
O, y1, y2, y3,...) and (vy, wy, wp, w3, ...) are disjoint in £°°(N). Hence T (x, «, y)
and T (v, B, w) are disjoint.

Note that the map

S:M—> M, (x,o,y)— ((y1,x1,x2,x3,...), 0, (¥2, 3, ¥4, .. .))
is the inverse of T'. The operator S is not disjointness preserving. Indeed,
a:=((0,0,0,...,1,(0,0,0,...)) and b:=((0,0,0,...),0,(1,0,0,0,...))
are disjoint in M, but
Sa=a and Sb=1((1,0,0,0,...),0,(0,0,0,...))

are notdisjointin M, since ( (0,0, 0, ...), )and ((1, 0, 0,0, ...), 0) are both non-zero
and, hence, cannot be disjoint in ZZ(N) o R.

Theorem 7.2 Let ((V;, Ci, u;))ieT be a collection of order unit spaces that are dis-
Jjointness free anti-lattices with order direct sum (V,C,u). Let T: V — V be a
disjointness preserving linear bijection. Then T~ is disjointness preserving if and
only if there is a bijection 0 : T — 1 and there are linear bijections T; : Vi — Vs ;)
suchthat T = @; .7 T;.

Proof Assume that7~!is disjointness preserving. Fixi € Z. Since v := T (®; (u;)) #
0, there is j € Z such that v(j) # 0. Then v(k) = O for every k # j. Indeed, the
elements ®;(v(;j)) and v — ®;(v(j)) are disjoint, hence x := T_I(CDj (v(j))) and
y =T v-— ®;(v(j))) are disjoint. By Theorem 6.4(ii), there is K C 7 such that

x e P [@Vk:| and y € O\ @ Vi

kelC ie\K
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Butx +y = ®;(;),sox = 0ory = 0. Since v(j) # 0, we have T(y) # v =
T(®;(u;)),sox # 0, hence y = 0. Thus, v = ®;(v(j)) and, therefore, v(k) = 0 for
all k € I\{j}. Define o (i) := j and for every w € V; define

Tiw =T (®;(w)(j). (1.1)

Clearly, T;: V; — Vg is linear.

Next, we show that o : Z — 7 is a bijection and, forevery i € Z, T; : V; — V()
is a bijection. Let i € Z and j := o (i). We start by showing that 7" maps &;[V;]
into @ ;[V;]. For every w € ®;[V;] and z € d>]-[Vj]d we have that T (®; (u;)) and z
are disjoint, so T1(z) and ®; (u;) are disjoint. According to Proposition 6.2(iv), we
have ®; (;)% = &;[V;]. As T~ (z) € ®;(u;)%4, we obtain that 7' (z) and w are
disjoint. Therefore, z and T (w) are disjoint. Thus, T (w) € d>j[Vj]dd = &;[V;] by
Theorem 6.4(ii). Consequently, T[®;[V;]] € ®(V;]. Applying the same arguments
to 7~! instead of T, there exists k € Z such that T_l[d>j[Vj]] C Ok[Vk]. Then
uj = T~V (Tu;) € ®(Vy), so k = i. It follows that T; is a bijection from ®;[V;] onto
®;[V;]. Moreover, it follows that o is injective. To see that o is surjective, let j € 7
and let i € 7 be such that 7! (®j(uj)) € ®;[V;]. Then T[®;[V;]] € ®;[V;], hence
o(i)=j.

It remains to show that T = €D, 7 T;. Let v € V and i € 7. Again, we write
j =0o().Since v — ®; (v(i)) € P; [V;19 and T is disjointness preserving, we obtain

T(v = @) € (T[S Vi) = ;[V;1%,
hence (T' (v — ®;(v(i))))(j) = 0. Therefore, by (7.1),
(Tv)(j) = T(@;i (@) (j) = Tiv(D),
which shows that T = ;7 T;.
For a proof of the converse implication, assume that there are a bijectiono: 7 — 7

and linear bijections 7; : V; — V() suchthat T = @iez T;.Letv, w € V bedisjoint
and denote x := 7~ !(v) and y = T~ (w). By Theorem 6.4(ii), there exists J C 7

such that v € 7 [®iej Vi] and w € d7\ 7 I:@ieI\J V,-]. Denote K := o[ T].
Then x € @ [B;cx Vi]- Indeed, for every i € Z, we have

(T (Prc(xl))) (o) = T; (Prc(xlr) (@) -
If i € K, then ®ic(x|x) (i) = x(i), s0
T (Prc(xli0) (D) = Ti(x (@) = (Tx)(o (D)) = v(o (D).
Ifi € T\K, then ®xc(x|x) (i) = 0, so
T; (@ (xl0) (@) = 0 =v(o (i),
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since o (i) € o[Z\K] = I\o[K] = Z\J. Hence,
T (Px(xlk)) (0(@) = v(o (@) = (Tx)(o @)

foreveryi € Z. Thus, @i (x|xc) = x, whichyields thatx € &y [®iel€ Vi]. Similarly,
it follows that y € &7\ [@l eT\K Vi], so that x and y are disjoint. Consequently,
T~ is disjointness preserving. O

Corollary 7.3 Let M = P, .7 M; be an atomic JBW-algebra with the corresponding
factor decomposition as in Theorem 1.1, and T : M — M be a disjointness preserving
linear bijection. Then T~ is disjointness preserving if and only if there is a bijection
o : 1 — T and there are linear bijections T; : M; — My such that T = @iel T;.

Since every disjointness preserving bijection on a finite-dimensional order unit space
has a disjointness preserving inverse [18, Theorem 3.4], Theorem 7.2 also has the
following consequence.

Corollary 7.4 Let ((V;, Ci, ui))ie1,...ny be a collection of finite-dimensional order
unit spaces that are disjointness free anti-lattices with order direct sum (V, C, u). Let
T:V — V be a disjointness preserving linear bijection. Then there is a bijection
o:{l,...,n} = {1,...,n} and, for everyi € {1, ..., n} there is a linear bijection
T;: Vi = Vy) such that T = @ie{l’._”n} T;.

8 The algebraic and order theoretical centre of unital JB-algebras

Recall that the order theoretical centre of an order unit space (V, C, u) is the partially
ordered vector space

E(V) ={T e B(V): —AI <T < Al forsome A > 0}.

The operator norm on E(V') coincides with the order unit norm generated by the order
unit /, see Corollary 2.7. In the theory of Riesz spaces, it is known that the order
theoretical centre of a Riesz space is again a Riesz space, see [1, Theorem 3.30]. It
turns out that also for complete order unit spaces the order theoretical centre is a Riesz
space.

Proposition 8.1 Ler (V, C, u) be a complete order unit space. Then E(V) with com-
position is an associative unital JB-algebra, E(V) is isomorphic as a JB-algebra to
a space of continuous functions on a compact Hausdorff space, and E(V) is a Riesz
space.

Proof As V is complete, we have that E(V) is a Banach space by Corollary 2.7(ii).
With Corollary 2.7(iii) and (iv), it follows that E(V) is an associative JB-algebra.
Clearly, I € E(V). According to Theorem 3.1, E(V) is therefore isomorphic as a
JB-algebra to a space of continuous functions C(£2). Since the positive cone of a JB-
algebra consists of the squares of the algebra, E(V') and C(£2) are then also isomorphic
as partially ordered vector spaces. Thus, E(V) is a Riesz space. O
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The order theoretical centre of an order unit space that is not complete need not be
a Riesz space, as the next example shows.

Example 8.2 Let V := C!([0, 1]) with pointwise order and order unit 1. The inclusion
of V in C([0, 1]) is the functional representation of V. As V is a subalgebra of C([0, 1]),
Corollary 2.9 yields the identity E(V) = {My: f € cl([o, 1])}. In particular, E(V)
is not a Riesz space as the map f > M is an order isomorphism.

Let A be a unital JB-algebra. By Proposition 8.1, the order theoretical centre E(A) is
isomorphic as a JB-algebra to a space of continuous functions on a compact Hausdorff
space. According to Corollary 3.2, the same is true for the algebraic centre Z(A). In
this section, we show that the algebraic centre Z(A) and the order theoretical centre
E(A) are isometrically isomorphic as JB-algebras.

In what follows, we will denote the multiplication operator by an element x € A
on A by Ty, that is, Tyy := x o y for all y € A. The isomorphism between Z(A)
and E(A) will be given by the map z — T,. Thus, E(A) consists of multiplication
operators. This extends a result from Banach lattice theory, where it is known that the
order theoretical centre of a space of continuous functions on a compact Hausdorff
space consist of all multiplication operators, see [1, Theorem 3.32]. Let us collect
some elementary properties.

Lemma 8.3 Let A be a unital JB-algebra and let f: Z(A) — B(A) be given by
f(z) =T, forall z € Z(A). Then f is linear, multiplicative, injective, and f maps
the algebraic unit to the identity operator. Moreover, || T, || = ||z|| for all z € Z.(A).

Proof 1t is clear that f is linear and that it maps the algebraic unit to the identity
operator. Since T,e = Tpe implies a = b for all a, b € A, we get that f is injective.
As mentioned in the proof of [3, Proposition 1.52], we have that T,,,, = T o Ty, for
any z, w € Z(A), so f is an algebra homomorphism.

If x € A is such that ||x|| < 1, then ||Tyx|| = llzo x| < |zll, so IT;ll < |zl
Conversely, [|Tz]| = [|Tze|l = [zl|. o

The idea to show that z +— T, maps Z(A) onto E(A) is to consider the JBW-algebra
case first and investigate the order interval [0, e] in the JBW-algebra and the operator
interval [0, 7] in the order theoretical centre of the JBW-algebra. We extend the result
to JB-algebras by passing to the bidual.

Let M be a JBW-algebra. Recall that the operator interval [0, I] consists of bounded
linear operators 7: M — M suchthat 0 < T < I, see (2.5).

The predual M, of M generates the o-weak operator topology on B(M) by letting
T; — T if and only if ¢(T;x) — @(Tx) for all x € M and all normal states ¢ € M,.
Note that the interval [0, /] is closed for the o-weak operator topology. Indeed, if
T; — T for the o-weak operator topology with 7; in [0, /] for all i, then, for any
x € M and any normal state ¢, we have o (I —T;)x) > Oforalli,sop((I—T)x) >0
and T < I by [3, Corollary 2.17]. Similarly, we find that 7 > 0. It turns out that the
operator interval [0, /] is actually compact for the o-weak operator topology, which
is essentially [7, Remark 2.10(b)]. We provide the details.

Lemma 8.4 Let M be a JBW-algebra. The operator interval [0, I] is compact for the
o-weak operator topology.
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Proof If we identify M with (M,)*, then an operator T € B(M) can be thought of as
Tx(p) := ¢(Tx) forall x € M and all ¢ € M, by [3, Corollary 2.17(2.11)]. Define
the linear map

O: (MOM,)* — B(M) (M®M, is the projective tensor product)
by @ (¥)(x)(¢) := ¥ (x ®¢) forall x € M. We show that ® is an isometry. Indeed, let

¢ € M besuchthat [lg| < 1.1t follows that [ () (x)(¢)| = [V (x®@@)| =< ¥ [llIx],
so [[@(¥) ()l < [¥Illlx]l and, therefore, | ®(Y)|| < [|Y||. Let n € MM, and let

o0
n= ZXk@J(ﬂk
k=1

be a representation of 7. For ¢ € (M®M.,)*, it follows by continuity of ¥ that

vl =Y v@®@e)| <> 1Y@ e
k=1 k=1
<Y e Gollecl < 191D Ixelligxl.
k=1 k=1

Taking the infimum over all such representations of n yields [y (n)| < | (W)l
where | - || denotes the projective norm on M &M, Hence, ||y/|| < ||® ()| and we
conclude that ® is an isometry.

Next we show that @ is surjective. Indeed, let T € B(M) and define the bilinear
map 9: M x M, — R by 9(x,¢) := ¢(Tx). By the universal property of the
projective tensor product, there is a unique bounded linear map ¥ : MM, — R
with ||| = ||¥] such that ¥ (x ® ¢) = U (x, ¢) = ¢(Tx). Hence, () = T. We
conclude that ® is an isometric isomorphism.

Equip B(M) with the o -weak operator topology and the norm dual of the projective
tensor product M®M, with the weak* topology. If (;); is a net in M&M, that
converges weak* to i, then

P(PWi)x) =W)X (@) =vi(x ®¢) > ¥ (x Q) = ¢(P(Y)(x)),

so @ (¥;) converges to @ (¥) in the o -weak operator topology. Hence, ® is continuous
with respect to the weak™* topology and the o-weak operator topology. It follows that
&[0, I1] is a norm bounded and weak* closed set which is weak* compact by
the Banach-Alaoglu theorem. Therefore, [0, /] is compact for the o-weak operator
topology as it is the continuous image of a compact set. O

Lemma 8.5 Let p be a projection in a JBW-algebra M. Then U, is in the operator
interval [0, 1] if and only if p is central.

Proof Let p € M be a projection. Suppose U, is in [0, I]. Then we have Up,x < x
for all positive x € M, so p operator commutes with all elements in M by [3,
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Lemma 1.48]. As M generates M, it follows that p must be a central projection.
Conversely, if p is a central projection in M, then Upx < x forall x € M, by [3,
Lemma 1.48], so U, is in the operator interval [0, I]. O

The following lemma characterises the extreme points of the positive ball [0, e] in
a JBW-algebra. This is [3, Proposition 1.40], but the proof there is not correct. We will
provide an alternative argument here.

Lemma 8.6 Let A be a JB-algebra with unit e. Then the extreme points of [0, e] are
precisely the projections in A.

Proof Let p be a projection and x, y € [0, e] be such that p = tx + (1 — )y for some
0<t<1.Sincetx < pand (1 —1t)y < p, it follows that UpLx = Uply = 0. Thus,
Upx = x,and Upy = y by [3, Proposition 1.38]. Hence, x = Upx < Upe = p =
tx + (1 —t)y and x < y. Similarly, y < p implies that y < x and we find that p is
an extreme point of [0, e].

Let x be an extreme point of [0, e]. Then 2x — x ,x2 € [0, e] by the functional
calculus [3, Corollary 1.19], so that x = %(Zx —xH+ %xz, hence x = xZ and x must
be a projection. O

2

Next, we investigate the extreme points of the order interval [0, /] in the space of
bounded linear operators on a JBW-algebra M. We have that O and [/ are extreme
points of [0, /]. Indeed, if 0 = S+ (1 — )T with S, T € [0,I] and t € (0, 1),
then S, (1 — )T < 0,sothat S = T = 0. Similarly, if I = ¢S + (1 — )T with
S, Tel0,I]andt € (0,1),then0=¢t(I —S)+ (1 —¢t)({ —T) and both I — S and
I —Tarein[0,I],s0] —S=1—T =0.Hence S =T = I. Therefore, {0, I} is
a subset of the set of extreme points of [0, ]. We will see below that every extreme
point in [0, /] comes from a central projection. First, we need some more terminology
concerning projection operators on M.

A positive projection P: M — M with || P|| = 1 is called complemented if there
is a positive projection Q: M — M with ||Q| = 1 and

M,y Nker P = M, Nran Q.

In this case, P and Q are said to be complementary. For a positive projection P: M —
M, the dual operator P*: M* — M™ is a positive projection.

Lemma8.7 Let M be a JBW-algebra and let T: M — M be a bounded linear
operator.

1) IfT €0, I, then T*[M,] C M,.
(i) If T*[M,] C M,, then T is o-weakly continuous.

Proof (i) Let ¢ be a normal state. If (x;); decreases to 0,then0 < Tx; < x;,s0 (Tx;);
decreases to 0, and T*¢p(x;) = ¢(Tx;) — 0. Hence T*¢ is a normal state.

(ii) Let (x;); and x be such that ¢ (x;) — ¢(x) forevery ¢ € M,.Foreachgp € M,,
we have T*p € My, s0 o(Tx;) = T*p(x;) —> T*p(x) = ¢(Tx). O
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For a bounded linear operator 7: M — M with T*[M,] C M,, let T denote the
restriction of 7* to M,. A o-weakly continuous positive projection P: M — M is
called bicomplemented if there is a o -weakly continuous positive projection Q: M —
M such that P and Q are complementary, P*[M,] € M,, Q*[M,] C M,, and the
projections Py: M, — M, and Q,: M, — M, are complementary. If c is a central
projection, then U, = T; see [3, (1.65) on p. 29].

Proposition 8.8 Let M be a JBW-algebra. A bounded linear operator T on M is an
extreme point of the interval [0, I if and only if it is of the form T), for some central
projection p in M.

Proof Let T € [0, I] be an extreme point. Since 0 < 72> < T and0 < 2T —T? < I,
we have T = %(2T - T + %Tz. Hence, T = T2. Note that T and I — T are
complementary. By Lemma 8.7, the adjoint operators 7* and (I — T)* map normal
states to normal states and are o-weakly continuous. Moreover, Ty is in [0y, I.] with
T*2 = Ty, and T, is complemented by I, — T,. Hence T is bicomplemented. By [3,
Theorem 2.83], it therefore follows that T = U, for some projection p in M. By
Lemma 8.5, we obtain that p must be a central projection, so that T = T).
Conversely, let p € M be a central projection. According to Lemma 8.5, we have
T, = U, € [0,1]. Let S,V € [0, I] be such that 7. = 15 + 1V. Define x :=
Se,y := Ve, §o ;= § — Ty, and Vy := V — T). Note that Spe = Vpe = 0.
Evaluating T), at e yields p = %x + %y. By Lemma 8.6, we obtain x = y = p,
s0So=8—-T1T, =2T, - V-1, =T, -V = —Vo.Further,asTg = Tp, we
have T, + TS0 = Tp + TS — T3 = TS < Tp, 50 TSy < 0. Thus, =T}, Sy is a
positive operator which vanishes at the order unit e, so that —7, Sy = 0. But now, by
[3, Proposition 1.47], Sy = TpSO+TpL So = TpJ_ So, hence TPJ_S = TpL So = So > 0.
As Spe = 0, we get Sp = 0. Hence T), is an extreme point of [0, I]. m]

Let M be a JBW-algebra with algebraic centre Z(M). By [3, Proposition 2.36],
the algebraic centre Z(M) is a JBW-subalgebra of M with algebraic unit e. Denote
[0, elzmy = [0, e] N Z(M). Since the unit ball [—e, e] is o-weakly compact in M
by the Banach-Alaoglu theorem, the interval [0, e] is o-weakly compact as well, as
it is the image of [—e, e] under the homeomorphism x +—> %(x + e). Since Jordan
multiplication is o-weakly continuous in each separate variable, Z(M) is o-weakly
closed in M. We conclude that [0, e]z(u) is therefore o -weakly compact in M.

Proposition8.9 Let M be a JBW-algebra with algebraic centre Z(M). The map
10, elzamy — [0, I defined by f(z) := T, is a homeomorphism with respect
to the o -weak topology on M and the o -weak operator topology on [0, I].

Proof We start by an observation that we need three times. If (z;); and z in M are
such that z; converges o-weakly to z, then T;, converges to T} in the o-weak opera-
tor topology. Indeed, Jordan multiplication is o-weakly continuous in each separate
variable, so (z; o x); converges o-weakly to z o x. Hence, for every normal state ¢,
we have ¢(T;;x) = ¢(z; 0 x) = @(zox) = p(T;x).

We will show next that f indeed maps into [0, /]. By Lemma 8.6, every extreme
point z of [0, elz(y) is a projection. As z is also central, we have by Proposition 8.8
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that 7, € [0, I]. Since [0, I] is convex, for every convex combination z of extreme
points of [0, elzm), we have T; € [0, I]. The set [0, e]z(u) is convex and o -weakly
compact, so the Krein-Milman theorem yields that, for any z € [0, elz(u), there is
a net (z;); that converges o-weakly to z, where each z; is a convex combination of
extreme points of [0, elz). Then T, € [0, I] for every i and T, converges to T, in
the o-weak operator topology. By Lemma 8.4, it follows that T, € [0, I].

From the observation at the beginning of the proof, it is clear that f is continuous.
To see that f is injective, observe that 7ye = Tye implies x = y for every x, y € M.

Next, we show that f is surjective. For every extreme point T of [0, /], Proposition
8.8 yields that T = T, for some central projection z in M. Then z € [0, elz(um). As
[0, elz(m) 1s convex, for every convex combination T" of extreme points of [0, ], there
exists z € [0, e]z(m) suchthat T = T;. Let T € [0, I]. According to Lemma 8.4, the
convex set [0, 7] is compact. By the Krein-Milman theorem, there is a net (7;); in
[0, 7] that converges to T in the o -weak operator topology, where each T; is a convex
combination of extreme points of [0, /]. For each i, there is z; € [0, e]z(y) such that
T; = T. Since [0, e]z(um) is o-weakly compact, there is a subnet (w;); of (z;); that
converges o -weakly to an element z of [0, e]z(y). But then ij — T,. As (ij) jis
a subnet of (7;);, we obtain T = T,. Thus, f is surjective.

Since [0, elz(um) is o-weakly compact and [0, /] is Hausdorff for the o -weak oper-
ator topology, it follows that f is a homeomorphism. O

We are now in a position to show that the algebraic centre and the order theoretic
centre of a JBW-algebra are isometrically isomorphic as JBW-algebras.

Theorem 8.10 Let M be a JBW-algebra. Consider its algebraic centre Z(M) and its
order theoretical centre E(M) equipped with the order unit norm induced by 1.

(i) The map f:Z(M) — E(M) defined by f(z) := T, is a multiplicative isometric
isomorphism.
(ii) The order unit norm induced by I and the operator norm coincide on E(M).
(iii) f is a homeomorphism if we equip Z.(M) with the o-weak topology and E(M)
with the o -weak operator topology.

Proof (i) Due to Lemma 8.3, it remains to show that f maps into and onto E(M), and
that it is an isometry with respect to the order unit norm on E(M). We first check that
it maps into E(M). If z € Z(M) is non-zero, then w := %(e + Izl 'z) € [0, ez .
By Theorem 8.9, we obtain T,, € [0, I], hence —||z||I < T, < |z||/, which means
that T, € E(M).

To see that f is surjective, let T € E(M). For A > 0 such that —AI < T < Al,
we have %I + %T € [0, I1, so, by Theorem 8.9, there is a z;, € [0, e]z(m) such that
%I + %T =T,,. Then T = T) 2;, —), which shows that f is surjective.

We show that f is an isometry. From —||z|| < T, < ||z||1, it follows that || T||; <
llz]l, where ||-||; denotes the the order unit norm on E(M) induced by /. On the other
hand, —||T;||;1 < T, < ||T;||;I. By evaluating at e, we find that —||T;||;e < z <
I7;llre, so that [|T-[I; > [lz]l.

(ii) By (i) and Lemma 8.3, we get || T;|| = ||zll = IIT%||1-

(iii) Let (z;); be anetin Z(M) that converges o -weakly to z. Then z; o x converges
o-weakly to z o x for any x € M as Jordan multiplication is separately o-weakly
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continuous. For any normal state ¢, it follows that ¢(7;,x) — ¢(T;x) and so Ty,
converges to T in the o-weak operator topology. On the other hand, if T;, converges
to T, in the o-weak operator topology, then, for any normal state ¢, we find that
0(zi) = o(Ty;e) — ¢(T;e) = ¢(2), so z; — z in the o-weak topology. O

The main step to obtain a result for the general case of JB-algebras is to modify
Theorem 8.9 in the following way.

Proposition 8.11 Let A be a unital JB-algebra with algebraic centre Z(A). The map
f:10, elzca) — [0, Ildefined by f(z) := T is a homeomorphism with respect to the
weak topology on A and the weak operator topology on [0, I].

Proof According to [3, Corollary 2.50], the bidual A** of the JB-algebra A is a JBW-
algebra. Moreover, A N Z(A**) = Z(A). Indeed, every element of A C A** that
operator commutes with every element of A** also operator commutes with every
element of A, so A NZ(A**) C Z(A). To see that Z(A) C A NZ(A*), let z € Z(A)
and let x, y € A** be arbitrary. By Goldstine’s theorem, A is weak* dense in A**,
so there are nets (x;); and (y;); in A that weak™ converge to x and y, respectively.
Thenx; 0 (zoy;) =Ty T;y; = T;Ty,yj = z o (x; o y;) for every i and j. Due to [3,
Corollary 2.50], Jordan multiplication is separately weak* continuous on A**. Hence,
xjo(zoy) =zo(x;oy)foralliand, thus, x o (zoy) = zo (x o y). The latter means
that z and x operator commute in A**, so that z € A N Z(A**).

We proceed by showing that f maps indeed into [0, /]. Let z € [0, e]z(4) and
let x € A. By the functional calculus [3, Corollary 1.19], x has a positive square
root x!/2 and the quadratic representation U,1/2 of x!/? is a positive operator. As 7 is
central, we have

Uapz= {xl/z, Z, xl/z} = 2Txl/2szl/2 — Tszl/le/z = TZTxl/ZXI/Z =T;x.
(8.1)

It follows that T;x = U,i2z > 0. Also, T;x = U,i2z < U,i2e = x. Hence,
0<T,<I.

The map f is injective, since Tye = Tye implies x = y. To see that f is surjective,
let T € [0, I]. Then the double adjoint operator T** of T satisfies 0** < T** <
I'**, where 0** and I** denote the zero operator and the identity operator on A**,
respectively. By Theorem 8.9, there exists z € [0, e]z(a+) such that T**x = z o x for
all x € A**. Note that left multiplication by z leaves Z(A**) invariant and that 7**
leaves A invariant. Thus, 7** leaves the intersection A NZ(A**) = Z(A) invariant. In
particular, z = T**e € Z(A), since e is also the identity of A** by [3, Corollary 2.50].
It follows that T = T**|4 = T, sothat T = f(z).

Next we show that f is continuous. Let (z;); be a net in [0, e]z4) that converges
weakly to z € [0, e]z(a). Then for any state ¢ on A and x € A, it follows with the
aid of (8.1) that

“P(Tzix) - §0(sz)‘ = ‘@(Tzl.,zx)‘ = ‘U:uzﬁﬁ(zi - Z)| — 0,
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hence T, — T for the weak operator topology. If T;, — T with respect to the weak
operator topology in [0, 7], then for any state ¢ on A, we have

0(zi) = (T e) — p(Tre) = ¢(2),

so z; — z weakly. We conclude that f is a homeomorphism with respect to the weak
topology on A and the weak operator topology on [0, I]. O

In the proof of Theorem 8.10, we can now replace Theorem 8.9 by Theorem 8.11
and, thus, we obtain the following result on the algebraic centre and order theoretical
centre of unital JB-algebras.

Theorem 8.12 Let A be a unital JB-algebra. Consider its algebraic centre Z(A) and
its order theoretical centre E(A) equipped with the order unit norm induced by 1.

(1) The map f: Z(A) — E(A) defined by f(z) := T, is a multiplicative isometric
isomorphism.
(ii) The order unit norm induced by I and the operator norm coincide on E(A).
(iii) f is a homeomorphism if we equip Z(A) with the weak topology and E(A) with
the weak operator topology.

9 The order theoretical centre of order unit spaces whose cone is
positively spanned by extreme vectors

In this section, we further investigate a certain class of complete order unit spaces
(including all finite-dimensional ones) for which the order theoretical centre is R”.
The order theoretical centre, just as in the case of (atomic) JBW-algebras, contains
information about the decomposability of the order unit space in terms of order direct
sums. In particular, it turns out that the order theoretical centre is isomorphic to R
when the order unit space is irreducible or an anti-lattice.

A non-zero element p € C is said to be extreme if, for every x € C with x < p,
there exists A > 0 such thatx = A p. The set of all extreme elements of C is denoted by
ext(C). We will consider order unit spaces with the property that Span , ext(C) = C.
The natural cone of C([0, 1]) does not have extreme elements, hence does not satisfy
this property.

Lemma9.1 Let (V, C,u) be an order unit space. If V is finite-dimensional, then
Span_ ext(C) = C.

Proof By [19, Corollary 5.4.11], the dual space V* of V is directed and then [19,
Proposition 1.5.13] yields that the cone C* of V* has a non-empty interior. Then C**
has a compact base by [19, Theorem 1.5.21] and, according to [19, Lemma 2.6.8], we
have that C** is naturally isomorphic to C. Thus, the cone C has acompact base S. Due
to [19, Lemma 1.5.19], the extreme elements of C correspond to the extreme points
of S. Since S is a compact convex set in a finite-dimensional space, Minkowski’s
theorem yields that S equals the convex hull of its extreme points. It follows that
Span_ ext(C) = C. O

@ Springer



10  Page 34 of 54 0O.van Gaans et al.

We consider a direct sum of a collection of order unit spaces ((V;, Ci, u;))ieT
and use the notations introduced below (2.3). Denote by P; the order projection onto
@;[Vi].

Lemma9.2 Let (V;, Ci, ui))ict be a collection of order unit spaces with order direct
sum (V, C,u).

(1) Let W be a projection band in V with P the order projection onto W such that
(W, C NW, Pu) is an irreducible order unit space. Then there exists i € T such
that W C ®;[V;].

(i) If p € ext(C), then there exists i € T such that p = P;p and p(i) € ext(C;).

(iii) If Span, ext(C) = C, then Span_ ext(C;) = C; foreveryi € 1.

Proof (i) Foreveryi € Z,wehave that P = P; P+ (I — P;) P. Since W is irreducible
and P is the identity on W, we obtain that P; P = 0 or (I — P;) P = 0. There exists
i € Z such that P; P # 0 and then P = P; P and, therefore, W C ®;[V;].

(ii) For every i € 7, we have ®;(p(i)) < p, so there is A; > 0 with ®;(p(i)) =
Ai p. Using that p # 0, we choose i € Z with p(i) # 0. Then A; # 0. Forall j # i
we have that ®;(p(j)) and ®;(p(i)) are disjoint, so that A; p and A; p are disjoint,
which yields that A; = 0. Therefore, p(j) = 0. Hence p = P; p.

If x € C; is such that x < p(i), then there is A > O such that ®;(x) = Ap as pis
extreme in C. Hence, x = (®;(x))(i) = Ap(i). Thus, p(i) is extreme in C;.

(iii) Let v € C;. By assumption, there are py, ..., p, € ext(C) and Ay, ..., Ay >
0 such that ®;(v) = ZZ:I Ak pr. By (ii), for every k € {1, ..., n}, there exists
ix € Z such that pr = P;, pr and pr(ix) € ext(C;). Then v = (P;(v))(i) =
ZZ:] M pr (i) and, for every k € {1, ..., n} with iy # i, we have p (i) = 0. Hence,
v € Span  ext(C;). ]

Lemma 9.3 If (V, C, u) is an order unit space such that Span_ ext(C) = C, then it
is the order direct sum of finitely many irreducible order unit spaces. Moreover, this
decomposition is unique up to possibly reordering the indices.

Proof By assumption, we can write the order unit u = A;p; + --- + A, py, Where
A > 0and py € ext(C). Suppose that V isreducible and that V = €, 7 V; isan order
direct sum of order unit spaces ((V;, Ci, u;i));cz. By Lemma 9.2(ii), for every k €
{1,...,n}, there exists iy € T such that py = P;, pr and py(ix) € ext(C;,). Let J =
{ix: k€ {1,...,n}} and let P be the order projection onto the band & [@iej Vi].
Then I — P is a positive order projection as well and the operator norm satisfies
II — Pl = (I = P)ul| = 0,s0 P = I.Hence, V = @5 [@;c7 Vi] Note that,
for every i € Z\J and every x € V;, we have that u and ®; (x) are disjoint. Hence,
Vi = {0} foreveryi € 7\ J. It follows that at most n of the summands V; are non-zero.

Thus, each decomposition of V into a direct sum of order unit spaces has at most
n non-trivial summands. By splitting up reducible summands inductively, it follows
that V equals the direct sum of finitely many irreducible order unit spaces.

Suppose that ((V;, Ci, u;))ief1,...m) and (W, Cj,u;j))jeq1,...ny are irreducible
order unit spaces such that V is isomorphic to @7, V; and to @?:1 W;. Then there
is a bipositive surjective linear map W: @/, Vi — @ W;.
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Fix k € {1,...,m}. Since ®;[Vi] is a projection band in ., Vi, we have
that W[®d,[Vk]] is a projection band in @?:1 W;. Let P be the order projection
in @?:1 W; onto W[®,[Vi]]. Then, by Lemma 9.2(7), there exists j € {1,...,n}
such that W[ P, [Vi]] C @ j[W;], where o j denotes the natural embedding of W; into
@?:1 W;.

Similarly, there exists k' € {1, ..., n} such that W~'[®;[W;]] € ®/[Vi/]. Then

WD Vil] = PIW[D[ Vi € P[D;[W;1] = P[WW ' [d;[W;]1] C P[W[Dy Vil

hence P[W[®P[Vi/]]] # {0}. It follows that X’ = k. Indeed, if k¥’ # k, then
@/ [Vir] and @[ Vi ] are disjoint, hence W[ Dy [Vr]] and V[P [ Vi ]] are disjoint, so
that P[W [Py [Vir]]] = {0}, which is a contradiction. Then

W[Dp[Vi]] € O;[W;] =W 1d,[W;] C Wd[Vil,

so W[D,[Vi]] = @ j[W;1. For distinct elements k, we obtain distinct elements j this
way, hence n > m. We conclude that n = m and that the decompositions as order
direct sums are unique up to possibly reordering the indices. O

We proceed with preparations for the proof of Theorem 9.7. In that proof, to a
positive element of the order theoretical centre, we will associate a positive bijection
with a positive inverse. Hereby we will use the following lemma, which relies on
completeness of the space.

Lemma 9.4 The ordertheoretical centre E(V) of a complete order unit space (V, C, u)
equipped with the order unit norm ||-||; is a Banach space and if T € [0, I] is such
that |T |1 < 1, then I — T is invertible with inverse Z/?io Tk,

Proof Suppose that (7,,),>1 is a Cauchy sequence of operators in E(V) for [|-||;.
Let ¢ > 0. Then there is an N > 1 such that —¢l < T, — T,, < &l whenever
n,m > N. Hence, for x € C, it follows that —¢||x||ju < (T, — T,y)x < gl||x||u, so
(T, — Tm)x| < ellx|| whenever n, m > N. This implies that (7,,x),>1 is a Cauchy
sequence in V. Consequently, we can define an additive positively homogeneous map
7: C — V by t(x) :=lim,_ « T, x, which can be extended to alinearmap 7: V —
VviaTx = T(y —2) := 1(y) — 7(z) see [19, Theorem 1.2.5], where x = y — 2
is a difference of positive elements y and z. Since (7,),>1 is bounded with respect
to ||I-ll;, by say M, it follows that —M1 < T,, < MI for all n > 1, and, for any
x € C, we therefore have —Mx < T,x < Mx. Taking the limit as n — oo yields
—MI <T <MI,soT € E(V). For every n,m > N and every x € C, we have
—ex < (T, —Tp)x <ex,s0o—ex < (I, —T)x <ex,hence —¢l <T, —T <el.
Therefore, |7, — T||; < €. Thus, E(V) is a Banach space.

Note that, for any positive S, T € E(V), it follows that |[ST||; < (ISI/IT]l;-
So, if T € [0, I] is such that |T||; < 1, then Z,fil T* converges in the Banach
space (E(V), ||-|l;) to an operator R. We have that (I — T) Z/I(v:() TF - (I —T)R
as N — 00. Since I — (I — T) Y p_o T* = TN*! for every N and TN*! — 0 as
N — oo,weobtain — (I —T)R = 0,sothat (/ —T)R = I.Similarly, R(I-T) = I.
It follows that (I — T) is invertible in E(V') with inverse R. m|
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Lemma9.5 Let (V, C,u) be an order unit space and let S: V. — V be a positive
linear bijection with a positive inverse such that S < I. For every p € ext(C), there
exists A > 0 such that Sp = Ap.

Proof Since S € [0, I], for every p € ext(C) we have Sp < p, hence there is A > 0
with Sp = Ap. O

In the next proposition, we deal with irreducible spaces and proceed with the general
case in the subsequent theorem.

Proposition 9.6 Ler (V, C, u) be a complete irreducible order unit space such that
Span_ext(C) = C. Then the order theoretical centre of V is isomorphic to R as
partially ordered vector spaces.

Proof Let T € [0, I]. Then [|3T|l; < 1,50 S := I — 1T is invertible with positive
inverse by Lemma 9.4. For every A > 0, define the set

K :={q e ext(C): Sq = Aq}.

By Lemma 9.5, ext(C) = |J, K. and K, and K, are disjoint whenever A # . We
wish to show that, actually, there exists A > 0 such that ext(C) = K. Choose A > 0
such that K, # #. By assumption, every element of C is a positive linear combination
of elements of ext(C). Define 7 : C — Span, K, by

T(@1p1+ -+ onpn) = Y pr,
keM

where oy > 0, pr € ext(C) forall k,and M :={k € {1,...,n}: pr € K, }. We will
first show that 7 is well defined. Let a1 p1 + - - - +@n pn = B1p1+ - - - + Bn pn, Where
ok, Br > 0and py € ext(C) forallk € {1, ..., n}. Note that we allow coefficients to be
0, so that we may indeed assume that the same vectors py appear in both positive linear
combinations. Denote N := {1, ..., n}\ M. Without loss of generality, we assume that
all py with k € N are linearly independent, where we have to allow that o, B € R
fork € N.Fork € N, let A > 0 be such that p; € K;,. We have

Dok — Y Bipk =Y Berk — ) Dk O.1)

keM keM keN keN

If we apply S to this equality and divide by A it follows that

D (e — Bk =Y (B — ) ¥, 9.2)

keM keN

and by subtracting (9.1) from (9.2) we obtain

> G- (%= 1) pe=0.

keN
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Since all p; with k € N are assumed to be linearly independent and A # A for all
k € N, it follows that 8y — ax = O for all k € N. Thus, by (9.1), ZkeM Pk =
Zk em Brpr and, therefore, 7 is well-defined.

Note that 7 is positively homogeneous. Furthermore, 7 is additive. Indeed, let
x,y € C and write x = a1p1 + ---+aopp, and y = Bip1 + - + Bnpn, Where
pr € ext(C) and oy, Br > 0O for all k. With the set M as defined above, we obtain

T +y) =Y (e + Bpr =T (x) + 7).
keM

It follows that we can extend 7 to a positive linear operator P: V — Span K by
writing any x € V asx =y — z for y, z € C and defining Px := 7w (y) — m(z), see
[19, Theorem 1.2.5]. Since we also have that P < I, we obtain an order projection on
V. Suppose there are A, i > 0 with A # p such that K, K, # @. Then P # 0 and
P # I, which contradicts the fact that V is irreducible. We conclude that ext(C) = K,
for some A > 0. Then S = Al and therefore, T = 2(1 — 1)I. Hence, the map ¢ > ¢/
is a bijection from R to the order theoretical centre of V, which clearly also is a linear
order isomorphism. O

Theorem 9.7 Let (V, C, u) be a complete order unit space such that Span_ ext(C) =
C. There exist irreducible order unit spaces (Vi, Ci, ux), k € {1, ..., n}, such that V
is isomorphic to the order direct sum @221 V. Moreover, the order theoretical centre
of V is isomorphic to R" as order unit spaces.

Proof Lemma 9.3 yields that V is isomorphic to the order direct sum @;_, Vi and
also that it is unique up to possibly reordering the indices. If T € [0, I], then, by
Lemma 9.4, we have that § := I — %T is a positive linear bijection with positive
inverse and S € [0, I]. By Lemma 9.5, for any p € ext(C), there is a A > 0 such that
Sp = Ap. Lemma 9.2(iii) then yields that S[®[Vi]] S ®k[ V] for every k. Since
S is surjective, it follows for every k that S[®y[Vi]] = Pi[Vk]. For every v € Vi,
define Sy (v) := S(Px(v))(k) and similarly, define Rr(v) := S~1(® (v)) (k). Then
Ry is the inverse of S, so that Si: Vi — Vi is a positive bijection with a positive
inverse. Also, Si € [0, Ix], where I} is the identity on Vi. By Proposition 9.6, there
isa0 < ux < 1 such that Sy = uily. It follows that S = @Z:l wily, and so,
T = @Z:l 2(1 — k) Ig. Conversely, for every 0 < wy, ..., u, < 1, we have that
the operator T := @Z:l i Iy is in [0, I'], and we conclude that the order theoretical
centre of V and R” are isomorphic as order unit spaces. O

For finite-dimensional spaces, either Proposition 8.1 or Theorem 9.7 and Lemma
9.1 together yield the following characterisation of the order theoretical centre.

Corollary 9.8 Let (V, C, u) be a finite-dimensional order unit space of dimension d.
Then there exists n € N with n < d such that the order theoretical centre of V is
isomorphic to R" as order unit spaces.

According to Remark 6.3, anti-lattices are irreducible, so we have the following
special case.
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Corollary 9.9 Let (V, C, u) be a finite-dimensional order unit space. If V is an anti-
lattice, then its order theoretical centre is isomorphic to R as order unit spaces.

Example 9.10 The order theoretical centre of the spin factor R”~! @ R is isomorphic
to R. Also the order theoretical centre of the space of symmetric n x n-matrices with
the cone of positive semi-definite matrices is isomorphic to R. Indeed, both spaces are
anti-lattices due to Propositions 4.3 and 4.2, so the assertions follow from Corollary
9.9. Note that this conclusion also follows from Theorem 8.10.

Acknowledgements The authors are grateful to A.W. Wickstead for making them aware of reference [5].

A Appendix

This appendix contains a survey of the factors of atomic JBW-algebras.

A.1 Quaternionic Hilbert spaces and their operators

By introducing the multiplication rules i = j? = k? = ijk = —1 on the symbols i,
J»,and k, we induce the structure of a unital associative algebra on the four dimensional
real vector space

H := {al+bi+cj+dk:a,b,c,deR}

where the general product distributes over the sum as usual, with unit 1. This algebra
H is referred to as the quaternions, and i, j, and k are called the imaginary units.
The multiplication on H is not commutative as ij = —ji = k, ki = —ik = j, and
jk = —kj = i. The algebraic centre of H equals R1, and every non-zero quaternion
is invertible as

(al + bi +cj +dk)(al — bi —cj — dk) = (a*> + b* + 2 +dH)1.

For ¢ = al + bi 4+ c¢j + dk, the quaternionic conjugate is defined to be g* :=
al — bi — c¢j — dk, which defines an involution *: H — H that reverses the order
of multiplication. That is, for ¢, r € H, we have (gr)* = r*g*. The real part of g
is denoted by Re(g) and is given by Re(g) := %(q + ¢*) = al. Furthermore, this
conjugation gives rise to the multiplicative norm |g| := 1/¢*q on H. Note that R1 has
been identified with R here.

An abelian group (V, +) that admits a right action -: V x H — V is called
a quaternionic vector space if the action distributes over 4 in V and the sum of
quaternions. That is, we have (v +w)-g =v-gq+w-q,v-(g+r)=v-q+v-r,
(w-r)y-gq=v-(gr),andv-1=vforallg,r € Handall v, w € V. The reason for
choosing a right action on V is so that an n x n matrix A acting on the left as usual
on a vector x € H", that is, x — Ax, is now H-linear.

A quaternionic inner product on V is a H-sesquilinear form (-, -): V x V — H,
so (-, -) satisfies (u, v-q +w) = (u, v)q + (u, w) and (v, w) = (w, v)* forallg € H
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and all #, v, w € V, which in addition satisfies (v, v) > Oforallv € V and (v, v) =0
if and only if v = 0. It follows that ||v] := 4/(v, v) yields a norm on V, which we
prove next by using the quaternionic version of the Cauchy—Schwarz inequality.

Lemma A.1 (Cauchy—Schwarz) Let V be a quaternionic vector space equipped with a
quaternionic inner product. Then, for any v, w € V, it follows that |(v, w)| < |[v]/||lw]|
with equality if and only if v and w are H-linearly dependent.

Proof If w = 0, the statement clearly holds, so we may assume that w # 0. Let
g = (w, v)||lw|| =2 and observe that

0<llv—w-ql*=vlI*-g*(w,v) — (v, wg +g*wl’q

o = 1 w) [, w) P (w, w)?
lwl? llwi? lwi?
2l w)?
= Jol* - ———,
lwl

and hence, we have |(v, w)| < |lv]|||lw]. Moreover, in case of an equality above, it
follows that v = w - ¢ and if v = w - r for some r € H, then [(v, w)| = [{w, w)||r| =
Irillwlllwll = llw - rlflwll = [lvl{w]. o

It now follows from Lemma A.1 that, for v, w € V, we have
v+ wl? < [lvll? 4 2[(v, w)| + [wl* < (vl + [wl)?,

showing that the triangle inequality is satisfied. If V' is complete with respect to the
norm || - ||, then V is a quaternionic Hilbert space. For more details, see [21]. Quater-
nionic Hilbert spaces will from now on be denoted by H,, . Most of the theory for Hilbert
spaces passes over analogously to quaternionic Hilbert spaces as will be shown. Two
vectors v, w € H, are said to be orthogonal if (v, w) = 0, and similarly, the orthog-
onal complement S+ of a set is defined. A subset B C H, is orthonormal if the
vectors in B have norm one and are pairwise orthogonal. The Pythagorean theorem
also holds for the quaternionic inner product. That is, if vy, ..., v, € H, are pairwise
orthogonal, then

lvr 4+ -+ v ll? = Noil? + - + loall? (Pythagorean identity).

The Pythagorean theorem can be used in turn to prove Bessel’s inequality, stating that,
for an orthonormal set {b, : n € N} and any v € 'H,, we have

(v, i) > < [v]|? (Bessel’s inequality).

WK

k=1

We call a subset B C H,; an orthonormal basis for H, if it is a maximal orthonormal
set. An application of Zorn’s lemma tells us that every quaternionic Hilbert space
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‘H, # {0} has an orthonormal basis. Indeed, the set
P = {B C Hy: B is an orthonormal set}

is non-empty and partially ordered by set inclusion. Let (B;); be a chain in %. Then
By = Ui B; is an orthonormal set and Zorn’s lemma implies that % contains a
maximal element B. Hence, there is no non-zero vector v € H, such that (v, b) =0
for all b € B, showing that B is an orthonormal basis for H,. By Bessel’s inequality,
for any v € H,, there are at most countably many vectors in B such that (v, b) # 0,
and it follows that

v=>b-(v,;b) and [v|*=> |(v.b)*. (A.1)

beB beB

For more details, see [8, Lemma 1.4.12] and [8, Theorem 1.4.13] (the arguments are
the same for quaternionic Hilbert spaces).

An H-linear operator T: ‘H,; — H, is bounded in the same way an operator
between Hilbert spaces is bounded, so T is bounded if and only if sup{||Tv||: ||v] <
1} < oo, with this supremum denoted by ||T||. Since multiplication in H is not
commutative, the bounded operators on H,; can only be a equipped with the structure
of areal vector space. Forr € R, the H-linear operator T is definedby #rTx := Tx-r,
but linearity fails if  isreplaced by a general quaternion g € H. Toillustrate this with an
example, for an operator 7 on H,, it follows that, for § := jT', we have S(v-i) # Sv-i.
The real vector space of bounded H-linear operators is denoted by B(H,;), and becomes
a Banach space when equipped with the norm 7 + ||T||. In order to define the
quaternionic adjoint of an operator in B(H,), we need the quaternionic version of
the Riesz representation theorem. Similarly, a H-linear functional ¢: H, — H is
bounded if sup{|p(v)|: ||v]| < 1} < oo.

LemmaA.2 (Riesz representation theorem) If ¢: ‘H, — H is a bounded H-linear
functional, then there exists a unique v € Hy such that p(w) = (v, w) forallw € 'H,.

Proof Since ¢ is continuous, it follows that ker ¢ is closed in H,. Clearly, if ¢ = 0,
then we can take v = 0 to represent ¢. So, suppose that ¢ # 0. By choosing an
orthonormal basis for ker ¢, it follows that this basis is not maximal in H,, so there
isav € ker (pJ- such that ¢(v) = 1. For w € H,, we have p(w — v - p(w)) = 0, so
w — v - @(w) € ker ¢. Hence, (v, w) — ||v||2(p(w) = (v, w —v-@(w)) =0 and so
e(w) = (|lv]|~2v, w) forallw € ‘H,. Note thatif u € H, is such that (v, w) = (u, w)
for all w € H,, then, by choosing w = u — v, we get (u —v,u —v) =0,so0u =v.0

Given a bounded operator T € B(H,), we have a well-defined linear operator
S:H, — H, given by the relation (w, Tv) = (Sw, v) as a consequence of Lemma
A2, since, forany v € ‘H,, the map w +— (v, Tw) is H-linear and bounded by Lemma
A.1. The properties of a quaternionic inner product also show that this operator S is
unique, and bounded with ||S|| = ||T||. We say that S is the quaternionic adjoint of
T, and will be denoted by T*. It is again similar to the case of dealing with operators
on a Hilbert space to find that 7** = T and | T*T|| = || T ||>. An operator T € B(Hy)
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is self-adjoint if T* = T and the subspace of self-adjoint operators will be denoted
by B(H,)sa- Since B(H,)sa is closed in B(H,), it is a Banach space as well. Note
that (Tv,v) € Rl for all T € B(H,;)sa- An orthogonal projection in B(Hy)sa is
an idempotent operator, and orthogonal projections are in bijection with the closed
subspaces of H,. Indeed, for a closed subspace K C H,, we have that £ = {0} is
precisely the range of the projection P = (. Otherwise, let B be an orthonormal basis
for KC, and, for any finite set ' C B, define Pr: H, — H, by

Prv:= Y b-(b.v).
beF
Then, it follows that P is linear, idempotent, and || Pr|| = 1. Furthermore, note that,

for v, w € H,, we have

(Prv,w) =Y (b (b,v), w) =Y ((w,b)(b, v))* = Y (v, b)(b, w)

beF beF beF
=Y (b (b,w)) = (v, Pruw),
beF

hence, Pr is self-adjoint. Since

Pv = Z(v,b) b

beB

is the limit of the net { Prv: F C B finite}, it follows that P is an idempotent linear
operator with || P|| = 1. Moreover, for v, w € H,, we have

[(Pv, w) — (v, Pw)| = [{((P — Pp)v, w) — (v, (P — Pp)w)| < (P — Pp)vl|[|lw]|
+I(P = Peyw][v]

and hence, we find that P is self-adjoint making it an orthogonal projection. By
(A.1), the range of P equals K. The uniqueness of P follows from the fact that any
orthogonal projection Q with range K must agree with P asran P = ran Q = K and
ker P = ker Q = K. Conversely, any orthogonal projection P yields a closed subset
ran P C H,.

The commutative bilinear product o: B(Hy)sa X B(Hy)sa — B(Hy)sa defined
by T oS := %(TS + ST) turns B(Hy)sa into a real Jordan algebra and the norm
T + |T| satisfies |S o T|| < |S|IIT|, and also ||T?|| = ||T*T| = ||T||* for all
S, T € B(Hy)sa. Furthermore, for S, T € B(Hy)sa and v € H, with [[v|| < 1, it
follows that

ITv||? = (Tv, Tv) < (Tv, Tv)+(Sv, Sv) = (T?v, v)+(S%v, v) = (T*+S)v, v)
< |7+ $?|
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by Lemma A.1, so | T?|| < ||T% + $?||, and we conclude that B(Hg)sa is a JB-algebra
with identity /. The spectrum of an operator T in B(H, ), is denoted by o (T') and is
defined to be

o(T) :={Ar € R: T — Al is not invertible in B(H)sa}.

Note that real scalar multiples of I are considered here as B(H,)s, is a real vector
space. Note that by the functional calculus [3, Corollary 1.19], the spectrum of an
operator is never empty. The numerical range of an operator T € B(H,)sa, which is
defined tobe N(T) := {(Tv, v): ||v|| = 1}, is related to the spectrum of T as follows.

LemmaA.3 For T € B(H)sa, we have o (T) € N(T).

Proof If X is such that T — A is not injective, then there is a normalised v € H,
such that Tv = Av, so (Tv,v) = A, and thus A € N(T). If T — A[ is not surjective,
then there are two cases to distinguish, the range of T — Al is not dense in H,,
and the range of T — A[ is not closed but dense in H,. Firstly, suppose there is a
normalised vector v in the orthogonal complement of ran(7 — AI). Then we find that
(Tv,v)—A = {(T—AI)v,v) =0,s01 € N(T). Secondly, if the range of T — A1 is not
closed but dense in H,, then there is no p > 0 such that || (T" — AI)v| > p|lv]| for all
v € H, as the range is not closed, so there is a sequence of normalised vectors (v ), >1
inH, suchthat (T —A1)v, — 0.Itfollows that (T v,, v,)—A = (T —AI)vy,, v,) — 0,
soAr € N(T). O

The partial ordering on B(H,)sa can be formulated via the following equivalent
properties.

Lemma A.4 For an operator T € B(Hy)sa, the following statements are equivalent.
(@) (Tv,v) =0 forallv e H,.

) T = Szfor some S € B(Hy)sa-
(iii) o(T) C [0, 00).

Proof (i) = (iii): If A < 0 and v € H,, then
(T — Al = [|Tv]|*> — 2A(Tv, v) + A*{[v]|* = A%||v]1?

which implies that 7 — A[ is injective. The same inequality shows that the range of T
is closed in H,, so we can define a left inverse S € B(Hy) of T by S :=T' @ I, 71,
where T is the inverse of T restricted to the range of T. The fact that 7’ is bounded
follows from the inverse mapping theorem for bounded operators on Banach spaces
[8, Theorem III.12.5] where the argument also works for operators on H,. Since T
is self-adjoint, it follows that T also has a right inverse. Note that 7! needs to be
self-adjoint, as, for any v € H,, we have

(T, v) = (T 'Tw, Tw) = (w, Tw) = (Tw, w) = (v, T ).
We conclude that A ¢ o (T). Hence, o (T) C [0, 00).
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(iii) = (ii): The existence of an operator S such that 7 = $2 in this case follows
from the functional calculus [3, Corollary 1.19].

(ii) = (i): If S is such that T = S2, then it follows directly that (Tv, v) =
(S?v,v) = (Sv, Sv) > O forall v € H,. o

LemmaA.5 The JB-algebra B(Hy)sa is monotone complete.

Proof Without loss of generality, we may assume that (7;); is an increasing net such
that 0 < 7; < I. By the functional calculus [3, Proposition 1.12], we have $2 < S for
all0 < § < I, so that, for any v € H, and i < j, we have

1T = Towll> = (T = Tov, (Tj — Ti)v) = {(Tj — T)*v, v) < ((Tj — Ti)v, v)
(A2)

by Lemma A.4. Furthermore, as (T;v, v) < |lv||? for all v € H,, the increasing net
({T;v, v)); is Cauchy in R1, which implies that (7;v); is a Cauchy net in H, for
every v € H, by (A.2). Hence, we can define a linear operator T' via the pointwise
norm limits Tv := lim; T;v. It follows that ||T|] < 1 and since we also have that
(Tiv,v) — (Tv,v) forallv € Hy, wehave T € B(Hy)sa- Suppose that S € B(H,)sa
is such that 7; < S for all i. Then

(S =T)v,v) =((S = Ti)v,v) + ((T; = T)v,v) = ((T; = T)v,v) — 0,

so T < S by Lemma A.4 and T is the supremum of (7;);. O

Let v € H,; be such that ||v]| = 1. Then ¢, : B(Hy)sa — R defined by ¢, (T) :=
(T'v, v) is a positive linear functional with ¢, (/) = 1, so it is a state on B(H)sa.
Furthermore, if (7}); is an increasing net with supremum 7" in B(H)sa, then we saw
in the proof of Lemma A.5 that ¢, (T;) = (T;v, v) — (Tv,v) = ¢,(T). Hence, we
have that ¢, is a normal state. These states are referred to as vector states.

LemmaA.6 The vector states ¢, on B(Hy)sa are pure states.

Proof Let v be a normalised vector and ¢, be the corresponding vector state. Suppose
that, forsome 0 < ¢ < 1andstates ¥, n, we have ¢, = t+(1—1)n. For the projection
P,w := v - (v, w), it follows that ¢, (P,) = 1 and as 0 < {(P,), n(Py) < 1, since
0 < P, < I, it follows that Y (P,) = n(Py) = 1. The symmetric bilinear form
(S, T) — ¥ (S oT) is positive semi-definite, and so

[W(T o (I = P)* < W (DY = P =0
by the generalised Cauchy—Schwarz inequality, [9, 5.5.3]. Hence ¢/ (T) = ¢ (T o Py)

forall T € B(Hg)sa. Using that (P, o T) o P, = 3 P,T P, + 1T o P, and the fact that
P, T P, is self-adjoint, it follows that

Y(T) = Y((PyoT)o P)) = 3y (P,TP) + 1y(T o P,) = Iy (P,TP,) + Sy(T),
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so that ¥ (T) = Y (P, T P,). Since (P,T P))w = v - (Tv, v){v, w) = ¢,(T) P,w for
all w € Hy, we conclude that Y (T) = ¥ (PyT Py) = @u(T)Y(Py) = ¢u(T) for all
T € B(Hy)sa» 0 ¥ = ¢,. Hence, ¢, = ¥ = n and g, is a pure state. O

Note thatif T', § € B(H)sa are such that ((S — T)v, v) = O for all v € H,, then
S <TandT < SbyLemmaA.4andso T = S. We find that the vector states separate
the points of B(H,)s. and hence, it follows that B(H,)s, is a JBW-algebra.

We will show that B(H,)s, is an atomic JBW-algebra. Indeed, let P be a non-
zero orthogonal projection in B(H)sa. Then the range of P is a closed subspace
of Hy, so we may choose an orthonormal basis for it. Let v be an element of this
orthonormal basis and note that the orthogonal projection Pyw := v - (v, w) satisfies
P, = PP, = P,P,so P — P, is idempotent and self-adjoint, so ((P — Py)w, w) > 0
for all w € H, and therefore P, < P. The following lemma shows that P, is an atom
from which we can conclude that B(H,)s, is atomic.

LemmaA.7 Forv € H, with ||v|| = 1, the projection P, is an atom, and every atom
in B(Hy)sa is of this form.

Proof Suppose that P, = Q + R for some orthogonal projections Q and R. If Qv and
Rv are non-zero, then they are H-linearly independent and so the dimension over H
of the range of O + R is at least two, which contradicts the fact that the range of P,
equals Hv := {v - ¢: g € H}. Hence, we may assume without loss of generality that
Qv =vand Rv = 0. But RQR = 0 by [3, Proposition 2.18] and as

IRQRI = [RQ*R|| = |(QR)*QRI = | QRI,

it follows that QR = 0. Hence, Pyw = Qv - (v, w)) = Qw + QRw = Qw, so
O = P, and P, is an atom.
Let P be an atom in B(H;)sa. Then the range of P must be of the form Huv

for some v € H, with ||v]| = 1. If w € H; and Pw = v - g, then it follows from
w = Pw+ (I — P)wthatg = (v, w) by taking the inner product with v as v € ker P.
Hence, P = P,. O

Lemma A.8 The JBW-algebra B(H)sa is a factor.

Proof Suppose T € B(H,)sa operator commutes with all S € B(H,)s. For any
normalised v € Hq, the atom P, yields

%(Tv—l—v A(Tv,v)) =T o(PyoPy)v=Pyo(ToPy)v=v- %(TU, v) + %Tv,

hence, Tv = v - (Tv, v). If v and w are two linearly independent normalised vectors
in ‘H,, then the linearity of T implies that

w+w) - (Tw+w,v+wv+w| 2=Tw+w)=Tv+Tw
= (Tv,v) v+ (Tw, w)w

and so (T'v, v) = (Tw, w). Hence, it follows that T = A for some . € R showing
that the algebraic centre of B(H,)s, equals R1. o
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A.2 Spin factors

Let H be a real Hilbert space of dimension at least two. If we equip the direct sum
H @ R with the product

(x, A) o (y, ) = (ux + Ay, (x, y) + Ap), (A.3)

then H @R becomes a Jordan algebra with unit (0, 1). The Cauchy—Schwarz inequality
implies that we can define the norm || (x, )| := +/(x, x) +|A| on H @R and it follows
that this defines a JB-algebra norm.

LemmaA.9 The norm on H & R is a JB-algebra norm.
Proof Let (x, 1) and (y, ) be in H @ R. Then

G, 2) 0 (v, Wl

= [[(ux + 1y, (x, y)+ap) | =\/M2(x, X)F2h 0, y) A2y, y)+(x, y)+Apl

<\/u2x x) 4 201V, X)V Y, ¥+ A2y, p) + 3 ( x0V s )+ Al
= |l Cx, 2) + AV 3) + V0 0V (50 3) + [ ]
= (e, x) +IADG/ v, ) + 1D

= [1Ge, DIy

by the Cauchy—Schwarz inequality, and we can explicitly check the identity

e, D21 = [12Ax, (x, x) + A2 = 2|A1V/(x, x) + (x, x) + A2
= (Vx, x) + IAD* = G DI

Lastly, by using the Cauchy—Schwarz inequality once more, it follows that
e, 27 + (v )l
— 820, x) + B, ¥) 42 (r, ) + (v, X) + (0, 3) + A2 4 i
> \/4A2 (x,x) — 8|x|m|\/ (0, )V (00 3 A2y, y) + (e x) + (3, y) + 27 448

=21y, x) = 20V y) + Gex) + (o y) 27 4
= (/e x) + 12D + (/W — lul?
= (e 2l
Hence this norm satisfies the properties of a JB-algebra norm. O
Furthermore, note that the Hilbert space direct sumnorm || (x, A) || := /{x, x) + A2
on H & R is equivalent to ||-||. Indeed, we have

1o, M2 = v (x, x) + Al = [1Ce, M
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and by the concavity of the square root function, we find that

1Ge, M= Ve, x) + 1A < V2V (x, x) + 42 = V2I1(x, D)o

Hence, H & R is reflexive by [20, Proposition 1.11.8]. It follows that H & R is a
JB-algebra that is a dual space, so by [3, Theorem 2.55] it is a JBW-algebra. These
JBW-algebras are called a spin factor.

Lemma A.10 The projections in H & R are precisely (0, 0), (0, 1), and (x, %) such
that \/{x, x) = % Moreover, the latter are precisely the atoms.

Proof The equation (x, )2 = (2Ax, (x, x) + A2) yields 2A — 1)x =0 and A> — A +
(x,x) =0.S0,if x =0, then L = 0 or A = 1 gives the idempotents (0, 0) and (0, 1),
and if x # 0, then A = % and (x, x) = i as required. If x is such that 4/{x, x) = %
then (x, %) + (—x, %) = (0, 1), and it is clear that (x, %) can not be written as the sum
of two projections of the form (y, %) or (0, 1). Hence, the atoms are precisely of the
form (x, %). |

By [3, Lemma 1.10], spin factors are partially ordered by the cone of squares.

LemmaA.11 The cone of squares C in a spin factor H ® R equals A =

{(x, A): J/{x,x) <AL

Proof Observe that (0, A) is a square if and only if A > 0. Suppose that (x, 1) is
not a multiple of (0, 1). Then (x, 1)? = (2Ax, (x, x) + A?) satisfies \/(2Ax, 2AX) =
2IAl/{x, x) < (x,x) 4+ A% as (J/{x,x) — [A])?> = 0 and it follows that C C A.
Conversely, note that the two atoms (x, %) and (—x, %) are orthogonal since (x, %) o
(—x, %) = (0, 0). So, if (x, A) is an element of A, then (x, A) is the square of

X 1 X 1
o1 <2¢_<x,x>’ 5) o <_2¢_<x, 5y 5)

where o} == /A + (=¥ /{x, x) fork = 1,2. Hence A C C. ]

To see that the spin factor H @ R is an atomic JBW-algebra, by Lemma A.10, it
remains to show that there is an atom below (0, 1). Actually, for every atom (x, %), we
have that (x, %) < (0, 1) by Lemma A.11. Thus, H & R is an atomic JBW-algebra.

Next, we consider the spectrum of elements of H @ R. Suppose that (x, A) is not
a multiple of (0, 1). Then we can write

(x, ) = A(0, 1) + /(x., x) (ﬁ 0)

where (x, x)~1/2(x, 0) squares to (0, 1). By the functional calculus [3, Corollary 1.19],
the spectrum of the element (x, x)~'/2(x, 0) must be {£1}, so the spectrum of the
element (x, A) must, therefore, equal {A + +/(x, x), A — 4/{(x, x)}. On the other hand,
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any multiple of (0, 1) has a spectrum containing at most two numbers, so any element
of H @ R has a spectrum consisting of at most two numbers. Furthermore,

(x,A) = (A+\/xx)< >+(k \/xx)< 1)

2J/(x,x)" 2 ZJ— 2
is the spectral decomposition of (x, A). Note that the spectrum of (x, 1) is positive if
and only if (x, X) is an element of C.

The cone A := {(x,A): +/{x, x) < A} in the vector space H ® R is called the
Lorentz cone. Clearly, (H ® R, A) is an Archimedean partially ordered vector space
and (0, 1) is an order unit. In particular, for every n > 3, the vector space R" can
be endowed with a Lorentz cone, by viewing R” as R x R"~! and considering the
Euclidean inner product on R~ !

Lemma A.12 A spin factor H ® R is in fact a factor.

Proof Letx,y € H be orthogonal unit vectors. Then (x, 0)o(y, 0)% = (x, 0)o(0, 1) =
(x,0)and (y,0) 0 ((x, 0)o(y, 0)) = (0, 0), so (x, 0) does not operator commute with
(y,0), thus (x, 0) can not be in the algebraic centre of H & R. This implies that if
(x,A) = (x,0) + A(0, 1) is an element of the algebraic centre, then (x, 0) must be an
element of the algebraic centre as (0, 1) is. We conclude that x = 0 and, therefore,
the algebraic centre equals R(0, 1) and H & R is a factor. O

We show that a functional ¢ is a state of H @R if and only if there exists y € H with
(y,¥) = 1 such that p((x, A)) = ((x, X), (y, 1)) for every (x, 1) € H & R. Indeed,
let ¢ be a state of H @ R. By the Riesz representation theorem, it follows that there is

a (y, u) such that o((x, 1)) = ((x, 1), (y, w)) = (x, y) +ru forall (x,r) € H®R.
Since ¢(0, 1) = 1, we must have u = 1. If y # 0, then

¢<<__y l))=<(__y 1) (y 1)>=1<— (y y>+1>>0
2V (. y) 2 2V 2) 2 ’ -

since ¢ is positive, so 4/(y, y) < 1.On the other hand, if y € H is such that \/(y, y) <
1 and we define the linear functional ¥ by ¥ ((x, 1)) := {(x, y)+A, then ¥ ((0, 1)) = 1
and

Y0, %) = 200x, ) + (0, x) + 22 = <2041, )]+ (0, x) + 22
2
> <202yl + (rx) + 22 = (Virw) = [21) 20
by the Cauchy—Schwarz inequality, so i is positive. Hence, ¥ is a state.
Lemma A.13 Let (y, 1) represent the state ¢ on H @ R. Then ¢ is a pure state if and

only if /{y,y) = L.
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Proof Suppose that y € H is such that \/(y, y) < 1. If y = 0, then we can write
0,1 = %(x, D+ %(—x, 1) for a unit vector x € H, and the states represented by
(x,1) and (—x, 1) are distinct since

(e, D), (=x, D)= —(x,x)+1=0 and  ((=x, 1), (=x, D)) = {x,x) + 1 =2.

Hence, the state represented by (0, 1) is not a pure state. If y # 0, then we can write

y -y
D=t ——,1)+0 - 1
0. D t( (v, ¥) ) ( t)( (v, y) )

—1/2

forsome 0 < ¢ < 1, and the states represented by (% (y, y) v, 1) are again distinct

since

y -y -y -y
— 1), (—2—,1))=0 and 1), 1)) =2.
<( (v, y) ) ( (v, y) )> o <<x/<y,y> ) ( (v, y) >>

We conclude that the state represented by (y, 1) can, therefore, not be a pure state.
Conversely, suppose that y is a unit vectorin H. If (x, 1) and (z, 1) represent states such
that a non-trivial convex combination of them equal the state represented by (y, 1),
then (y,1) = t(x, 1)+ (1 —1)(z, 1) forsome 0 <t < landsoy =tx + (1 —t)z.
Since the unit sphere in H is strictly convex, it follows that x = z = y, so (y, 1)
represents a pure state. O

A.3 Matrices with octonionic entries

We introduce the multiplication rules on {eq, ..., e7} as follows. Set el.2 = —1 for all
1 <i < 7 and determine the product of any two e; and e; via the so called Fano plane

>

A\

The elements ¢; and ¢; lie on a unique line consisting of three elements, including the
circle. The product is defined by following the arrow and using cyclic permutations
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(which preserve the directions of the arrows). For example, the elements e and e
lie on the line (ey, ez, e4), s0 ejey = e4. Furthermore, we also have that ¢ and e4
lie on the line (e1, €3, e4), which yields the same line (e4, €1, e2) by applying cyclic
permutations, so ese; = ep. Transversing in the opposite direction of the indicated
arrow yields a minus sign, that is, eje4 = —e>. The 8-dimensional real vector space

0O := {aol+alel+-~-+a7e7:ao,...,a7 ER}

equipped with the multiplication rules described above and unit 1, where a general
product distributes over the sums, forms the so called octonions. The product on
the octonions is not commutative as we have seen, and it also fails to be associative.
Indeed, note that (ejep)e3 = eqe3 = —eg and e (e2e3) = e1e5 = eg. The octonions are
alternative, meaning that the subalgebra generated by two elements in Q is associative.
The real multiples of the identity 1 commute with all octonions. For x = agl +
ZZII axex, the octonionic conjugate of x is defined to be x* := agl — ZZ:I ayey.
The octonionic conjugate is an involution on O that reverses the order of multiplication,
thatis, for x, y € O, wehave (xy)* = y*x*. The real part of x is denoted by Re(x) and
is given by Re(x) := %(x +x*) = apl. Note that every non-zero octonion is invertible
since x*x = (ag +- .- —i—a%) 1. Furthermore, the octonionic conjugation induces a norm
on O given by ||x| := /x*x, where R1 has been identified with R. Similar to the
norm on the quaternions, the norm is multiplicative, that is, ||xy|| = ||x||||y] for all
x,y € Q. This implies that

lxyl? = (xp)*(xy) = Fx*)(xy) = y*(*x)y = x|yl

The octonions can be equipped with the real inner product (x, y) := Re(xy*) =
%(xy* + yx*), where again the real multiples of the identity 1 are identified with
the real numbers. The inner product coincides with the standard inner product on
RS, that is, for x := agl + Y;_, axex and y := bl + Y_;_, bey it follows that
(x,y) = ZZ:O ayby. Furthermore, note that the norm relates to the inner product as
usual, ||x|| = +/{x, x). For the reader interested in studying properties of the octonions
in more detail, we recommend the well written and extensive exposition on the subject
[4].

In view of the theory of JB-algebras, let M,,(Q) denote the n x n matrices over the
octonions which form a non-associative unital real algebra. Similar to the Hermitian
adjoint, an involution can be defined on M, (Q) given by (A*);; := (A;;)*. Since
every JB-algebra is formally real, the subspace of self-adjoint matrices M, (Q)s, are
considered instead of M, (0), equipped with the commutative product A o B :=
%(AB + BA) (note that squares coincide for both products). It was shown by Jordan,
von Neumann, and Wigner in [15] that M,,(Q)s, is a Jordan algebra for 1 < n < 3
and not for n > 4, see also [13, Theorem 2.7.6, Theorem 2.7.8]. In particular, it turns
out that M, (Q0)s, is a spin factor, see [4, p. 28].
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Lemma A.14 M;(Q)g, is a spin factor.

Proof Define the map f: My (Q)s, — R? @ R by

x* a—2p

(‘”ﬁ ¥ )H((x,ﬂ),a).

It is a straightforward verification that f is a linear bijection that maps the identity
matrix I> to the unit (0, 1). Let

A::(o“_':,ﬁ'g1 . ) and B::(OQ_';’B2 Y )

x a; — B y ay — B

Using that (x, y) = (x*, y*), it follows that

_ a-+b ax + o1y
AoB = (otzx*—l—ozly* a—>b

where a = ajap + 182 + (x, y) and b = a1 B2 + a2 81, SO

f(AoB) = ((axx + a1y, 182 +az81), aron + B1B2 + (x,y))
= ((x, B1), a1) o ((y, B2), a2) = f(A) o f(B)

showing that f is a Jordan homomorphism. Hence M, (Q)s, is isomorphic to the spin
factor R® @ R. o

Remark A.15 A similar argument proves that M (H)s, is isomorphic to the spin factor
R3 @ R, that My (C)s, is isomorphic to the spin factor R3 @ R, and that Ma(R)s, is
isomorphic to the spin factor R? @ R. Therefore, by Lemma A.10, all the minimal
projections in M3 (R)g, are of the form

(% M >
1
X1 3 — X2

2 2 _ 1
where xi + x5 = i

The self-adjoint 3 x 3 matrices over the octonions is called the Albert algebra and
is an exceptional Jordan algebra, as it is not Jordan isomorphic to a subalgebra of an
associative real algebra A with the productaob := %(ab + ba), see [3, Theorem 4.6]
and [13, Corollary 2.8.5]. Furthermore, by [3, Theorem 3.32], the Albert algebra is a
JBW-algebra and even a factor. Hence, it follows from [3, Lemma 1.10] that M3 (Q)s,
is partially ordered by the cone of squares. The minimal projections (or atoms) in
M3(Q)s, can be characterised as follows.
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Proposition A.16 The minimal projections P in M3(Q)s, are of the form

Ixi 02 xix3 xpxd
Pi= | xox} [0l xx3
x3xf xaxy [xs)?

where x1, x2, x3 € Q associate, that is, (x1x2)x3 = x1(x2x3), and ||x1]|*> + ||x2]|* +
2
llx3]]< =L

Proof Let

ri yik yi‘
A=y 7r2y]
Y2 Y3 13

be so that A2 = A. Then, as

) P Il + 1v2l? (o r)yf 4+ viys (0 +13)y5 + yiy:
A= | (ri+r)y +yiy B+ I+ 1ysl? o +r)yi+vvs |, (Ad)
(ri +r3)y2 +y3y1 (2 +13)ys + 205 73+ Iy2ll> + lysll?

it follows that O < ry, 7, r3 < 1 and not all the r; are zero, as otherwise A = 0.
Furthermore, from the system of equations

(I =ri—r)y1 =yi»
(I —=r1—r3)y2 = y3»
(1 —ry —r3)y3 = y2y;

we see that y;, yp,and y3 areinasubalgebra N C O generated by two elements (and 1).
Since O is alternative, we must have that V is associative. Letx € N be non-zero. Since
O has no zero divisors, the R-linear map L,(y) := xy is injective on Q. Hence, the
restriction of Ly to N is injective as well and as N is finite-dimensional, it is a bijection.
Let z € N be such that xz = 1. It follows that (zx)% = (zx)(zx) = z(xz)x = zx as N
is associative, and so zx = 1, again since O has no zero divisors. This shows that x has
an inverse z and, therefore, NV is areal division algebra. By Hurwitz’s theorem [14], we
have that N is isomorphic to R, C, or H. It follows that the entries of A are elements
of the algebra N which is isomorphic to H. Under this isomorphism, the inner product
on N3 induced by the inner product of O3 coincides with the inner product of H?.
Hence, by Lemma A.7, there is a unital vector x € N 3 such that Ay =x-(x,y). It
follows that x := (x1, x2, x3) is a unital vector in O3 with (x1x2)x3 = x1 (x2x3) and

lxil* x1x3 xix3
A= | xoxf llx2 12 xox; |- (A5)

x3xf xaxd s )?
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Conversely, suppose A is as in (A.5) for some unit vector (x1, x2, x3) € 03 such
that (x;x2)x3 = x1(x2x3). Then it follows that A% = A, and as the subalgebra M C O
generated by x1, x2, and x3 (and 1) is associative, it follows that M is isomorphic
to R, C, or H by Hurwitz’s theorem once more. Therefore, the matrix A satisfies
Ay = x - (x, y) for x = (x1, x2, x3), S0 it is a minimal projection by Lemma A.7. O

The trace of A € M3(Q)g, is defined as usual for matrices by trace(A) :=
A1 + Ay + Azz, where A;; are the diagonal entries of A. It follows that (A, B) :=
trace(A o B) is areal inner product on M3 (Q)g,. Indeed, note that, by (A.4), it follows
that (A, A) > 0, and (A, A) = 0 if and only if A = 0. Furthermore, trace(A o B) =
Re(trace(AB)) and, by [10, Proposition V.2.2], we have that (Ao B, C) = (A, Bo C)
for all A, B, C € M3(Q)g,. Hence, with this inner product M3(Q)s, is a Euclidean
Jordan algebra. For any A € M3(Q)s,, there are unique A1, ..., Ay and unique pair-
wise orthogonal projections Py, ..., Py, such that A = A P + --- + A, Py, by [10,
Theorem III.1.1]. This is the spectral decomposition of A. The spectrum of A, denoted
by o (A), consists of the eigenvalues that occur in the spectral decomposition of A,
thatis, o0 (A) = {A1, ..., Am}.

LemmaA.17 Let A € M3(Q0)g,. Then the following statements are equivalent.

(i) A>0.
(ii) o(A) C [0, c0).
(iii) (A, B) > 0 forall B > 0.

Proof (i) < (ii): If A > 0, then A = B? for some B € M3(Q),, and the
spectral decomposition of B = A1 Py + - - - + A, Py, now yields A = B? = )»%Pl +
S 4 A%le, so 0(A) C [0, 00). On the other hand, if 0 (A) C [0, 00), then the
spectral decomposition of A = 1 Q1 + --- + . Q, yields A = B? for B =
\/M_IQI +"'+MQ;1~

(i) <= (iii): This equivalence follows from the fact that the cone of squares
in a Euclidean Jordan algebra yields a symmetric cone by [10, Theorem II1.2.1]. In
particular, (A, B) > 0 for all B > 0 if and only if A > 0. |

By the Riesz representation theorem, for every functional ¢ : M3(Q)s, — R, there
is a unique B € M3(Q)g, such that ¢(A) = (A, B). Furthermore, it follows from
Lemma A.17 that ¢ := (-, B) is a state if and only if B > 0 and trace(B) = 1.

Lemma A.18 A state (-, B) on M3(Q)g, is pure if and only if B is a minimal projection,
i.e., an atom.

Proof Suppose that (-, B) is a pure state on M3(Q)s,. Let B = ZZL] M P be the
spectral decomposition of B such that A; 7~ O for all k. Since every Pj can be written
as the sum of minimal projections, we may assume that each Py is minimal. Suppose
that there are two distinct minimal projections P; and P; in this decomposition. Then
we can write

(- B) =20 P+ Lyt (T 07 (5 Dy MP)) (A6)
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and since trace(Px) = 1 for all k by Lemma A.16, it follows that (A.6) writes (-, B) as
a non-trivial convex combination of two distinct states, which is impossible. Hence,
we have that (-, B) = A (-, Py) for some k and as trace(B) = 1, we find that B = P;.

On the other hand, let P be a minimal projection and suppose (-, P) = ¢(-,C) +
(1 =18, D)for0 <t <1,C, D > 0 with trace(C) = trace(D) = 1. Then we must
have P =tC + (1 —t)D andso C = AP and D = uP by [3, Proposition 2.15] and
[3, Lemma 3.29] since P is a minimal projection. Because trace(C) = trace(D) = 1,
it follows that . = u = 1 and so (-, P) is a pure state. O

A.4 The pre-duals of atomic JBW-algebra factors

We conclude this appendix by determining the pre-duals of all atomic JBW-algebra
factors M. For this we need the notion of so called trace class elements. These are
elements x € M that can be written as

o
x = Z Ak Dk
k=1

where (py)i is a sequence of pairwi_se orthogonal atoms in M and (Ax)r € R
satisfies Z,fil |Ax| < oo. The set of trace class elements will be denoted by M, and
a trace can be define on My, by

tr(x) := Z M.
k=1

The trace does not depend on the representation of x, so it is well defined on My;
see [3, Definition 5.65] and the paragraph below for more details. Given x € M, we
consider the JB-subalgebra JB(x, e¢) of M generated by x and e, which is isomorphic
to a space of continuous functions. Hence, in JB(x, e) the modulus |x| of x exists. The
trace norm of x € My, is defined by

o0
xlle == tr(xl) = Y [l

It follows from [3, Proposition 5.66] that Aztr 1equipped with the trace norm is a
Banach space. The pre-dual M, of M is isometrically isomorphic to M. In particu-
lar, for all finite-dimensional factors and spin factors, the pre-dual is the same space
equipped with the trace norm. For the self-adjoint bounded operators on a real, com-
plex, or quaternionic Hilbert space, the pre-dual is identified with the three analogues
of trace class operators.
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