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Abstract

Hilbert’s and Thompson’s metric spaces on the interior of cones in JB-algebras are important
examples of symmetric Banach-Finsler spaces. In this paper we characterize the Hilbert’s
metric isometries on the interiors of cones in JBW-algebras, and the Thompson’s metric
isometries on the interiors of cones in JB-algebras. These characterizations generalize work
by Bosché on the Hilbert’s and Thompson’s metric isometries on symmetric cones, and work
by Hatori and Molndr on the Thompson’s metric isometries on the cone of positive self-
adjoint elements in a unital C*-algebra. To obtain the results we develop a variety of new
geometric and Jordan algebraic techniques.

Keywords Hilbert’s metric - Thompson’s metric - Order unit spaces - JB-algebras -
Isometries - Symmetric Banach—Finsler manifolds
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1 Introduction

On the interior A9 of the cone in an order unit space A there exist two important metrics:
Hilbert’s metric and Thompson’s metric. Hilbert’s metric goes back to Hilbert [20], who
defined a metric §5 on an open bounded convex set €2 in a finite dimensional real vector
space V by
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where a’ and b’ are the points of intersection of the line through a and b and 9€2 such that a is
between a’ and b, and b is between b and a. The Hilbert’s metric spaces (2, 8y are Finsler
manifolds that generalize Klein’s model of the real hyperbolic space. They play a role in the
solution of Hilbert’s Fourth problem [2], and possess features of nonpositive curvature [4,23].
In recent years there has been increased interest in the geometry of Hilbert’s metric spaces,
see [18] for an overview. In this paper we shall work with a slightly more general version
of Hilbert’s metric, which is a metric between pairs of the rays in the interior of the cone. It
is defined in terms of the partial ordering of the cone and was introduced by Birkhoff [5].
It has found numerous applications in the spectral theory of linear and nonlinear operators,
ergodic theory, and fractal analysis, see [26,27,33,36,41—43] and the references therein.

Thompson’s metric was introduced by Thompson in [47], and is also a useful tool in
the spectral theory of operators on cones. If the order unit space is complete, the resulting
Thompson’s metric space is a prime example of a Banach-Finsler manifold. Moreover, if the
order unit space is a JB-algebra (which is a simultaneous generalization of both a Euclidean
Jordan algebra as well as the selfadjoint elements of a C*-algebra), then the Banach-Finsler
manifold is symmetric and possesses certain features of nonpositive curvature [3,10,11,24,
25,32,40,42,48]. This is one of the main reasons why Thompson’s metric is of interest in the
study of the geometry of spaces of positive operators.

It appears that understanding the isometries of Hilbert’s and Thompson’s metrics on the
interiors of cones in order unit spaces is closely linked with the theory of JB-algebras.
Evidence for this link was provided by Walsh [49], who showed, among other things, that
for finite dimensional order unit spaces A, the Hilbert’s metric isometry group on A¢ is not
equal to the group of projectivities of A9 if and only if A is a Euclidean Jordan algebra whose
cone is not Lorentzian [49, Corollary 1.4]. Moreover, in that case, the group of projectivities
has index 2 in the isometry group, and the additional isometries are obtained by adjoining
the map induced by a € A a~le AS.. At present it is unknown if this result has an
infinite dimensional extension.

The main objective of this paper is to characterize the Hilbert’s metric isometries on
the interiors of cones in JBW-algebras (a subclass of JB-algebras that includes both the
selfadjoint elements of von Neumann algebras as well as Euclidean Jordan algebras), and
the Thompson’s metric isometries on the interiors of cones in JB-algebras. Unfortunately
our methods do not give a characterization of the Hilbert’s metric isometries for general JB-
algebras, as we require the existence of sufficiently many projections. Our results generalize
and complement and number of earlier works. Firstly, the isometries for Thompson’s metric
and Hilbert’s metric between the positive cones of the bounded operators on a Hilbert space
of dimension at least three were characterized by Molndr in [37]. He exploited the geometric
mean to show that these isometries preserve commutativity and applied the characterization
of such maps. In [19], Hatori and Molnér described the isometries for Thompson’s metric
between the positive cones of C*-algebras by showing that these isometries yield linear
isometries on the whole space. As we shall see in Theorem 2.17 the Hilbert’s metric isometries
on cones in JB-algebras induce variation norm preserving isometries on the whole JB-algebra.
For von Neumann algebras without a type /> summand the variation norm isometries were
characterized by Molnér in [38]. His result was extended to JBW-algebras without a type
I, summand by Hambhalter in [16]. Finally we should mention the work by Bosché [6],
who characterized the isometries for Thompson’s metric and Hilbert’s metric on cones in
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Euclidean Jordan algebras by making essential use of the fact that the symmetric cones are
finite dimensional.

Our approach is to show that Hilbert’s metric and Thompson’s metric isometries mapping
the identity to the identity induce bijective linear norm isometries; the Thompson’s metric
isometries yield norm isometries of the JB-algebra, whereas the Hilbert’s metric isometries
induce isometries on the quotient of the JB-algebra by the span of the unit, equipped with the
variation norm, see Theorem 2.17. This extends results in [6,19]. By using a characterization
of bijective linear norm isometries of JB-algebras due to Isidro and Rodriguez-Palacios [21]
we then characterize the Thompson’s metric isometries of JB-algebras, extending results of
[6,19]. As for Hilbert’s metric, the variation norm isometries induced by Hilbert’s metric
isometries can be viewed as linear maps preserving the maximal deviation, the quantum
analogue of the maximal standard deviation, see [16,38,39]. These have been character-
ized for JBW-algebras without a type /> summand as mentioned above. We exploit the fact
that the variation norm isometry is induced by a Hilbert’s metric isometry to obtain the
desired characterization without any restriction on the JBW-algebras. This characterization
also complements our earlier work [29], in which we considered the order unit space C(K)
consisting of all continuous functions on a compact Hausdorff space K. In the same paper
we showed that the group of Hilbert’s metric isometries is equal to the group of projectivities
if the Hilbert’s metric is uniquely geodesic. Other works on Hilbert’s metric isometries and
Thompson’s metric isometries on finite dimensional cones include [12,30,35,44].

The structure of the paper is as follows.

Section 2 is our preliminary section. We first introduce Hilbert’s metric and Thompson’s
metric and JB(W)-algebras. We then investigate some properties that will prove to be very use-
ful in characterizing the isometries for both metrics. In particular, we characterize when there
exist unique geodesics for Hilbert’s metric and Thompson’s metric between two elements of
a JB-algebra, and we study the interplay between geometric means and the isometries for
both metrics. Our findings also generalize earlier work done on Euclidean Jordan algebras
and C*-algebras. These investigations then result in the crucial Theorem 2.17 mentioned
above.

In Sect. 3 we characterize the isometries for Thompson’s metric, and we exploit this result
to describe the corresponding isometry group of a direct product of simple JB-algebras in
terms of the automorphism groups of the components.

Finally, we consider Hilbert’s metric isometries in Sect. 4. Since the extreme points of the
unit ball in the quotient coincide with the equivalence classes of nontrivial projections, every
Hilbert’s metric isometry induces a bijection on the projections. At this point we restrict
to JBW-algebras as they contain a lot of projections in contrast to JB-algebras. By using
geometric properties of Hilbert’s metric as well as operator algebraic methods, we obtain
that the above bijection on the projections is actually a projection orthoisomorphism: two
projections are orthogonal if and only if their images are orthogonal. Dye’s classical theorem
[13] shows that every projection orthoisomorphism between von Neumann algebras without
atype I> summand extends to a Jordan isomorphism on the whole algebra. This was extended
by Bunce and Wright [7] to JBW-algebras, and we use this result to extend our projection
orthoisomorphism defined outside the type /;, summand to a Jordan isomorphism. It remains
to take care of the type /> summand, which we are able to do using a characterization of type
I, JBW-algebras due to Stacey [45] and the explicit fact that our projection orthoisomorphism
comes from a linear map on the quotient. Thus we are able to extends the whole projection
orthoisomorphism to a Jordan isomorphism, which then easily yields the main result of our
paper, Theorem 4.21, which we repeat below for the reader’s convenience. The set Mj_
denotes the set of rays in M ¢, and Uj denotes the quadratic representation of b.
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Theorem 1.1 If M and N are JBW-algebras, then f: Mi — Ni is a bijective Hilbert’s
metric isometry if and only if

f@ =U,J(a®) forallae M,
where ¢ € {—1,1}, b € NS, and J: M — N is a Jordan isomorphism. In this case
be f@?.
Note that Theorem 1.1 follows from [16, Theorem 1.1] if M is a JBW-algebra without a
type I» summand, since the Hilbert’s metric isometry induces a variation norm isometry by
Theorem 2.17.

‘We claim that this result extends Molnar’s theorem [37, Theorem 2], reformulated below
using our notation.

Theorem 1.2 (Molnar) Let H be a complex Hilbert space with dim(H) > 3 and let

f: B(H)Y — B(H)S be a bijective Hilbert’s metric isometry. Then there is an invert-
ible bounded linear or conjugate linear operator z: H — H and an ¢ € {1} such that

f(a) = za®z*.

Indeed, [21, Theorem 2.2] states that all Jordan isomorphisms J of B(H) are of the form
Ja = uau*, where u is a unitary or anti-unitary (i.e., conjugate linear unitary) operator.
Hence

UpJ(a®) = bua®u™b = (bu)a® (bu)*.

It remains to show that any invertible (conjugate) linear operator z € B(H) can be written
as bu, with a positive b and (anti-)unitary u. For linear operators this is just the polar decom-
position, and by considering a conjugate linear operator to be a linear operator from H to its
conjugate Hilbert space, we obtain the same decomposition for conjugate linear operators.

In view of [49, Corollary 1.4] mentioned above we make the following contribution in
Proposition 4.23, where we show that the isometry group for Hilbert’s metric on JBW-algebras
is not equal to the group of projectivities if and only if the cone is not a Lorentz cone.

2 Preliminaries

In this section we collect some basic definitions and recall several useful facts concerning
Hilbert’s and Thompson’s metrics and cones in JB-algebras.

2.1 Order unit spaces

Let A be a partially ordered real vector space with cone A . So, Ay is convex, LAy € Ay
forall A > 0, AL N —A4 = {0}, and the partial ordering < on A is given by a < b if
b —a € A, . Suppose that there exists an order unitu € A4, 1i.e., foreacha € A there exists
A > 0 such that —Au < a < Au. Furthermore assume that A is Archimedean, that is to say,
ifna <wuforalln =1,2,..., thena < 0. In that case A can be equipped with the order
unit norm,

lall, :=inf{L > 0: —Au < a < \u},
and (A, ||-||,) is called an order unit space, see [ 17]. Itis not hard to show, see for example [29],

that A4 has nonempty interior AS in (A, || - ||l,) and AS = {a € A: a is an order unit of A}.
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On AS Hilbert’s metric and Thompson’s metric are defined as follows. Fora, b € Af let
M(a/b) :=inf{ > 0: a < Bb}.
Note that as b € AS is an order unit, M (a/b) < co. On AS, Hilbert’s metric is given by
dy(a,b) =logM(a/byM(b/a), 2.1
and Thompson’s metric is defined by
dr(a,b) = logmax{M (a/b), M(b/a)}. (2.2)

It is well known (cf. [26,41]) that dr is a metric on A€, but dy is not, as dy (Aa, ub) =
dp(a,b) forall A, u > 0and a, b € AS. However, dy(a, b) = 0 fora, b € A if and only
if a = Ab for some A > 0, so that dy is a metric on the set of rays in A%, which we shall
denote by Z:_. Elements of Z:_ will be denoted by @, and if 2 C A] the set of rays through
Q will be denoted by Q.

2.2 JB-algebras

A Jordan algebra (A, o) is a commutative, not necessarily associative algebra such that
ao(boa®)=(@ob)oa® foralla,be A.
A JB-algebra A is a normed, complete real Jordan algebra satisfying,

laobll < llall ],
|a?] = lal*.
|| < [a* + 2%

forall a, b € A. An important example of a JB-algebra is the set of self-adjoint elements of
a C*-algebra A, equipped with the Jordan product a o b := (ab + ba)/2. By the Gelfand-
Naimark theorem, this JB-algebra is a norm closed Jordan subalgebra of the self-adjoint
bounded operators on a Hilbert space; such an algebra is called a JC-algebra. By [17, Corol-
lary 3.1.7], Euclidean Jordan algebras are another example of JB-algebras. We can think of
JB-algebras as a simultaneous generalization of both the self-adjoint elements of C*-algebras
as well as Euclidean Jordan algebras.

Throughout the paper, we will assume that all JB-algebras are unital with unit e.

The set of invertible elements of A is denoted by Inv(A). The spectrum of a € A, o (a),
is defined to be the set of A € R such that @ — Ae is not invertible in JB(a, ¢), the JB-algebra
generated by a and e [17, 3.2.3]. There is a continuous functional calculus: JB(a, e) =
C(o(a)). Both the spectrum and the functional calculus coincide with the usual notions in
both Euclidean Jordan algebras as well as JC-algebras.

The elements a, b € A are said to operator commute if a o (b oc) = b o (aoc) forall
¢ € A.In a JC-algebra, two elements operator commute if and only if they commute in the
C*-multiplication [1, Proposition 1.49]. In the sequel we shall write the Jordan product of two
operator commuting elements a, b € A as ab instead of a o b. The center of A consists of all
elements that operator commute with all elements of A, and it is an associative JB-subalgebra
of A. Every associative JB-algebra is isomorphic to C(K) for some compact Hausdorft space
K [17, Theorem 3.2.2].

The cone of elements with nonnegative spectrum is denoted by A, and equals the set of
squares by the functional calculus, and its interior A9 consists of all elements with strictly
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positive spectrum, or equivalently, all elements in A N Inv(A). This cone turns A into an
order unit space with order unit e, i.e.,

la|| = inf{A > 0: —Ae < a < Ae}.

Note that the JB-norm is not the same as the usual norm in a Euclidean Jordan algebra.
The Jordan triple product {-, -, -} is defined as

{a,b,c} :=(aob)oc+ (cob)oa—(aoc)ob,

fora, b, c € A.InaJC-algebra one easily verifies that {a, b, c} = (abc+cba)/2.Fora € A,
the linear map U,: A — A defined by U,b := {a, b, a} will play an important role and is
called the quadratic representation of a.

By the Shirshov-Cohn theorem for JB-algebras [17, Theorem 7.2.5], the unital JB-algebra
generated by two elements is a JC-algebra, which shows all but the fifth of the following
identities for JB-algebras, since U,b = aba in JC-algebras. (For the rest of the paper, the
operator-algebraic reader is encouraged to think of this equality whenever the quadratic
representation appears.)

(Ugb)? = UyUpa® Ya,b € A.
Usbe Ay Ya € A,Vb e A,.
Uu'=u, Va € Inv(A).
Usb) ' =U,~1b7! Va, b € Inv(A). (2.3)
Uy,» = U,UpU, Va,b € A.
Uje = a? Ya € A.
Upat = a®tu Ya € A,YA, u € R.

A proof of the fifth identity can be found in [17, 2.4.18], as well as proofs of the other
identities.

We define @* := a® for « € R. For a € inv(A), the quadratic representation U, is an
order isomorphism, and induces a well defined map Uz on Zi by

Uz(b) := U,(b) forallb € AY.

When studying Hilbert’s metric on Zi in JB-algebras, the variation seminorm ||-||, on A
given by,

llall, := diam o (a) = max o (a) — mino (a),

will play an important role. The kernel of this seminorm is the span of e, and on the quotient
space [A] := A/Span(e) it is a norm. To see this we show that if || - ||, is the quotient
norm of 2| - || on [A], then ||[a]ll; = |[[a]ll, for all [a] € [A]. Indeed, for [a] € [A], using
inf; cp max{t — X, s + A} = (t + 5)/2, we have that
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a =2 inf ||a — ne
l{alllq Jnf lla — pell

= 2 inf max |A — u|
HeER Aeo (a)

= Zirel% max {maxyeq(a) (A — i), Max;.eq (@) (—A + 1)}

= max o (a) + max —o (a) = max o (a) — mino (a)
= |lalllv.

Note that the map Log: A5 — A given by a — log(a) is a bijection, whose inverse Exp
is given by a + exp(a). Furthermore, as log(Aa) = log(a) + log(1)e for alla € AS and
A > 0, the map Log induces a bijection from Zi onto [A] given by loga = [loga]. Its
inverse Exp: [A] — Xi is given by exp([a]) = exp(a) for [a] € [A].

A JBW-algebra is the Jordan analogue of a von Neumann algebra: it is a JB-algebra which
is monotone complete and has a separating set of normal states, or equivalently, a JB-algebra
that is a dual space. In JBW-algebras the spectral theorem holds, which implies in particular
that the linear span of projections is norm dense. If p is a projection, then the complement
e — p will be denoted by p. Every JBW-algebra decomposes into a direct sum of a type L, 11,
and III JBW-algebras. A JBW-algebra with trivial center is called a factor. Every Euclidean
Jordan algebra is a JBW-algebra, and a Euclidean Jordan algebra is simple if and only if it is
a factor.

2.3 Order isomorphisms

An important result we use is [21, Theorem 1.4], which we state here for the convenience of
the reader. A symmetry is an element s satisfying s> = e. Note that s is a symmetry if and
only if p := (s 4 €)/2 is a projection, and s = p — p.

Theorem 2.1 (Isidro, Rodriguez-Palacios) The bijective linear isometries from A onto B are
the mappings of the form a +— sJa, where s is a central symmetry in Band J: A — B a
Jordan isomorphism.

This theorem uses the fact that a bijective unital linear isometry between JB-algebras
is a Jordan isomorphism, which is [50, Theorem 4]. We use this simpler statement in the
following corollary.

Corollary 2.2 Let A and B be order unit spaces, and T : A — B be a unital linear bijection.
Then T is an isometry if and only if T is an order isomorphism. Moreover, if A and B are
JB-algebras, then these statements are equivalent to T being a Jordan isomorphism.

Proof Suppose T is an isometry, and let a € Ay, |la|| < 1. Then |le —al < 1, and so
lle — Tal < 1, showing that Ta is positive. So T is a positive map, and by the same
argument 7 ~! is a positive map. (This argument is taken from the first part of [50, Theorem
41.)

Conversely, if 7' is an order isomorphism, then —Ae < a < Aeifandonlyif —ke < Ta <
Ae, and so T is an isometry.

Now suppose that A and B are JB-algebras. If T is an isometry, then T is a Jordan
isomorphism by [50, Theorem 4]. Conversely, if 7" is a Jordan isomorphism, then 7" preserves
the spectrum, and then also the norm since ||a| = max |o (a)|. ]

This corollary will be used to show the following proposition. For Euclidean Jordan
algebras this proposition has been proved in [14, Theorem II1.5.1].
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Proposition 2.3 A map T: A — B is an order isomorphism if and only if T is of the form
T = UpJ, where b € B} and J is a Jordan isomorphism. Moreover, this decomposition is

unique and b = (Te)%.

Proof If T is of the above form, then T is an order isomorphism as a composition of two
order isomorphisms. Conversely, if 7' is an order isomorphism, then 7 = U

s

U
(Te)d (o3
and by the above corollary U(T :

-l T is a Jordan isomorphism.
e

For the uniqueness, if 7 = U, J, then Te = UpJe = Upe = b2 which forces b = (Te)%.
This implies that J = U(T )_% T, so J is also unique. O
e
2.4 Hilbert’s and Thompson'’s metrics on cones in JB-algebras
Suppose A is a JB-algebra. For ¢ € A%, the map U, is an order isomorphism of A, and hence
it preserves M (a/b). Thus, U, is an isometry under dy and dr. This can be used to derive
the following expressions for dy and dr on cones in JB-algebras.

Proposition 2.4 If A is a JB-algebra and a, b € AY, then

dy(@,b) = Hlog U _ya

2

and dr(a,b) = HlogU _LaH.
v b 2

Proof Since U, is an order isomorphism of A for c € AZ,
inf{A > 0: a < Ab} = inf [k > 0: Ubf%a < Ael = max o (U 1a),
and hence log M (a/b) = log max U(Ub’% a) = max o (log Ub’% a).

Similarly,

-1
inf{A > 0: b < Aa} = (sup{ > 0: ub < a})_1 = (sup{u, > 0: pe < Ubf%a])

= (mino (Ubf%a»il

gives log M (b/a) = log(min G(Ub_% a))~! = —mino (log Ub_% a).
The formula for dy follows immediately. As |[c|| = max{maxo(c), —mino(c)} for
¢ € A, the identity for dr holds. O

Also note that the inverse map on A9 satisfies M(b’l/a’l) = M(a/b), so this is an
isometry for both metrics as well. Indeed, using (2.3) we see that

M®B ' Ja™) =inf{r > 0: b7 < xa™!)
=inf{A > 0:¢e < )\Ub%afl}

inf(A > 0: e <A(U,_ya)™')
inf{A >0: U
U

1e < \e}
_1a)?

1
b 2
inf{A > 0: Ub_la < \e}

= M(a/b).
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Given a JB-algebra A we follow Bosché [6, Proposition 2.6] and Hatori and Molnér [19,
Theorem 9], and introduce for n > 1 metrics on [A] and A, respectively, by

df ([a), [b]) := ndy (exp(lal/n), exp([b]/n)) and d[ (a,b) := ndr(exp(a/n),exp(b/n))

for all a, b € A. Note that d,fl is well defined, because if a1, a» € [a], then exp(a;/n) =
Arexp(az/n) for some A > 0.

Proposition 2.5 If A is a JB-algebra and a, b € A, then

Jim df ([al. [b]) = llla] = [b]ll, and  lim d,(a,b) = lla —bl|.

Proof We start with some preparations. The JB-algebra generated by a, b and e is special,

so we can think of U " )_% exp(a/n) as exp(—b/2n)exp(a/n)exp(—b/2n) for some
exp(b/n

C*-algebra multiplication. Writing out the exponentials in power series yields

Uy ooy s SXP@/m = e+ (@=b)/n+o(l/n).

Furthermore, using the power series representation,
0 k+1 .k
(=D""¢
log(e +¢) = e m—
glet+o)=) .

k=1

which is valid for ||c|| < 1, we obtain for sufficiently large n that

log (U 1 exp(a/n)) =(a—>b)/n+o0(1/n).
exp(b/n) 2
So, for all sufficiently large n we have by Proposition 2.4 that

dy ([a, b)) — lI[a] — (b1,

= |ndu(exp(a/n), exp(b/n)) — lla — bl|
— lla = blly

log (Uexp(h/n)*% exp(a/n)) )
=[lla = b+ no(1/n)llv — lla = bllv]
< nflo(1/n)lly
< 2nllo(1/n)||.

n

As the right hand side converges to 0 for n — oo, the first limit holds. The second limit can
be derived in the same way. O

We will also need some basic facts concerning the unique geodesics for dr and dy . Recall
that for a metric space (M, d) amap y: I — M, where [ is a possibly unbounded interval in
R, is a geodesic path if there is ak > O such thatd(y (s), y(t)) = k|s —¢t| foralls,t € I.The
image of a geodesic path is called a geodesic. The following result generalizes [28, Theorems
5.1 and 6.2].

Theorem 2.6 If A is a JB-algebra and a, b € AS. are linearly independent, then there exists
a unique Thompson geodesic between a and b if and only if o (U -l b) = {B~", B} for some
a

B> 1
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Proof As the map U _ ! is a Thompson’s metric isometry, we may assume without loss
a

of generality that @ = e. First suppose that o (b) = {B~, B} for some B > 1, then b =
B~'p+ Bp™* and the line through b and e intersects dA . in Ap and pup= for some A, o > 0.
We wish to apply [28, Theorem 4.3].

Consider the Peirce decomposition A = A1 @ A2 @ Ao (cf. [17, 2.6.2]) with respect to
p- We denote the projection onto A; by F;, fori =1,1/2,0. Then Py = Up and Py = U 1.
From [1, Proposition 1.3.8] we know thatifa € A4, then Upa = a ifandonly if U,1a = 0.
Using this result we now prove the following claim.

Claim. Letv € A. If o, 8 > 0 and p € A is a projection such that ap + tv € A4 for all
|t] < 8,thenv € Aj.

To show the claim, note that 0 < UpJ_ (ap+tv) = tUva forall || < 8, so that U,,lv =0,
and consequently Upi(ap+tv) =tU,iv= O forall [f] < §.Let0 < |f| < 6 be arbitrary.
It follows that o p +tv = Up(ap +tv) =ap +tUjpvandsov = Upv = Pjv,ie.,v € Ay.

By applying the claim to A p as well as u p, it follows thatif v € A is such that Ap +tv €
A4 and Mpl +tv e Ay forall || < §,thenv € A; N Ag = {0}. Hence, by [28, Theorem
4.3], there is a unique geodesic between b and e.

Conversely, suppose that there is a unique geodesic between b and e. Then this is also a
unique geodesic in JB(b, ¢) = C(o(b)). For f,g € C(o(b)) we have by Proposition 2.4
that
Q)

log Z——=| = sup |log f(k) —log g(k)|

dr(f,g = g(k) keo(b)

logU _1f” = sup
8?2 keo (b)

= |log f —loggll .
So, the pointwise logarithm is an isometry from (C(o (b)3), dr) onto (C(o (D)), |Illso)-
which sends e to the zero function and b to the function k +— log k.

Note that for f € C(o (b)) the images of both t — (¢||f|| A |f])sgnf and t +— ¢f are
geodesics connecting 0 and f, which are different if and only if there is a point k € o (b)
such that | (k)| # || f|. Hence k +— |log(k)| is constant. So, if «, 8 € o (), then |log 8| =
|loga|, and hence « = B ora = B!, This shows that o (b) C {8~!, B}, and since b and e
are linearly independent we must have equality. O

From Theorem 2.6 we can derive in the same way as in [28, Theorem 5.2] the following
characterization for Hilbert’s metric.

Theorem 2.7 If A is a JB-algebra and a, b € AS are linearly independent, then there exists

a unique geodesic between a and b in (Zi, dp) if and only if o (U -l b) = {«a, B} for some
a

B>a>0.

Recall that the straight line segment {(1 — #)a +tb: 0 <t < 1}isa geodesic in (Zi, dy)
foralla, b € AY.
The following special geodesic paths play an important role.

Definition 2.8 Fora, b € AS, define the path y(f: [0,1] — AT by
b !
HOE (Ua_%b) .

Notethatyab(O) =U e = a and ytf(l) =U %U 7%b=b.Als0n0tethatfor)\,,u >0
a a a
anda,b € A9,

%=% forall s € [0, 1].
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Thus, we can define fora, b € Zi a path in Zi by yag(z) = y‘f(t) forall t € [0, 1].
We will verify that yab is a geodesic path connecting a and b in (A, dr). The argument

to show that yal’ is a geodesic in (Zi, dp) is similar and is left to the reader. Using the fact
that U.c* = ¢®**# in the fourth step, we get that

a?

— dy ((Ua-%b)s ’ (Ua-%b)l)

dr(yls), vt @) = dr (U | (U lb)S,U

log (U 1 b)sjt

a 2

— s — 1| HlogU _LbH
a 2
= |s —tldr(a, b)
forall s,t € [0, 1].

2.5 Geometric means in JB-algebras

The cone A in a JB-algebra is a symmetric space, see Lawson and Lim [25] and Loos [34].
Indeed, for ¢ € AS one can define maps S.: A} — AS by

Se(a) :=Uea™" fora e AS.

Clearly Sc(c) = ¢, and S?(a) = Uc(Uca™") ™! = Uo(U.-1a) = a foralla € AS. Moreover,
by the fifth equation in (2.3) we see that
Ss.y(Se(@)) = Uy 1 (Uea™ )™ = UcUy1Ue(Upm1a) = Uo(Upa™") ™) = Se(Sp(a))

forall a € AS. The map S, is called the symmetry around c, see [34].

The equation S.(a) = b has a unique solution in AS, namely y‘f’ (1/2). Indeed, using
(2.3) and taking the unique positive square root in the third step, we obtain the following
equivalent identities:

Definition 2.9 For a, b € AS the unique solution of the equation S.(a) = b is called the
geometric mean of a and b. It is denoted by a#b, so

1
atb:=U 1 (U _4b)" € a3,
a? 2

a
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We remark that the equation S.(b) = U.b~! = a, which has the unique solution ¢ = b#a,
is equivalent to the equation S.(a) = U.a=' = b. Thus, a#b = b#a, and hence Squ(a) = b
and S #p(b) = a. Note also that, as S.(a) = a implies that ¢ = a#a = a, the map S, has
a unique fixed point ¢ in A9 . Moreover, S; is an isometry under both Hilbert’s metric and
Thompson’s metric on AS, since it is the composition of two isometries.

The idea is now to show that the geometric means are preserved under bijective Hilbert’s
metric and Thompson’s metric isometries. The proof relies on properties of the maps Sg#p
and the following lemma. This lemma and its proof are similar to [37, lemma p.3852], the
only difference being that we consider two metric spaces here.

Lemma 2.10 Let M, N be metric spaces. Suppose that for each x,y € M there exists an
element zxy, € M, a bijective isometry Yy, : M — M and a constant kyy > 1 such that

(D) Yxy(xX) =y, Yuoy(y) =x;
(ii) Yxy(zxy) = Zxy;
(iii) d(u, Yyy(W)) > kxyd(u, zvy) forallu € M.

Suppose N satisfies the same requirements. If o : M — N is a bijective isometry, then
P(2xy) = Zp(0)p(y)-

Applying this lemma to the maps Sz#, we derive the following proposition for Thompson’s
metric.

Proposition 2.11 If A and B are JB-algebras and f: A} — B is a bijective Thompson’s
metric isometry, then

fa#b) = f()#f(b) foralla,b e AS.

Proof Fora,b ¢ AS ora, b € B, we already saw that S#; is an isometry that satisfies the
first two properties in Lemma 2.10. To show the third property note that by Proposition 2.4,

2
log (Uaf%c)

-2 HlogU Jc” — 2dr(c, a).
a 2

dr(S.(a). a) = ”logU Uea™! H =

So, if we take k,p := 2, then all conditions of Lemma 2.10 are satisfied, and its application
yields the proposition. O

To see that the same result holds for Hilbert’s metric isometries on Xj_, we need to make
a couple of observations. Firstly for ¢ € AS, the map S. induces a well defined maps Sz
on Z:_ by letting Sz(a) = S.(a). Furthermore, for a, b € A5 and A, > 0 we have that
the equation U.(Aa) = wb has unique solution ¢ = (Aa)#(ub) = /Au(a#b). Thus, the
equation Uza ' = U.a=! = b has a unique solution a#b in Zi fora,b € Zi, and we can

define the projective geometric mean by a#b := a#b in Zj_. Note that a#b = yg (1/2). It
is now straightforward to verify that the Hilbert’s metric isometries Sz,; on X:_ satisfy the
requirements of Lemma 2.10 with k,;» = 2 and derive the following result.

Proposition 2.12 If A and B are JB-algebras and f: Xi — Ei is a bijective Hilbert’s
metric isometry, then

f(@#b) = f@#f(b) foralla,be A:.

@ Springer



Hilbert and Thompson isometries on cones in JB-algebras

The next proposition will be useful.

Proposition 2.13 Foralla,b € AS andt,s € [0, 1],

VP (tyb(s) = yP (’“;S).

Proof Using (2.3), the computation below shows that ¢ = y ((t 4+ 5)/2) is a positive solution
of U.y(1)~' = y(s), which proves the proposition.

—1
U},(HTX)J/(t)il =U (U B b)% <Ua% <Ua_%b)t)

=y (s).
]
It is straightforward to derive a similar identity for Hilbert’s metric.
Proposition 2.14 Foralla,b Zi andt,s € [0, 1],
P F(t+s
Ve (O#YL(s) = vy ( 5 ) :
Proof The proof follows from Proposition 2.13 and
i A t+s »[(t+s
Y2(O#yL(s) = y2 (v (s) = L Oy (s) = v} < 5 ) =7 ( > ) :
O

By combining Propositions 2.11 and 2.13 we derive the following corollary. The proof
uses the fact that the equation a#c = b has a unique solution ¢ = Upa, which can be easily
shown using (2.3).

Corollary 2.15 Let A and B be JB-algebras. If f: A5 — BY is a bijective Thompson’s
metric isometry, then

(a) f maps yb () 10y} (@) foralla,b € A% and € [0, 1],
(b) If f(e) = e, then f(a') = f(a)! forallt € [0, 1]. Moreover, we have f(a™") = f(a)~!
and f(Upa) = Uy f(a).

Proof By Propositions 2.13 and 2.11, the first statement holds for all dyadic rationals 7 €
[0, 1]. As the dyadic rationals are dense in [0, 1], it holds forall 0 <7 < 1.

Suppose f(e) = e. Since ¥ (¢) = a’, the first statement yields that f (a’) = f(a)’ for all
0<r<l.
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Since
3
atta™ ' =U (U _1a71) =U ja! =e,
a? a 2 a?

we have that f(@)#f(a™") = flatta™") = f(e) = e = f(a)#f(a)~", s0 by uniqueness of
the solution of f(a)#c = e, we obtain f(a~') = f(a)~'. Using (2.3) we also get

F@)  #f(Upa) = f(a‘#Upa) = f (U (U Uba)f) =1 (U _yU yb) = 1),

a2
so f(b) is a solution to S.(f(a)~") = f(Upa), i.e., Urwp fa) = f(Upa). ]

Again, a similar result holds for Hilbert’s metric. The proof is analogous to the one for
Thompson’s metric in Corollary 2.15 and is left to the reader.

Corollary 2.16 Let A and B be JB-algebras. If f : Xj_ — Ej_ is a bijective Hilbert’s metric

isometry, then

(a) f maps yg(t) to yf((a_g)) (t) foralla,b e Xj_ andt € [0, 1].

(b) If f(€) =¢, then f(@) = f(@@)' forallt € [0, 1]. Moreover, we have f(ﬁ_l) = f(ﬁ)_]
and f(Uza) = U f(@.

Now we can prove an essential ingredient for characterizing bijective Hilbert’s metric and
Thompson’s metric isometries of cones of JB-algebras. Recall that [A] = A/ Span(e).

Theorem 2.17 Let A and B be JB-algebras.

(a) If f: AL — BY is abijective Thompson’s metric isometry with f(e) = e, then S: A —
B given by

Sa :=log f(exp(a)),
is a bijective linear ||-||-isometry.
(b) If f: Ai — Bj_ is a bijective Hilbert’s isometry with f(e) = e, then S: [A] — [B]
given by
Sla] == log f(exp([al)).
is a bijective linear ||- ||, -isometry.

Proof We will prove the second assertion. The same arguments can be used to show the
statements for Thompson’s metric. Using Corollary 2.16,

exp(S[al/n) = exp(log(f (exp([a])))/n) = exp(log f(exp(a))'/™)
= f(exp(a)'/" = f(exp(a/n)).
Thus,

dy' (S[al, S[b]) = ndp (exp(Slal/n), exp(S[b]/n))
= ndy (f (exp(a/n)), f(exp(b/n)))
= ndy (exp(a/n), exp(b/n))
=d ([al, [b]).
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By Proposition 2.5 the left-hand side of the above equation converges to ||S[a] — S[b]ll,
and the right-hand side converges to |[[a] — [P]]|, as n — oo. Hence S is a bijective ||-||,-
isometry. As f(e) = e, we have that S[0] = [0], and hence S is linear by the Mazur-Ulam
theorem. m]

Remark 2.18 Themap Exp: A — AS isabijection. Inthe associative case, where A = C(K)
for some compact Hausdorff space K, one can show that this bijection induces an isometric
isomorphism between the spaces (A, ||-||) and (A, dr), see [29]. Likewise, the exponential
map yields an isometric isomorphism between ([A], ||-||,) and (Xi, dy)if A = C(K).In
the nonassociative case this is no longer true. In fact, it has been shown for finite dimensional
order unit spaces A that (Xi_, dp) is isometric to a normed space if and only if A4 is a
simplicial cone, see [15]. For Thompson’s metric the same result holds, see [28, Theorem
7.7].

3 Thompson’s metric isometries of JB-algebras

The next basic property of Thompson’s metric on products of cones will be useful.

Proposition 3.1 Suppose that A is a product of order unit space A; fori € I. Ifd; denotes
the Thompson’s metric on A7 _and a = (a;), b = (b;) € A%, then

dr(a.b) = supdy (aj. bj).
iel
Proof The proposition follows immediately from

My(a/b) =inf{A > 0: a; < Ab; foralli € I} = supinf{A > 0: a; < Ab;} = sup My, (a;, b;).
iel iel

m}

With the above preparations we can now obtain the following theorem. The proof, as well
as the statement, is a direct generalization of [6, Section 4] and [37, Theorem 9].

Theorem 3.2 Let A and B be unital JB-algebras. Amap f: AS — BY is a bijective Thomp-
son’s metric isometry if and only if there exist b € B, a central projection p € B, and a
Jordan isomorphism J: A — B such that f is of the form

1 -1 o
fla)=Up(pJa+p-Ja~") foralla e AS.
In this case b = f(e)%.

Proof The last statement follows from taking a = e, which yields 5> = f(e).

For the sufficiency, note that the central projection p yields a decomposition B = pB @
p*t B, which is left invariant by Uy,. This decomposition can be pulled back by J, which yields
the following representation of the map f: (J ! pB)3 x (J~! plB)j_ — (pB)3 x (plB)i:

flar, az) = (UpJar, UpJay ).

Note that a Jordan isomorphism is an order isomorphism and hence an isometry under
Thompson’s metric. The inversion and the quadratic representations also preserve Thomp-
son’s metric, and so Thompson’s metric is preserved on both parts. By Proposition 3.1
Thompson’s metric is preserved on the product as well.
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Now suppose that f: A5 — BY is a bijective Thompson’s metric isometry. Defining
gla) =U -} f(a), we obtain that g is a Thompson’s metric isometry mapping e to e. By
e

Theorem 2.17 the map S: A — B defined by

Sa :=log g(exp(a))

is a bijective linear ||-||-isometry.
From Theorem 2.1 it follows that there is a central projection p € B and a Jordan
isomorphism J: A — B such that Sa = (p — p-)Ja. We now have fora € A,

g(exp(a)) = exp(Sa) = exp((p — p*)Ja)
B i (p—pH"(Ja)"
- = n!
_ i (p+ (=1)"pH)J (@)

n!

n=0

00 a S (—a)"
-0 (55) e (5 57)
= pJ(exp(a)) + pJ(exp(—a)).

It follows that, for a € A%, g(a@) = pJa + prJa~!. The theorem now follows from

F@=U, 4V 1 f@=U, 18@.

3.1 The Thompson'’s metric isometry group of a JB-algebra

In the case where a JB-algebra is the direct product of simple JB-algebras, we can explicitly
compute its Thompson’s metric isometry group in terms of the Jordan automorphism groups
of the simple components. Each Euclidean Jordan algebra satisfies this requirement, and the
automorphism groups of the simple Euclidean Jordan algebras are known, see [14].

Theorem 3.3 Suppose a JB-algebra A can be decomposed as a direct product

A=]]Ar.

iel
where I is an index set, the n; are arbitrary cardinals and the A; are mutually nonisomorphic
simple JB-algebras. Then the Thompson’s metric isometry group of A equals
Isom (A%, dr) = [ [ (Aut(Aiy) x C2)" x S(ny),

iel

where Aut(A;) denotes the automorphism group of the cone A;y, i.e., the order isomor-

phisms of A; into itself, C, denotes the cyclic group of order 2 generated by the inverse map
t, and S(n;) denotes the group of permutations of n;.

Proof By Theorem 3.2 any bijective Thompson’s metric isometry is a composition of a
quadratic representation, a Jordan isomorphism and taking inverses on some components.
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Quadratic representations and taking inverses leave each component invariant, and Jordan
isomorphisms leave the Jordan isomorphism classes invariant. This shows that

Isom(A%., dr) € [ [Isom((AT)S., dr),
iel
and the other inclusion follows from Proposition 3.1, so we have equality. We will now
investigate Isom((A!")%., dr).

A Jordan isomorphism of Al'.'i may permute the components, so it follows that each
Thompson’s metric isometry of (A;"‘)‘jr is a composition of a permutation of components,
a componentwise possible inversion, a componentwise Jordan isomorphism, and a com-
ponentwise quadratic representation. So, all the operators except the permutation will act
componentwise, and the componentwise operators form a subgroup. It is easy to compute
that a componentwise operator conjugated by a permutation 7 equals the componentwise
operator permuted by w. This shows that the componentwise operators and the permuta-
tion group form a semidirect product, where the componentwise operators are the normal
subgroup. It remains to examine the componentwise operators.

By Proposition 2.3, any order isomorphism is the product of a quadratic representation
and a Jordan isomorphism. If we denote the inverse map by ¢ = (~!, then conjugating an
order isomorphisms with the inverse map gives

Updi ™ H@a) = Upda Y ' =01 (Ja™ ) = U1 Ja, (3.1

which yields another order isomorphism. So, the product of the group of order isomorphism
and the inversion group C» is a semidirect product, where the order isomorphisms form the
normal subgroup. We conclude that

Isom(A%, dr) = [ [Isom((A)S. dr) = [ ] (Aut(A;1) x C2)" x S(ny).
iel iel

m}

Remark 3.4 1f A is a JB-algebra as given in the above theorem, then we can use an analogous
argument to show that the automorphism group of the cone A equals

Aut(Ay) = [ JAut(Als) = [ Aut(A;i )" x S(u).
iel iel
Furthermore, forany i € I the conjugation action (3.1) on an order isomorphism in Aut(A:{"F
also shows that

Isom((A])S ., dr) = Aut(A}%) x Cy',
so we can write the isometry group as
Isom (A, dr) = [ [Aut(A}}) x €'
iel
It follows that the automorphism group Aut(A ) is normal in Isom(A¢S , dr), and its quotient
is isomorphic to [ [, C;“ . Suppose now that both I and n; are finite (i.e., A is a Euclidean
Jordan algebra). Then the index of the automorphism group in the isometry group for Thomp-

son’s metric is 2, where m = )_; _; n; is the total number of different components. This is
a correction of [6, Remark 4.9], which has the wrong index.
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4 Hilbert’'s metric isometries of JBW-algebras

If A and B are JB-algebrasand f : Zj_ — Ej_ is abijective Hilbert’s metric isometry mapping
e to e, then by Theorem 2.17 the map S: [A] — [B] defined by, S[a] := log f (exp([a])), is
a bijective linear ||-||,-isometry. Every bijective linear isometry maps extreme points of the
unit ball to extreme points of the unit ball, which is what we will exploit here. Let us first
identify these extreme points. For JBW-algebras this is [16, Proposition 2.2].

Lemma 4.1 The extreme points of the unit ball in ([A], ||-||,)) are the equivalence classes [ p],
where p € A is a nontrivial projection.

Proof Let p € A be a nontrivial projection and suppose that [p] = f[a] + (1 — t)[b] for
some 0 <t < 1, and [a], [b] € [A] with |[a]lly = I[P]lly = 1. There exist > € R, a € [a],
and b € [b] such that p = ta + (1 —t)b + le and

{0,1} Co(a), o) <[0,1].
This implies that

(=2, 1=A} =0(p)—A=0(p—re) =0c(ta+ (1 —1)b)
c [0, llita+ (1 —n)bll] < [0, 1],

from which we conclude that A = 0. By the same argument as in [1, Lemma 2.23], the
extreme points of those elements a € A with o (a) C [0, 1] are projections. So, p =a = b,
and hence [p] = [a] = [b], which shows that [p] is an extreme point of the unit ball in
(LALLM - 1)-

Conversely, if [a] € [A] with ||[a]ll, = 1 does not contain a projection, then a
representative a with o(a) C [0, 1] must have A € o(a) with 0 < A < 1. Now con-
sider JB(a,e) = C(o(a)). By elementary topology there exists a nonnegative function
g € C(o(a)) with g # 0 such that the ranges of @ + g and a — g are contained in [0, 1]. Since
a= %(a —g)+ %(a + g), it follows that [a] can be written as %([b] + [c]) with [b] # [c]
and ||[b]]ly = |l[c]lly = 1, and hence [a] cannot be an extreme point of the unit ball. O

To be able to exploit the extreme points we will restrict ourselves to cones in JBW-algebras,
as JB-algebras may not have nontrivial projections, e.g. C ([0, 1]). For a JBW-algebra M we
will denote its set of projections by P(M).

Let M be a JBW-algebra. By Lemma 4.1 we can define a map 6: P(M) — P(N) by
letting 6(0) = 0, O8(e) = e, and O(p) be the unique nontrivial projection in the class S[p],
otherwise. Thus, for each bijective Hilbert’s metric isometry f: Mj_ — Nj_ with f(e) =e,
we get a bijection 6: P(M) — P(N). We say that 6 is induced by f. Note that its inverse
6~ is induced by f~!. The map 6 will be the key in understanding f.

We call a bijection 8: P(M) — P(N) an orthoisomorphism if p, g € P(M) are orthog-
onal if and only if 6(p) and 0(g) are orthogonal. Our goal will be to prove that the map 6
induced by either f orto f, where((a) = @~ ! is the inversion, is in fact an orthoisomorphism.
For this we need to investigate certain unique geodesics starting from the unit e.

We introduce the following notation: (@, b) denotes the open line segment {ta + (1 —1)b :
0<t<1}in MJr fora,b € M+. The segments [a, b] and [a, b) are defined similarly.
Furthermore, we denote the affine span of a set S by aff (5).

Lemma4.2 If pi, ..., px are nontrivial projections in a JBW-algebra M such that p; +
-« 4+ pr = e, then the boundary of conv(py, ..., pr) is contained in O M4 and so

aff(p1, ..., px) N M4 = conv(py, ..., pr),
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which is a (k — 1)-dimensional simplex. Moreover, for each a € conv(py, ..., pr) N M the
segment [a, p;) is a unique geodesic in (M:_, dy) foralli =1,... k.

Proof As p1 + ---+ pr = e, it follows from [1, Proposition 2.18] that the p; are pairwise
orthogonal. So,

Oco(Mpr+---+ pr) foray+---+Xx=1and0 <A; <I1foralli=1,...,k

if and only if ]_[f-;l Xi = 0. Hence the relative boundary of conv(pi,..., px) in
aff(p1, ..., pr) lies in d M4, which proves the equality.
Note thatif a = wip1 + -+ + urpr with g + -+ 4+ pux = 1and 0 < p; < 1 for all
1 1

1

i=1,....kthena™2 = p >pi+---+ > pr. Now let b; := L(a + p;). Then

1 1 _
U _1b = 7(Ua7%a+Ua7%p,~) = 5(6+Mi lpi),

a 2 2
—1
and hence o (U -l b)) = {%, 1+’;" }. So, it follows from Theorem 2.7 that [a, p;) is a unique
a
geodesic in (M:_,dH) foralli=1,...,k. O

Lemma4.3 Let M and N be JBW-algebras and f : Mi — Ni be a bijective Hilbert’s
metric isometry with f(e) = e. Let p € P(M) be nontrivial. The geodesic segment [e, D) is
mapped to the geodesic segment [e, q) by f for some g € P(N). Moreover, S[p] = [q] and
s06(p) =gq.

Proof The geodesic segments [e, p) is unique by Lemma4.2. Thus, f([e, p)) is also a unique
geodesic segments starting at e, since f(e) = e.

Now fix0 <t < landletb € f(tp + (1 —t)e). By Theorem 2.7, o (b) = {«, B} with
B > a > 0. Note that b’ := b — ae € N4 \ {0}. Clearly, o (b') = {0, 8 — «}, and hence
b’ € [r] for some nontrivial projection r € P(N). Note also that

b=0+) (1+a) 0+ —1+a)e),

and hence the image of the [e, p) under f is [e, 7).
If ¢ is a nontrivial projection and 0 < ¢ < 1, then by using Proposition 2.4 it is easy to
verify thatdy (tg + (1 —t)e, ¢) = —log(1 —t). As f is an isometry that fixes e, we find that

fap+A—10e)=tr+ (1 —1e 4.1)

forall 0 < < 1. Using the spectral decomposition p = 1p + Op=, we now deduce that

S[p] = log f(exp(1) p + exp(0) p*) = log f(exp(—1)e + (1 — exp(—1))p)
= log(exp(—De + (1 — exp(—1))r) = [log(r + exp(—1)r™)]

=[-r 1=l

and hence g :=0(p) =r. O
We can now show that 6 preserves operator commuting projections.

Proposition4.4 If p,q € P(M) operator commute, then 0(p),0(q) € P(N) operator
commute.
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Proof If p and g operator commute, then e + p and e + ¢ operator commute. It follows that
U(eﬂ,)]/z(e +q) = U(Hq)]/z(e + p), so Umlﬂe +qg = Uwuze + p. By Corollary 2.16
and Eq. (4.1) in the proof of Lemma 4.3,

UE-FT(P)]/ZE +0(q) =Upegpyrfle+q)
= fWUgpre+q) = fWUppre+p)=Usergyrfle+p)

e+q
- Ue+9(q)l/ze +O(p). @2
The JB-algebra generated by e + 6(p), e + 0(q), and e is a JC-algebra by [17, Theorem
7.2.5]. So, we can think of Uletopy12(e +0(q)) and U( »y ))% (e+6(p)) as
e+6(q

e+0(p)ie+0@)e+0(p)? and (e+0(g)I(e+0(p))(e+0(q)?

respectively, for some C*-algebra multiplication. The equality in (4.2) implies that

(e+0(p)2(e+0(@)(e+0(p)I =ile+0(g)2(e+0(p)e+0(q)?

for some A > 0. Since
o((e+0(p)2(e+0(@)(e+0(p)I) =0 ((e+0(@)2(e+0(p)ie+0(g)?) C (0, c0),

we must have A = 1. Leta := (e + G(p))%(e + G(q))%. This element satisfies the identity
ale + Q(p))% = (e + O(p))%a*, so by the Fuglede-Putnam theorem [9, Theorem 1X.6.7],
we find that a* (e + 0(p))* = (e + (p))?a. This implies that

(e +0(p)(e+0(q) = (e +0(p))e+0@))(e+0(q)?
= (e +0(q)? (e +0(p))(e +0(q)?)
= (e +0(q) (e +0(@)2(e+0(p)) = (e +0(q))(e +O(p)):;

hence 0(p)0(q) = 6(q)0(p). So, 6(p) and 6(g) operator commute in JB(O(p), 6(q), e)
by [1, Proposition 1.49], and therefore 6(p) and 0(g) generate an associative algebra. We
conclude that 6 (p) and 6(g) must operator commute in N by [1, Proposition 1.47]. O

This allows us to show that 6 preserves orthogonal complements.
Lemma4.5 0(pL) = 0(p)* forall p € P(M).

Proof We may assume that p is nontrivial by definition of 6. Since S[p] + S[pl] = Sle] =
[e], we obtain 8(p) + 0(pT) = Ae for some A € R. As p and p~ operator commute, the
projections 6 (p) and 6(pL) operator commute by Proposition 4.4. By [1, Proposition 1.47],
6(p) and 6( pL) are contained in an associative subalgebra, which is isomorphic to a C(K)-
space. In a C(K)-space it is obvious that A = 1 or A = 2. Now note that & = 2 implies that
6(p) = O(pt) = e which contradicts the injectivity of S, and hence 6(p) + 6(p) = e,
which shows that G(pj-) = Q(p)J-. O

We will proceed to show thatif f: Mi — Nj_ is a bijective Hilbert’s metric isometry with
f(e) = e, then for either f or¢o f, the induced map 8 maps orthogonal noncomplementary
projections to orthogonal projections. For this we need to look at special simplices in the
cone M.
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4.1 Orthogonal simplices

Given nontrivial projections pi, p2, p3 in aJBW-algebra M with p; + p> + p3 = e, we call

A(p1, p2, p3) = conv (p1, p2, p3) N M3

an orthogonal simplex in Mi . The next lemma shows that a bijective Hilbert’s metric isometry
f maps orthogonal simplices onto orthogonal simplices.

Lemma4.6 Let f: M:_ — Nj_ be a bijective Hilbert’s metric isometry with f(e) = e. If
A(p1, p2, p3) is an orthogonal simplex and q; = 0(p;) fori = 1,2, 3, then

(i) q1 +q2 + q3 = e, and then f(A(p1, p2, p3)) = A(q1, 92, q3), or
(ii) git + g3 + g5 = e, and then f(A(p1, p2, p3) = A}, 45, 3).

In case (i), 6 preserves the orthogonality of p1, p2, p3. Moreover, if the map 6 induced by f
satisfies the assumptions of case (ii), then the map 0 induced by the isometry t o f satisfies
the conditions of case (i).

Proof First remark that, as p1 + p» + p3 = e and S is linear, S[p1] + S[p2] + S[p3] =
S[e] = [e], and hence

q1+q+q3 =0(p1) +0(p2) +0(p3) = e forsome A € R. 4.3)

As p1 + p2 < e, we know that p; and p, are orthogonal by [1, Proposition 2.18], and
hence p; and p; operator commute by [1, Proposition 1.47]. We also know from Proposition
4.4 that g1 = 0(p1) and g2 = 6(py) operator commute. By [1, Proposition 1.47], g; and ¢»
are contained in an associative subalgebra, which is isomorphic to a C(K)-space. Note that
this subalgebra also contains Ae and hence also g3 by (4.3). In a C(K)-space it is obvious
that A € {1, 2} in (4.3). In fact, the case A = 1 corresponds with the pairwise orthogonality
of q1, q» and g3, whereas the case A = 2 corresponds to pairwise orthogonality of qf-, qj-
and qSJ-, and qlJ- + q%‘ + qi‘ =e.

We will now show that f maps A(p1, p2, p3) onto A(q1, g2, g3) incase g1 +g2+¢g3 = e.
Leta € conv(py, p2, p3) N MY be apoint not lying on any (p;, pf-) fori =1, 2, 3. We know
that [@, p;) is a unique geodesic by Lemma 4.2. Let (@', p,) be the line segment through p;
and @ with a’ in the boundary of conv(p1, p2, p3). This unique geodesic intersects (5, ﬁj‘)
and (p3, ﬁ%) in 2 distinct points, say b, and b3 respectively, see Fig. 1.

Fig.1 Orthogonal simplex
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Since it must be mapped to a line segment, it follows that f(a) lies on the line segment
through f(by) and f (b3), which is contained in A(q1, g2, ¢3). By the invertibility of f, we
conclude that f(A(p1, p2, p3)) = A(q1, 92, q3). The same argument can be used to show
that f(A(p1, p2. p3)) = Agi-. 45, 43) it qi + 45 + g5 =e.

To prove the final statement remark that if we compose f with the inversion ¢, we obtain

Sipil = log¢(f (exp([pi1))) = log f(exp([pi]) " = —log f(exp((pi]) = —[gi] = [gi"].

So, the map 6 induced by ¢ o f satisfies O(p1) + 0(p2) + 0(p3) = qf- + qZJ— + q3J- =e,as
the qu- are pairwise orthogonal in case (ii). O

It follows from Lemma 4.6 that if A(py, p2, p3) is an orthogonal simplex, then the restric-
tion of f to A(p1, p2, p3) is a Hilbert’s metric isometry onto either A(6(p1), 0(p2), 6(p3))
or A(O(p1 )L o( pz)l ,0( p3)l). The Hilbert’s metric isometries between simplices have been
characterized, see [12] or [30], and yields the following dichotomy, as f(e) = e. The isom-
etry f maps A(p1, p2, p3) onto A(B(p1),0(p2),0(p3)) in Lemma 4.6 if and only if the
restriction of f to A(p1, p2, p3) is of the form,

Ap1+Aapa +A3zps = A0(p1) + A20(p2) + A30(p3),

which is equivalent to saying that the restriction of f to A(p1, p2, p3) is projectively linear.
On the other hand, the isometry f maps A(p1, p2, p3) onto A@(p1)™, 0(p2) L, 0(p3)*) in
Lemma 4.6 if and only if the restriction of f to A(p1, p2, p3) is of the form,

MPL+ hapr +A3ps > A O(p) + A5 0(pa) + 25 10(p3),

which is equivalent to saying that the restriction of ¢ o f to A(py, p2, p3) is projectively
linear. The above discussion yields the following corollary.

Corollary 4.7 Let f: M:_ — ﬁ:_ be a bijective I-ﬁl{f)ert’s metric isometry with f(e) = e and
let A(p1, p2, p3) be an orthogonal simplex in M . Then either f or i o f is projectively
linear on A(p1, pa, p3), and its induced map 6 preserves the orthogonality of p1, pa and
p3-

Our next proposition states that if two orthogonal simplices have a line in common, then
f is projectively linear on one simplex if and only if it projectively linear on the other one.
The proof uses, among other things, the following well known fact. If @, b € M are such
that the line through a and b intersect 3 M. in a’ and b’ such that a is between b and a’, b is
between a and b’, then
lla — &'l b —a'll
M (a/b) T and M(b/a) la—al 4.4

A proof can be found in [26, Chapter 2].

Proposition 4.8 Ler f: M:_ — ﬁj_ be a bijective Hilbert’s metric isometry with f(e) = e.
Let A(p1, p2, p3) and A(p4, ps, pe) be two distinct orthogonal simplices in Mj_ such that
either p3 = pe or p3 = p6l, so they share the segment (p3, ﬁ?). Then f is projectively
linear on A(p1, p2, p3) if and only if it is projectively linear on A(p4, ps, pe)-

Proof Suppose for the sake of contradiction that f is projectively linear A(p1, p2, p3), but
noton A(pa, ps, pe). Denote the image of A(py, p2, p3) by A(q1, g2, ¢3), and the image of
A(p4, ps, pe) by A(gf. g5, g3) as in Lemma 4.6. There are 2 cases to consider: p3 = pe
and p3 = pé. Let us first assume that p3 = pe.
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In that case the orthogonal simplices A(p1, p2, p3) and A(p4, ps, pe) are configured as
in Fig. 2. We will show that

aff (p1, p2, p3, p4, ps) N My = conv(p1, p2, p3, P4, P5)- 4.5)

However, before we do that we consider the situation for the orthogonal simplices
A(q1, g2, q3) and A(qj, qsl, q3l), which are configured as in Fig. 3. Note thatas g1 +¢» = (13l
and qi‘ + qSJ- = g3 we getthatq) + g2 + qi‘ + qSJ- = e. So, it follows from Lemma 4.2 that

aff(q1. q2. q3. q5) N Ny = conv(qi, 42, 43 43 )-

We will now show equality (4.5). Note that %pj‘, %pé‘ and %e are in conv(py, p2, p3, P4,
ps5). Suppose, for the sake of contradiction, that %(% pj- + %pé‘) ¢ oM. We know from
[23, Theorem 5.2] that if we have sequences

by(tn) = (1 — tn)se + ta3py and bs(sy) := (1 —sy) e+ su%p3,

with s,, 1, € [0, 1) such that#,, — 1 and s, — 1 as n — o0, then the Gromov product

1
(b2t | b5(s0))e 1= 5 (4 (b2(10). ) + diy (bs(5u). €) = dig (b2 (1), bs(s1)))

Fig.2 Pyramid

Fig.3 3-simplex =1

U3
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Fig.4 Parallel segments

satisfies
lim sup (b2(#n) | bs(sn))e < 00. (4.6)

n—oo

Note that (p,, ﬁj‘) and (ps, ﬁé‘) are unique geodesics in (M:_, dp). So, the image of [e, ﬁj‘)
under f is the segment [e, g,), and the image of [e, ﬁsl) is [e, qsl). Let us now consider
representations of these segments in conv(qi, g2, qf, q5l). It is easy to verify that %e, %qzl
and %q5 lie inside conv(q1, g2, q4l, qSL). Now forn > 1 selecta, from the segment [4l€, %qzl)
and b, from the segment [%e, qsl) such that a,, — %qz{ b, — qs{ and the segment [a,,, by ]
is parallel to the segment [%qz{ qsl].

Letc, a),, and b}, be in the boundary of conv(q1, g2, g5, qSJ-) as in Fig. 4. Then the triangles
with vertices by, b;, and qsl are similar for all n > 1. Hence there exists a constant C > 0
such that

by — by I
llbn — g5 |
Now using (4.4) we deduce that

dp(by, e) —dy(an, by) = dg(by, %e) —dg(an, by)

o (1= 3asll Ige—asll) log (na; — bl llan — b;n)
e — 3asll I1bn — g5l lla, — anll llbn — by,

=C foralln > 1.

1 1 1 1
Claite —
L Ctlog llgs 13qsnu14 a5
||1€ - 345”
le — g3l 3q3 — g5
—log T .
lle — 5451l

Thus, there exists a constant C’ > 0 such that
2(an | bp)e = dp(an, e) + C' foralln > 1,
which shows that

lim sup (a, | by)e = 00.
n—00

As f~lis an isometry and f(¢) = e, we get that

limsup (f ' @,) | £~ (Bn))z = limsup (@, | by)z = limsup (ay | by) = 0.
n— 00 n—00 n—00

By construction, however, f (@, = ba(ty) and f~1(b,) = bs(s,) for some sequences
(t,) and (sy,) in [0, 1) with #,,, s, — 1, which contradicts (4.6).
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Fig.5 Intersections

Thus, %(pé- + pé‘) € dM4 and hence conv(pi, p3, pa) € dM, . The same argument
works for the other faces containing p3. The square face is also contained in dM, as it
contains % p3l. This proves (4.5).

Next, we will show that the pre-image of the simplex conv(q, ¢, qj, qsl) lies inside
the pyramid conv(pi, p2, p3, pa, p5). Suppose that ¢ is a point on the segment (g, qé).
The triangle conv(c, g1, q4l) intersects the triangles conv(qi, g2, ¢3) and conv(q?,l, qéf, q5l)
in a line segment, say y; and y» respectively, see Figure 5. Now suppose that a €
conv(c, q1, qi‘) N NS and let b be the point of intersection of the line segment from ¢
through a with conv(qSJ-, qj-, qSJ-).

The segment (c, ) is a unique geodesic by Lemma 4.2. So, its pre-image is projectively a
line segment, as £~ is an isometry. Now suppose that (c, b) intersects y; and y» in two distinct
points. In that case it follows that the pre-image of (c, b) lies inside conv( P1, P2, P3, P4, P5)-
The collection of the points @ for which we obtain such a pre-image forms a dense set of

conv(c, q1, qj-). So, by continuity of f~! we conclude that

N eonv(qi, g2, g, g3)) S conv(pi, p2, p3, pas ps)-

It turns out that this situation yields the desired contradiction to prove our assertion in this
case. Let p be in the relative interior of conv(qi, g2, qsl). Then (p, ﬁj‘) is a unique geodesic
by Lemma 4.2. Moreover, we have that the segment (p, qﬁ) is parallel to (g4, ﬁi), that is to
say

limsup dy (1 — 1)gi +tp, (1 —1)g3 +1tqs) < 0o and

t—0

limsup dy (1 — 1)gi- +tp, (1 — 1)g3" + tqa) < oo.

t—1

This implies that pre-images of (p, ﬁi) must also be parallel segments. As the pre-image
of (q4,q7) is (pa, Py) we find the pre-image of (p, g7) is of the form (py, &), with &
on the segment (p3, ps). Since p was chosen arbitrarily, this shows that the pre-image of

conv(qi, q2, q4l, qSL) lies in A(p3, pa, p5), which is absurd. We therefore conclude that f
is projectively linear on A(pa, ps, pe) as well.

In case p3 = pé‘ and f is not projectively linear on A(pa4, ps, ps), then anal-
ogously we find that conv(pi, p2, p3, p4, Ps, Pe) is the interior of a 3-simplex and
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conv(qi, q2, g3, qi‘, qSJ-, qé‘) is the interior of a pyramid. Now applying the same arguments
above to f~! yields the desired contradiction, which completes the proof. O

Theorem 4.9 Let A(p1, p2, p3) and A(pa, ps, pe) be orthogonal simplices in Mi A bijec-
tive Hilbert’s metric isometry f: Mj_ — Nj_ with f(e) = e is projectively linear on
A(p1, p2, p3) if and only if it is projectively linear on A(pa, ps, pe)-

Theorem 4.9 is a simple consequence from the following lemma, which uses the following
concept. If p and ¢ are nonmaximal nontrivial projections, then by p & ¢ we mean that there
exists a sequence of nonmaximal projections p = pi,..., pp = g such that p; L p;4
and p; + pi+1 < efor 1 <i < n. This defines an equivalence relation on the nonmaximal
nontrivial projections in P(M).

Lemma 4.10 If p and q are nonmaximal nontrivial projections in a JBW-algebra M, then
pP=~q.

If we assume Lemma 4.10 for the moment, the proof of Theorem 4.9 goes as follows.

Proof of Theorem 4.9 By Proposition 4.8, if two orthogonal simplices have a projection in
common, then f is projectively linear on one of them if and only if it is projectively on the
other. So, it suffices to connect any two orthogonal simplices with a chain of orthogonal sim-
plices each having one projection in common. Note that orthogonal simplices are determined
by two nonmaximal nontrivial projections p; and p» such that p; L p> and p; + p2 < e:
the third projection is then (p; 4+ p»)*. Hence a chain of orthogonal simplices having one
projection in common, connecting the projections p and ¢, corresponds to a sequence of non-

maximal nontrivial projections p = py, ..., p, = g suchthat p; L p;yjand pi + pi11 <e
for 1 <i < n. By Lemma 4.10 we know that such a sequence always exist, and hence we
are done. O

The proof of Lemma 4.10 is quite technical and will be given in the next section. However,
for particular JB-algebras such as B(H )s, and Euclidean Jordan algebras, it is fairly easy to
show that Lemma 4.10 holds. To do this we make the following basic observation.

Lemma4.11 Let M be a JBW-algebra and p, q € P(M) be nonmaximal and nontrivial.

(i) If p L q, then p = q.
(ii) If p < gq, then p =~ q.
(iii) If p and q operator commute, then p ~ q.

Proof For the first assertion, note that if ¢ # p+ we are done. Also, if ¢ = p=, then by
nonmaximality of ¢ and p, there exist projections 0 < pp < p and 0 < g9 < g, so that
P~ qo ~ po ~ q. The second assertion follows from (i), as p ~ g+ ~ g. To prove the
last one recall that the JBW-algebra generated by p and ¢ is associative by [1, Proposition
1.47], and hence it is isomorphic to C(K') for some compact Hausdorft space K. By part (i)
we may assume pg # 0, and then p ~ pg =~ g by part (ii). O

Let us now show that Lemma 4.10 holds in case M = B(H)g,. If dim H < 2, then all
projections in P (M) are maximal. So, assume dim H > 3. In that case, any two distinct rank
1 projections p and g are equivalent, because the orthogonal complements of the ranges of p
and ¢ have codimension 1, and hence their intersection is nonempty. Let r be the orthogonal
projection on the intersection. Note that r is nonmaximal, as the range of r has codimension
atleast 2. Then p L r and r L g and hence p = r =~ g by Lemma 4.11(i). To compete
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the proof we remark that any nonmaximal projection p with rank at least 2 is equivalent to a
rank 1 projection. Simply take x € H in the range of p. Then the orthogonal projection p,
on the span of x satisfies py < p, and hence p, ~ p by Lemma 4.11(ii).

We see from Lemma 4.11(ii7) that if the center Z(M) is nontrivial, then any nontrivial
projection z € Z(M) yields p ~ z &~ q. Indeed, in this case z* also operator commutes
with p and ¢, and we are done if either z or z* is nonmaximal. Suppose that they are both
maximal. Then they are also both minimal, and therefore pz < z, forcing pz € {0, z}, and

pzt < 7+, forcing pzt € {0, z+}. Combining these identities yields

p=pz+pzte{0,zz, e

which contradicts the nonmaximality of p. So, we may assume that Z(M) is trivial, i.e., M
is a factor. Thus, the verify that Lemma 4.10 holds for Euclidean Jordan algebras, we only
need to check the simple ones.

Lemma 4.12 If M is a simple Euclidean Jordan algebra of rank at least 3 and p, q € P(M)
are nonmaximal and nontrivial, then p ~ q.

Proof Using the classification of simple Euclidean Jordan algebras we know that M = H,(R)
where n > 3and R =R, C or H, or M = H3(0).

By Lemma 4.11(ii) we may assume that p and ¢ are primitive. It suffices to show the
existence of a nontrivial nonmaximal z € P(M) that operator commutes with p and g by
the above remarks. We know from [14, Corollary IV.2.4] that there exists w € M such that
w? = e and U, (p) = e11. Note that Uy e = w? = e, and hence it is a Jordan isomorphism
by Corollary 2.2. So, we may also assume that p = e1. The Jordan algebra generated by p
and ¢ is isomorphic to H>(R) by [14, Proposition 1.6] and the isomorphism in the proof of
[14, Proposition 1.6] sends ej; € Ho(R) to p = ey € M.

If I, € Hy(R) corresponds to a nontrivial projection z under this isomorphism, then z
operator commutes with p and ¢ and we are done. We will show that it is impossible that
I, € H>(R) corresponds to e € M. In that case, the element s = ej» + €21 € H2(R) is in
the Peirce 1/2 eigenspace of e and satisfies s2 = I,. However, in H,(R), elements in the
Peirce 1/2 eigenspace of p are of the form

0 app...a,

af, 0 ... 0
12
A= L .
*
aj, 0 ... 0
The diagonal of A2 has entries A2, = ", |a1;|* and A% = |ay;|* fori =2, ..., n, which
is not equal to e = I, for any choice of aj2, ..., a1, € R,asn > 3. ]

4.2 Proof of Lemma 4.10

The proof of Lemma 4.10 requires a number of steps. First note that by Lemma 4.11(iii), it
suffices to find a nontrivial projection z € P(M) that operator commutes with both p and gq.
Hence we may assume that

PAG=pAGT=pAg=p-Agt=0. (4.7)
Indeed, suppose one of them is nonzero, then it operator commutes with p or p* and ¢ or

g, and hence it operator commutes with p and g.
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The idea of the rest of the proof is to use the theory of von Neumann algebras, and so we
would like to view M as the set of self-adjoint elements of a von Neumann algebra. Note that
if M is of type I, then [17, Theorem 6.1.8] implies that M is a spin factor H & R. However,
in a spin factor all nonzero projections are maximal, so M is not of type />. As mentioned,
the procedure will be divided into several steps. In the case where M is the self-adjoint part
of a von Neumann algebra, the proof of this lemma is given in Step 2.

Step 1: We can assume that M is not isomorphic to H3(Q) by Lemma 4.12. Then by [17,
Theorem 7.2.7] we have that M is a J W-algebra, that is, it can be represented as a o-weakly
closed Jordan subalgebra of the self-adjoint operators on a complex Hilbert space. By [17,
Theorem 7.3.3], it follows that

M=W*"M)?S, ={xeWM):ax)=x=x"*}

for some von Neumann algebra W*(M) and a x-anti-automorphism « of W*(M) of order 2.
Now M is a subset of a von Neumann algebra, but the x-anti-automorphism « is a problem,
which we will eliminate.

Let R := {x € W*(M) : a(x) = x*}. Then M = Ry, and by [17, Theorem 7.3.2] we
have that R is a o-weakly closed real x-algebra and W*(M) = R @ i R. It follows from [31,
Definition 6.1.1] that R is a real W*-algebra. By [31, Proposition 6.1.2], R is isomorphic
to a real von Neumann algebra, that is, a o -weakly closed *-subalgebra of B(H), where H
is a real Hilbert space. Or equivalently, a x-subalgebra of B(H) which has a pre-dual. So,
we have succeeded at viewing M as the self-adjoint elements of a von Neumann algebra.
Unfortunately, it is a real von Neumann algebra instead of a complex one, which will pose
some additional difficulties.

Step 2: Let N C R be the real von Neumann algebra generated by p and ¢. In the case
where M is the self-adjoint part of a von Neumann algebra, the reader can regard N as the
von Neumann algebra generated by p and ¢, and R = M & i M here. We denote by N’ the
commutant of N. That is,

N':={x e B(H): xy=yxforally e N}.

It suffices to find a nontrivial projection z € N’ N R, because then both z and z+ commute
with p and ¢, and hence operator commute with p and g by [1, Proposition 1.49]. Similarly
to the discussion preceding Step 1, we can conclude that either z or z1 is nonmaximal. So,
we may assume that N’ N N contains no nontrivial projections. We will now generalize the
proof of [46, Theorem V.1.41], so that it will also be applicable to the real von Neumann
algebra case. From equation (4.7), we obtain that pgp maps pH injectively onto a dense
subspace of p H. Let uh be the polar decomposition of p-gp. By [31, Proposition 4.3.4]
we have that u, h € N. Then u is a partial isometry with initial space pH and final space
pLtH, and so u*u = p and uu* = p. We will use this partial isometry u to make a matrix
unit {e11, €12, €21, e22}. That s, the set of elements {e11, e12, €21, €22} satisfies the properties

el +en =e, e;"j =e¢j;, and ejjey =8jey forl <i,j, k,1<2.
Let
. . . * . 1
ejl:=p, eyn:=u, ep:=u, epn:=p,

We will use the following notation. If M is an algebra with projection p € M, then we denote
the subalgebra pMp by M,,. Furthermore, by M (M) we mean the 2 x 2 matrices whose
entries are elements of M.
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Lemma4.13 If M is a (real) von Neumann algebra with a matrix unit {e11, e12, €21, €22},
then M = M (M,,,).

Proof The reader can easily verify that the map ¢: M — My(M,,,) given by ¢(x);; =
eljxej1 is a *-homomorphism with inverse 6: M(M,,,) — M defined by 6(y;;) =

2
Zi,j:l €i1yijel;- o

We now apply Lemma 4.13 for M = N and M = R, which yields that N = M (N))
and R = M (R)). Moreover, since we used the same matrix unit, the inclusion N C R
corresponds to the natural embedding M>(N,) € Mz (R),). It is straightforward to verify
that

0
N/mR:{(’(gx):xeNI;mR,,}. (4.8)

The projection p = ey is nonmaximal, so there exists a nontrivial projection in R which
dominates p, and has to be of the form
pO0
0z

for some nontrivial projection z € P(R)).
We claim that it now suffices to show that N, is a trivial von Neumann algebra. Indeed,
in that case N;, N R, = Ry, and so by (4.8),

z0 .
(59) <won

is a nontrivial projection, as desired. In the case where M is the self-adjoint part of a von
Neumann algebra, we can apply [46, Theorem V.1.41(ii)] to conclude that N is of type I,
and since N’ N N contains no nontrivial projections, the spectral theorem implies that N’ N N
is trivial and hence N is a factor. Therefore, we must have N = M), (C). Since we also have
that N = M (N,,), it follows that N;, = C. In the case where N C R in a real von Neumann
algebra, we have to do some more work to show that N, = R.

Step 3: We will need the following lemma.
Lemma4.14 N, is generated by p and pqp.

Proof Taking products of p and ¢ repeatedly yields expressions of the form - - - pgpgpgq - - - .
For r,s € {p,q}, let Q(r, s) be the set of such expressions that start with r and end with
s. It follows that N is the closed linear span of Q(p, p) U Q(p,q) U Q(gq, p) U Q(q, q).
Hence N, is the closed linear span of Q(p, p). Since (pgp)" = (pq)" "' (pqp). it follows
that Q(p, p) = {p} U{(pgp)" :n > 1}. o

By the above lemma, N, is generated by p and pgp. Since p is the identity on N, it is
commutative and contains Cr (o (pgp)), the continuous real-valued functions on o (pgp), by
the continuous functional calculus for real von Neumann algebras [31, Proposition 5.1.6(2)].
Therefore, we have that N, € N ;,, and so

~ x 0 x 0
vow = (50 xemnm) = |(50) rem)

Since N NN’ contains no trivial projections, we obtain that N, contains no trivial projections.
However, unlike the case of a von Neumann algebra, a real von Neumann algebra without
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any nontrivial projections need not be trivial (i.e., C, H). But by [31, Proposition 4.3.4(3)],
the linear span of the projections is dense in (N )4, and so (N))s, must be trivial. Since
Cr(o(pgp)) € (Np)sa, this can only happen if o (pgp) consists of a single element, which
implies that N, = R, as desired. This completes the proof of Lemma 4.10.

4.3 Characterization of Hilbert isometries on JBW-algebras
Using Theorem 4.9 we can now deduce the desired result.

Corollary 4.15 If M and N are JBW-algebras and f: Mj_ — Nj_ is a bijective Hilbert’s
metric isometry with f(e) = e, then either for f or for 1o f the induced map 6: P(M) —
‘P(N) is an orthoisomorphism.

Proof Suppose that pi, po € P(M) are orthogonal projections. By Lemma 4.5 we may
assume that p; + p» < e. Let p3 := (p1 + p2)*. After possibly composing f with the
inversion ¢ we may assume that f is projectively linearon A(p1, p2, p3) and so 6 preserves the
orthogonality of p;, p> and p3 by Corollary 4.7. Hence 6 (p1) and 6(p;) are orthogonal. By
Theorem 4.9, f is projectively linear on all other orthogonal simplices as well, so 8 preserves
the orthogonality of all noncomplementary orthogonal projections in P(M). Applying the
same argument to f ~! shows that ! also preserves orthogonality.

By the proof of [13, Lemma 1], 6 is an order isomorphism and preserves products of
operator commuting projections. Our next goal is to show that 6 extends to a Jordan isomor-
phism. If M and N are Euclidean Jordan algebras, this can be done with a similar argument
as used in [6], see Remark 4.20. We will now explain how to proceed in the general case of
JBW-algebras. The reader only interested in the von Neumann algebra case should follow
this argument, but instead of the representations (4.9), each type /> von Neumann algebra is
isomorphic to L (2, M, (C)).

We can write M = Mz ®Mand N = N, & N where M, and N, are type I direct
summands, and M and N are JBW-algebras without type I, direct summands. See [17,
Theorem 5.1.5, Theorem 5.3.5]. Suppose p € P(M) and g € P(N) are the central projec-
tions such that pM = M and gN = N. Since 6 is an order isomorphism, the restriction
0 |79(M) : P(M) — P(O(p)N) is an orthoisomorphism. As M has no type I direct summand,
we can use the following result.

Theorem 4.16 (Bunce, Wright) Let M and N be JBW-algebras such that M has no type I
direct summand. If 0: P(M) — P(N) is an orthoisomorphism, then 6 extends to a Jordan
isomorphism J: M — N.

Proof The theorem is exactly [7, Corollary 2] but for JBW-algebras instead of JW-algebras.
This corollary follows from [7, Proposition p.91], and the crucial ingredient here is that
any quantum measure on the projection lattice of a JW-algebra extends to a state. But this
statement is also true for JBW-algebras by [8, Theorem 2.1]. O

So 6] p 7y extends to a Jordan isomorphism J: pM — 6(p)N. Moreover, 6(p) = .

Indeed, the image of M under J in N contains no type I, direct summand, hence J(pM) €
GN. This implies that 0 (p) < G. Applying the same argument to 6 ~! shows that 6~1(§) < p,
sop=gq.
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Our next goal is to show that the orthoisomorphism 6|pas,): P(M2) — P(N,) extends
to a Jordan isomorphism as well. By [45, Theorem 2] we can represent

My = @ L®(Q. Vi) and Ny = @) L¥(E), V) (4.9)
k !
where k, [ are cardinals, 2, E; are measure spaces, V; = H; @& R are spin factors with

dim H; = i. We denote the unit in each Vi by u. Let  := | |, Q be the disjoint union of the
Q’s. By identifying f € L*®°(Q2) withw — f(w)u, we can view L°°(L2) as lying inside M.
It follows that Z(M>) = L*°(2) and if p := 14 € Z(M>), then Z(pM;) = L°°(A). Since
0 preserves operator commutativity, it preserves the center, and it is straightforward to see
that 0|p(z(my)) : P(Z(M2)) — P(Z(N>)) extends to a Jordan isomorphism T': Z(M>) —
Z(N»).

Leta € M. For almost all w € 2 the element a(w) has rank 1 or rank 2, so modulo null
sets we can write Q as @ = Q' U Q2 where

Q= {we Q: #o(a(w) =i}.

If we write g; := 1 fori = 1, 2, then there exist unique o € Z(q1M2), B. v € Z(q2M>),
and 0 # p € P(q2M>) with p(w) of rank 1 a.e. such that

o(w)u ifweQ!

A=) B p@) + y @p@)’ ifwe 2

which yields @ = o + 8p + y p* as a unique representation. Define J»: M — N; by
Ja(a) :=Ta +THO(p) + Tyo(p)*.

Lemma4.17 p € P(My) is a.e. rank 1 if and only if qp # 0 and gp # 0 for all nonzero
central projections q € P(M>).

Proof Let A C 2 be measurable and suppose that p(w) = 0 a.e. on A. Then 14 € P(M>) is
acentral projection and 14 p = 0. Similarly, if B C 2 is a measurable set such that p(w) = u
a.e. on B, then 119pl =0.

Conversely, if p € P(M>) is a.e. rank 1, then neither 14p = 0 nor 14 pJ- = 0 for all
nonzero measurable A C €2, which are precisely the nonzero central projections of P (M3).
O

Since 6 preserves central projections and orthogonality, it maps a.e. rank 1 projections to
a.e. rank 1 projections. Now a € P(M>) if and only if «, B, ¥ € P(Z(M>)), and in this case,
since T extends 0|p(z(m,)),

@) =Ta+THO(p) + TyB(p)* = 6(e) +0(B)O(p) +6()0(p)*
=0(@) +0(Bp) +0(yp™) =0(a)

as 0 preserves products of operator commuting projections. Therefore J>(a) = 6(a) and so
Jo extends 6.

For 4 € R and the unit e, € M, we have that Jo(a 4+ uey) = Jo(a) + pner, so Jo
induces the quotient map J,: [M»] — [N-] defined by J>([a]) := [J2a]. We claim that J,
coincides with S on [M>]. To that end, let @« € M, be such thata =« + 8p + y pl where
a =) ails, B =3 ;Bilp,and y = 3 yklc, are step functions. Since 6 preserves
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products of operator commuting projections and the fact that 7 maps step functions to step
functions,

To([al) = [2(@)] = [T+ TBO(p) + Ty6(p)*]
=Y ail0a)]+ Y Bi1005,p)1+ > w6, ph)l
i j k

= Z(x,-SlAi + 2/3/513]-19 + X:WSIC;{PL
i j k
= Slal.

Now, for generala = a+Bp+y p*- € My leta’, B/, and y’ be approximating step functions
for o, B, and y. If we put b := o’ + p'p + y’'p*, then

lla = bl < lle = + 118 =Bl + 1y =¥l
and
I2(@) = B < lle =l + 1B =Bl +1ly =¥l
as T is an isometry, so both norms can be made arbitrarily small. This implies that
I72([a]) = Slallly < I72(la]) = J2((bD Iy + I172(16]) = S[b1lly + IS[b] — Slalll,
= I72(la]) = J2((bD Iy + 1S([B] = [aD |

= IlV2(a) = L2O)]llv + I[b — alllv
=2\J2(a) = L(D)|| +2[1b — all

can be made arbitrarily small, and we conclude that J, = S on [M].

Having this, we will now proceed to show that J is linear. Let & := | |, &E; be the
disjoint union of the E;’s, and let ¢ be a state on Z(N2) = L°°(E). Then T*g is a state on
Z(Mp) = L*°(2), and define the functionals tr ® T*¢ € M3 and tr ® ¢ € NJ by

(r® T"p)(a) := T ¢p(w > tr(a(w))) and (& ¢)(d) = ¢ > (b))

Put My := kertr® T*p and Ny := ker trQ ¢. Since ex ¢ Mg and ex ¢ Ny, the corresponding
quotient maps 7y : Mo — [M>] and mp: N9 — [N>] are linear isomorphisms. Furthermore,
we have that J,(My) € Nyp. Indeed, if x € M, then since 6(p) is a.e. rank 1,

(tr ® 9)(J2(a)) = (tr ® ) (T + TRO(p) + Tyd(p)") = 92T + T+ Ty).
Therefore, for a € M it follows that

(r®e)(2@) =¢pQRTa+TB+Ty) =p(TQRa+B+y))
=T*¢Ra+B+y) = (r®T*p)(a)
=0.

Now, if a € My, then J>(a) € Nog which shows the last equality of the equation
7y o Tayomi(a) =7y Talal = 7y [ a(@)] = Ja(a), (4.10)

hence J> |y, is linear. As Mo = My @ Rep and No» = Ny @ Reo, and we have J>(a + per) =
Ja(a) + pep for all u € R, it follows that J, = Jo|p, ® Idr, is linear.
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Moreover, we have

llall = ess sup,cq lla(@)|l = max{llafloo. Blloos 1V lloo}
= max{[|Tello, 1T Blloos T¥ lloo}
= ess supgeg [ 2(a)(§)l
= [l2@).

so J is an isometry and therefore a Jordan isomorphism by Corollary 2.2 that extends
0|p(m,). The above discussion yields

Corollary 4.18 If f: Mi — Nj_ is a bijective Hilbert’s metric isometry with f(e) = e such
that its induced map 0 : P(M) — P(N) is an orthoisomorphism, then 0 extends to a Jordan
isomorphism J: M — N.

We will now show that the quotient map induced by the Jordan isomorphism J above
coincides with S.

Lemma4.19 Let J: M — N be a Jordan isomorphism that extends 6. Then J induces the
quotient map J : [M] — [N] defined by J([a)]) := [J (a)], which satisfies J = S.

Proof Let b = Z?:] Aipi, where Ay, ..., A, € Rand py,..., p, € P(M) are orthogonal
projections. Then

J[b] =[Jb] = [ZA 0(pi) } =Y Ml0(p)l =) %iSIpil = S[b]. (4.11)
i=1 i=1

Now leta € M and ¢ > 0. By the spectral theorem, let b be as above such that |la — b| < ¢.
Then ||Ja — Jb|| < ¢, and since S is a ||-||,-isometry and ||-||, < 2|,

I/{al = Slally < [Jla]l = Jb1lly + T[] = S[b1ly + 1S[b] — Slall,
= lJa = Jblll, + b — alll,
<2|Ja—Jb|+2(b—all

< 4e.
Hence J[a] = S[a] for all [a] € [M]. O

Remark 4.20 1f M and N are Euclidean Jordan algebras and 6 : P(M) — P(N) is an orthoi-
somorphism, then an easier argument shows that 6 extends to a Jordan isomorphism. Indeed,
every a € M has a unique spectral decomposition a = A1 p; + ... + A, p,, and so we can
define J(a) := 110(p1) + ... 1,0(pp). Then J(a + pe) = J(a) + e, so J induces a map
J: [M] — [N]by J([a]) := [J(a)]. By (4.11), J = S is linear. Let My and Ny be the
kernels of the traces in M and N respectively, then [M] = My and [N] = Nj. It is clear from
the definition of J that it maps My into Ny, and so (4.10) implies that J=J| M, 1s linear,
thus J = J|y, ® Idg, is linear. Since the spectrum and hence the norm is preserved, J is a
Jordan isomorphism by Corollary 2.2.

We can now prove the following characterization of the Hilbert’s metric isometries on
cones in JBW-algebras.
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Theorem 4.21 If M and N are JBW-algebras, then f : Mi — Ni is a bijective Hilbert’s
metric isometry if and only if

f@ =UyJ (@) foralla e M, (4.12)

where ¢ € {—1,1}, b € NS, and J: M — N is a Jordan isomorphism. In this case
be f(@e.

Proof Let f: Mi — Ni be a bijective Hilbert’s metric isometry. Then we can define a new
-0

bijective isometry g: M5 — N by
gla) = Uf@f%f(a) foralla € M, .

Note that g(e) = e and hence it follows from Corollary 4.15 that either g or ¢ o g has the
property that the induced map 6 : P(M) — P(N) is an orthoisomorphism. Let 2 € {g, 10 g}
be the map with this property and J be the Jordan isomorphism from Corollary 4.18. Note
that J induces a map from Mj_ to Nj_. Leta € M?, then a = exp(c) for some ¢ € M, and
so by Lemma 4.19,

h(@) = exp(S log(exp(c))) = exp(J[c]) = exp(lJc]) = exp(Je) = J (exp(c)) = Ja = Ja.

Thus, & coincides with J on Mi Since h € {g, (o g}, for either ¢ = 1 or ¢ = —1 we have
that

£
) =Ja foralae M’
(Uf'(a’%f(a)) Ja foralae M,

hence

— —E& __ TNE &Y — [T T (a€)
f(a) = Uf@%(Ja) = Uf@%(la) = Uf@%J(a ) =UpJ(a®)

forsome b € f(e) 2.To complete the proof note that any map of the form (4.12) is a bijective
Hilbert’s metric isometry. O

Theorem 4.21 has the following direct consequence.

Corollary 4.22 Let M and N be JBW-algebras. The metric spaces (Mj_, dy) and (N:_, dy)
are isometric if and only if M and N are Jordan isomorphic.

Next, we will describe the isometry group Isom (Mi) consisting of all bijective Hilbert’s
metric isometries on Mj_ Consider the subgroup Proj(M) of projectivities consisting of
maps T: Mj_ — Mj_ of the form 7 (@) = Ta, where T € Aut(M. ). Note that by Proposition
2.3 elements 7 in Proj(M) can be written as 7(a) = UpJa with b € M¢ and J a Jordan
isomorphism. So, if we let 1p: @ € Mi —>ale Ni, then

(hotoiy")@ = (UpJa— )"t = U, 1 Ja,

which shows that (p o 7 o Lal € Proj(M), and hence Proj(M) is a normal subgroup of
Isom (Mi). Moreover, the group C; of order 2 generated by ¢ has trivial intersection with
Proj(M;) if Mi contains an orthogonal simplex. On the other hand, if Mj_ does not contain
an orthogonal simplex, then ¢y belongs to Proj(M. ). Indeed, if M contains no nontrivial
projections, then M = R and ¢ is clearly projectively linear here. If M contains a nontrivial
projection, then it is minimal and maximal. So, if p € M is a nontrivial central projection,
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then M = M, ®M 1. Since both M), and M 1 are JBW-algebras which contain no nontrivial
projections, we conclude that M, = M,1 =Rand M = RZ2. On (]Ri)O the inversion map
satisfies ¢ (x, y) = (x~', y~1) = (xy)~!(y, x), which shows that ¢y belongs to Proj(M.).
Finally, suppose that all nontrivial projections in M are not central. Then M is a factor,
and for any nontrivial projection p, it follows that M, = R by the minimality of p. This
means that all nontrivial projections in M are abelian and their maximality implies that they
have central cover e. Since we can write ¢ = p + pt, we find that M is of type I>. By
[17, Theorem 6.1.8] we have that M is a spin factor, so M is strictly convex. For an order
unit space with strictly convex cone there always exists a strictly positive state, thus by [29,
Remark 3.5] all bijective Thompson’s metric isometries on M9 are projective linear order
isomorphisms. This implies that (g € Proj(M ). We have shown that if M is a JBW-algebra
such that M9 does not contain an orthogonal simplex, then M must be a Lorentz cone (i.e.,
the cone of a spin factor or Ri). To summarize we have the following result.

Proposition 4.23 Let M be a JBW-algebra. If Mi contains an orthogonal simplex, then the
group of bijective Hilbert’s metric isometries Isom(ﬁj_, dp) satisfies

Isom(M <, dy) = Proj(M4) x Ca.

Ifﬁ:_ does not contain an orthogonal simplex, then Isom(ﬁj_, dp) = Proj(My). Moreover,
we have that Isom(ﬁi, dy) = Proj(My) if and only if My is a Lorentz cone.

We believe that the results in this section could be extended to general JB-algebras. How-
ever, our arguments rely in a crucial way on the existence of nontrivial projections, which
may not be present in a JB-algebra. It would also be interesting to know whether it is true
that if the Hilbert’s metric isometry group of a cone C in a complete order unit space is not
equal to the group of projectivities of C, then the order unit space is a JB-algebra. To date no
counter example to this statement is known.
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License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and repro-
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