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ABSTRACT

In this thesis we will study the horofunction boundary of metric spaces, in particular the
Funk, reverse-Funk and Hilbert’s metrics, and one of its applications, Denjoy-Wolff type
theorems. In a Denjoy-Wolff type setting we will show that Beardon points are star points
of the union of the w-limit sets. We will also show that Beardon and Karlsson points are not
unique in R?. In fact, we will show one can have a continuum of Karlsson points. We will
establish two Denjoy-Wolff type theorem that confirm the Karlsson-Nussbaum conjecture
for classes of non-expanding maps on Hilbert’ metric spaces. For unital Euclidean Jordan
algebras we will give a description of the intersection of closed horoballs with the boundary
of the cone as the radius tends to minus infinity.

We will expand on results by Walsh by establishing a general form for the Funk and
reverse Funk horofunction boundaries of order-unit spaces. We will also give a full classifi-
cation of the horofunctions of JH-algebras and the horofunctions and Busemann points of
the spin factors for the Funk, reverse Funk and Hilbert metrics. Finally we will show that
there exists a reverse-Funk non-Busemann horofunction for the cone of positive bounded
self-adjoint operators on an infinite dimensional Hilbert space, the infinite dimensional
spin factors and a space in which the pure states are weak* closed, answering a question

raised by Walsh in [66].
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CHAPTER 1

INTRODUCTION AND OVERVIEW

The horofunction boundary was first introduced by Gromov in [27]. It provides a natural
way to add a “boundary at infinity” to a metric space. One of the strengths of the horo-
function boundary is that we can define one for every metric space and it does not require
the space to have special properties like the Gromov boundary of a §-hyperbolic space,
see [9]. The union of the original metric space with the horofunction boundary is also a
compact set, unlike other boundaries such as the bordification, see [9]. The horofunction
boundary has applications in the study of isometry groups of metric spaces, see [45, 64, 65],
the analysis of Denjoy-Wolff type problems in metric spaces, see [6, 25, 35, 41, 42], and
establishing multiplicative ergodic theorems [26]. In general the horofunction boundary is
hard to determine, though it has been found for a variety of metric spaces, including spe-
cial cases of, normed spaces [29, 31, 30, 62], Hilbert metric spaces [41, 65] and Teichmiiller
spaces [36, 67|, see [37] for an overview.

In this thesis we will be particularly interested in Hilbert metric spaces. Hilbert’s
(cross-ratio) metric dj, was first defined by Hilbert in [32] on an open bounded convex set

C of a finite dimensional real vector space in the following way:

o = yllly — 2
d =1
w(#:9) %(wv—ﬂmy—mw @y e0)

where 2’ and 3/ are the intersections of the line through z and y and the boundary of
C' such that z lies between 2’ and y and y lies between z and y’. Hilbert metric spaces
are a generalisation of Klein’s model of the real hyperbolic space and have been studied
intensively, see [57] for an overview. In [8] Birkhoff noted a connection between Hilbert’s
cross-ratio metric and the order structure of the cone. This gave rise to Birkhoff’s version
of Hilbert’s metric, which gives an alternative definition of Hilbert’s metric between the

rays of the cone solely using the partial order. This version was popularised by Bushell in
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[11]. Birkhoff’s version of Hilbert’s metric also gives rise to two pseudo-metrics, the Funk
and reverse-Funk metrics, whose sum forms Hilbert’s metric.

In this thesis we will be studying the geometry and applications of the horofunction
boundary for order-unit spaces. For the applications specifically we will look at Denjoy-
Wolff type theorems. Below we will give an overview of the main results of this thesis.

First we will recall the necessary background in Chapter 2, introducing partially or-
dered vector spaces, order-unit spaces, the Funk and reverse-Funk metric and Hilbert’s
metric, and the horofunction boundary.

In Chapter 3 we study Denjoy-Wolff type theorems. The classical Denjoy-Wolff theorem
describes the accumulation points of the orbits of fixed point free holomorphic maps on
the open unit disc of C. Beardon expanded this result to metric spaces, and for finite
dimensional Hilbert metric spaces Karlsson and Nussbaum independently conjectured that
the accumulation points of the orbits of fixed point free non-expansive maps should satisfy
similar behaviour. For numerous special cases the conjecture has been shown to hold, see
[6, 35, 46].

We will in particular focus on Denjoy-Wolff type theorems by Beardon [6] and Denjoy-
Wolff type theorems by Karlsson [35]. The methods in their proofs give rise to a special
class of points; which we call Beardon and Karlsson points. Karlsson and Noskov have
shown in [40] that Karlsson points are star points of the accumulation set of the orbit and,
in Theorem 3.1.11, we will show that Beardon points are star points of the accumulation
set of the orbit as well. Though Karlsson and Beardon points are unique for an open
bounded strictly convex set of a vector space equipped with Hilbert’s metric, we will show
this is not the case in general. In Example 3.3.6 we will also show that for R? equipped
with the Euclidean norm the Karlsson and Beardon points in general are not unique. In
fact, we will show that one can find a continuum of Karlsson points.

Finally, we will prove two special cases of the Karlsson-Nussbaum conjecture. In The-
orem 3.4.1 we will show that the conjecture holds if the map is an isometry instead of
non-expansive. In Theorem 3.4.8 we show that, if f is a fixed point free non-expansive
map on a finite dimensional Hilbert metric space such that the images of the limit maps
of (f™) are closed, then the Karlsson-Nussbaum conjecture holds. This result is analogous
to a result by Chu and Rigby in [14] for bounded symmetric domains.

In Chapter 4 we will provide an alternate version of another result by Chu and Rigby.

In Theorem 5.10 in [14] Chu and Rigby give an explicit description of the closed horoballs



CHAPTER 1: INTRODUCTION AND OVERVIEW

on bounded symmetric domains, using the Pierce decomposition of Jordan algebras. We
will give a description of the intersection of closed horoballs of Euclidean Jordan algebras

as the radius tends to minus infinity.

In the remainder of the thesis we focus on the horofunction boundary of infinite dimen-
sional order-unit spaces. A lot of our results are based on work in [66], by Walsh, which
gives a classification of the Busemann points of order-unit spaces. Busemann points are
horofunctions that are the limits of almost geodesics which were introduced by Rieffel in
[59]. Walsh in particular has shown that in C'(K), where K is a compact Hausdorff space,
all horofunctions of the Funk and reverse-Funk geometry are Busemann points. Walsh
raised the question if for general order-unit spaces this remains the case [66, Question 6.6].
In [62] Walsh shows that for finite dimensional order-unit spaces the horofunctions of the
reverse-Funk geometry are always Busemann points, and the horofunctions of the Funk
geometry are all Busemann points if and only if the pure states are weak™ closed. For infi-
nite dimensional order-unit spaces there are no known necessary and sufficient conditions
for which all horofunctions are Busemann points.

In Chapter 5 we will recall Kuratowski-Painlevé convergence. Kuratowski-Painlevé con-
vergence is used to define a limit of a net of subsets of a Hausdorff space. The convergence
is not always topological; if a Hausdorff space X is not locally compact, then there is no
topology on the power set of X for which the limits coincide with the Kuratowski-Painlevé
limit. One of the advantages of Kuratowski-Painlevé convergence is that the convergence
is “compact”, i.e. for every net there exists a convergent subnet. One can define the limit
of a net of maps from a Hausdorff space to R by taking the Kuratowski-Painlevé limit
of the epigraphs or hypographs. These modes of convergence play an important role in
Walsh’s classification of the Busemann point in C(K) and in Chapter 7.

We will study and expand Walsh’s results from [66] in Chapter 6. In the first two
sections we will provide the proofs of the results in more detail. In the final section we use
the classification of the Busemann point in C'(K) to describe the horofunction boundary of
order-unit spaces. In Theorem 6.3.7 and Theorem 6.3.8 we will show that the horofunctions
on order-unit spaces of the reverse-Funk and Funk geometry respectively are always of a
specific form. This form is determined by the respective epigraph or hypograph limit of
the evaluation maps of the net defining the horofunction. To obtain this result we use work

by Kalauch, Lemmens and van Gaans [34] which shows the existence of an order dense
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embedding from an order-unit space into the continuous functions on the weak* closure
of the pure states. We can show that any horofunction on the original order-unit space
corresponds to a unique horofunction of the continuous functions on the weak™* closure
of the pure states, whose form is already known due to Walsh. Unfortunately the reverse
is not true. Therefore, though we have a description of the horofunction boundary of an
order-unit space, we do not have a classification.

In Chapter 7 we will provide an answer to the first part of Question 6.6 in [66]. We will
show that there exist order-unit spaces for which not all horofunctions of the reverse-Funk
geometry are Busemann points. Theorem 7.1.20 shows that there exists a reverse-Funk
non-Busemann horofunction on B(H)s,, the space of self-adjoint bounded operators on
a complex Hilbert space. For this we will use that the pure states of B(H)s, are not
weak™ closed. As this was an important condition in [62] for all horofunctions of the Funk
geometry to be Busemann point, one might think that it will be sufficient to require the
pure states to be weak™ closed, but in Theorem 7.1.22 we will show that, even for the
reverse-Funk geometry, this is not a sufficient condition.

Finally, in Theorem 7.2.1 and Theorem 7.3.14 we will give a classification of the ho-
rofunctions and Busemann points of the Hilbert geometry of the spin factors and JH-
algebras. Spin factors are well known and important Jordan algebras. They are one of the
main building blocks of the Euclidean Jordan algebras, which were classified by Jordan,
von Neumann and Wigner in [56]. Spin factors are also used as a model for real hyperbolic
spaces. JH-algebras are Jordan algebras which are also a Hilbert space, where the multi-
plication map is self-adjoint with respect to the inner product. Roelands and Wortel have
classified the unital JH-algebras as a finite direct sum of Euclidean Jordan Algebras and
spin factors. In Theorem 7.3.5 and Theorem 7.3.8 respectively we will classify the horo-
function of the reverse-Funk and Funk geometry of a finite direct sum of order-unit spaces
in terms of the horofunction boundaries of the terms of the direct sum. As the horofunction
boundary of Euclidean Jordan algebras has been fully classified by Lemmens, Lins, Nuss-
baum and Wortel in [41], this allows us to give the full classification of the horofunction
boundary of the Hilbert geometry of JH-algebras. For both the infinite dimensional spin
factors and infinite dimensional JH-algebras we find non-Busemann horofunctions for the

Funk, reverse-Funk and Hilbert geometry.



CHAPTER 2

PRELIMINARIES

2.1 Partially ordered vector spaces

Recall that a partial order on a set X is a binary relation which for all x,y, z € X satisfies

the properties
1. (reflexive) x < z,
2. (anti-symmetry) <y and y < z implies that x = y and
3. (transitive) z < y and y < z implies that = < z.

A real vector space (X, <) is a partially ordered vector space if it is equipped with a partial

order < which for all A > 0 and x,y, z € X satisfies the properties
1. z <y implies that x 4+ 2 < y + z and
2. x <y implies that Az < Ay.

We call a subset X, C X of a real vector space a cone if X, is convex, for all A > 0 we
have AX; = X, and X; N —X; = {0}. Cones and partially ordered vector spaces are
linked. For a partially ordered vector space (X, <) the set Xy = {z € X : 2z > 0} is a
cone, and for a cone (X4 U{0}) C X of a real vector space the relation x < y if and only
if y—x € X4 is a partial order. An element u € X is called an order-unit of X if for all
x € X there is a A > 0 such that —Au < z < Au. If X is Archimedean, i.e. for all z € X
we have that nx < u for all n € N if and only if z € —X, then X can be equipped with
the order-unit norm

||l = Inf{A > 0: —du <z < Au}.

The triple (X, X1, u), where X is an Archimedean partially ordered vector space with cone

X4 and order-unit u is called an order-unit space. One can show that in an order-unit
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space every order-unit lies in the interior of the cone with respect to the order-unit norm.
Also every element in the interior of the cone is an order-unit.

Let (X, <),(Y,<) be a partially ordered vector spaces. We call a map f : X — Y
order-preserving if for all x,y € X with < y we have that f(z) < f(y). If f is linear
and order-preserving, we call f positive. It is easy to verify that f is positive if and only
if it maps the cone of X into the cone of Y. We call f strictly positive if f(x) > 0 for
all x € X{. Furthermore, if X is a normed partially ordered vector space we denote the
set of all continuous linear functionals by X* and the set of all positive continuous linear

functionals by X7 .
2.1.1 Example. Consider R" with the standard positive cone
Ri = {($17--'7$n) eR":z; > 0}

This cone defines an order on the coordinates; for all z,y € R™ we have z < y if and only

ifp; <y; forall 1 <i<n.

positive cone

2.1.2 Example. Consider R"*! with the Lorentz cone

An={(@1,mngn) €R™ :\fad 4 a2y, <}



CHAPTER 2: PRELIMINARIES

\/

Lorentz cone

One can find a general version of the Lorentz cone for any normed vector space X by

considering the vector space V =R x X with cone
Vi={(A\z) eV |zl <A}

We will call such a cone a base cone. If H is a Hilbert space, then V = R x H admits
a natural Jordan algebra structure, whose cone of squares is V., see Chapter 4. These

spaces are known as spin-factors and will be discussed in more detail in Section 7.2.

2.1.3 Example. Let X = M, «,(R)s, be the space of real, self-adjoint, n X n matrices.
Recall that a matrix A is positive semidefinite if for all 2 € R we have 27 Az > 0. The
set

Xy ={A € Myxn(R)s, : A positive semidefinite}

is a cone of Mpxn(R)sq. Recall that a matrix A is positive semidefinite if and only if
its eigenvalues are non-negative. Note that the identity matrix I is an order-unit. The

associated order-unit norm is given by its spectral radius ||A||; = p(A) = max{|r| : r €

a(A)}.

2.1.4 Definition. Let X be a vector space with cone X ;. Let z,y € X, we call z

comparable to y if there exists an A € Ry such that %x <y < Ax. We call the set
P, :={y € X4 : x comparable to y}.

a part of X .
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Note that comparability is an equivalence relation and the parts of X are equivalence

classes.
2.1.5 Proposition. If X is a vector space with cone X, then the parts of Xy are convex.

Proof. Let x € X and let P, be a part of X . Let y,z € P, and let A1, Ao > 0 such that

)\%x <y < Az and /\%x < z < Agz. For all ¢ € (0,1) we find that

A(1—c¢)+ Aac

z<cy+(1—c)z < (AMc+ A(1—c))z.

A1 o
Picking
A1 A2
A= A Ao(1 —
max< 1€+ Ao C)’)\l(lc)+>\gc>
gives that cy + (1 — ¢)z € P,. O

2.1.6 Definition. Let X be a topological vector space and let X be a closed cone. Then
F C X, is called a face of X, if F is non-empty, convex, and if for all x,y € X for which
there exists a A € (0,1) such that Az + (1 — \)y € F, we have x,y € F.

Faces and parts are closely related.

2.1.7 Proposition. Let X be an order-unit space with closed cone X,. Every face is a

union of parts.

Proof. Suppose there is a face F' which is not the union of parts. As parts are equivalence
classes on the closed cone this means that there exists a part P such that there are z,y € P
for whichx € Fandy € F. Now let 0 < A < 1 be such that Ay < x. Then ﬁ$—ﬁy e P,
since

1-A 1 A 1

= < — <
R S T S L Y

x.

However we find that

1 A
x—)\y—i-(l—)\)(l_/\x—l_)\y),

so by definition y € F' which is a contradiction. O

In fact, the parts of X are precisely the relative interiors of the faces of Xy, see [42,
Lemma 1.2.2]. Since X is a face of X it follows that X is the disjoint union of parts.
Finally we will show that every convex set in the boundary of the cone is contained in a

face.
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2.1.8 Proposition. Let X be an order-unit space with closed cone X4. If C C 0X4 is a

convex set, then C' is contained in a face of X .

Proof. We will first construct a face containing C' and then show it is contained in the

boundary of the cone. Consider

Fy ={x € X, :Jdy € X; such that there is a 0 < A < 1 such that Az + (1 — \)y € C}
and for all n > 1 we define inductively
F, ={x € Xy : 3y € X, such that there is a 0 < A < 1 such that A\x + (1 —\)y € F,_1}.

Note that F = |J ., F, is a face, as for all z,y and X\ € (0,1) there exists and n such

n>0

that Az + (1 — \)y € F,, and thus z,y € F,4; C F. Furthermore we claim that for all n
the set Fj, is contained in the boundary. To see this, let z € X9 and a y € X . For all
0 < A < 1 we have that Az + (1 — A\)y € X§ by convexity, hence, as C' C 90X, we have
that F; C 0X 4. By induction it follows this holds for all n. O

2.2 Hemi-metric spaces

Let M be a set we call amap d: M x M — R a hemi-metric if for all z,y, z € M it satifies

the properties
e (Triangle inequality) d(z, z) < d(x,y) + d(y, z) and
e d(z,y) =d(y,z) =0 if and only if x = y.

We call (M,d) a hemi-metric space. Note that a hemi-metric need not be positive. If

additionally d satisfies the properties
e (Non-negativity) d(x,y) > 0 and
e (Symmetry) d(z,y) = d(y,z),
then we call d a metric and (M, d) a metric space. Note that every metric is a hemi-metric.

2.2.1 Proposition. Let (M,d) be a hemi-metric space. Then 6 : M x M — R given by
§(x,y) = max(d(z,y),d(y,x))  (z,y € M)

1S a metric.
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Proof. One can easily verify that § is symmetric and satisfies the triangle inequality. Since
for all z,y € M we have that 0 = d(z,z) < d(x,y)+d(y, z) we have that § is non-negative.
If §(z,y) = 0, then d(z,y) and d(y, z) are both non-positive hence, by the inequality above,
d(z,y) =d(y,x) =0, so z = y. O

We call a hemi-metric space (M,d) complete if its associated metric space (M,0d) is

complete.

2.2.2 Lemma. Let (M,d) be a hemi-metric space. For ally € M the functions x — d(x,y)

and x — d(y,z) are Lipschitz continuous with constant 1 with respect to §.

Proof. Let x,2',y € M. Using the triangle inequality we find d(z,y) — d(z/,y) < d(z,2’)
and d(xlay) - d(.’E,y) < d(.’L’I,LE), S0

|d($7y) - d(xlu y)| < 5(33733/)‘
The proof for z — d(y,x) is similar. O

2.2.3 Definition. Let (M,d) be a hemi-metric space, let x € M and let r € R. We call

By (z) ={y € M : d(z,y) < r} the open (hemi-metric) ball of radius r around x.

Note that if y € B,(x), it does not necessarily imply that x € B, (y). Let (M,d) be a
hemi-metric space. If z,y € M and r,s € R, z € B,(x) N Bs(y) and t = min(r — d(z, z), s —
d(y, z)), then B(z) C By(x) N Bs(y), since for all u € By(z) we have

0> d(z,u) — min(r — d(z, 2), s — d(y, 2))
= max(d(z, z) + d(z,u) — r,d(y, z) + d(z,u) — s)

> max(d(xz,u) —r,d(y,u) — s).

So the open hemi-metric balls form a basis for a topology.

Let (Mi,d;) and (Ms,ds) two hemi-metric spaces. We call a map f : M; — My an
isometry if dy (z,y) = do(f(x), f(y)) for all x,y € My. We call f non-expansive if di(z,y) >
da(f(z), f(y)) forall z,y € My. We call f strictly non-expansive if dy(x,y) > da( f(z), f(y))

for all z,y € My, x # y. We call f a contraction if there exists an r € (0,1) such that
le(xvy) > dg(f(iﬁ), f(y)) for all T,y € My, x 7& Y.

It is well known that every contraction map in a complete metric space has a unique

fixed point.

10
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2.2.4 Theorem (Contraction mapping theorem, [3]). Let (M,d) be a complete metric

space, then every contraction has a unique fized point.

This theorem does not hold for strictly non-expansive maps. Consider for example the
map f : [1,00) — [1,00) given by f(x) = = + % which is strictly non-expansive with
respect to the Euclidean distance, but has no fixed point. One can easily show that if a
strictly non-expansive map has a fixed point, it is unique. For non-expansive maps one
cannot guarantee existence or uniqueness of fixed point. This can be easily verified as

every translation on a vector space is norm non-expansive.

2.3 The Funk, reverse-Funk and Hilbert metric

Natural hemi-metrics appear in the study of cones in order-unit space. One can define

Birkhoff’s version of Hilbert’s metric using the gauge function,
M(z/y) =inf{A>0:2 < Ay} (veXi,yeX?).
Note that, as y is an order-unit, M (z/y) is finite. We can now define the Funk metric as

dr(z,y) =log M(z/y)  (z,y € XJ)

the reverse-Funk metric as

dr(z,y) =logM(y/z)  (z,y € XJ)

and Hilbert’s metric as

du(z,y) =log(M(z/y)M(y/x))  (z,y € X3).

Note that Hilbert’s metric is the sum of the Funk metric and the reverse-Funk metric.
One can prove that Hilbert’s metric is a pseudo metric on X¢, i.e. it is non-negative,
symmetric, it satisfies dy(z,2) = 0 for all  and the triangle inequality. It is well known
[42] that Hilbert’s metric is a metric on the rays of the interior cone. This is a direct
consequence of the fact that dy is invariant under scaling; for all z,y € X{ and A\, u >0
we have M(Az/py) = 2 M (x/y), so M(A\z/y)M (y/Ax) = M(x/y)M(y/z).

One can also prove that the Funk and the reverse-Funk metrics are hemi metrics on

X?$. By Proposition 2.2.1 it follows that Thompson’s metric dr given by

dr(z,y) = log(max(M(z/y), M(y/z))) = max(dr(x,y),dr(v,y))  (v,y € XJ).

11
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is a metric on the interior of the cone. Note that by Lemma 2.2.2 we have that dp is
Lipschitz continuous with constant 2 with respect to dp.

2.3.1 Example. Consider R"*! with the standard positive cone
R’ffl ={(z1,...,Tny1) € R g > 0}.

For z,y € (R)° we find

T
max — |,
1<i<n+1 y;

dr(z,y) =log| max max iV,
’ 1<i<n+1 Y T

Hilbert’s metric can also be defined using a cross-ratio product. Let X be a real normed
space and let C' C X be an open bounded convex set. Hilbert’s cross-ratio metric is defined
as follows. Let v and v be different elements of C' and let [, , be the line through v and v.
Let v’ and v’ be the intersection of I, and the boundary of C such that u is between v’

and v and v is between v and v’.

Hilbert’s cross-ratio metric is given by

! !
dp(u,v) = log <||u llllv u||> (u,v e C).

[o" = wll[[v" — o

Note that C can always be viewed as a slice of a cone in Y = R x X, by taking
YVi={\l,z) eY:A>0,z € C}

Then (1,C) is the slice of the cone at height 1. It is well-known that Hilbert’s cross-ratio

metric and Hilbert’s metric coincide on the interior of the cone, see [42].

2.3.2 Example. Consider R"*! with the Lorentz cone

Ap = {(21,...,7p41) R \/:B%—l—...—kx%_H <}

12
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The disc

D = {(z1,...,2n41) € R"TT: \/$%+...+$%+1 <mx =1}

equipped with the metric %dH is known as Klein’s model, which is a model of the real

n-dimensional hyperbolic space.

If in a Hilbert metric space the elements of two converging sequences stay close to each

other, the limits will be in the same part of the cone.

2.3.3 Lemma. Let X be an order-unit space with closed cone X equipped with Hilbert’s
metric dg and let x,y € 0X 4. If (x,) and (yn) are sequences in X converging in norm
to x and y respectively and there exists an M > 0 such that dg(xp,yn) < M for alln € N,

then x and y are comparable.

Proof. Let u € Xy be a unit. By continuity of the norm, and since dy is invariant under
scaling, we may assume that |||/, = ||yn|lw = 1. Note that, as z;,, and y,, are positive, we

have that
|xn |l = inf{A > 0: z, < Au} =1 and [|yp||e = inf{\>0:y, < Iu}=1.

Let o, = M (2 /yn) and By, = M (yn/zy). Note that au,, 5, > 1 as x, < apyn < ayu and
Yn < Bnrn < Bpu. Therefore, since log(ay,f,) < M, we find that o, and 3, are bounded.
So by taking a further subsequence we may assume that (a,) and (5,) converge to some
a, B € [1,eM] respectively. We find that
r= lim z, < lim a,y, = ay
n—»00

n—o0

and

y = lim y, < lim B,z, = Bz.
n—o0 n—o0

2.4 Horofunctions

Let (M,d) be a hemi-metric space. Fix b € M as a base point and consider the embedding
i: M — C(M) given by

i(@)(y) = d(y,a) — d(b,z) (e, € M) (2.4.1)

13
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where C(M) is equipped with the topology of compact convergence; see [53, §46]. Recall

that by Lemma 2.2.2 ¢ is continuous with respect to the metric § given by
5(-1'73/) :max(d(:):,y),d(y,x)) (x,ye M)
Now consider the family i(M). Note that by Lemma 2.2.2 we have

i) (y) — i(x) ()| = ld(y, z) — d(y', )] < 0(y,y"),

hence i(M) is equicontinuous. Furthermore, note that for all z,y € M we have that
li(z)(y)| < d(y,b), so {i(x)(y) : © € M} has compact closure in R. By Ascoli’s Theorem;
see [53, Theorem 47.1] we find that 4(M) has compact closure in C(M). The closure (M)
is called the horofunction compactification of (M,d). The set (M) \ i(M) is called the
horofunction boundary of (M,d) and its elements are called horofunctions.

Horofunctions are a fundamental tool in metric geometry and have found applications
in numerous fields including, geometric group theory [21], ergodic theory [26, 38], nonlinear

operator theory [42, 25] and metric and non-commutative geometry [59]. In this thesis we

will focus on their properties and their applications in proving Denjoy-Wolff type theorems.

In many applications of horofunctions one uses horoballs. Let £ € i(M) \ i(M) be a
horofunction, then

He(r)={xe M :&(x) <r} (r € R)

is a horoball of £. Horoballs have a number of useful properties. First we recall the definition

of a net and a subnet.

2.4.1 Definition. We call a set (J, <) a directed set if < is a partial order and every two
elements have an upper bound, i.e. for every =,y € J there exists a z € J such that z > x
and z > y. A netin X isamap f:J — X from a directed set J to X. We will denote a

net by (Za)aes or (z4) if there is no ambiguity.

2.4.2 Definition. Let X be a set and let (24)aca and (2g)gep be nets in X. We call
(75)pep a subnet of (z4)aca if there exists a map f : B — A such that x5 = x4 for all
B € B, f is order-preserving, i.e., for all #,v € B with § <~ we have f(5) < f(v), and f
is final, i.e., for all & € A there exist a § € B such that o < f(5).

2.4.3 Proposition. Let X be a vector space and let M C X be equipped with a hemi-

metric. If all hemi-metric balls in M are convex, then all horoballs are conve.

14
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Proof. Let b be a base point and let £ € i(M) \ i(M) be a horofunction. Let (z,) be a
net in X such that lim, i(z4) = §. Let 7 € R and let ,y € He(r). As the metric balls are

convex we find for all 0 < A < 1
§O + (1= Ny) = imd\a + (1 = Ay, va) — d(b, xa)
< limAd(x, a) = M(b,z0) + (1 = Nd(y, 2a) — (1 = N)d(b, za)
= X(z) + (1= A)E(y)-
0

We can show that the Funk, reverse-Funk, Hilbert and Thompson metrics all have

convex hemi-metric balls.

2.4.4 Lemma. If (X, | -|4) is an order-unit space with closed cone X equipped with the
reverse-Funk metric, then every closed ball B,[x] = {y € X : dr(x,y) < r} is a convex

subset of X.

Proof. Let y1,y2 € By[x] and let 0 < a1, a9 < €” such that y; < ajz and y2 < asz. For
t € [0,1] we have

tyr + (1 —t)ya < (tag + (1 = t)ag)z < e’z
hence ty; + (1 — t)y2 € By [z]. O

The proof for the Funk metric is similar.

2.4.5 Lemma. If (X, |- |l.) s an order-unit space with closed cone Xy equipped with the
Funk metric, then every closed ball B.[x] = {y € X : dp(x,y) <1} is a convex subset of
X.

Proof. Let y1,y2 € Bylz] and let 0 < g, a9 < € such that < ajy; and 2 < agys. For
t €[0,1] we have
e(tyr + (1 = t)y2) > taryr + (1 —t)anys >

hence ty; + (1 — t)y2 € B,[z]. O

The proofs of Hilbert’s metric and Thompson’s metric use similar methods and can be
found in [42, Lemma 2.6.1, Lemma 2.6.2].
We call a metric space proper if all closed balls are compact. For proper metric spaces the

horofunction boundary can be viewed as a boundary at infinity.
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2.4.6 Proposition. Let (M,d) be proper a metric space. If x € M and (zo) is a net in

M converging to x, then lim, i(zq) = i(x).
Proof. Fix b€ M. For all y € M we find

lim i(za) (y) = lim d(y, za) — d(b, za)
<limd(y, z) + 2d(z, za) — d(b, z) = i(2)
= d(y, x) — d(b,2) = lim d(y, x) — 2d(za, ) — d(b, 2)
< Timd(y, za) — d(b, 7a) = limi(za)(y),

O]

It is an easy consequence to see that if M is proper all horofunction are generated by

unbounded nets.

2.4.7 Corollary. Let (M,d) be a proper metric space. If (x4) is a net such that § =

limy i(xy) € ¢(M) \ i(M) is a horofunction, then (xo) is unbounded.

In general there can exist horofunctions generated by bounded nets. We will discuss
these in more detail in Chapter 6.
Recall that a topological space is metrizable if and only if there exists a metric such

that the topologies coincide.

2.4.8 Proposition. If (M,d) is a proper metric space, then i(M) equipped with the topol-

ogy of compact convergence is metrizable.

Proof. To see this note that on i(M) the topology of compact convergence is equivalent
to the topology of pointwise convergence, see Step 3 on page 291 of [53]. Also note that
for zg € M we can write M = |J;2; Bn[zo], where By [x¢] is the closed ball around zq of
radius n. As M is proper B,|zo] is a compact metric space and hence separable. So M
is separable as the countable union of separable sets, hence we can find a countable set
{&n € M : n € N} which lies dense in M. It is easy to verify that d : C(M) x C(M) — R

given by

d(f.g) = 3 2] 9@ D (1 g ¢ oan)
=1

is a metric.

We will show that the metric topology and the topology of pointwise convergence

coincide on i(M). Recall that a basis of the topology of pointwise convergence on (M)
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consists of sets of the form U = {f € i(M) : |f(w) — g(w)| < e} with e > 0, w € M and
g € i(M). We want to show there is an open metric ball in i(M) contained in U. Let n € N

<+ }. Let

such that d(xn,w) < § and consider the metric ball B = {f € i(M) : d(f,9) < Tom

f € B and let (i(xz,)) and (i(z4)) be nets in (M) converging to f and g respectively. We
find

|[f(w) = g(w)| <Tim [i(za)(w) = i(za)(@n)] + |f(2n) = g(@n)] + |i(za) (@) = i(20) (w)]
< lig[n |d(za, w) — d(za, zn)| + [ f(Tn) — 9(20)] + |d(2a, w) — d(2a, T4)]

< 2d(zy, w) + 2"d(f,9) < €

so BCU.

Now let € >0, g € i(M) and let B = {f € (M) : d(f,g) < e}. We want to show there
is an open set in the topology of pointwise convergence contained in B. Let n € N be such

that 3702 2 277 < £ and let

U={feiM):|f(z;)— (x])]< for all 1 < j < n}.

Then for all f € U we have

<€

i(f.g) = Zl min(f(l‘j)zj_ g(@)l,1) | 421 min(|f(xj)2j_ g9(z;)|, 1)
J= Jj=n-+

so f € B. O

One of the consequences of Proposition 2.4.8 is that for (M, d) a proper metric space

i(M) is first countable, so we can use sequences instead of nets.
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CHAPTER 3

DENJOY-WOLFF TYPE THEOREM

One famous application of horofunctions are Denjoy-Wolff type theorems. The Denjoy-
Wolff theorem is a theorem in the field of complex analysis proven by Denjoy [19] and
Wolff [69] in 1926. The theorem states that any holomorphic self-map of the open unit
disk without a fixed point has a unique accumulation point on the boundary of the unit

disc.

3.0.1 Theorem. If D is the open unit disk of C and f : D — D is a fixed point free
holomorphic map, then there is a unique point zg € 0D such that for all z € D it holds
that

. k .
nl;ngof (2) = 2p.

Beardon noted that this result can be viewed in a geometric context and gave a proof of
the Denjoy-Wolff theorem using only geometrical methods, see [5]. In [6] Beardon expanded
this result to a general geometric setting for metric spaces with boundary that is similar

to the boundary of a hyperbolic space. Let us recall some basic terminology.

3.0.2 Definition. Let (X, 7) be a Hausdorff topological space. Let f : X — X be a map.

For x € X we call
O(z, f) = {f"(x) : n € N}

the orbit of x, and
w(z, f) ={y € A:3(ny) sequence in N such that klim f"™(z) = y with respect to 7}
— 00
the w-limit set of x.

Karlsson and Nussbaum independently conjectured the following generalization of the

Denjoy-Wolff theorem:;

18



CHAPTER 3: DENJOY-WOLFF TYPE THEOREM

3.0.3 Conjecture. Let f : X — X be a fized point free non-expansive map on a finite
dimensional Hilbert metric space (X, dg). Then there exists a convex set Q@ C 0% such that

for each x € ¥ the w-limit set w(z, f) lies in Q.

The conjecture is still an open problem, though it has been solved for a number of
special cases like strictly convex sets by Beardon [6] and polyhedral domains by Lins [46].
There are also cases with special maps such as maps with a strictly positive translation
number which was solved by Karlsson [35] and Nussbaum [55]. In this chapter we will study
Denjoy-Wolff type theorems by Beardon and Karlsson. Their results are a generalisation

of the following observation due to Wolff [70].

3.0.4 Theorem. If D is the open unit disk of C and f : D — D is a fixed point free

holomorphic map, then there is a horofunction & € i(D)\i(D) with respect to the hyperbolic

metric on D such that f leaves the horoballs of £ invariant.

The results from Beardon and Karlsson provide good examples of applications of ho-
rofunctions and give rise to so called Beardon and Karlsson points which we will study in
more detail. At the end of this chapter we will prove two special cases of the Karlsson-

Nussbaum Conjecture 3.0.3.

3.1 Beardon’s Theorem

We will make two minor alterations to Beardon’s original proof. First, Beardon’s proof
uses horoballs which are defined using a different definition. Though the two definitions
of horoballs can be shown to be equivalent for the specific conditions of Beardon’s the-
orem, we will instead follow the proof in [42], which uses our definition of a horoball.
Second, Beardon’s original Theorem only considers the case where the map is strictly
non-expansive. One can show, using Calka’s theorem [12, Theorem 5.6], a more general

case for maps with a certain fixed point property.

3.1.1 Theorem (Catka’s theorem,). Let (M,d) be a proper metric space. If f : M — M is
non-expansive and there exists ay € M such that the orbit O(y) has a bounded subsequence,

then O(z) is bounded for all x € M.

3.1.2 Definition. Let (M,d) be a metric space and let f : M — M be a map. We say
f has the fized point property if f has a fixed point in M whenever there exists a © € M
such that O(z, f) is bounded.
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We can show that strictly non-expansive maps have the fixed point property.

3.1.3 Example. Let (M, d) be a metric space, let f : M — M be a strictly non-expansive

map and suppose there exists an € M such that O(z, f) is bounded. Then w(z, f) is

bounded and, since M is first countable we find that w(z, f) = N,y {f*(x) : k > n},
hence w(z, f) is closed and bounded and therefore compact. It follows that, as f(w(z, f)) =

w(z, f), we can find y, z € w(z, f) such that

d(f(y), f(2)) = diam(w(z, f)) = sup{d(u, v) : u,v € w(z, f)}.

Since f is strictly non-expansive we have

diam(w(z, f)) = d(f(y), f(2)) < d(y,z) < diam(w(z, f))

with equality if and only if y = 2. So w(z, f) = {y} and, since f(w(z, f)) = w(z, f) we
find f(y) = y.

Let X be a finite dimensional vector space and let C C X be a convex bounded set
equipped with Hilbert’s metric. By Corollary 3.6’ in [55] any non-expansive map f : X —
X has the fixed point property.

Beardon’s proof [6] consists of two parts. First Beardon proves a generalisation of

Wolfl’s theorem 3.0.4.

3.1.4 Theorem. Let (M,d) be a proper metric space such that M C A is a precompact
open subset of a first-countable Hausdorff space (A,T) and the topology of M coincides
with the topology T of A. If

(i) for all sequences (xy) and (yn) in M, converging to distinct points x,y € OM re-

spectively, we have

lim d(xy,2) =00 and lim d(zp,y,) — max(d(zn, 2),d(Yn, 2)) = 00 (ze M)

n—oo n—oo

(ii) and f : M — M is a fived point free non-expansive map such that there exists a

sequence of contractions (fy) converging pointwise to f,
then there exists a horofunction & such that f leaves the horoballs of € invariant.

Proof. By Theorem 2.2.4 we can find (x,), the sequence of the unique fixed points of

(fn) in M. As M is precompact and A is first countable we may assume, by taking a
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subsequence if necessary, that (z,) converges to some x € M. Note that * € OM, as
otherwise it is a fixed point of f. Indeed, as f is the pointwise limit of contractions f,, if

x € M we have

d(z, f(z)) < lim d(z,2n) + d(fa(20), fn(2)) + d(fn(z), f(2))

n—oo

< lim d(z,zy) + d(z,z,) + d(fn(z), f(z)) =0,

n—o0

which implies that z is a fixed point of f. Hence we may also assume, by taking a further
subsequence if necessary, that (i(z,)) converges to some horofunction £. Let y € M. We

find

§(f(y) = lim d(f(y),zn) — d(b, zn)

< liminfd(f(y), fa(y)) + d(fn(y); fn(2n)) = d(b,2n)
< liminf d(f(y), fu(y)) + d(y, zn) — d(b, 25)
= lim d(y,zn) —d(b,xn) = £(y).
Hence f leaves the horoballs of ¢ invariant. O

Theorem 3.1.4 can be used to obtain a Denjoy-Wolff type theorem.

3.1.5 Theorem (Beardon’s Theorem [6]). Let (M,d) be a proper metric space such that
M C A is a precompact open subset of a first-countable Hausdorff space (A,T) and the
topology of M coincides with the topology T of A. If

(i) for all sequences (xy) and (y,) in M, converging to distinct points x,y € OM re-

spectively, we have

lim d(zy,z) =00 and lim d(x,,y,) — max(d(zy, 2),d(yp, z)) = 00 (ze M)

n—o0 n—o0

(i) and f : M — M is a fized point free non-expansive map with the fized point property

such that there exists a sequence of contractions (fy,) converging pointwise to f,

then there exists a point x € OM such that for all y it holds that

lim f"(y) = .

n—oo

Proof. Let £, (x,) and x be as in the proof of Theorem 3.1.4. Suppose the orbit (f™(y)) has

a bounded subsequence. By Theorem 3.1.1 we have that the entire orbit is bounded. Thus
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f has a fixed point, as f has the fixed point property. Since f is fixed point free it follows
that all subsequences of the orbit of y are unbounded. So w(y, f) C OM. Furthermore,
taking r = {(y) we get that y € He(r), where He(r) is the horoball of £ with radius 7. By

Theorem 3.1.4 f leaves the horoballs invariant, so the accumulation points of (f"(y)) all

lie in OM N He(r). Let 2 € OM N He(r) and let (2,,) be a sequence in He(r) converging to
z with respect to 7. Fix € > 0 and note that since (z,) is in H¢(r), for every n € N we can

find a k,, such that k,, > k,—1 and for all £ > k,, it holds that
d(zn, zr) — d(b,xg) <7r+e.

From this it follows that
d(zn,xp,) —d(b,zg,) <r+e

for all n € N, and thus

lim d(zp,zk,) — max (d(b, zk, ), d(b, z,)) < T+ €.

n—oo

lim d(zy, zk, ) — max (d(b, xg, ), d(b, z,)) = oo

n—oo

if x # z, we find that OM N He(r) C {z}. By compactness of M every orbit has at least

one accumulation point, hence for all y € M we have

lim f"(y) = .

n—oo

O]

Note that if X is a finite dimensional vector space with a strictly convex closed cone
X4 equipped with Hilbert’s metric, then by Lemma 2.3.3 if we identify X with A and a
slice of X with M, then they satisfy the conditions of Theorem 3.1.5.

The proof of Theorem 3.1.5 depends mainly on the properties of the horofunction &
and the geometry of the cone. The point x € M however is an interesting point in its

own right.

3.1.6 Definition. Let X be a finite dimensional vector space, let C C X be a convex
bounded open set equipped with Hilbert’s metric and let f : C' — C be a fixed point
free non-expansive map. We call x € 9C a Beardon point if there exist a sequence of
contractions f,, : C' — C converging pointwise to f with unique fixed points (z,) such

that a subsequence (z, ) converges to z.
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Due to a result by Walsh [63] we find that the horofunction £ in the proof of Theo-

rem 3.1.5 has a uniquely associated Beardon point.

3.1.7 Theorem. [63, Theorem 1.3] Let X be a finite dimensional vector space and C C X
be a bounded open convex subset equipped with Hilbert’s metric. If a sequence (xy,) is such
that (i(zy)) converges to a horofunction, then the sequence converges to some point in OC,

i.e. every horofunction has a unique associated point in the boundary.

In general the converse of this result is not true, i.e. not every point in the boundary

has a unique associated horofunction.

3.1.8 Example. Consider the 2-simplex
An = {(1171,1‘2,$3) € Ri LI +I‘2 —i—{]jg = ]_}

Recall that for all z,y € AY Hilbert’s distance between x and y is given by

dp(z,y) = log < max y]>

1<4,5<3 T Yi

n+1 1

n+2° Inta Qn ) and (yn) = ((241, 5.2 )). We may

Consider the sequences (z,,) = (2= 120 3016 3n+6

7)

assume that for the sequences (i(x,)) and (i(y,)) there exist subsequence that converges
1
3

to horofunctions £ and ~ respectively. Let b = ( % % ) and let z = (é, 130, 5) and consider
. . 2n+2 3n 3n+3 2n+4
i o) (=) = i o (% -l (7 75

= log <3> = {(2)

2 2 3 6 3 3
lim i(yn)(z):nli_grololog< nits oont >_10g< n+ .(n+2))

and

n—00 n -+ 2 ) n—+2
2
= 10 — =
g ( 5> 7(2)
so & # . Note however that lim,, o 2, = limy, 00 yn = (1,0,0).
Beardon points have some useful properties.

3.1.9 Definition. Let A C X be a subset of a vector space X and let x € A. We call x a

star point of A if for all y € A the (straight) line segment Ty between x and y is in A.

We will show that every Beardon point is a star point of J . x w(z, f). For this we

need the following result.
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3.1.10 Lemma. Let X be a finite dimensional vector space and let C' be a bounded open
convex set equipped with Hilbert’s metric dg. Let (zy,) and (y,) be sequences in C con-
verging to x,y € OC'. If the line segment Ty between x and y is not contained in OC, then

for all z € C' we have

ILm Ay (xn, yn) — max(dg(zn, 2), dg(yn, 2)) = 00.

Proof. For alln € Nand 0 < A <1, let up, x = Azy, + (1 — X)yp. Suppose

w= lim up =z + (1 -y & 0C.

n—0o0

for some 0 < A < 1. Let z € C, consider

it (n, o) = max(dpy(@n, 2), it (yns 2)) = dit @ wnp) + dit (s )
— max(dp (Tn, 2), du (Yn, 2))
> dg(2n, 2) + du(yn, 2) — 2d g (up,z, 2)
— max(dg (zn, 2), dig(Yn, 2))
= min(dg (Tn, 2), dg(Yn, 2)) — 2dg (uny, 2)-

Since limy, oo min(dy (zn, 2), di(yn, 2)) = 0o and limy, oo dp(unz, 2) = du(u,z) < oo,

the result follows. O

Recall that the convexr hull of a subset A of a vector space X is the smallest convex

set C' containing A.

3.1.11 Theorem. Let X be a finite dimensional vector space and let C C X be a bounded

open convex set equipped with Hilbert’s metric dg. Let f : C — C be a non-expansive fized

point free map and let £ € i(C) \ i(C) be a horofunction such that f leaves the horoballs of
¢ invariant. Let x € OC be such that there is a sequence (xy,) in C such that (x,) converges
to x in norm topology and lim,,_, i(xy,) = £. If Q is the convex hull of Uyec w(y; f), then
x 18 a star point of 0C N .

Proof. Let (z,,) be a sequence in C such that i(x,) converges to £&. Note that all we have
to prove is that for all yp € C and all y € w(yo, f) the line segment between z and y is
in 0C. Let r € R be such that yg € He(r). Since f leaves the horoballs of ¢ invariant, we
find that £(f™(y)) < r. Now note that, as (i(z,)) converges pointwise to £, we can find a

subsequence (z, ) such that
£ ) — (W), ) + dn (b, 2,)| < 1
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thus
klggo lg(fk(y)) - dH(fk(y),xnk) + dH(bvl'nk” =0.

Now suppose that the line segment between z and y is not contained in OC. Then by

Lemma 3.1.10 we have

klggof(fk(y)) = kh_{go dH(fk(y)7 xnk) — dp(b, xnk)

This however is in contradiction with £(f"(y)) <. O

This result is very similar to the Karlsson-Noskov theorem [40] which we will discuss
in the next section. Note that the theorem not only concerns Beardon points, but any
point in the boundary that is associated with some horofunction which horoballs are left
invariant by the map f. The following Denjoy-Wolff type theorem is an easy consequence

of Theorem 3.1.11.

3.1.12 Corollary. Let X be a finite dimensional normed vector space and let C C X be

a bounded open convex set equipped with Hilbert’s metric dgy. Let f : C — C be a non-

expansive fized point free map and let § € i(C) \ i(C) be a horofunction such that f leaves
the horoballs of & invariant. Let x € OC be such that there is a sequence (x,) in C such

that () converges to x in norm topology and lim,_, i(zy) = £. If the set
{y € 0C : Ty C OC'}

is converx, then there exists a convexr set  C OC such that for each y € C we have

w(y, f) C Q.

3.2 Karlsson’s theorem

Karlsson’s theorem is another variation on Wolff’s theorem 3.0.4. Instead of showing all
horoballs of a horofunction are invariant it shows a single orbit will remain in a horoball
of radius 0. The advantages of Karlsson’s theorem over Beardon’s theorem 3.1.5 are that
there is no need to find contractions approximating f. Moreover, for specific f it can be
shown that this particular orbit will be contained in horoballs with radius tending to —ooc.

For these kind of maps one can show a Denjoy-Wolff type theorem.
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3.2.1 Definition. Let (X,d) be a metric space, let f : X — X be a non-expansive map
and let x € X. Then we call
1
7p = lim —d(x, f"(x))

n—oo N

the translation number of f.

It is easy to show, using the non-expansiveness of f, that the translation number exists

and is independent of x. Indeed note that for all z,y € X and all n € N we have that

d(z, f"(z)) — d(y, f"(y)) < d(z,y) + d(y, f"(z)) — d(y, " (y))
<d(z,y) +d(f"(z), f"(y)) < 2d(z,y)

and hence

lim L (e, (@) — d(y, /()] < lim Z2EY)

n—oo n n—oo n

=0.

The existence of the translation numbers is a direct consequence of Fekete’s subadditive

lemma.

3.2.2 Lemma (Fekete’s subadditive lemma). Let (a,) be a subadditive sequence of real

numbers, i.e. Gntm < An + Gm, then

. an . . ap
lim — = inf — < 0.
n—oo n n>0 n

Proof. Let € > 0. We can find an N € N such that % <inf,,~o % 4. For all n > N we

can find a k, € N and an 0 < r, < N such that n = k, N + r,,. Now for n > g we find

. a a a knan + a a T a Nla L a
inf ag < Gn _ Qkp NA4ry < ndAN Tn < 7N_|_ nd1 < 7N+ ‘ 1| < inf i+(1+’a1‘)€-
k>0 k n n n N n N n k>0 k

Letting € tend to 0 gives the required result. O

Karlsson uses the translation number to bound the values of a special horofunction of

a single orbit.

3.2.3 Theorem ([35]). Let (M,d) be a proper metric space and let f : M — M be a
non-expansive map with translation number 7p. Then for all x € X there exists a function

& €i(X) such that for all m

§(f"(x)) < —7pm.

Proof. Let x € X and consider O(z, f). Note that for all € > 0 the sequence d(z, f"(x)) —

n(ty — €) is unbounded. Let (e;) be a strictly positive sequence converging to 0. By
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Lemma 3.2.2 we can find (f™*(z)), a subsequence of (f™(x)) such that (i(f™(x))) converges
to some horofunction £ and for all m < nj we have that d(z, f™(x)) — ni(7p — ) >
Az, f™(2)) — m(7s — e5).

Then we find that for all m € N we have

§(7™ (@) = T d(™(2), (@) — d(z, £ (@)
< liminf d(z, [ "(2)) - d(z, [ (2))

= iminf d(z, /"™ (2)) ~ (i~ m) (g — &)

= d(a, [ (x)) + ni(7y = ex) —m(ry — &)

< liminf — — &) = —mTy.
< limin m(Ty — €x) mTy

O]

3.2.4 Remark. Note that the function ¢ in Karlsson’s theorem is not necessarily a horo-
function. If f is fixed point free, then the orbits of f will be unbounded and £ will be a

horofunction, as (M, d) is assumed to be proper.

A consequence of Karlson’s theorem is, that for any finite dimensional Hilbert metric
space, if the translation number is strictly positive, then Conjecture 3.0.3 holds as proven
by Karlsson, Metz and Noskov [39, Theorem 5.2] and Nussbaum [55, Theorem 4.25]. Just

like with Beardon’s Theorem, Karlsson’s Theorem gives rise to a special set of points.

3.2.5 Definition. Let X be a finite dimensional normed vector space and let C' C X be an
open bounded convex set equipped with Hilbert’s metric. Let f : C — C be a fixed-point
free non-expansive map and for z € C let (f™*(x)) be a subsequence of (f"(z)) such that
for all m < nj we have that d(z, f™(z)) > d(x, f™(x)) and limy_,o f™(x) = 2z € OC. We

call z a Karlsson point.

Note that if f is fixed point free, then the horofunctions found in Theorem 3.2.3 have
associated Karlsson points. It is not known if the converse is true, i.e., if we can find
a horofunction with the properties described in Theorem 3.2.3 for every Karlsson point.

Karlsson and Noskov have shown that every Karlsson point is a star point, see [40].

3.2.6 Theorem. Let X be a finite dimensional vector space and let C C X be an open
bounded convex set equipped with the Hilbert metric. If f : C — C is a fixed-point free
non-expansive map and ) is the convexr hull of Uyec w(y; f), then every Karlsson point is

a star point of 0C N ).
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Proof. Let x € C and let a, = dg(f™(x),z) for all n > 1. Let (f™(x)) be a subsequence
such that (i(f™ (x))) converges to some horofunction ¢ and for all m < ng we have
am < Gp,. Now let u € w(z, f). Then there exists a subsequence (my) and a y € X such
that lim, o f™"(y) = u, by taking a further subsequence of n; we may assume that

my < ng. Now consider the Gromov product

—oo < limsup dp (f™ (), f™* (y)) — max(dp (f** (), x), du (f"* (y), )

k—o0
< timsup dgg (" (2), ™ (9) = dpg (/" (2),2)
< lim sup dpr (@), [ (2)) + dia (" (@), /™ (1)) = an,

< limsup any—m,, — an, + du(z,y) < dp(x,y) < co.

k—o0

The result follows by Lemma 3.1.10. 0

3.3 Uniqueness of Karlsson and Beardon points

In Chapter 9 of [57] Karlsson shows that the Karlsson-Nussbaum conjecture 3.0.3 holds for
bounded convex sets in R? equipped with Hilbert’s metric. In his proof he makes use of the
properties of both the Karlsson and Beardon points. In the same chapter Karlsson claims
that if the Beardon point and the Karlsson point coincide then the Karlsson-Nussbaum
conjecture would hold. In a bounded strictly convex subset of R"” equipped with Hilbert’s
metric it is easy to see that, as Beardon and Karlsson points are star points, the Beardon
and Karlsson points are unique and coincide. This leads us to ask the question if in general
the Karlsson and the Beardon point are unique. In this section we will show that in general
this is not the case. The example we will construct comes from a special class of Hilbert’s

metric non-expansive maps. To introduce them, let us recall some basic terminology.

3.3.1 Definition. Let X, Y be real vector spaces. We call a map f : X — Y homogeneous
(of degree one) if f(Ax) = Af(z).

3.3.2 Proposition. Let X be a topological vector space with closed cone X . If f : X —
X¢ is homogeneous and order-preserving, then f is non-expansive with respect to Hilbert’s

metric.

Proof. Let z,y € X§. We have to show that M (f(z)/f(y))M(f(y)/f(x)) < M(x/y)M(y/z).
Note that

f(x) < f(M(x/y)y) = M(x/y)f(y),
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so M(f(x)/f(y)) < M(x/y). Similarly we find that M(f(y)/f(z)) < M(y/z). =

3.3.3 Corollary. Let X be a vector space with closed cone X . If a map f : X — X9

s a positive linear operator, then f is non-erpansive with respect to Hilbert’s metric.

3.3.4 Example. In this example we will show that in general a Karlsson point is not
unique.

Consider the 2-simplex
AQ:{xERi:xl—sz%—:rg:l}

equipped with Hilbert’s metric dg. Consider the positive operator

020
A=110 0
00 3

Note that, as it is linear and leaves Ri invariant, it is order-preserving and homogeneous.
Hence B : A§ — A§, defined by Bx = Az /||Az||; is non-expansive with respect to Hilbert’s
metric. Now let z = (1,1,1)T and let & = x/||z|1. We find the following

T
2%’f+%,2%’f—%,2*k) if & is odd.
T
(2%k, 23k, 2—’f> if & is even.
Note that since B¥& = AFz/||A*z||; we find that

log (2% - 23%2) = (3k + 1) log(2) if k is odd.
1
log <2k . 2§k> = 3klog(2) if k is even.

We can show that every accumulation point of O(&, B) is a Karlsson point. Indeed, for all

even k € N we find that
k=15 - 3 3 ks
dy(B" " z,%) = 51{: —1)1og(2) < §k:log(2) =dy(B"z,%)
< <2k + 2) log(2) = dy (B* ', 1),

so for all k € N and all m < k we have that dy(B*2,4) > di(B™%,4). Note that

A%y .2k, 2k 27T 11 \"
lim ——— = lim =(=,=0
k—o0 ||A2k56||1 k—o0 ||(2k,2k, 272k)TH1 2°2
and
A2k+1, (2k+1 ok 272k71)T 2 1 T
lim ————— = lim L =1!-,-,0
k—oo |[AZktlz|ly  kooo [[(2KHL, 2k 2-2k—1)T||; 3°3
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As both points are accumulation points we have shown there can be more than one Karls-
son point.

In the following example we will show the same for Beardon points.
3.3.5 Example. Consider the 2-simplex

A2:{$€Ri:$1+x2+$3:1}

equipped with Hilbert’s metric dy. Consider the positive operator

1 00
A=|0 1 0
00 3

Note that, as it is linear and leaves Ri invariant, it is order-preserving and homogeneous.
Hence B : A§ — A$, defined by Bx = Ax/||Az||; is non-expansive with respect to Hilbert’s

metric. Consider the perturbations

A, = Az + M(1, 1,1)7T.
n

A, is order-preserving and homogeneous, hence B, : A — AS, defined by B,z =
Apz/||Apz||1 is non-expansive with respect to dg, in fact B, is a contraction, see the

proof of Theorem 4.3 in [41]. One can show that for

4
6—ntv/n2+4n+36
" Qo = 36+ vn?+dn+36
Ty = . S — an =
" 6—nt~/n214n+36 " An
4
2n+124+vn2+4n+36

we have A,x, = \x,, hence z,, is a fixed point of B,,. So

-4
6—n+vn2+4n+36
lim

4
n—00 6—n+vn2+4n+36
4
2n+124++/n2+4n+36

O N N

is a Beardon point. Now consider another sequence of perturbations

i [E4F!

Apx = Az + (2,1,1)T.
n

A~

A, is order-preserving and homogeneous, hence B, : AS — A§, defined by B,z =

flnx/HAnl’ |1 is non-expansive with respect to dp, in fact B, is a contraction, see the

30



CHAPTER 3: DENJOY-WOLFF TYPE THEOREM

proof of Theorem 4.3 in [41]. One can show that for

-8
8—n+vn2+8n+64
A " {5 _3nt+8+Vn?+8n+64
Ty — _— all =
" 8—nt+/n218n164 " 4n
4
2n+8++v/n2+8n+64

we have A, T, = \Zn, hence I, is a fixed point of B,,. So

-8
8—n+vn2+8n+64
lim

4

n—00 8—n+vn2+8n+64
4

2n+8+1/n2+8n+64

O W= Wi

is also a Beardon point.

We can also introduce the concept of Karlsson and Beardon points in different kinds of
spaces. Consider R" equipped with the Euclidean distance ||z — yl|2 for all z,y € R™. One
can show that the horofunction boundary can be identified with the Euclidean unit sphere.

Take b = 0 as base point and let (x,) be a sequence in R™ such that (i(x,)) converges

to some horofunction £ € ¢(R™) \ i(R™). Note that, as R"™ is proper, by Proposition 2.4.7

znl|lo tends to infinity. By taking a subsequence we may assume that converges
y- By g q y | g

Tn
[znll2
to some z € S where S”~! denotes the unit sphere. Note that this subsequence gives

rise to the same horofunction. Indeed,

£(y)

Jim ((ly — a2 = [[znll2)

=t (10l + el — 2am.0) ~ 2

I3 + llzall} = 241} — 7al
n=o0 /Nyl + [|zall3 — 2(zn, y) + [|zn]l2
||y||% o Tn
Tl ~ 2z ¥)

YligT2 Zn y
\/ lenlE 2\ enle Toulz) T 1

So we can identify the horofunction boundary with the Euclidean unit sphere, which, like in

Beardon’s theorem, is strictly convex. Also note that, like Hilbert’s metric, the Euclidean
metric balls are strictly convex. One might expect that in this situation Beardon and

Karlsson points will be unique again, this however is not the case.

3.3.6 Example. Consider R? with Euclidean norm. We use Theorem 11.3 in [68] which
states that if we find some non-expansive sequence (x,), then there exists a non-expansive

map f : R? — R? such that f(z,) = o,,41. Using a strategy similar to Lins in [46] we will

31



CHAPTER 3: DENJOY-WOLFF TYPE THEOREM

show that the Karlsson point is not unique, indeed, we will show there is a continuum of
Karlsson points. We do this by going back and forth between the lines ] : y = —%x and
lo:y= %a: following lines parallel to I3 : y = ix and ly 1y = —ix. To ensure the sequence
created is non-expansive we need to make sure that the angle between I3 and I is not too
large, and every time we switch between a line parallel to I3 and a line parallel to l4 or the
other way around, we need to decrease the step size sufficiently. In this example we will

halve the step sizes. This will give us the construction in the figure below.

1
li:y= 5T
l’nz
y 1
Tng
T
xnl ?
1
la:y= —57T

Here n; are the indices of the sequence elements for which z,, lies on /; for 7 even, and
Zn, lies on [y for ¢ odd.
We can calculate the n;, for this first consider the point a = (n, g) € Iy and let I5 : y =
—%3: + %” be the line parallel to l4 passing through a. [5 intersects Iy in b = (3n, —%”), let
lg :y = %az — %" be the line parallel to [3 passing through b. lg intersects [ in ¢ = (9n, %”).
One can easily see that ¢; — by = 3(by — a1), so if it takes m steps to go between a and b,
then, as we use half the step length between b and c, it takes 6m steps between b and c.

Using this we define 29 = (0,0), 21 = (1,0) and z2 = (2, 1), which gives us ny = 2,
it then takes 8 steps to get from (2, 1) to (6, —2) giving us n; = 10 and subsequently it

takes 3 times the distance to travel between the two lines. Combined with the fact that

the step length gets halved we find n; =2 + Z;;% 8- 67. We can then define for n > 2

Tno1 + 2791, %) if n;_1 <n <mn; and 7 is even.
Ty =

Tt + 2701, —%) if n;_1 <n <mn; and 7 is odd.

We first need to show that the sequence (z,,) is non-expansive. Let m,n € N. It is easy
to see that

201 = Zmiallz < [lan — 2ml2
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if n =m+ 1, so we may assume m + 1 < n. Let z,, = (y1,y2) and let z,, = (z1,22) and
let uy = y1 — 21 > 0 and let us = yo — 29. Let 4,5 € N such that n; <m+1 < n;y; and
n; <n-+1<mn;. If ¢ = j then clearly x,, — x,,, = Tp41 — Typy1 s0 we may assume that
4 > i, from which it follows that 27¢ > 277+ Note that uy < %ul and also note that since

m + 1 < n we have that u; > (Q_i + Z_i_l) = % -27% We now find
2 —i —5\\2 1. —\\2
lZnt1 = Zmiallz < (ur = (27° = 277))7 + (w2 + (27" +27))

1 . , . L ,
Fud 4+ (27 27 ug + 272 4 2773 4 92—

2
17 . 17T .
= Hl‘m_an%"‘EQ 21-1—%'2 2
1 . 1 ) L
+(Ju2 = 2u1)27" + (Gug + 2w)27 — 15 9~ (1) =3
17 o AT o 15 . AT o
< me_wan"‘E'Q 21+E'2 2]—§U12 Z—i—§m2 J—15.27H)=3
17 .17 .30 . ) o
< _ 2 -t 2—27, -t 2—2] Py, S 27— 15. 2—(2+])—3
<|lzm — znll5 + 16 + 15 G2 g 5
17 o, 17 ., 13 . o
< me—anngEQ 2Urﬁa QJ—EWQ i _15.9-(i+s)-3
17 N .39 . ,
< — 2, 20 9=2iy 20 9-27  979-2 5 9-2j-2
> me mnHQ + 16 + 16 39 5
5 o 43 .
= ||lzm — an% -2 — 27 < 1 Zm — an%

32 16

This proves that (x,) is non-expansive. Hence by Theorem 11.3 in [68] there exists a non-
expansive map f such that f(x,) = x,41. Furthermore, let 0 < m < n and let z,, = (y1, y2)
and x,, = (21, 22). Note that [yo — 2zo| < 3(y1 — 21), |21] < w1, |y2| < Fy1 and 20 < 1z
Using this we find

Zml3 = 27 + 25 = 27 + (22 — y2) (22 + 32) + 43 =

1
<+ E(yl — 1) (1 + 21) + v
15

1
< TeA gyt +us < vl 95 = a3

Hence for any subsequence of (x, ) satisfying that (i(zy,)) converges to some horofunction
&, it follows that £ is a Karlsson point. Recall that the horofunctions can be represented

by considering the projections on the unit sphere. Since for i large enough

Xi:{xn5n1'1§n§ni}
|z |2

gives an arbitrarily fine partition of the arc between (\/%, \/%) and (\/%, ———) we see

%‘H
ot

that the Karlsson points of f form a continuum on the unit circle.
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With a slight modification to the above example we can also ensure that there are
multiple Beardon points. This is done by going back and forth between /1 and ls as above,
but every time upon reaching either [; or Iy we take two steps along I or ls respectively.

Using similar calculations as above we can again calculate the n;. Let a = (n,§)
and let [5 be a line parallel to I4 passing through a. By the above [5 intersects ls in
b = (3n, —%"). Let s be the step length between a and b'. Taking two more steps along lo
gives us b = (3n+2s, —%). With a similar procedure we find ¢ = (9n+T7s, %). One
can easily see that ¢; — by = 3(b; — a1) — s, so if it takes m steps between a and b, then,
as we use half the step length between b and ¢, it takes 6m — 2 steps between b and c.

Using this we define zg = (0,0),z1 = (1, %), and zy = (2, %), and ng = 2, n; = 12 and
fori>2wefindn; =2+ Z;;B 10 - 67 — 25. We can then define for n > 2

(

Tpo1 + 241, 1) if n;_1 <n<n;—2and i is even.

PN

Tpo1 + 241, %) if n; —2 <n <n; and 7 is even.

oof—=

Ty =
rno1 + 2i(1, —%) ifn;_1 <n<n;—2and iis odd.

Tho1 + 24(1, —%) if n; —2 <n <n; and 7 is odd.

This gives us a construction like the figure below

1

Y =37

LTng—2
y7T
Tng
Tny—1 T
Tny)—2 Tn,

— 1

Y= —37T

We can use the same calculation as above to show that (x,,) is a non-expansive sequence
and therefore by Theorem 11.3 in [68] there exists a non-expansive map f such that
f(xn) = xpy1. Now for 0 < r < 1 define f, = rf and note that f, converges to f pointwise
if 7 — 1. One can easily see that for all ¢ the point z,,_» is a fixed point of f,, for some
ri € (0,1). Furthermore as the step size decreases and the distance from the origin increases
we find that ro <71 < ... < 1 and lim;_,o7; = 1. It follows that &, (-) = —\/%«1, %), )
and £_(+) = —\/%«1, —1), ) are Beardon points with respect to f.

Finally we will show that with some adaptations we can use this method to get a

continuum of Karlsson points with an angle which is arbitrarily close to 90 degrees. For
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this let ¢ € N and 0 < b < 1. For all 0 < § < b we can go back and forth between the
lines [y : y = (b—0)x and ls : y = —(b — )z following lines parallel to I3 : y = bz and
ly : y = —bx. Every time we switch between a line parallel with /3 and a line parallel with
l4, or the other way around, we multiply the step size by a~!. We can define n; and x;
similar to our first example.

Let m,n € N and let x,, = (y1,92), Tm = (21,22), u1 = y1 — 21 > 0 and let ug = yo — 29.
Let ¢, € N such that n; < m +1 < n;4; and n; < n+1 < njiq. As before we may
assume that n > m + 1 and j > i. Suppose u; < 2a~", then there must exists a k such
that z,, = 2, —1 and an [ < a such that z,, = x,,4;. But in this case ||zp+1 — Tpm41]l2 <

a1+ b2 < ||& — Tuml|2, see the figure below, so we may assume that u; > 2a~°.

20"

ba "t

From this figure, and the fact that u; > 2a¢~* and j > i we may also deduce that
ug < b(uy — 2a~*). Using this we find:

2041 = Zmr1]l3 < (w1 — (a7 = a™))* + (ug + ba™" + a™))?

= ||#n — 2m||3 + 2buz(a™ +a7) — 2ui(a”" —a”V)
+ 1+ 2+ (1 +0)a ¥ +2(0% - 1)a

< @ — 3 + 202 (w1 — 2a7 ) (a7 +a7) — 2ui(a”" — a ™)
+ 1+ 2+ (1 +0)a ™ +2(0% - 1)a"

= ||lzn — Zml|3 + 201 (0* — D)a™" 4 2uq (b% + 1)a™
+ (1 =30+ (1+b%)a % - 20> + 1)a"

Now if b2 < % we find that
(b —1)a "+ (B +1)a7 < (B —1)a" + (b® + 1)a

2
a+1

Yot < 0.

a_i—l-(
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Hence
|01 = Zmirl3 < 2 — 2ll3 + 407 = 1)a™ + 40" + 1)o7
+ (1 =30%)a 2 4+ (14+b*)a% —2(b> +1)a™
= Hmn - 37m”§ + (b2 — 3)(17% + 2(()2 + 1)a*i*j 4 (1 + b2)a—2j
< lzn — zm|3 + 0* = 3)a™2 +2(0* + Da 271 + (1 + b*)a %72

Now let & € R such that 0 < % < 1—1b% < 1. Then it holds that

T S s

1 Znt1 _ZCerng < Hxn—%nll%— a ¥? < ”xn_me%

if and only if
—(2k + 1)a* + (4k — 2)a + 2k — 1 < 0.

Solving this and letting &k tend to infinity gives us that for 0 < b < 1 and a > max(1 +

V2, i‘gz we have that (x,) is a non-expansive sequence. By Theorem 11.3 in [68] there
exists a non-expansive map f such that f(x,) = z,41. Furthermore, let 0 < m < n and
let x,, = (y1,y2) and z,, = (21, 22). Note that |ya — 22| < b(y1 — 21), 21 < y1, |y2| < ba

and |z2| < bz1. Using this we find

Zm |3 = 21 + 25 = 27 + (22 — y2) (22 + ¥2) + 3 =

1
<2+ bj(yl —21)(y1 +21) +v3

1
< gt + gl T3 <l +uh = el

Hence for any subsequence of (xy, ) satisfying that (i(zy,)) converges to some horofunction
&, it follows that £ is a Karlsson point. Therefore we can find a continuum of Karlsson

points with an angle which is arbitrarily close to 90 degrees.
Ernest Ryu independently proved that Karlsson points are not necessarily unique in

[60].

3.4 Two Denjoy-Wolff type Theorems

In this section we will prove two special cases of the Karlsson-Nussbaum conjecture 3.0.3,

where we have special conditions on the map f.

3.4.1 Theorem. Let X be a finite dimensional vector space and let C' be a bounded open
convex set equipped with the Hilbert metric dgr. Let f : C'— C' be a fixed point free isometry.

Then there ezists a convex set Q C dC such that for each x € C we have w(z, f) C .
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We will prove this theorem by utilizing a theorem from Walsh [65, Theorem 1.3] clas-
sifying the isometries on cones equipped with Hilbert’s metric.
Recall that, if C' is a bounded open convex set in a vector space X, then we can identify
C inY =R x X with a slice of the open cone

T

Yi:{()\,x)EY:)\>0and>\

e C}.

It is easy to verify that if we equip Y7 and C' with Hilbert’s metric, the natural bijection
from C to ¥ = {(1,z) € Y}} sending x to (1,z) is an isometry. So for the proof of
Theorem 3.4.1 we only have to consider order-unit spaces. Therefore we can use Birkhoff’s

version of Hilbert’s metric using the gauge function.

3.4.2 Definition. Let X be an order-unit space with closed cone X . Recall the gauge

function
M(z/y) =inf{8 >0:2z < By} (z,y € X3).

We call a map f: X§ — X9 gauge-preserving if M(x/y) = M(f(x)/f(y)) for all z,y €
X<, we call it gauge-reversing if M(x/y) = M(f(y)/f(x)) for all z,y € X?.

Walsh has classified the isometries in [65].

3.4.3 Theorem. Let X be a finite dimensional order-unit space with closed cone X
equipped with Hilbert’s metric. Every isometry on X arises as the projection of either a

gauge-preserving or gauge-reserving map.

We can now use a result from Noll and Schéfer in [54] which shows that every gauge-
preserving map is the restriction of an isomorphism, and a result by Lins and Nussbaum
which shows that if f is a (linear) isomorphism the Karlsson-Nussbaum conjecture holds.
This shows that the conjecture holds for gauge-preserving maps, we can then use the fact

that the square of a gauge-reversing map is gauge-preserving to prove Theorem 3.4.1.

3.4.4 Theorem ([54]). Let X be a finite dimensional order-unit space with closed cone

X . Bvery gauge-preserving map is the restriction of an isomorphism to X .

3.4.5 Theorem (Theorem 2, [47]). Let X be a finite dimensional vector space with closed
cone Xy. Let f: X — X be a positive linear map, let ¢ € X7 be a strictly positive linear

functional and let

Yo ={re X] :p(x)=1}
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IfT:%Y, = X, given by T'(x) = f(x)/¢(f(x)) has no fized points, then there exists some
u € Xy, \ Xy such that w(z, T) C P,N (X, \ Xy) for all x € Xy. Recall that P, is the part

of u.

Recall that by Corollary 2.1.5 parts are convex sets. We can now prove Theorem 3.4.1.
Proof 3.4.1. Let Y = R x X be the order-unit space with open cone
Yj:{(A,x)eY:)\>0and§€C}.

We can view f as an isometry on (1, C). By Theorem 3.4.3 f is the projection of a gauge-
preserving or gauge-reversing map f onYy. If f is gauge-preserving, then by Theorem 3.4.4
it follows that f is the restriction of an isomorphism on Y and by Theorem 3.4.5 we find
that there exists some u € 9Yy such that for all x € X the set of accumulation points
w((1,x), f) € P,N(1,00).

If f is gauge-reversing, then f? is a gauge-preserving map and by the same reasoning
there exists some u € Y, such that for all z € X we have w((1,2), f?) € P, N (1,0C).
In particular, for all # € X it holds that w(f(x), f?) C P,NOC. As w(x, f) = w(z, f2)U
w(f(x), f?) we find that w(z, f) C P, NoC. O

Our second Denjoy-Wolff type theorem is analogous to Theorem 6.3 [14] by Chu and
Rigby.

3.4.6 Definition. Let X be a normed vector space, let A C X be some subset of X and
let f: A— Abeamap. Wecalll: A— A a limit function of f if [ is the pointwise limit

of some subsequence (f"*).

For “well-behaved” spaces and maps these limit functions always exist, as shown in

the following proposition.

3.4.7 Proposition. Let X be a normed vector space and let (M,d) be a proper metric
space such that M C X is a precompact open subset and the topologies defined by the
metric and the norm coincide on M. If f : M — M is a non-expansive map, then for
every subsequence of (f™) there exists a further subsequence which converges pointwise to

a limit map.

Proof. We will prove this using Ascoli’s theorem [53, 47.1]. Note that for all z,y € M and

n € N we have

d(f"(z), f*(y)) < d(z,y),
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from which it follows that {f™(z) : n € N} is equicontinuous with respect to the metric
topology, and, since the topologies coincide, with respect to the norm topology. Further-

more, for all z € M the closure of
{/"(z):neN}

is compact with respect to the norm, as it is contained in M which is compact. By Ascoli’s
theorem the set {f™ : n € N} is contained in a compact set of C(M, M), the set of norm
continuous maps from M to M equipped with the topology of compact convergence. Since
singletons of M are compact in the norm topology, it follows that the topology of pointwise
convergence is weaker than the topology of compact convergence. Hence every subsequence

of (f™) has a further subsequence which converges pointwise to a limit map. ]

3.4.8 Theorem. Let X be a finite dimensional Banach space with closed cone Xy equipped
with the Hilbert metric dgy and let f : X — X3 be an order-preserving homogeneous map

with no eigenvectors. Let ¢ be a positive linear functional and let

Y={reX{:p(x) =1}

IfT:¥ — %, given by T(z) = ¢{]£ng))) for all x € X, is such that for every limit map | of
T the image [(X) is closed, then there exists a conver set Q C 0X 4 such that for all z € ¥

we have w(z,T) C Q.

Proof. By Theorem 4.3 from [41] we can find a sequence (7},) of contractions converging
pointwise to T. By Theorem 3.1.4 there exists a horofunction ¢ such that T' leaves the
horoballs of ¢ invariant. Furthermore by Proposition 3.1.10 we know that horoballs of &
are convex. Hence

Q= () He(—r) c 90X,

is convex. By Proposition 2.1.8 we have that there is a face F' C 90X containing Q. Now
let (z,,) be a sequence in X¢ such that x, € H¢(—n). Since the horoball of a Beardon
point is T-invariant we find that for every limit map [ of T" we have I(x,,) € H¢(—n). Thus,

since 3 is compact, by taking a further subsequence if required, we may assume that

lim I(x,) € Q.

n—0o0
Since [(X) is closed there exists an x € ¥ such that [(x) = lim,,— [(x,,). Note that, since

[ is order preserving, for all y € X9 we have
M (I(2)/U(y)) = lim M(T™ (x)/T* (y)) = lim M(f*()/f*(y)) < M(x/y) < 0o
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and in a similar way we have M (I(y)/l(x)) < M(y/z). So for all z,y € ¥ we find that
I(xz) and I(y) are comparable. It follows that there is a part P C 9(X) such that I(X) C P.
Furthermore, since Q NP C F is non-empty and by Proposition 2.1.7 F' is a union of
parts, we have that [(¥) C P C F. As F is independent of [, we find that all accumulation

points lie in the convex set F' C 0X . O
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CHAPTER 4

JORDAN ALGEBRAS

Jordan algebras can be viewed as order-unit spaces with additional algebraic structure.
In this chapter we will provide an alternate version of a result by Chu and Rigby. In
Theorem 5.10 in [14] Chu and Rigby give an explicit description of closed horoballs on
bounded symmetric domains, using the Pierce decomposition of Jordan Algebras. We will
give a description of the intersection of the boundary of the cone of a Euclidean Jordan
algebra with closed horoballs whose radius tends to minus infinity. Before we do this we
will briefly recall the basic concepts of the theory of Jordan algebras required in this
chapter. One can find a thorough introduction in [22] by Faraut and Kordnyi and in [48]
by McCrimmon.

4.0.1 Definition. Let X be a vector space over R equipped with a bilinear map e :
X x X — X (z,y) — zy. We call X a Jordan algebra and e a Jordan product if for all

x,y € X we have
Ty = yx
w(a?y) = 2*(zy)

and for all x € X the map L(z) : X — X,y +— xy is linear. If there is an e € X such that
ex = x for all x € X we call e the unit of X and X a unital Jordan algebra. Furthermore,
if X is finite dimensional and there exists an inner product (-, -) on X which is associative

with respect to the Jordan product, i.e. for all z,y,z € X holds

(zy,z) = (y, x2),
then we call X a Fuclidean Jordan algebra.

If the Jordan product can be confused with a different product, e.g. the matrix product
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or an operator product, we will denote the Jordan product as x e y. We will simply write
xy otherwise.
Unital Euclidean Jordan algebras are all formally real, i.e. for all z,y € X it holds that

x? + 4% = 0 if and only if x = y = 0. This can be easily verified as
|2]1* + llyl1* = (z,2) + (y,9) = {e,2%) + {e,9?) = (e, 2" +y*) = (¢,0) =0

if and only if x = y = 0. Conversely, it is known that all unital finite dimensional formally

real Jordan algebras are unital Euclidean Jordan algebras, see [22, Proposition VIII 4.2].
4.0.2 Example. We will give some examples of well known Euclidean Jordan algebras.
1. The space R™ with the pointwise product and standard inner product.

2. The space of bounded self-adjoint operators of a finite dimensional real inner product
space H, B(H ), equipped with the following Jordan product Ae B = 3(AB+ BA)
for A, B € B(H)s, with as inner product trace(AB).

3. Let (H, (-, )pr) be a finite dimensional real inner product space, the space X = Rx H

with inner product

(M), (1Y) =+ (e (A 2), (1y) € X)

and product

(A x) o (p,y) = A+ (z,y)m, pr+Xy) (N 2), (1,y) € X).

This family of Euclidean Jordan algebras is known as spin factors.

For the remainder of this chapter we will only consider finite dimensional unital Jordan
algebras with unit element e.
Let (X,e) be a Euclidean Jordan algebra. We call two elements z,y € X orthogonal
if z @y = 0. Recall that an element x € X is called an idempotent if z?> = z. We
call an idempotent primitive if it is non-zero and can not be written as the sum of two
different non-zero idempotents. We call a set of pairwise orthogonal primitive idempotents

{e1,...,en} a Jordan frame if

n
E €; = €.
i=1
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4.0.3 Theorem (Spectral theorem, Theorem II1.1.2 [22]). Let (X, ) be a Jordan algebra.
Then for all x € X there exists a Jordan frame {e1,... ey} and real numbers A\i,..., A\,

such that
n
Xr = Z )\iei.
i=1
The numbers A1, ..., \, are uniquely determined by x.

The set {A1,... A} is called the spectrum of x. Using the spectrum we can equip X
with a natural cone X, the set of all elements with positive spectrum. It is an easy

consequence of the Spectral theorem 4.0.3 that this set is also the set of squares
X, = {z € X : 3y € X such that y* = z}.

For the remainder of this chapter X, refers to the cone of squares. Using the Spectral
theorem 4.0.3 it is easy to see that the interior of X with respect to the order-unit norm

Il - ||e is the set of squares of invertible elements.

4.0.4 Definition. Let (X, (-,-)) be an inner product space with cone X . We call X
self-dual if
Xi={reX:(z,y) >0,Vye X, } =X,.

We call X, homogeneous if the automorphism group
acts transitively on X9, i.e. for all z,y € X there exists an A € G(X ) such that Az = y.
We call X symmetric if it is both self-dual and homogeneous.

If X is a Euclidean Jordan algebra with cone of squares X, then, by the Koecher-
Vinberg theorem [22, Theorem II1.2.1], X? is a symmetric cone.

We call the linear map U(z) = 2L(x)% — L(2?) the quadratic representation of x. Using
the spectral theorem it is easy to verify that z € X9 is invertible and that U(x_%)x =e.
Furthermore, for all invertible x € X we have that U(x) is invertible and U (z) ™! = U(x™1).
It follows that U(x) is in the automorphism group G(X ) if z is invertible, see Proposition

I11.2.2 [22]. Thus for all z,y € X¢ we have

M(z/y) =inf{s >0: U(y_%)x < fBe} =max{\ €0 (U(y_%):v)}
From this it follows that

dp(z,y) = log (max{/\ €o (U(y*%):z:)}max{/\ €o (U(:U*%)y) })
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4.1 Pierce decomposition

Let (X, e) be a Euclidean Jordan algebra and let € X be an idempotent one can show
(Proposition I11.1.3) that the eigenvalues of L(z) are 0, 4 and 1. The decomposition of X
in the eigenspaces X = V(z;0) + V(x; %) + V(x;1) is called the Pierce decomposition.

4.1.1 Proposition (Proposition IV.1.1 [22]). If (X,e) is a Jordan algebra and x an

idempotent, then V(z;1) and V(x;0) are Jordan subalgebras. Furthermore

V(z;1) e V(x;0) = {0},

(V(z;1) 4+ V(2;0)) @ V(x; %) C Vx; %) and

1

3) eV 5) C V(1) + V(:0)

V .
(x’ 2

One can find projections on V(z;1), V(z;3) and V(z;0). It is easy to verify that
L(z)(2L(z) — I) is a projection on V (x;1), 4L(x)(I — L(z)) is a projection on V (z;3) and
(I — L(z))(2L(x) — I) is a projection on V (x;0).

A consequence of Proposition 4.1.1, is that if x € X is a primitive idempotent, then

V(z;1) = Rz. One can verify this by applying the spectral theorem 4.0.3 to the Jordan
algebra V(z;1).

4.1.2 Theorem (Theorem IV.2.1 [22]). Let (X,e) be a Euclidean Jordan algebra. Let
{e1,...,en} be a Jordan frame and let Vi; = V(e;;1) = Re; and Vi; = V(e;; %) NV (ej; %)
Then

(i) X decomposes in the direct sum

X =V

1<j
(ii) If we define Pi; to be the orthogonal projection on Vij, then Py = Ul(e;) and Py =
4L(€i)L(€j).

(iii) And furthermore

Vij e Vi C Vi +Vjj,
Vije Vi CVip ifi # k,

Vij @ Via = {0} if {i,j} n {k,1} = 0.
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The decomposition X = @ig ; Vij as defined in Theorem 4.1.2 is call the joint Pierce

decomposition.

4.1.3 Example. Consider the spin factor X = R x R" with Jordan product
(A z) e () = A+ (@,9), Ay + pa) (A 2), (1 y) € X).
This has unit element e = (1,0) and note that if (A\,z) € X is an idempotent, then
Nz) = (N 2)2 = (A2 4 ||z, 2)0a)

from which it follows that A = 3 and |[z| = 3. It follows that all non-unit, non-zero
idempotents are primitive. For a unit vector £ € R™ one can easily verify that the only
idempotent orthogonal to e1 = (3,32) is e2 = (3,—3%). As e1 + €2 = e we find that

{e1,e2} is a Jordan frame and

‘/11 = Rel)
‘/22 = RBQ,

Vig = {(an) €eX: <$7y> = 0}

4.2 Horoballs of the symmetric cone

Let (X, e) be a Euclidean Jordan algebra with unit e. Recall that the cone of squares X is
the set of all elements with positive spectrum. By applying the Spectral theorem 4.0.3 one
can verify that the inverse map (z — z71) is well-defined on X$ and leaves X invariant.

It is well known that the inverse map is gauge-reversing on the interior of the cone, i.e.

M(z/y) = M(y~'/z71),

see [44, page 8]. This was utilised by Lemmens, Lins, Nussbaum and Wortel [41] to classify

the Hilbert horofunction boundary for Euclidean Jordan algebras.

4.2.1 Theorem (Theorem 5.6 [41]). If X§ is a symmetric cone in a Euclidean Jordan
Algebra (X, ®) with as base point the unit e, then the horofunctions of the Hilbert geometry

are precisely the functions of the following form:

&(x) = log(M(y/a) +log(M(z/™Y)) (2 € X?),

where y,z € 0X 4 such that ||y|le = ||z]le =1 and y e z = 0.
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We can use this to gain more information on the geometry of the horoballs. In the case
of bounded symmetric domains there is actually a full description of the horoballs known
by Chu and Rigby [14, Theorem 5.11]. We will do something similar for Euclidean Jordan
algebras for the intersection of the closure of the horoballs with the boundary of the cone.

For this we will need the following two lemmas.

4.2.2 Lemma. Let (X,e) be a finite dimensional Euclidean Jordan algebra, with closed
symmetric cone X4 and unit e. Let {e1,...,en} be a Jordan frame of X. For all1 < i < n,
if w € Ve 3), then e;w? = L||w||®e;. Furthermore, for all1 <i < j <n, if w € V;; then

w? = 3llw|*(e; + ¢5).

Proof. Let 1 < i < n and let w € V(e; 2) Note that by Proposition 4.1.1 we have that
w? € V(e;;1) + V(e;;0). As e; is a primitive idempotent by Theorem 4.1.2 we have that

e;w? € V(e;; 1) = Re;. Consider

(eiw2,ei> = (L(ei)w2,ei> = <w2,L(ei)ei>

1
- <w27€i> — §<w7w> = 5”“]”2,

? = g[w|e;.

hence e;w
Now let 1 <7 < j <n and let w € V;;. By Theorem 4.1.2 we have that w? € Vi + Vi;
and w € V(e;; 3) NV (ej; 5). From the above it follows that w? = (e; +¢;)w? = 3|lw||?(e; +

€j). O

4.2.3 Lemma. Let (X,e) be a finite dimensional Euclidean Jordan algebra, with closed
symmetric cone X4 and unit e. Let {eq,...,en} be a Jordan frame of X. For all1 < i < n,
if (wm) is a sequence in V (e;; 3), then limy_yoo w2 —e;w?, = 0 if and only if (wy,) converges

to 0.
Proof. First, note that V(e;; 3) = >_jzi Vij- Indeed, since 4L(e;)(I — L(e;)) is a projection

on V(e;; 3) by Theorem 4.1.2 we find

Ve %) = 4L(e;)(I — L(&;)) X = 4AL(e;)(I — L(e;)) Z Vii+ Y. Vi

1<j<k<n

1
D Vit GVt Do Vik| =D Vs

J#i j#i jitk J#i
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So for all m € N we can write w,, = E#i Wnij With wp; € Vij. By Theorem 4.1.2 we

find

J# 0<j<k<n J# 1<j<k<n
J#itk J#IAR
By Lemma 4.2.2 we find
2 1 2
owdii=> 5 lwmigl|*(ei + ¢;)
JFi JFi
hence by Theorem 4.1.2 it follows that e;jwy, = >, 3 U|wmij||?ei. As by Lemma 4.2.2 we

have that e;w?, = 3|lwm||%e;, we conclude that [jwy,|* = >t w2

1 1
wp, — ew, = wy, — gllwmlPei € Y SllwmiglPe; + Y Ve

J# 1<j<k<n
JFi#k
By Theorem 4.1.2 we have that X = @1§j§k§n Vik, so limy, o0 w2 e;wz = 0 if and

only if (||wmijl|) tends to 0 for all j # 4. Since (|jwp,|?) = (> || Wiz ||? ) it follows that

limy,— 00 w?n — w%l e ¢; = 0 if and only if w,, converges to 0. ]

We can now prove the main theorem of this chapter.

4.2.4 Theorem. Let (X, e) be a finite dimensional Fuclidean Jordan algebra, with closed

symmetric cone X1 and unit e. If € is a horofunction of the Hilbert geometry given by

£(x) =log(M(y/x)) +log(M(z/a™"))  (x € X3)
where y,z € OC such that ye z =0 and ||y|le = ||z]le = 1, then

(N H-(§) =V(x0)nX,

r>0

where H_.(§) is the norm closure of the horoball of & of radius —r.

Proof. Let J ={e1,...,ey} beaJordan frame such that z = Zle aze; and y = Zi’:kJrl Bie;.
We will first prove that V(z;0) N X, C (5o H H_,(€). Let z € V(z0) N X,. Since
V(z;0) = V(Zf:1 €i;0) = Dy i1<icj<n Vij We can find y; € R and z;; € Vj; such that

n
T = Z Hnie; + Z T j-

i=k+1 k+1<i<j<n

For all m € N we define
k

ITm = Z ez =+ Z + Mz e; + Z Lij-

i=1 i=k+1 k+1<i<j<n
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Clearly z,, converges to x in norm as m — oo and z,, € X as o, > = + 26 > er as
re Xy.

As S°F e is an idempotent by Proposition 4.1.1 V(2;0) = V(32¥_, €;;0) is a Jordan
subalgebra. As the cones of Euclidean Jordan algebras are the set of squares we have
V(20)4 = V(z0)NX,. It is easy to verify that u =Y, | e; is the unit of V(z;0) and
therefore an order-unit of V'(z;0). Since z € V(2;0) N X4 = V(2;0)+ we can find a § > 0
such that z < Bu. Then x,, < -3 SF L ei+ (L 4 B)u. Thus

_1>sz:ez 5m+1) u > m?z and

n
:cm2x+E Z 6> — > eiZ%y

) m. .
i=k+1 i=k+1

we have M (y/x,) < m and M(z/z;!) < m~2. Hence

E(zm) = log(M(y/zm)) +log(M (z/xy,")) < log(m) — 2log(m).

So we find that {(z,,) tends to —oo if m — oo and hence V(z;0) N Xy C (),5o H-r(&).

For the opposite inclusion let (z,) be a sequence in X such that |znl. = 1,

limy, 00 T = ¢ € 0X 1 and limy, 00 &(24,) = —00. Note that, as x,, < e implies that

y < M(y/em)rm < M(y/zm)e,
we have

M(y/azm) 2 M(y/e) = |lylle = 1.
In particular this means that

. T -1 .. -1
00 = lkgglof log (M (y/zm)M (z/z,,')) > I%gloflog (M(z/z;,") .

So we have to prove that, if lim,, o, M(z/x,,') = 0, then z € V(z;0).
To understand the limit of (M (z/xz;,!)) we will first examine the limit of (M (e;/x,,,!)).
Recall that

M(ei/oy)) = M(U(zd)es/e) = M(2L(3,)%; — L(wm)es) /).

1
Let A, € R, U, L € Ve %) and u,, 0 € V(e;;0) such that z3, = )\mei+um,% + Um0 Recall
1
that by Lemma 4.2.2 we have eiufn , = %Hum 1]|%¢;. Using this and Proposition 4.1.1 we
’2

find

’2

1
B = O+ 5 [, 3126 + 2 0, 3 + At + (0 + 02,y = 5, 170
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and
2 1 Am
L(zm)e; = (A, iHu 1H )ei + Umo®u,, 1+7um7%.
Furthermore
1, 1
2L(z2)%e; = 2(Ame; + (! + Um,0) ® (Ame; + 2um 1)
A Am 1

et T 5 g ¥ gy o )

_ 2/\2 2 3)‘m 2 1

= 2\, + 5”%,%” Jei 5y 1 Um0 @ Uy 1 (g, 1 — S, 1 es)

This gives us

1
2L(x2)%e; — L(xp)e; = N2 e + )‘m“m,% + (u

1

1 1
Now suppose that lim, o U(24)e; = 0. As U(z2)e; is a direct sum of V(e;; 1),V (e;; 5)
1
and V(e;;0) we find that lim,,— . U(xa)e; = 0 if and only if

. 1
lim u? 1 §Hum,5H26i =0,

m—oo M, 2

lim Aju,, 1= 0 and
m—0o0

lim )2 mei = 0.

m— 00

Note that lim,,, /\?nei = 0 if and only if lim,,_,00 Ay = 0. Furthermore, by Lemma 4.2.3
we find that lim,,— e uzné — %Hum’% ||Ze¢ = 0 if and only if lim,, Upp 1 = 0. Note
1
that limy, oo A, 1 if limy, oo Ay = 0, hence lim,, o U(zmp)e; = 0 if and only if
2
limy, 500 4, 1 = 0 and limy, o0 A, = 0.
12
Now we consider the components of z. Note that if lim, oo u,, 1 = 0 and limy, 00 Ay, = 0,
’2
then lim,,, oo A?n + %H“m% H2 = 0 and limy;, 00 2Um 0 @ Upy, 1 + Amum,% = 0. Also note that
if Timy, o0 A2, + %Hum 1|2 = 0 then clearly lim,, oo u,, 1 = 0 and limy, o0 Ay, = 0. Thus
D) 12

1
we conclude that lim,, o, U(z3,)e; = 0 if and only if lim,, o0 2, € V(€55 0).

@Qz_zw () e

We know from Proposition IV.3.2 in [22] that the primitive idempotents are exactly the

Now consider

1 1
extreme rays of the cone. Furthermore recall that as 3, is invertible, U(x2,) is invertible, so

1
U(z#) is a linear isomorphism which leaves X invariant. Consequently it sends extreme
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1
rays to extreme rays, i.e. U(x3)e; is the multiple of a primitive idempotent. As a; > 0 we

find that
| } | ST
lim M((U(z3)z/e) = 77E}nOOM(Z: a;U(zh)ei/e)

=1

k 1
= Jim 1) eitah el =0
1=

1
if and only if limy, oo M(U(x?)e;/e) =0 for all 1 < i <k, ie. limy oo Tm € V(e;;0). O
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CHAPTER 5

KURATOWSKI-PAINLEVE CONVERGENCE

In the remainder of this thesis we will focus on the horofunction boundary itself. We
will give descriptions and classifications of the horofunctions of the Funk, reverse-Funk
and Hilbert geometry for the cone of, possibly infinite dimensional, order-unit spaces. For
general order-unit spaces we will give only a description. This result is based on the work
of Walsh in [66]. In this paper Walsh gives a classification of the Busemann points of
the Funk, reverse-Funk and Hilbert geometry for the cone of an order-unit spaces. The
Busemann points are a special class of horofunctions which we will introduce in Chapter 6.
In particular Walsh shows that the horofunctions of the Funk and reverse-Funk geometry
of the cone of positive continuous functions on a compact set are all Busemann points.
For this result we need Kuratowski-Painlevé convergence which we will introduce in this
chapter. In Chapter 6 we will give the proof of Walsh’s results in [66] and extend it to a
description of the horofunction boundary of general order-unit spaces. Finally we will give
a partial answer to the following question which was raised by Walsh in [66]. Is it possible
for reverse-Funk geometries to have non-Busemann horofunctions? In Section 7 we will
show that this is possible even for some “well-behaved” spaces. As part of this effort we
will also classify the horofunctions and Busemann points of the Funk, reverse-Funk, and

Hilbert geometry of the cone of spin-factors and JH-algebras.

5.1 Kuratowski-Painlevé convergence
Every function f: X — Y is just a representation of the graph of the function
{(z,y) e X xY: f(z) =y}

Kuratowski-Painlevé convergence deals with the convergence of nets of sets and thus can

be used to define convergence on nets of functions.
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CHAPTER 5: KURATOWSKI-PAINLEVE CONVERGENCE

5.1.1 Definition. Let J’ be a subset of a directed set J. J’ is called residual if there
exists an a € J such that o/ € J' for all @’ > «. J' is called cofinal if for all a € J there

exist an o > « such that o € J'.

5.1.2 Definition. Let (X, 7) be a Hausdorff space and let (A )qecs be a net of subsets of
X. We call zg a limit point of (Ay)aes if for every neighbourhood U of z( there exist a
residual subset J’ C J such that for all @« € J' we have A, N U # §.

We call 2y a cluster point of (Ay)acy if for every neighbourhood U of xg there exist a
cofinal subset J’ C J such that for all a € J' we have A, N U # 0.

We denote the set of limits point of (A,) as Li A, and the set of cluster points as Ls A,.

Note that Li A, C Ls A,. We will call Li A, and Ls A, the lower closed limit and
the upper closed limit. The fact that both are closed is a direct consequence of a result by

Choquet in [13].

5.1.3 Proposition. Let (X, 7) be a Hausdorff space and let (Ay)acs be a net of subsets
of X. Then

Li A, = m{ U Ay J is a cofinal subset of J}

aelJ’

and

Ls A, = ﬂ { U Ay 2 J is a residual subset of J} .

aelJ’

Proof. The proof for the formula of Li A, and Ls A, are similar so we will only provide
the proof for Ls A,. Let x € Ls A, and let J' be a residual subset of J and let o € J
be such that for all « < o € J we have o/ € J'. As x € Ls A,, we know that for all
neighbourhoods U of x there is an o/ > a such that A, NU # 0, so

ze | Awc | A

a'>a a'eJ’

Now let x € X \Ls A,, i.e., there is a neighbourhood V' of x such that {a € J: VNA, # 0}
is not cofinal. Then J' = {a € J: VN A, = 0} is residual and = & |, ;» Aa- O

Note that an immediate consequence of Proposition 5.1.3 is that the set of limits points

and the set of cluster point are both closed.

5.1.4 Definition. Let (X, 7) be a Hausdorff space let A be a subset of X and let (4,)
be a net of subsets of X. We call (4,) Kuratowski-Painlevé convergent to A if Li A, =
Ls A, = A. We write A = K — lim A,,.
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As Li A, C Ls A, there are two easy ways to verify if a net of sets is Kuratowski-

Painlevé convergent.

5.1.5 Lemma (Lemma 5.2.4, [7]). Let X be a Hausdorff space and let (Ay) be a net of
subsets of X and let A C X. (Aq) is Kuratowski-Painlevé convergent if Ls A, C Li A,.

Moreover, (Ay) is Kuratowski-Painlevé convergent to A if Ls Ao C A C Li A,.

Note that for any open set U C X and subset A C X we have U N A = () if and only if
UNA =0, Thus K —lim A, = K —lim A,. This allows us to compare Kuratowski-Painlevé
convergence to the convergence in the Fell topology, a topology on the closed sets of X

introduced by Fell in [23].

5.1.6 Definition. Let X be a Hausdorff space and let CL(X) be the set of closed subsets
of X. The Fell topology 7r on CL(X) is the topology generated by the base which consists
of all sets of the following form, for all open sets V' C X the sets V~ = {C € CL(X) :
CNV # 0} and for all open set W C X with a compact complement the sets W+ = {C €
CL(X):Cc W}

One can also define the Fell topology in non-Hausdorff spaces, which has applications
in functional analysis. However this does make the Fell topology harder to work with
due to lack of unique limits. As we are mainly interested in metric spaces, we will only
consider the Fell topology in Hausdorff spaces. For Hausdorff spaces Kuratowski-Painlevé
convergence always implies convergence with respect to the Fell topology [20], as the

following proposition shows.

5.1.7 Proposition. Let X be a Hausdorff space, let (Aq)acs be a net of subsets of X
and let ) # A C X be closed. If (Ay) is Kuratowski-Painlevé convergent to A, then (Ay)

converges to A in the Fell topology.

Proof. First let V' C X be an open set such that A€ V", ie. ANV #£0. Let z € ANV
and note that V is a neighbourhood of X. As i A, = A there exists an « such that for
all @/ > o we have Ay NV # @ and in particular A, € V~. Finally let W C X be an
open set such that X \ W is compact and A C W. Now suppose there is some cofinal set
J' C J such that for all & € J" we have A, N (X \ W) # 0. As X \ W is compact this
implies there is a cluster point of (A,) in X \ W which contradicts K —lim A, = A. O

The converse of this statement only is true if X is locally compact. In fact, by a result by

Mréwka in [51], if X is not locally compact then there exist no topology that coincides with
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Kuratowski-Painlevé convergence. In particular one can see that convergence in the Fell
topology and Kuratowski-Painlevé convergence do not coincide if X is not locally compact
as the Fell topology is Hausdorff if and only if X is locally compact [7, Proposition 5.1.2],

while Kuratowski-Painlevé convergence is always unique if X is Hausdorff.

5.1.8 Proposition. Let X be a locally compact Hausdorff space, let (Aq)acs be a net of
subsets of X and let A C X be closed. If (A,) converges to A in the Fell topology, then

(Aa) is Kuratowski-Painlevé convergent to A.

Proof. By Lemma 5.1.5 we only have to prove Ls A, C A C Li A,. So let z € Ls A, be
a cluster point and suppose ¢ € A. As X is a locally compact Hausdorff space there is a
compact neighbourhood C of x which is disjoint from A. As C' has non-empty interior C°
and z is a cluster point there exists a cofinal set J' C J such that for all « € J’ we have
Aq N C° # 0. So for all € J' it holds that A, ¢ (X \ C)*. This contradicts that (A,)
converges to A in the Fell topology.

Now let z € A and suppose A is not a limit point. Then there is some open neighbourhood
U of x and a cofinal set J’ C J such that for all « € J’ we have A, NU = (). In particular

this means A, ¢ U~ which contradicts that (A,) converges to A in the Fell topology. [

If X is not locally compact then the result does not hold, as illustrated by the following

example.
5.1.9 Example. Let B1[0] C ¢ be the closed unit ball, let x € ¢5 with ||z| = 2 and let
K(z) ={K C/ly:2 € K, K compact and K N B1[0] = 0}

be the sets of all compact sets containing & which do not intersect the closed unit ball.
Note that K (z) is a directed set when equipped with the partial order U < V' if and only
if U CV forall UV € K(x). Now for every U € K(z) we define ry = maxyep ||y, note
that 2 < ryy < co. Since Bral [x] is not contained in U we can find some zy € BT51 [z] \ U.
As {z,nz} € K(z) for all n > 1, we can easily see that the net (r,)yex () tends to infinity
and therefore limyc g () zv = .

Now let e, € {5 be the standard unit vectors in ¢2. Note that since every U € K (x) is
compact, the set {2e, € U : n € N} is finite. Hence we can define the net (Ay)yecg(q) of

subsets of fo given by
Bi[0ju{zy} if |[{2e, € U :n € N}|is odd.

Ay =
B0 if |{2e, € U : n € N}| is even.
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Clearly z is a cluster point but not a limit point for (Ay)yex(s), hence (Ay) is not
Kuratowski-Painlevé convergent. However one can show that (Ay) converges to B;[0] in
the Fell topology. To see this let V' C ¢3 be an open set such that B1[0] € V~. We have
that Ay € V™ for all U € K(x). Let W C {3 be an open set containing B;[0] for which
K =l \ W is compact. Note that if K ¢ K(x) then inf ck ||z —y|| > 0. If we pick n € N
such that 2 < infyck ||z —y| then for all U > {x,nei} we have that ||z —zy| < L. Hence
xy € W and therefore Ay C W. If K € K(x), then for all U > K we have that Ay C W.

It follows that (Ay) converges to B1[0] in the Fell topology.

As in general infinite dimensional order-unit spaces are not locally compact we will
only look at Kuratowski-Painlevé convergence and not at a topology. Finally one important
reason for using Kuratowski-Painlevé convergence is that it is “compact” for any Hausdorff
space, i.e. every net of subsets has a Kuratowski-Painlevé convergent subnet. Mrowka gave

a proof of this result in [52] using Tychonoff’s theorem [53, Theorem 37.3].

5.1.10 Theorem (Mrowka’s theorem). Let X be a Hausdorff space. If (Ay)acy is a net

of subsets of X, then (Ay) has a Kuratowski-Painlevé convergent subnet.

Proof. Let O(X) be the set of open sets of X. Let {0,1} be equipped with the discrete
topology and consider {0, I}O(X) equipped with the product topology. For all o € J we
define f,, € {0,1}°) by

1 if A, NU # 0.

fa(U) =
0 if A, NU = 0.

Since by Tychonoff’s theorem {0, 1}O(X) is compact (fo)aes has a convergent subnet
(fa)acj-

We will now show that for the subnet (Aa),.; it holds that Ls A, C Li A,. Applying
Lemma 5.1.5 will then give us that (Aq),, ; is Kuratowski-Painlevé convergent.

Let z € X be a cluster point of (A4),.; and let U be a neighbourhood of x. For some
cofinal J’ C J it holds that for all & € J’ we have f,(U) = 1. But since (fa)yej converges
this implies that limg, f,(U) = 1 and thus there is a residual Jt C .J such that fo(U) = 1

for all o € JT, so z is a limit point of (A,) O

aed:
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5.2 Epiconvergence and hypoconvergence

Let X be a topological space and let f : X — R =R U{—o00, 00} be a map. We define the
epigraph of f as epi(f) = {(z,7) € X xR :r > f(x)} and we define the hypograph of f as
hypo(f) = {(z,r) € X xR:r < f(z)}.

5.2.1 Definition. Let X be a topological space. A function f : X — R is called upper-
semicontinuous if for all z € X either for all € > 0 there exists an open neighbourhood
U C X of z such that for all y € U we have f(x) +¢ > f(y) if f(x) > —o0, or, for all
N € R there exists an open neighbourhood U C X of x such that f(y) < N for ally € U

if f(z) = —o00. We call f lower-semicontinuous if —f is upper-semicontinuous.

If X is Hausdorff there is a useful equivalent definition for upper and lower semi-

continuity.

5.2.2 Proposition. Let f : X — R be a map on a Hausdorff space X. Then f is

upper-semicontinuous at x € X if and only if for all nets (x,) converging to x we have

limsup,, f(zq) < f(x).

Proof. Note that the result is evident if f(z) = —o0, so we may assume f(x) > —o0.
Suppose f is upper-semicontinuous at x € X, but there exists a net (z,) in X such
that limsup, f(za) > f(x), by taking a subnet we may assume lim, f(zo) > f(z). Let
€= %(lima f(zq) — f(x)). There exists a neighbourhood U of = such that for all y € U we
have f(x) > f(y) —e. As x4 € U for « large enough, this is a contradiction.

Now assume for all nets (z,) in X converging to x we have limsup,, f(z,) < f(z), but
there is an € > 0 such that for all neighbourhoods U of x there is a yy € U such that
f(yy)—e > f(x). Note that the set of neighbourhoods of z is a directed set when equipped
with the partial order U < V' if and only if U D V. Then (yy) is a net converging to z
with limsupy; f(yr) > f(x) + & > f(x) which is a contradiction. O

A similar result can be obtained for lower-semicontinuous functions.

5.2.3 Proposition. Let f : X — R be a map on a Hausdorff space X. Then f is

lower-semicontinuous at © € X if and only if for all nets (xy) converging to x we have

liminf, f(x) > f(x).

From the results above we find the following easy consequence.

o6



CHAPTER 5: KURATOWSKI-PAINLEVE CONVERGENCE

5.2.4 Corollary. Let f : X — R be a map on a compact Hausdorff space X. If f is
upper-semicontinuous, then there is a y € X such that f(y) = sup,ex f(x). If f is lower-

semicontinuous, then there is a y € X such that f(y) = infyex f(x).

For reasons of convenience for the rest of the thesis we will denote “sup,cx f(z)” by

“sup f7 and “infiex f(x)” by “inf f7 if there is no ambiguity.

Proof 5.2.4. Let f be upper-semicontinuous and let (z,) be a net such that lim, f(z,) =
sup f. Since X is compact, by taking a further subsequence, we may assume that z,

converges to some y € X. By Proposition 5.2.2 it follows that

f(y) > limsup f(zy) = sup f.
«
The proof for the case in which f is lower-semicontinuous is similar. O

If X is Hausdorff there is another equivalent definition of upper or lower semi-continuity

using the epigraph and the hypograph.

5.2.5 Proposition. Let X be a Hausdorff space and let f : X — R be an extended real
function. Then f is upper-semicontinuous if and only if its hypograph is closed with respect
to the product topology of X x R. Likewise f is lower-semicontinuous if and only if its

epigraph is closed with respect to the product topology of X x R.

Proof. Suppose f is upper-semicontinuous and let (x,r) € X x R such that r > f(z). If
f(z) > —occ let € = £(r — f(z)). Then there exists a neighbourhood U of x such that for
all y € U we have r —e > f(x)+¢e > f(y), so (U x (r —e,r +¢)) Nhypo(f) = 0. If
f(x) = —oo, then there exists an open neighbourhood U C X of = such that f(y) <r—1
for all y € U, so (U x (r — 3,7+ 1)) Nhypo(f) = 0, hence hypo(f) is closed.

Now suppose hypo(f) is closed and let x € X. If f(x) = —oo then for all N € N there
exists a neighbourhood U of z and a ¢ > 0 such that (U x (N —¢, N +¢)) Nhypo(f) = 0,
as hypo(f) is closed. In particular we find that for all y € U we have f(y) < N. If
f(z) > —oo, then for all € > 0 there exists a > 0 and a neighbourhood U of z such that
(U x (f(x)+e—p, f(x)+e+p) Nhypo(f) =0, so f(y) < f(z) + ¢ for all y € U, hence
f is upper-semicontinuous.

The proof for the second equivalence relation is an easy consequence of the above and the

fact that epi(—f) = —hypo(f). O
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5.2.6 Corollary. The Kuratowski-Painlevé limit of a net of hypographs is always upper-
semicontinuous and the Kuratowski-Painlevé limit of a net of epigraphs is always lower-

semicontinuous.

Proof. This is a direct consequence of the fact that the Kuratowski-Painlevé limit of a net
of sets is always closed by Proposition 5.1.3. The result then follows from Proposition 5.2.5.

O

This motivates the idea to call a net of functions (f,) convergent to some f if and only
if the epigraphs or hypographs of f, are Kuratowski-Painlevé convergent to epigraph or

hypograph of f.

5.2.7 Definition. Let X be a Hausdorff space and let (f,) be a net of functions from
X to R. We say (fo) is Kuratowski-Painlevé epi-convergent to a function f if epi(f) =
K —limepi(f,).

Similarly we say (fq) is Kuratowski- Painlevé hypo-convergent to a function f if hypo(f) =
K — limhypo(fa).

As we will only consider the limits of epigraphs and hypographs with respect to
Kuratowski-Painlevé convergence we will shorten Kuratowski-Painlevé epi-convergent and
Kuratowski-Painlevé hypo-convergent to epi-convergent and hypo-convergent respectively.
A function f is continuous if it is both upper and lower-semicontinuous. Yet it is easy to
find a net of continuous functions which are epi or hypo-convergent to a function that is

not continuous.

5.2.8 Example. Consider the sequence of functions (f,) where f, : [0,1] — R is given by

2nxif0§:v<ﬁ.

fn(z) = 2—2nxifﬁ§x<%.

=
3|~
—_
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One can see that the sequence (f,,) is hypo-convergent to the function f for which f(0) =1
and f(x) = 0 for all 0 < x < 1 which is not a continuous function. Also note that
evidently (f,) converges pointwise to f = 0, it follows that hypo-convergence is not
stronger or weaker than pointwise convergence. One can construct a similar example for

epi-convergence.

For first countable Hausdorff spaces there is a more intuitive way to verify hypo-
convergence of a sequence of functions. Recall that a space is first countable if each point

has a countable neighbourhood basis.

5.2.9 Theorem. Let X be a first-countable Hausdorff space and let (f,) be a sequence
of upper-semicontinuous functions in X and let f : X — R be an upper-semicontinuous

function. Then (fy) is hypo-convergent to f if and only if for all x € X the following hold:
(i) There exist (x,) converging to x such that im, o fn(zn) = f(z).
(ii) If (zy,) converges to x, then limsup,,_, .. fn(xn) < f(x).

Proof. Suppose (f,) is hypo-convergent to f and let x € X. We will first show that (ii)
holds.

Let (z,,) be a sequence converging to x. Suppose that [ = limsup,,_, fn(zn) > f(z) >
—o0. If f(z) = —oo, then let (x,,) be a subsequence such that f,, (x,,) >1—1 > —o0.
It follows that (zp,,l — 1) € hypo(fy,,) for all £ € N, so (z,l — 1) is a cluster point
of (hypo(f,)). Since (hypo(f,)) is Kuratowski-Painlevé convergent to hypo(f) we have
(z,1 — 1) € hypo(f) which is a contradiction. If f(x) > —oo, then we can find some € > 0
and a subsequence ( fy,, ) such that for all £ € N we have f,, (z,,) > f(z)+e¢. In particular
this means that (z,,, f(xz) +¢) € hypo(fy,) for all £ € N, so (z, f(x) + €) is a cluster
point of (hypo(f,)). Since (hypo(f,)) is Kuratowski-Painlevé convergent to hypo(f) we
have (z, f(z) 4+ €) € hypo(f) which is a contradiction proving (ii).

To prove (i) let {U, : n € N} be a neighbourhood basis of (z, f(x)) with U,, D U,41 for
all n. Since (z, f(z)) is a limit point of (hypo(f,)) we can find a monotone increasing
sequence (N,,) such that for all m > N,, we have that hypo(f,) NU, # 0. We can now
find a sequence ((zy,¢,)) such that (z,,¢,) € hypo(f,) NUp, for all Ny, <n < Npp1. By
construction ((z, ¢,)) converges to (x, f(z)). This proves (i) since it follows from (ii) that

f(z) = lim ¢, =liminf ¢, < liminf f,(z,) < limsup f,(z,) < f(x).

n—00 n—00 n—00 n—00
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Now suppose that (i) and (ii) hold. By (i) we have for all x that there exists a sequence
((xn, f(zn)) converging to (z, f(x)), so (z, f(z)) € Li hypo(f,). Then for all ¢ < f(z) we
find that (z,, f(zn) — f(z) + ¢) converges to (z,¢) hence hypo(f) C Li hypo(fy).

Finally let (z,¢) € X x R be a cluster point of (hypo(f,)) and suppose that ¢ >
f(z). As X is first-countable there exists a subsequence (hypo(fy,)) for which there exist
(@n,,, Cny,) € hypo(fn, ) such that (z,, ) converges to x and (c,, ) converges to c. Now we can
define a sequence ((z, ¢,)) by picking z, = z and ¢, = f,,(z) for all n € N\ {ny : k € N}.
Then by (ii) we find

limsup f,(z,) < f(z) < ¢ = lim ¢, <limsupc, < limsup fp(zy)
n—00 k—o0 n—00 n—00

which is a contradiction with (ii). O

A similar result can be obtained for convergence in the epigraph topology, see [7,
Theorem 5.3.5]. Finally we will show the following result which is similar to [7, Theorem

5.3.6).

5.2.10 Proposition. Let X be a compact Hausdorff space. If (f,) is a hypo-convergent
net of upper-semicontinuous functions on X to some function f, then lim, sup fo, = sup f.
If (fo) is an epi-convergent net of lower-semicontinuous function on X to some function

f, then limg inf f, = inf f.

Proof. First suppose that sup f > liminf,sup f, and let + € X be such that f(x) >
liminf, sup fo. Let € = 1(f(z)—liminf, sup f,) and consider the open set U = X x (f(z)—
g, f(x)+e). We find that for all o/ thereis a § > o/ such that sup fg < liminf, sup fo+e. So
Unhypo(fz) = 0, hence (z, f(z)) is not a limit point of (hypo(f«)), which is a contradiction
as (fa) is hypo-convergent to f.

Note that, as X is compact, we can find a net (z4)aer such that fo(z4) = sup fo. Also
by compactness we can find a subnet (24 )acs Of (Ta)aer such that (z4)aes converges to
some x € X and limyejsup fo = limsup,c; fo. Then for every open neighbourhood U of
z in X and every open subset V of limsup,c;sup f, in R we have that for every index

« € I there exists an 8 € J with 8 > « such that

hypo(fg) N (U x V) # 0.

Hence (z, lim,, sup f,) is a cluster point of (hypo(fs)), and thussup f > f(x) > lim, sup f,.

The proof for the second part of the proposition is similar. O
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5.2.11 Lemma. Let X be a Hausdorff space and let (go)acs : X — R be a net of maps
converging to g : X — R in the hypograph topology. If h : X — [a,b] C Rsq is a continuous

function, then (%)acy converges to & in the hypograph topology.

Proof. Note that, since h is continuous and 0 < a < h(z) < b for all x € X we have that

the map ¢ : X x R — X x R given by ¢((z,7)) = (z, ﬁ) and its inverse ¢! given by

¢~ *((x,7)) = (x,rh(x)) are continuous. We can use this to show that (z,r) is a cluster

or limit point of hypo(gs) if and only if (z, %) is a cluster or limit point of hypo(%*)

respectively. Indeed let (z,7) be a cluster point of hypo(g,). Let U be a neighbourhood of
r

(z, m), then ¢~!(U) is a neighbourhood of (z,7) and there exists a cofinal index set .J’

of J such that for all a € J’ we have hypo(gs) N ¢~ (U) # (). Then for all a € J' we have

¢(hypo(ga) N ¢~ (U)) = hypO(gf) NnU # 0,

so if (x,r) is a cluster point of hypo(gs), then (z, %) is a cluster point of hypo(2+). The

rest of the assertion follows using similar arguments. O
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CHAPTER 6

THE HOROFUNCTION BOUNDARY OF INFINITE DIMENSIONAL

ORDER-UNIT SPACES

6.1 Busemann points

In this chapter we will examine the horofunction boundary of the Funk, reverse-Funk and
Hilbert metric of infinite dimensional order-unit spaces. While there has been a lot of
interest and research on the horofunction boundary of finite dimensional spaces, see for
example [41, 63|, the horofunction boundary of infinite dimensional order-unit spaces is
still relatively unknown. Only recently Walsh classified the Busemann points of infinite
dimensional order-unit spaces in [66]. In this section we will introduce these results fol-
lowing Walsh’s proof and then expand on them to give a description of all horofunctions
of infinite dimensional order-unit spaces. To start we will introduce Busemann points.

Busemann points were first introduced by Rieffel in [59]. These special horofunctions are
known to be particularly useful in the study of isometric problems in metric spaces, see

for instance [45, 66, 65].

6.1.1 Definition. A net (z,) in a hemi-metric space (M,d) with base point b € M is
almost geodesic if, for all € > 0 there exists an index A such that for all &/ > a > A we
have

d(b,xy) > d(b,xq) + d(za,zo) — €.

A horofunction £ € (M) \ i(M) is called a Busemann point if there exists an almost
geodesic net (z,) in X such that & = lim, i(z,). The Busemann points can be viewed as
a more "well-behaved” subclass of the horofunctions. Recall that if an order-unit space
(X, X4, u) is finite dimensional by Corollary 2.4.7 horofunctions are only generated by

unbounded nets. This need not be the case for infinite dimensional order-unit spaces.
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6.1.2 Example. Consider X = R x {3 with closed cone Xy = {(\,z) € Rx /¥y : XA > ||z]]2}.
Note that X is an order-unit space with order-unit e = (1,0). Let e, € {2 be the standard
unit vectors, i.e., e,(n) = 1 and e,(m) = 0 for all m # n. Note that the sequence ((1, 3e,))
is bounded with respect to Hilbert’s metric, but one can show that (ig((1, 3€,))) converges

to a horofunction. We will show this in detail in Section 7.2.

Restricting to Busemann point is a good way to exclude horofunctions generated by
finite nets. Walsh showed in [66] that all Busemann points can be derived from unbounded
almost geodesic nets. Recall that by Proposition 2.4.6 a net (z,) in a metric space M does

not converge to a horofunction if (z,) converges to some x € M.

6.1.3 Proposition. Let (x,) be a net in a complete metric space M. If (x4) is almost

geodesic and bounded, then (x,) converges to some x € M.

Proof. Let b be a base point. The first step is to prove that d(b,z4) converges to some
r € R. To see this we define for an index A the supremum 74 = sup,> 4 d(b, z,) which
exists as the net is bounded. Let € > 0 and let A be an index such that for all o/ > a > A
we have

d(b,zo) > d(b,xa) + d(xa, o) — €.

Let ag > A be such that 0 <74 — d(b,z4,) < €. Then for all &/ > a4 we have
ra>db,zy) > db,za,) +dTa,, o) —>db,xa,) —€>1Ta— 26,

So for all o/, a0 > a4 we find that |d(b, z4/) — d(b, 24)| < 2. Hence (d(b, z,,)) is a Cauchy
net from which it follows that lim,, d(b, z,) = r for some r € R.
Now let € > 0 and let A be an index such that for all @ > o > A we have [r—d(b, z4)| <

¢ and

d(b,x) > d(b,xq) + d(za,zo) — €.

It follows that
d(xa, o) < d(bywy) —d(b,xy) +€ < 3

Hence (z4) is a Cauchy net. The proposition follows by completeness. O

6.1.4 Definition. A net of real-valued functions (f,) on a set B is called almost non-

increasing if, for any € > 0, there exists an index A such that for all o’ > o > A we have

fa Zfo/ —&.
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An almost geodesic net can be represented by a net of almost non-increasing functions

using the natural embedding ¢ : M — C(M), given by i(z) = d(-,x) — d(b, x).

6.1.5 Proposition. Let M be a hemi-metric space and let b € M be a base point. A net
(xa) in M is almost geodesic if and only if (i(xqa)) = (d(-, 2a) —d(b, o)) is a net of almost

non-increasing functions.

Proof. Suppose (z,,) is an almost geodesic net in M and let € > 0 be given. Then there

exists some index A such that for all o/ > a > A we have
d(zar,b) > d(b,xq) + d(xa, o) — €.
Now for every © € M we find
d(xz,xe) —d(b,xs) > d(z,24) + d(Ta, o) — d(byzy) — € > d(z,20) — d(b,x0r) — €

from which follows that (i(z,)) is an almost non-increasing net.
Now suppose (i(z4)) is an almost non-increasing net and let ¢ > 0 be given. Then there
exists an index A such that for all @/ > o > A we have i(z,) > i(xy) — €, in particular

we find
—d(b,xa) = 1(x0)(Ta) = () (a) — € = d(xq, o) —d(byzor) — €
from which follows that (z,) is an almost geodesic net. O

This representation can be useful to gain a better understanding on Busemann points.

In our case we will use an extension of Dini’s theorem, see [24].

6.1.6 Lemma. Let (fy) be a net of almost non-increasing functions on a Hausdorff
space Y. Then (fs) converges pointwise to some f : Y — R. If for all o, f, is upper-

semicontinuous, then f is upper-semicontinuous. If furthermore Y is compact, then

lim sup f, = sup f.
[0

Proof. Let ¢ > 0 and x € Y. As (f,) is almost non-increasing there exists an index A such

that for all o > a > A we have f,(z) > fo(z) — €. From this it follows that
liminf f,(x) > limsup f,(x) — €.

Letting € tend to 0 gives us that f, converges pointwise to some f :Y — R.

Now assume that f, is upper-semicontinuous for all .. Let € Y, let (xg) be a net in
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Y converging to x and let ¢ > 0. By Proposition 5.2.2 we have f,(x) > limsupg fao(zp)
for all a. Furthermore as f, converges pointwise to f we find that f(x) 4+¢ > fo(z) for «
large enough and, as (f,) is almost non-increasing, we have f, > f —¢ for a large enough.

Combining this gives
f(x) > fa(x) —e > limsup fo(zg) — e > limsup f(zg) — 2e.
B B

By Proposition 5.2.2 f is upper-semicontinuous.

Finally suppose moreover that Y is compact. Then, as Y is compact, by Corollary 5.2.4
we have for all o that there exists an z, € Y such that f,(zs) = sup f,. Furthermore
as Y is compact there is a subnet such that z, converges to some x € Y and taking a
further subnet we may also assume that lim, fo(z,) exists as R is compact. Let € > 0,
since f is the pointwise limit of a non-increasing net of functions (f,) we can find an «
such that f(z) > fo(x) — e and for all @ > « we have that f, > fo — . Finally, since f,
is upper-semicontinuous, by Proposition 5.2.2 we find

sup f > f(z) > fa(z) — e > limsup fo(ze) — & > limsup fo(z0/) — 2¢

« @

=lim fo/ () — 26 = lim (sup fu) — 2¢ > suplim f,, — 2e = sup f — 2e.
o’ o' af

Letting ¢ tend to 0 gives that lim, sup fo = sup f. O

6.2 A classification of Busemann points

To classify the Busemann points of order-unit spaces we recall some basic terminology.

6.2.1 Definition. Let (X, X, u) be an order-unit space and let X’ be its dual space. We
call the set of positive functionals X/ = {p € X’ : p(x) > 0 for all z € X } the dual cone
and we call S(X) = {p € X" : p(x) >0 for all z € X and p(u) = 1} the state space
of X. We call the elements of S(X) states. We call the extreme points of S(X) the pure

states and denote the set of pure states by E(X).

Note that the state space S(X) is convex, closed with respect to the weak*-topology
and contained in the dual unit ball. The last follows from the fact that for all ¢ € S(X)
we have that ||¢| = sup{|p(z)| : ||z]l. < 1} = p(u) = 1, as ¢ is a positive functional
and if ||z]|, < 1, then —u < x < w. Therefore by the Banach-Alaoglu Theorem S(X) is

weak*-compact. Also note that for every positive non-zero functional ¢ € X’ it holds that

¢/p(u) € S(X).
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6.2.2 Definition. Let X be a vector space and let C' C X be a convex subset. We call a
function f: C' — R affine if for all z,y € C and all A € (0,1) we have

fQz+ (1= Ny) =Af(z) + (1= [f(y)
We will denote the set of all restriction of continuous affine functions on X to C' by

A(C, X).

In this section we will show the following result due to Walsh in [66]. Recall that for a
vector space X and x € X the map f, : X' — R given by f.(p) = p(z) for all p € X' is

called the evaluation map of x.

6.2.3 Theorem. [66, Proposition 8.8] Let (X, X1, u) be a complete order-unit space. The
Busemann points of Hilbert’s geometry on X4 are precisely the functions of the following
form:

o(x) h(g)

Eu(x) =log sup —— +log sup ——= (x € Xy)
peB(X) 9(») peE(X) p()

where g is a weak™® lower-semicontinuous non-negative affine function on S(X) with infi-
mum 1 and h is a weak® upper-semicontinuous non-negative affine function on S(X) with
supremum 1, g and h are not evaluation maps of some x € X, and for all p € S(X),

either h(p) =0 or g(p) = co.

The proof of this Theorem is long and technically involved. It might be insightful to

consider the result through a simple example.

6.2.4 Example. Consider the order-unit space (R", R’} ,u) where R’} = RY, and u is the
constant one vector. Note that || - ||, = || - ||co- The dual space of R™ can be identified with

R™ itself, where a linear functional y € R™ is given by coordinatewise multiplication, i.e.
n
y(x) =) y()z(i) (v e€R").
i=1
The state space is given by

S(R") ={z eR":z(i) >0forall 1 <i:<nand Zx(z) =1}
i=1

and the pure states are the standard unit vectors e;. Consider that for all z,y € (R"})° we

have

M(z/y) =inf{f > 0:x < By}
=inf{f > 0:xz(i) < Py(i) for all 1 <i < n}

x(1) xe;
=max ——~ = sup —.
i y(i)  eeB®rn) Yei
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In [41] Lemmens, Lins, Nussbaum and Wortel show in Remark 5.7 that the horofunction

of the Funk, reverse-Funk and Hilbert geometry are given by the functions of the form

r () = logmax(i)= (i)

Er(z) = logmlaxar(z) Ly (4),

() = log max 2(i)2(1) + log max 2(5) 'y ),

where y, z € OR such that ||yl = [|2]lc =1 and y(4)z(i) = 0 for all 7.
We will show how we can view the horofunctions above in the form described in
Theorem 6.2.3. Let y, 2 € R’} such that ||y|c = [|2|lcc =1 and y()2(i) = 0 for all .

Consider the sequence (h,) given by

y(7) if y(i) > 0.
(i) =4 s it 2(0) > 0.
1

= else.
n

For all n we define g, = 1/h,. Note that lim, o by, = y and lim, 00 gn/||gnllcc = 2.
Furthermore recall from section 4.2 that the inverse map (z +— z~!) is gauge-reversing.

Hence for all € (R"})° we have
ip(hn)(@) = dp(z, hn) = dp(u, hn) = log(M(z/hy)) — log(M (u/hy))
= log(M (hy,* /x71)) — log(M (hy* /u™")) = log(M (ga /2™ ")) — log(M (gn/u))
= log < sup gf(eé) ) —log(|lgnllw) = log ( sup gE(ei)Qﬂ(ei))

cicB(Rr) T1(€0) cicE®™)  lgnllu
Define z=' € R” by 27'(i) = 2(i)~" if 2(i) > 0 and 27'(i) = oo if 2(i) = 0. Note
that 27! : S(X) — R given by coordinatewise multiplication can be viewed as a weak*
lower-semicontinuous affine function on S(R™), with inf 2=! = 1. Furthermore note that
limy, 00 [|9nllco/gn = 27 1. By Lemma 6.1.6 we find

lim i (hy)(x) = log ( lim sup Mei)x(ei))

n—>00 n=% g cp®n)  |1gnllu

- z(ei) = max x(z)z(2
= log (eies;(%n) z‘l(ei)> = log ( ; (4)2( ))

Similarly for all € (R’})° we have

ir(hn)(x) = dr(z, hn) — dr(u, hn) = log(M (hn/x)) — log(M (hn/u))

— 10g(M (In /) — log(M (hn /1)) = log ( sup ’Z”(ef)) .

cicE(mmy T(€i)
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By Lemma 6.1.6 we find

lim ig(hy)(z) = log ( lim  sup hn(€i))

n—00 n—00 e;€E(R™) 1‘(61)

= yle)) | o
- log (ezésll?l(lz[)[{n) ZC(@Q) - 10g (m?Xx' 1(Z)y(z)> )

n

Note that y, when viewed as a function on S(R™), is continuous, affine and supy = 1.

)
Since y(i)z(i) = 0 for all i we have that z(i) = 0 if y(i) > 0, it follows that for all
z € S(R") either y(x) = >, z(9)y(i) = 0, i.e. for all i we have that if y(i) > 0, then

z; =0, 0r 271 (z) =" 2(i)271(i) = oo, i.e. for some i we have z; > 0 and 2(i) = 0.

As in the example, we will prove Theorem 6.2.3 by first proving the result for the
Busemann points of the Funk and reverse-Funk geometry. To do this we will need some

preliminary results.

6.2.5 Proposition. If (X, X, u) is an order-unit space, then for v € Xy and y € X
we have

= {inf : = M: M
Miafy) = {nf5 2052 <uh = sup \Co3= s o6

Proof. We will first prove that for all z,y € X we have that z < y if and only if p(z) < ¢(y)
for all ¢ € X! . As X/, is the set of positive functionals the implication from left to right
is trivial. Now let x,y € X such that y — z ¢ X, then by Hahn-Banach separation
theorem there is a linear functional ¢ € X’ and s € R such that for all z € X, we have

oy —x) < s < p(z). Note that s < 0 as 0 € X;. Now suppose there is a z € X such

that p(z) < 0. As jfzz) € X+ we have s < cp(z(sj)) = 2s < s which is a contradiction. So ¢
is a positive functional such that ¢(y — x) < 0 proving our claim.

As non-zero positive linear functionals are strictly positive on the interior of the cone,

we can normalise any ¢ € X/, \ {0} by ¢/p(u) € S(X). From this we easily find that for
all z,y € X we have that z < y if and only if p(x) < ¢(y) for all p € S(X).
Finally we will show that for all z,y € X we have that p(z) < ¢(y) for all ¢ € S(X) if
and only if ¢(x) < ¢(y) for all ¢ € E(X). Note that the implication from left to right is
trivial. Let z,y € X, let ¢ € S(X) and suppose that p(z) < p(y) for all ¢ € E(X). By the
Krein-Milman theorem the convex hull of the pure states is weak™ dense in S(X) so we
can find ¢o; € E(X) and Aq; € [0,1] such that 3, Ao j = 1 for all @ and (3_; Aa,j¢a,;)
is a net weak™® convergent to 1. We find that

(o) =Hm D Aajpa(@) SHMY Aajpas(y) = v(y).

J J
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It follows that

M(z/y)={inf>0:2 <Py} =inf{8>0: #(z) < B for all p € S(X)}

(y)
= sup 4,0(33): sup M

wes(x) L) wer(x) PY)

S

O

Let (X, Xy,u) be an order-unit space. If we take z € X¢ and normalise to z =
z/M(u/z), then by Proposition 6.2.5 we find

] =ip(x) = x) — u,z) =lo ) = su @: su e()
() = i) = i) = deln ) = oM G 2) @ES&) o(x) «peS(I;() fa(9)

where f, : X’ = R, ¢ — ¢(z) is the evaluation map of x on X’. And similarly for the

reverse-Funk metric if we take x = z/M (z/u) we find

) =ip(x) = su f+(¢)
’LR(Z)_ R( ) @ES(I;() SD() .

In order to prove Theorem 6.2.3 we now need to prove two things for the Funk part. First

that

o) _ ()

lim sup sup
o oes(x) fza(P)  pes(x) f(¥)

where f is the limit of (f,) with respect to hypoconvergence. Second we need that for
every f which is weak® lower-semicontinuous non-negative affine function of S(X) with
infimum 1 there exists an almost-geodesic net (z,,) such that f,  converges to f.
We need to prove similar properties for the reverse-Funk part, but as the proofs are very
similar we will only show the proof for the Funk part. One can find a detailed proof for the
reverse-Funk part in [66]. To prove the Funk part we will use the following results from
[1].
6.2.6 Proposition. [1, Proposition 1.1.2] Let K C X be a compact convez set of a locally
convex Hausdorff space X. If f : K — (—00, 0] is a lower-semicontinuous affine function,
then for all x € X

f(z) =sup{a(zr) :a € A(K,X),a < f}.

The proof of the following result can be found in the proof of Corollary 1.1.4 in [1]

6.2.7 Lemma. Let K C X be a compact convex set of a locally conver Hausdorff space

X.If f: K — (—00,00] is a lower-semicontinuous affine function, then the set
{a € A(K,X):a< f}

is a directed set with respect to <.

69



CHAPTER 6: THE HOROFUNCTION BOUNDARY OF INFINITE DIMENSIONAL ORDER-UNIT
SPACES

We can now prove a slightly altered version of Corollary 1.1.4 in [1].

6.2.8 Corollary. Let K C X be a compact convez set of a locally convex Hausdorff space
X. If f: K — (—o0,00] is a lower-semicontinuous affine function, then there exists an
increasing net in A(K,X) converging pointwise to f. Furthermore, if f > 0, then there

exists an increasing net of strictly positive functions in A(K, X).

Proof. For the first part note that by Lemma 6.2.7 (a)q<y is a net in A(K, X). Note that
(a)q<y is increasing, and by Proposition 6.2.6 it converges pointwise to f. If f > 0, note
that infx f > 0, as K is compact. Hence the subnet (a) Linf f<a<f consists entirely of

positive functions. O

We will also use the following result, which is part of Theorem II.1.8 in [1], due to

Kadison.

6.2.9 Proposition. If (X, X, u) is a complete order-unit space, then ® : X — C(S(X)),
given by
o(z)(p) =p(x)  (zv€X,peSX)),

satisifies ®(X) = A(S(X), X').

This result shows that for every f € A(S(X), X’) there is a unique z € X such that f

is the evaluation map of x. With some effort we can make Kadison’s result more precise.

6.2.10 Corollary. If (X, X,u) be a complete order-unit space and f € A(S(X),X’),
then f is strictly positive on the state space S(X) if and only if f is the evaluation map

o
of some x € X{.

Proof. We will first show the implication from right to left. Let u € X be an order-unit
such that ¢(u) = 1 for all ¢ € S(X). For all z € X} we can find a A\, > 0 such that
x > Agu. For the evaluation map f, of x we find for all ¢ € S(X) that

fo(p) = o(z) = Azp(u) = Ay > 0.

To show the implication from left to right, suppose that f is strictly positive on S(X). By
Proposition 6.2.9 there exists a unique x € X such that f = f,, the evaluation map of x.
Suppose that x € X \ X7, note that there exists some A > 0 such that z =z 4+ Au € 90X
as u is an order-unit. We will construct a linear functional ¢ € S(X) such that ¢(z) = 0.

Note that the line {az : @ € R} is a closed convex subset of X and X9 an open convex
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subset of X. By the Hahn-Banach separation theorem there exists a linear functional

¢ € X’ and some s € R such that for all & € R and all y € X¢ we have

plaz) < s < p(y).

As ap(z) < s for all @ € R we find that ¢(z) = 0. Furthermore, since ¢(ay) > s for all
a>0and all y € X9 we find that s = 0. Hence ¥ = ¢/¢(u) € S(X) and

() = $(z) = Mp() = =X < 0.

O]

Finally we need the following two results due to Walsh in [66], for the first we will
follow the proof of Walsh, for the second result we will use a variation on the proof of the

first result.

6.2.11 Lemma. Let K C X be a compact convez set of a locally convex Hausdorff space
X and let fi1, fa: K — (0,00] be upper-semicontinuous affine functions. If for all positive
g € A(K, X) we have supg % < supg %, then f1 < fo.

Proof. Let y be an extreme point of K and let 17,3 be the indicator function of {y}, so
f(z)=1ifz =y and f(z) =0 for all x € K\ {y}. We also define 1{1} as the function

Y

for which ﬁ(y) =1 and ﬁ(m) = oo otherwise. This is an affine lower-semicontinuous
Y Y
function on K, so by Corollary 6.2.8 we can find an increasing net (go) of positive affine
continuous functions converging to ?1} We can now apply Lemma 6.1.6 to find
Y

f1(y) = sup fily,y = limsup ul < limsupé = sup folgy = fa(y).
K @ K Yo @ K Ya K

So fi(y) < fa(y) for any extreme point y of K. By Choquet’s Theorem [58, Page 14] we
have that fi; < fs. O

6.2.12 Lemma. Let K C X be a compact convez set of a locally conver Hausdorff space
X and let fi, fo : K — (0,00] be lower-semicontinuous affine functions. If for all positive

g € A(K, X) we have supK% < supy %, then f1 > fo.

Proof. As fy is a lower-semicontinuous affine function, by Corollary 6.2.8 we can find
an increasing net (g,) of positive continuous affine functions converging pointwise to fa.
Applying Lemma 6.1.6 gives us

supé = limsupg—a < limsupg—a =1,
K fi ok i e gk f

and thus fo < fi. O
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We can now classify the Busemann points of the Funk and reverse-Funk geometry.

6.2.13 Theorem. [66, Theorem 7.1] Let (X, X1, u) be a complete order-unit space. The
Busemann points of the Funk geometry on X are precisely the functions of the following
form:

p(x)

=1 RERNES X
tr(@)=log sup oy @eX)

where g is a weak™® lower-semicontinuous non-negative affine function on S(X) with infi-

mum 1 which is not the evaluation map of some v € X,.

Proof. Let &p be of the above form. By Corollary 6.2.8 there exists an increasing net (f,)
of strictly positive continuous affine functions on S(X) converging pointwise to g. Using
Corollary 6.2.10 we can find a corresponding net (z,) in X§ such that fo = fz,[g(x) for
all a, where f;,[g(x) is the restriction of the evaluation map of z, to S(X). Note that for
all z € X9 the net (1%) is decreasing and converges pointwise to (%) By Lemma 6.1.6
and Proposition 6.2.5 we find

limdp(x,z,) = limlog sup #(z) =log sup leog sup @
(0%

a7 oes(x) falp) ves(x) 9(®) ver(x) 9(¢)

In particular limg dr(u, o) = logsup,ecg(x) TI) =0, as infg = 1, So ip(x,) converges to

o
¢ and is almost non-increasing, which by Proposition 6.1.5 shows that £ is a Busemann
point.

Now let (z,) be an almost geodesic net in X such that ir(z,) converges to a Buse-
mann point, by scaling if necessary we may assume that for all a we have dp(u,z4) = 0.
For all « we denote f, = f;,. By Proposition 6.1.5 (ir(x,)) is a non-increasing net, so for

all € > 0 there is an index A such that for all & > a > A we have for all z € X9 that

wp L0 e o)

ees(x) far(®) = pesix) falp)

By Lemma 6.2.12 it follows that f, > e™¢ f,. Hence (—log(f,)) is a almost non-increasing
net of weak™ continuous functions, so by applying Lemma 6.1.6 we find (—log(f,)) con-
verges pointwise to some weak™ upper-semicontinuous function —log(g). It follows that g
is weak™® lower-semicontinuous. Furthermore by applying Lemma 6.1.6 again we find for
all x € X§ that

¢(z) =limlog sup #(z) =log sup #(z)

a7 Lepx) falp) ver(x) 9(p)’

which is the required form. Finally note that 0 = {(u) = logsup,cg(x) ﬁ gives that

inf g = 1 and, since £ is a horofunction, g cannot be the restriction of the evaluation map

of some x € X9 to S(X). O
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6.2.14 Theorem. [66, Theorem 6.3] Let (X, X, u) be a complete order-unit space with
state space S(X). The Busemann points of the reverse-Funk geometry on X are precisely

the functions of the following form:

Er(r) =1 gchng) () (z € Xy4)

where h is a weak™ upper-semicontinuous non-negative affine function on S(X) with supre-

mum 1 which is not the evaluation map of some x € X.

The proof of this result is similar to that of Theorem 6.2.13 and can be found in full
detail in [66].
Finally, to prove Theorem 6.2.3 we will first show that a Busemann point of the Hilbert
geometry is the sum of a Busemann point of the Funk geometry and a Busemann point of
the reverse-Funk geometry. Then we will show which particular combinations of Busemann
points of the Funk and reverse-Funk geometry give rise to a Busemann point of the Hilbert

geometry.

6.2.15 Proposition. Let (X, X ,u) be a complete order-unit space. A net (zq) in (X9)
1s almost geodesic in the Hilbert geometry if and only if it is almost geodesic in the Funk

and reverse-Funk geometry

Proof. For all a, o/ indices we define

R(a,d) = dr(u,zq) + dg(2a, tor) — dr(u, x41)
Fla,d) =dp(u,xa) + dp(Ta, Tor) — dp(u, Tor)

H(a, o) =dg(u,za) + dg (e, o) — dg(u, xor)

By the triangle inequality R, F' and H are non-negative and clearly H = F'+ R. Now let
e > 0 and suppose there exists an index A such that for all ' > « > A we have H(«, /) <
e. Since R and F are non-negative, it follows that R(a, ') < e and F(a,a/) < e. In the
same way if there exists an index A such that for all @’ > o > A we have R(a, ) < §

and F(a, ) < 5, then H(a, o) < €. The result follows by Proposition 6.1.5. O

So a horofunction of the Hilbert geometry £z is a Busemann point if and only if there
is a net (x,) which is almost geodesic and converges to some £z and g in the Funk and
reverse-Funk geometry respectively such that £ = £ + €r. One can show such a net
exists for any ¢ a non-negative affine weak™ lower-semicontinuous function and h a non-

negative affine weak™ upper-semicontinuous function on S(X) with supg = inf h =1 and
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g(p) = 0if h(yp) is finite. To see this, for g and h satisfying the conditions above consider

the following set

C={(f,f) e AS(X), X")xA(S(X),X") : f = \f for some X\ € (0,1] and g < f < f' < h}.
(6.2.1)
Recall that by Proposition 6.2.9 f and f’ are evaluation maps for some x € X and as f

and f’ are strictly positive by Corollary 6.2.10 we have z € X?.

6.2.16 Example. Again it might be useful to view C in the context of Example 6.2.4.
Consider the order-unit space (R™,R’,u) where R} = RY, and w is the constant one
vector. Let y, z € OR? with ||y|lcc = ||z]lcc = 1. Taking g = y and h = 27! as defined in
Example 6.2.4 we find that

C={(z,2) € X' x X' : X\ €(0,1] and for all i we have y(i) < Mz (i) < (i) < 271 (i)}

We can define a partial order on C the following way: (f1, f1) =< (fe, f3) if and only if
f1 > foand f] < fi. We will show that with respect to this partial order C is a directed

set and the net ((f, f')) rec converges to (g, h).

6.2.17 Lemma. Let (X, X;,u) be a complete order-unit space. If g is a non-negative
affine weak* lower-semicontinuous function and h is a non-negative affine weak™ upper-
semicontinuous function on S(X) with supg = infh = 1 and g(v) = 0 if h(y) is finite
and C is as in equation (6.2.1), then g = inf{f : (f, f') € C} and h = sup{f": (f, f') € C}.

Proof. Consider X’ x R equipped with the product topology where X’ is equipped with
the weak*-topology and R is equipped with the Euclidean topology. Note that by Propo-
sition 5.2.5 we have that

hypo(g)>0 = {(¢,A) € S(X) xR: g(p) > A > 0}

and

epi(h) = {(p,\) € S(X) x R: h(p) < A}

are closed convex sets. Furthermore hypo(g)>o is compact, as hypo(g)>o C S(X) x [0, 1]
and S(X) x [0,1] is compact. Recall that S(X) is weak*-compact.

Let ¢ € S(X) and let A < h()). The convex hull H = co (hypo(g)>o U {(¢),\)}) is a
convex compact set which is disjoint with epi(h), as h is affine. So by the Hahn-Banach

separation theorem [33, Theorem 1.2.10] there exists a continuous linear functional o on
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X' x R, strongly separating H and epi(h), i.e. we can find ¢, s,t € R such that for all
x € H and y € epi(h) we have o(z) < s <c <t <o(y). As for all ¢ € S(X) it holds that
o(p,g9(v)) < o(p,h(e)) we have o((0,1)) > 0. Furthermore, the hyperplane o(p,r) = ¢
strongly separates H and epi(h). Then &, given by

¢ —o((¥,0))
a((0,1))

for all ¢ € A where A is the affine hull of S(X), is an affine weak™-continuous function.

o(p) =

As for every 6 in the affine hull of S(X) we have 0(u) = 1, it is easy to check that we
can extend ¢ to a linear functional ¢’ on the linear span of A. Using the Hahn-Banach
extension theorem [33, Theorem 1.2.14] we can extend ¢’ to a linear functional f € X”.
Note that (f|s(x), flsx)) € C. Since a(p, f(v)) = c for all ¢ € A, we find that the
hyperplane {(¢, f(¢)) : ¢ € X'} strongly separates H and epi(h). Thus f(¢)) > X and as
A can be chosen arbitrarily close to, but not larger than h(¢), we find that sup{f’(x) :
(f, ") € C} = h().

The proof for g goes in the same way, using that hypo(g)>o is a compact convex set
and for all (¢, A) with g(¢) < A the convex hull H = co (epi(h)>o U {(¢,\)}) is convex

and closed and hypo(g)>o and H are disjoint as g is affine. O

6.2.18 Lemma. Let h be a weak™ lower-semicontinuous affine function on S(X) bounded
from below. If {f1,..., fu} is a finite set of weak™ upper-semicontinuous affine functions
on S(X) such that f; < h for all i, then there exists an f € A(S(X), X') such that for all

i we have f; < f < h.

Proof. The proof of this lemma is similar to that of Lemma 6.2.17, but this time we may

not assume that the f; are bounded below. For all 1 < ¢ < n we define

hypo(fi)n = {(¢,A) € S(X) xR : fi(p) = A = inf(h) = 1} U{(p,inf(h) — 1) : p € S(X)}

Note that hypo(f;)s is a weak* compact set disjoint with epi(h). Furthermore, as h is
affine it follows that the convex hull
n
H = co(|_J hypo(fi)int(n)-1)
i=1
is convex, compact and disjoint with epi(h). We now find an f € A(S(X); X') strongly

separating H and epi(h) in the same way as Lemma 6.2.17. O
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6.2.19 Corollary. Let g be a weak™ upper-semicontinuous affine function on S(X) bounded
from below. If {f1,..., fu} be a finite set of weak* lower-semicontinuous affine functions
on S(X) such that f; > g for all i, then there exists an f € A(S(X); X') such that for all

i we have f; > f > g.
Proof. Apply Lemma 6.2.18 to —g. O

6.2.20 Lemma. The set C, as defined in equation (6.2.1), is a directed set with respect

to <.

Proof. Let (f1, f1), (f2, f4) € C. By Lemma 6.2.18 there exists an f’ € A(S(X), X’) such
that f1, f5 < f' < h. Now consider the weak* lower-semicontinuous function min(f1, f2)—g
which due to compactness attains it infimum on S(X). As fi, fo > ¢ this gives that
inf min(f1, f2) —g > 0 and so we can find an ¢ € (0, 1) such that inf min(f1, fo) —g > > 0.
Let 6 > 0 such that 0 < §f'(¢) < e for all p € S(X). It follows that a = g + f is a

non-negative weak™® upper-semicontinuous function on S(X) such that

gv(sfiaéfé <a< flaf?-

As for all ¢ € S(X) for which h(yp) is finite we have that g(¢) = 0, it follows that
a < 6h. Using Corollary 6.2.19 we find a real-valued continuous linear functional b such

that g < a < b < fi1, f2,0h. Furthermore note that fi, f5 < § < % < h hence

b
(f1> f{)? (an fé) j (ba 5)
from which follows that C is directed. O

Now we can finally prove Theorem 6.2.3. Recall that we already have classified the
Busemann points of the Funk and reverse-Funk geometry in Theorem 6.2.13 and The-
orem 6.2.14. Moreover we have shown that a horofunction £y of the Hilbert geometry
is a Busemann point if it is the sum of £r and £r, Busemann points of the Funk and
reverse-Funk geometry respectively, such that there exists a net (x,) in X§ which is al-
most geodesic with respect to the Funk and reverse-Funk metric and lim, ip = £ and

lim, igr = &g by Proposition 6.2.15.

Proof Theorem 6.2.3. Let g, h satisfy the conditions in the Theorem. We can now define
the set C as in equation (6.2.1). We can now find a net ((¢ga,ha))acc in C by taking
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(9a» ha) = a. By Corollary 6.2.10 there is a net (z,) in X¢ and A, € (0, 1] such that g,
and h, are the evaluation maps of A\ z, and z, respectively.

Fix z € X3 and let f; be the evaluation map of x. By definition (?—;’) and (}{—Z) are

decreasing nets of functions on S(X), so by Lemma 6.1.6 both (%*) and (f%) converge
pointwise to some function and by Lemma 6.2.17 it then follows that (%) and ({:—z)
converge pointwise to (f%) and (ff) respectively.

Furthermore by Lemma 6.2.17 it follows that

. 9o g : fr «
lim sup === sup = and lim sup <= = sup =—

@ oesx) fr pes(x) fx @ oes(x) o pes(x)
If x = u, then, as for all ¢ € S(X) it holds that ¢(u) = inf h = supg = 1, we have
lim dp(u, \axq) = limdg(u,z,) = 0.
So for all z € X9 we have
limip(xy)(z) =limdp(x, zq) — dp(u,xs) = log sup g
a a pes(x) fa

and

limig(za)(z) = limdg(x,z4) — dr(u, zs) = log sup &
@ @ peS(X)

Note that as (dr(u, Aaqa)) and (dr(u, z4)) converge to 0, and (dp(x, A\axq)) and (dr(z, z4))
are decreasing, (ip(zq)(x)) and (ig(xq)(z)) are almost non-increasing nets. Therefore, by
Proposition 6.1.5, (z4) is almost geodesic with respect to the Funk and reverse-Funk ge-
ometry. By Proposition 6.2.15 £ is a Busemann point.

Finally suppose £y is a Hilbert Busemann point. Then there exists an almost geodesic
net (xo) in X¢ with respect to Hilbert’s metric. By Theorem 6.2.13 and Theorem 6.2.14
there exists a weak™ lower-semicontinuous non-negative affine function g on S(X) with
infimum 1 and a weak* upper-semicontinuous non-negative affine function h on S(X) with

supremum 1 such that g and h are not evaluation map of some x € X, and

im i =log su #(z) T °
hénzF(:Ea)(x)—l g@esg{) ) (x e X3)
and
h()

limig(zy)(z) =log sup (x € X9).

pes(x) ()
Recall that for all ¢ € S(X) we have

9() = lim (M (u/r0)xa) and h(p) = lime <M(§Z/u)) :
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so it follows that

log 9(e) = lim log p(za) M (u/zq)

h() p(2a) /M (2a/u)
By Proposition 6.1.3 we know that (z,) is not bounded, and thus lim, dg(u, z,) diverges

= lién log(M(u/zo)M(x0/u)) = lién d(u, zq).

to infinity. Hence for all ¢ € S(X) either g(¢) = oo or h(p) = 0. O

6.3 A description of horofunctions

We will now show a similar result for general Funk and reverse-Funk horofunctions of
order-unit spaces. For this we will first consider the horofunction boundary of C(K),
the positive continuous functions on a compact Hausdorff space K, which was described
by Walsh in [66]. It is well-known that C'(K) equipped with this cone is an order-unit
space with order-unit u the constant 1 function. The dual space of C(K) is known to
be rca(K), the space of all regular finite real-valued Borel measures on K, see Example
1.10.6 in [49]. One can easily see that the positive linear functionals rca(K')y are all regular
finite positive real-valued Borel measures on K. Then the state space is S(C(K)) = {u €
rca(K) 4 : u(K) = 1}, the probability measures, and the pure states are the Dirac masses,
i.e. measures d, for some z € K such that for all f € C(K) we have 0.(f) = [} fdo, =
f(z), hence E(X) = {0, € rca(K) : x € K}. Using this we can state the following result.

6.3.1 Theorem. [66, Proposition 9.1] Let K be a compact Haussdorf space. The horofunc-
tions of the reverse-Funk Geometry of C(K) are precisely the functions of the following
form:

g9(x)

Er(f) = logiglgm (f e C(K)3)

where g : K — [0,1] is an upper-semicontinuous function with supremum 1 which is not

both positive and continuous. Furthermore every horofunction is a Busemann point.

Before we can prove this theorem we will need a few preliminary results. First we need
a variation of the Lesbegue’s monotone convergence theorem by Baranov and Woracek,

see [4, Proposition 2.13].

6.3.2 Proposition. Let K be a compact Hausdorff space and let  be a regular Borel
measure such that u is positive, complete and pu(K) < oo. If I is a directed set and (f;)icr
is a monotone non-increasing net of upper-semicontinuous function, where f; : K — [0, o0

for all i € I, then if we set f(x) = inf;er fi(x) for all x € K we find

/ fdu:inf/ fi du.
K i€l J i
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6.3.3 Lemma. If K is a compact Hausdorff space and g : K — R is an upper-semicontinuous

function, then g = inf{f € C(K) : f > g}.

Proof. Let f € C(K) be such that f > g and let x € K such that ¢ = f(z) — g(x) > 0. As
f is continuous and g is upper-semicontinuous there exists an open neighbourhood U of x
such that for all y € U we have |f(z) — f(y)| < 7 and g(y) < g(z) + §. As K is normal,
Urysohn’s lemma gives us there exists a continuous function h : K — [0,1] , such that

h(z) =1 and h(y) = 0 for all y € K \ U. Define f : K — R by

) = fly) - gh(y) (y € K).

Note that for all y € K \ U we have f(y) = f(y) > g(y) and for all y € U we have

fw) = 1) = Shv) 2 (@) = S = Shiy) 2 e+ () — == 2 g0,
So f > f > g. Since f is continuous we find that g = inf{f € C(K): f > g} O

Finally we need the following result by Walsh which was provided in private commu-

nication with the author.

6.3.4 Lemma. Let K be a compact Hausdorff space. If g : K — R is an upper-semicontinuous

function, then g : S(C(K)) — R given by

i) = [ gdu wescw)
s a weak™ upper-semicontinuous function.

Proof. Let (uq) be a net in S(C(K)) converging to p in the weak* topology and let
f € C(K) be such that f > g. Then

1imo§up§(ua) < lim sup ta(f) = p(f).

Note that the set [ = {f € C(K) : f > g} is a downward directed set. By Lemma 6.3.3

(f)fer is a net converging pointwise to g. Applying Proposition 6.3.2 gives us

Jigéflu(f) = ()

Combining these two results we find

limsup §(pa) < inf pu(f) = p(g).
a fel
By Proposition 5.2.2 § is weak* upper-semicontinuous. O
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We can now prove Theorem 6.3.1

Proof Theorem 6.5.1. Let g : K — [0, 1] be an upper-semicontinuous function with supre-

mum 1 which is not both positive and continuous. We define

3w = /K gdu  pe S(C(K)).

Note that g is an affine function on S(C(K)) with supremum 1. By Lemma 6.3.4 § is weak™
upper-semicontinuous. Suppose that § is both positive and continuous. Note that if § is
positive, then for all z € K we have 0 < §(d,) = g(x), hence g is positive. It follows by the
definition of g that g is not continuous. In particular there is an € K and an € > 0 such
that for all open neighbourhoods U of x there exists a y € U such that |g(y) — g(x)| > e.

Consider ¢, and recall that a weak® neighbourhood basis of §, is given by sets of the form
V={pueC(K) :16:(g:) — p(g:)] < € forall 1 <i<n}

where n € N, £ > 0 and ¢y, ..., g, € C(K). Note that, as g, ..., g, are continuous functions
for all € there is an open neighbourhood U of x such that for all y € U we have |g;(z) —
gi(y)| < é for all 1 < i < n. Hence for every set V in the neighbourhood base of ¢, we can
find a neighbourhood U of x such that , € V for all y € U. Since there exist a y € U such
that |g(y) — g(x)| > ¢ we find that [§(6,) — §(d,)| > €. Thus g is not weak™ continuous,
which is a contradiction.
So g is a weak™ upper-semicontinuous function on S(C(K)) with supremum 1 which is
not both positive and continuous.

By Proposition 6.2.5 and the fact the the pure states are the Dirac masses we find for
all f € C(K)S that

" .
log sup ﬂ = log sup 5(0:) =log sup M

g
vek f(1) 5.€B(C(K))) 0z(f) pes(c (k) H(f)

which by Theorem 6.2.14 is a Busemann point with respect to the reverse-Funk geometry.

Now let (go) be a net in C'(K)S converging to a horofunction £z with respect to the
reverse-Funk geometry. By scaling we may assume that sup g, = 1. Note that by Proposi-
tion 5.2.5 (hypo(ga)) is a net of closed subsets of K x R, so by Mrowka’s Theorem 5.1.10
it has a Kuratowski-Painlevé convergent subsequence. So (g4) has a hypo-convergent sub-

sequence converging to a upper-semicontinuous function g. By Proposition 5.2.10 we have

that sup g = lim, sup g, = 1. Thus for all f € C(K)4 we have that QTQ and % are upper-
semicontinuous functions and by Lemma 5.2.11 (97"‘) is hypo-convergent to % Therefore
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by Proposition 5.2.10 we find

g9(z)

sup =—= = lim sup ga(x)'
cck f(7) a cer f()

Hence

én=logsup 450 (f € CUKL)

As &g is a horofunction it follows that g is not both strictly positive and continuous as

required. ]

6.3.5 Theorem. [66, Proposition 9.2] Let K be a compact Haussdorf space. The horo-

functions of the Funk geometry of C(K) are precisely the functions of the following form:

_ f(@) .
Er(f) = logjgflt; e (f € C(K)3)

where h : K — [1,00] is a lower-semicontinuous function with infimum 1 which is not both

finite and continuous. Furthermore every horofunction is a Busemann point.

Proof. Let {r be a horofunction of the Funk geometry and let (hq) be a net in C(K)S
such that limg ip(he) = & and inf,c g ho(x) = 1. Note that if 1/h,, converges to some g €
C(K)S. with respect to the reverse-Funk metric, then h, converges to 1/g € C(K) in the
Funk metric, so by taking a further subnet if required we may assume that lim, ig(1/hy)
converges to some horofunction g in the reverse-Funk geometry. By Theorem 6.3.1 there
is an upper-semicontinuous function g on K with supremum 1 which is not both strictly

positive and continuous such that

Er(f) = logiggfcig (f e C(K)3).

Note that h = 1/g is a lower-semicontinuous function on K with infimum 1 which is not

both finite and continuous. Furthermore for all f € C¢ we have
f(z)

(o) ) = ninl1/e) /1) = o s0p 85 he =10 75

One can use a similar method to show that for every lower-semicontinuous function h

Q

on K with infimum 1 which is not both finite and continuous

Er(f) = logig};m (f e C(K)3)

is a Funk horofunction. O
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Finite dimensional order-unit spaces for which all Funk and reverse-Funk horofunc-
tions are Busemann points are not rare. In fact, Walsh has shown in [63] that for finite
dimensional order-unit space all horofunctions of the reverse-Funk geometry are Busemann
points and all horofunctions of the Funk geometry are Busemann points if and only if the
pure states are weak*-closed. In Chapter 7 we will show that this is no longer the case
in infinite dimension where even “well-behaved” spaces contain non-Busemann horofunc-
tions. In the remainder of this section we will give a description of the horofunctions of a
general order-unit space using a result due to Kalauch, Lemmens and van Gaans in [34].
Recall that in a partially order vector space X a linear subspace Y C X is called order

dense if for all € X we have that x = inf{y € Y : y > z}.

6.3.6 Theorem. [34, Theorem 10] If (X, Xy,u) is an order-unit space and ¢ : X —
C’(E(X)*) is a map from X to the weak™® closure of E(X) given by ¥(x) = f, forx € X,

*

then ¢¥(X) is order dense in C(E(X) ).

Note that v is injective and gauge-preserving. We will use this to show that horofunc-

tions in X are horofunctions in ¢ (X).

6.3.7 Theorem. Let (X, X;,u) be an order-unit space. If {r is a horofunction of the

reverse-Funk geometry, then there exists an upper-semicontinuous function g : E(X)* —

[0, 1] with supremum 1 which is not both positive and continuous such that

=1 M X
gR(l‘) og y:;g() y(x)v ($ S +)a

Furthermore g has an affine extension to S(X) if and only if £&(x) is a reverse-Funk

Busemann point.

Proof. Let (xz4) be a net in X§ such that (ir(z.)) converges to a horofunction g and let
1 be as in Theorem 6.3.6. By scaling if necessary we may assume that dr(u,z,) = 0. We
will first prove that (ig(¢(x4))) converges to a horofunction. For this we need to show

that
dr(f, ¥ (xa)) = log(M (¢ (za)/f))
converges for all f € C (m*)i
Let f € C(m*)i, then by Theorem 6.3.6 we have f = inf{y(b) : b € X and ¢(b) >
f}. Note that 1(b) > f for some b € X implies p(b) > 0 for all ¢ € ﬁ* By the proof

of Proposition 6.2.5 this implies that b € X?. Since v is Gauge preserving we know that
Boa = M(2a/b) = M(1(za)/1(b)).
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We define 3, = supy)> 7 Bb,a and claim that 85 = M (1 (zq)/f). Clearly

P(Ta) < w(i(gfzfﬁb,aw(b) < Ba w(igfzf%b(b) = Baf

so M (1p(z4)/f) < B%. Now suppose there is some 3, < 3% such that M (¢ (za)/f) < Ba-Let
(b)) be a sequence in X such that 9 (b,) > f and

*

A5, B = Jizg, M(@a/bn) = Bz

As E(X )* is compact, by Proposition 6.2.5 we have that for every n there exists a ¢, €
E(X)* such that

Bbp,a = sup =
YeEX)" ©(bn) ¢n(bn)

Let e = 5} — Ba. For n large enough we find

(@) (Bn) = Bonath (bn)(n) > (B — €)1 (bn)(6n) = Batb(bn)(dn) > Baf (dn).

Hence 1(24) £ Baf, which is a contradiction. So we conclude that M (¢ (za)/f) = BE.

Now all we have to prove is that

ligén exp(dr(f,¥(zq))) = liorén M(Y(za)/f) = ligén By =1lim sup Bpa

¢ p(b)>f
exists. Let (ya)aca be a net in E(X) such that SUD, 55" M;E’y))(y) _ w(%jil)/a)_ Such

a net exist as F(X )* is compact. Also by compactness there exists a subnet (yq)acp of

(Ya)aca such that limyepya =7 € E(X)* and

. w(xa)(ya) T ¢($a)(ya)
o ) et T
Finally let (bg)gec be a net in X such that ¢(bg) > f and limgec ¢(bg) (W) = f(¥).

As 1(z4) is continuous and bounded and f is continuous and inf f > 0, we find that for
¥(

all € > 0 that for a € B large enough we have ?2’;3") < w(;‘(’g))@) + . It follows that for
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all £ > 0 we have

sup expér(b) = sup lim By, = sup liminf g,

w(b)2f w(b)2f @4 w(b)=f €A
<liminf sup fpo = hmme( (za)/f) <limsup M (¢(za)/f)
€A y(b)>f acA
. Y(za)(y) : Y(za)(Ya)
—1 YW&a)W) _ YZa)Ya)
msup sup HZ = timoup 7S
¥(%a)(Ya) Y(za)(y)

T . 1/1(%)(? w(bﬁ)(g) 1/1(%)@)
SR @) F@) T e b)) T C
Wra)y)
= Rath i) T D etk e e

= sup exp&r(b)+e¢
Y(b)=f

By letting € tend to 0 we find that lim,ca SUp, Erxy” % = Supy > Sr(D), hence

(ir(1(z4))) converges to a horofunction of the reverse-Funk geometry.

By Theorem 6.3.1, for some subnet of (¢(x,)) and for all a« € X we know that

limd(a, z0) — d(u, 74) = limd(u(a), $(xa)) — d(u, (za))

«

9(y)
yeE(X)" ¥(a)(y) yeE(X) Y a)

where g : E(X )* — [0, 1] is an upper-semicontinuous non-negative function with supre-

mum 1. Since we know the entire net converges we find that

tra) =log sup LY.
yGE(X)* y(a)
Finally by Theorem 6.2.14 we find that £g(a) is Busemann if and only if ¢ is affine on

S(X). O
We can achieve a similar result for the Funk geometry.

6.3.8 Theorem. Let (X, X;,u) be an order-unit space. If (g is a horofunction of the
reverse-Funk geometry, then there exists an lower-semicontinuous function h : E(X)

[loo] with infimum 1 which is not both bounded and continuous such that

(y, x)
=1 3 ,
fo)=log b hy)

(x € Xy),

Furthermore h has an affine extension to S(X) if and only if £(x) is a Funk Busemann

point.
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Proof. Let ¢ be as in Theorem 6.3.6. The proof of this theorem is similar to the proof of
Theorem 6.3.7, using the fact that for any f € ¢¥(X) we have

f==(=f) = —inf{sp(b) € ¥(X) : ¥(b) = =} = sup{¢(b) € ¥(X) : ¥(b) < f}.
O

It should be noted this is not a classification for the horofunctions of the Funk and
reverse-Funk Geometry, but only a description, i.e. not every function of the form given in
Theorem 6.3.7 or Theorem 6.3.8 is a horofunction in the reverse-Funk or Funk geometry
respectively. This also makes it harder to give a meaningful description for horofunctions
in the Hilbert geometry for general order-unit spaces.

For the remainder of this thesis we will work on two things, first we will give an
answer to the question posed in [66] by Cormac Walsh whether there are order-unit spaces
with non-Busemann horofunctions in the reverse-Funk geometry, then we will classify the
horofunctions of the Funk, reverse-Funk and Hilbert geometry of spin-factors and more

generally JH-algebras.
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NON-BUSEMANN HOROFUNCTIONS

7.1 Non-Busemann horofunctions in the reverse-Funk geometry

We will now give a number of examples of spaces with non-Busemann horofunctions in
the reverse-Funk geometry. The first space we will consider is B(H)sq, the self-adjoint
bounded linear maps on a Hilbert space H. Recall that a Banach algebra X is a complete

normed vector space which is an associative algebra such that for all z,y € X we have
eyl < llzlllyll-
7.1.1 Definition. Let X be a complex Banach algebra, we call a map * : X — X, x — z*
an involution if for all a,b € C and all z,y € X we have

(i) (az +by)* = az* + by*,

*

(i) (zy)* =y a7,
(iii) and (*)* = z.

We call a complex Banach Algebra X with unit element e and involution map * a
C*-algebra if for all 2 € X we have ||z*z| = ||z||?>. We call an element = € X self-adjoint
if z = 2* and we denote X, = {x € X : z* = x} to be the set of self-adjoint elements.
We call a set A C X self-adjoint if for all x € A we have z* € A. For a C*-algebra X with

unit e we call the set o(x) = {\ € C: x — Ae has no multiplicative inverse} the spectrum

of x. X has a natural cone, consisting of all self adjoint element with positive spectrum
Xt ={reX:2"=xand o(x) C Rxp}.
The following result for the cone of C*-algebras is well known.

7.1.2 Proposition (Theorem 4.2.6, [33]). Let X be a C*-algebra with unit and let v € X.

Then the following are equivalent
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(ii) There exists a y € X, such that x = y>.
(i1i) There exists a z € X such that x = zz*.

7.1.3 Example. Let £°°(C) be the set of bounded complex sequences with coordinatewise
multiplication and involution map * sending a sequence (x,) € ¢*°(C) to its complex
conjugate (T,). Note that the multiplicative identity is the constant 1 sequence and it is

easy to see that the standard positive cone

0 ={(xn) € £°(C) : &, > 0 for all n € N}

— {(2a) € €°(C) : ()" = () and o((z,)) C Ru}.

7.1.4 Example. Let H be a Hilbert space and let B(H) be the set of bounded linear
operators on X. B(H) is a C*-algebra when equipped with the composition as multipli-
cation and the adjoint as the involution map *. Note that the identity operator I is the
multiplicative identity and the cone is given by the self-adjoint operators with positive
spectrum, note that the concepts of the spectrum of an operator and the spectrum of an

element of a C*-algebra coincide. By Proposition 7.1.2 we have
B(H); ={A€ B(H)sq:0(A) C[0,00)} ={A € B(H)sq: (Az,z) > 0 for all z € H}.

Let X be a C*-algebra with unit e. Any element x € X can be written as x = a + ib
where a and b are self-adjoint by taking a = (z 4+ 2*) and b = 3 (z — 2*). Note that for
all 0 # x € Xy we can define z = x +ix. For all A > 0 we have that \x —2z = (A— 1)z +ix
which is not self-adjoint, so Az # z. It follows that a C*-algebra is not an order-unit space,
though one can easily check that (Xs,, X5, e€) is a real order-unit space.

Though X is not an order-unit space one can still introduce the concept of the state
space. We call a linear functional ¢ € X' a state if ¢ is positive and ¢(e) = 1, as usual we
denote S(X) to be the set of all states of X and we call S(X) the state space of X. We
call the extreme points of S(X) the pure states and we denote E(X) to be the set of all
pure states of X.

This definition may appear confusing with our former definition of states and the state
space on order-unit spaces, but the state space of the C*-algebra X can be identified

with the state space of the order-unit space (X4, X4, €). To see this note that any linear

87



CHAPTER 7: NON-BUSEMANN HOROFUNCTIONS

functional ¢y € (Xsq)' can be uniquely extended to a linear functional ¢ € X’ by
go(a:):i(npo(x—i-x ) — i (iz —iz™)) (x € X),

so the map @ : Xz, — X' given by ®(p(0)) = ¢ is an isomorphism. As X and X, have
the same cone we find that ¢ is positive if and only if ¢ is positive, and since pg(e) = ¢(e)
we find that ¢q is a state if and only if ¢ is a state. It follows that ®(S(Xs,)) = S(X).
Furthermore, as ® is an isomorphism, we find that for any ¢, 11,19 € X, and X € (0,1)
that ¢ = A1 + (1 — A)a) if and only if ®(p) = AP(¢1) + (1 — A)P(e)2), so ¢ is a pure
state if and only if ®(¢p) is a pure state. For more details see [2, Page 51].

7.1.5 Example. Consider ¢>°(C). It is known that ¢°°(C) is isomorphic isometric to
C(BN), the continuous functions on the Stone-Cech compactification of N. As AN is a
compact Hausdorff space, we find that the state space and pure states of £°°(C) is identical
to the state space and pure states ¢>°(C)y, = ¢°°(R) which by the previous section we
know to be the set of probability measures on SN and the Dirac masses. Since /4, is an

commutative C*-algebra we can find a different way of classifying the pure states.

7.1.6 Proposition (Proposition 4.4.1, [33]). Let X be a commutative C*-algebra, then a

linear fuctional ¢ € X is a pure state if and only if p(xy) = p(x)e(y) for all z,y € X.

From this it follows that the pure states of £°° are precisely the multiplicative linear
functionals. The state space and pure states of B(H) are harder to find, we will study the
geometry of the state space and particular the pure states of B(H) later in this section.

The following results can mostly be found as results or exercises in [33] by Kadison
and Ringrose. We have included proofs for the readers convenience. We will first show a

Cauchy-Schwartz type inequality for C*-algebras.

7.1.7 Lemma. Let X be a Cx-algebra and let ¢ be a positive linear functional on X.

Then for all x,y € X we have

(i) p(z*y) = (y*z) and

(i) lo(zy)® < o(z*2)o(y*y).
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Proof. By Proposition 7.1.2 it holds that for all A € C and all z,y € X we have

0<o((Az+y)"(Az+y))
= |APe(z*z) + Ao(*y) + Ap(y*z) + (v y)

= |APe(z*z) + Re (Ap(z*y) + Ap(y*z)) + o(y*y).

From the above we find Im(A¢(y*z)) = —Im(Ap(x*y)). Now pick A € C with |[A| = 1 such
that Re(A¢(y*x)) = 0. We find

SIS

(Im(Rp(*y))?)

= |p(z"y)|.

lo(y*z)| = (Re(Ap(y*x))? + Im(Ap(y*z))?)

< (Re(Ap(2*y))? + Im(Ap(z*y))?)

D=

In a similar way we can show that |o(x*y)| < |p(y*z)| which yields (i), as Im(p(y*x)) =

—Im(p(2"y)).
For (ii) let A be such that A\p(y*z) = |A||e(y*x)|. Then

0 < o((A\x +y)" (o +1)) = APo(a"2) + Mo (y"2))| + ¢(y"y)
hence the quadratic-formula gives us
Ale(y*e))? < dp(a*)p(y*y)
which gives us (ii). O
Let H be a Hilbert space and let x € H be a unit vector. We call ¢, € B(H)' given by
pz(A) = (Az,x) (A€ B(H))

a vector state. Note that ¢, is linear, ¢, (I) = 1 and by Proposition 7.1.2 we have that
for all A € B(H)y there exists a B € B(H) such that B*B = A, so p(4) = (Az,z) =
(Bz, Bx) > 0. So ¢, is a state.

7.1.8 Proposition. If H be a Hilbert space, then all vector states of B(H) are pure.

Proof. Let x € H be a unit vector and let ¢, be a vector state. Let P, be the projection
on Cz and let P,1 be the projection on (Cz)*. Clearly ¢,(P,) = 1 and ¢, (P,.) = 0. Let
1,99 € S(B(H)) and X\ € (0,1) such that A\ + (1 — N)ipo = ¢,. Note that ¢;(P,) <
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¥i(I) = 1 hence 9;(P,) = 1. Also note that ¢;(P,.) = 0. By Lemma 7.1.7 for all A € B(H)
we have

0i(AP, ) * < ¢i(AA*)Yy(P,1) = 0.
Hence for all A € B(H) we have
Vi(A) = i(APy) + i(AP,1) = ¢i(AP;).

Using this and Lemma 7.1.7 we also find for all A € B(H)

Vi(A) = hi(A*) = (A Py) = ¢i(PpA).
Finally note that for all y € H we have
P, APy = (y,z) Py Ax = (Ax,x)(y, z)x = (Az, z) Pyy.

Thus
Vi(A) = i(PpAPy) = (Az, 2)¢i(Pr) = ¢a(A).

O

Though not every pure state of B(H) is a vector state one can show that the vector

states lie dense in the weak™ closure of the pure states.

7.1.9 Theorem (Theorem 4.3.9, [33]). Let X be a C*-algebra with unit e and let A C X
be a self-adjoint subspace containing e. If So C S(X) is a subset of the space state of A,

then the following are equivalent:
(i) If x € A and o(x) >0 for all ¢ € Sy, then x € AL.
(ii) For all self-adjoint x € A we have ||z| = sup{|p(z)|: ¢ € So}.
(iii) co(So)” = S(4).
(i) E(A) C Sy .

7.1.10 Corollary. Let H be a Hilbert space, then for every self-adjoint operator A €
B(H)s, we have
[All = sup{[(Az, z)| : x € H, [|z|| = 1}.

Furthermore if Sy is the set of the vector states then Sy = E(B(H)) and co(Sy) =
S(B(H)).
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Proof. Since
B(H)y ={A€ B(H): (Az,z) > 0 for all z € H}

we know that A € B(H); if and only if p5z(A) > 0 for all x € H where ¢, is the vector

state of . The result now follows from Theorem 7.1.9. O

7.1.11 Definition. Let A, B be C*-algebras. We call ¢ : A — B a *-homomorphism if
it is linear, multiplicative, carries the unit to the unit and respects the involution. i.e. for

a,be A, \,u € C and ey and ep the respective unit vectors of A and B we have
(i) w(Aa+ pb) = Ap(a) 4 pep(b).
(ii) @(ab) = ¢(a)p(b).

(iii) p(es) =ep.

One of the advantages of a *-homomorphism is that it send states to states and pure

states to pure states.

7.1.12 Proposition (Exercise 4.6.22, [33]). Let ¢ : X — Y be a surjective *-homomorphism

between two C*-algebras and let p be a linear functional on'Y . Then
(i) po is a state if and only if p is a state.
(ii) po ¢ is a pure state if and only if p is a pure state.

Proof. We start by proving (i). Suppose p is a state. Clearly p(¢(ex)) = p(ey) = 1 and
p o is linear. Also by Theorem 7.1.2 we know that for any positive x € X, there exists a

y € X such that x = y*y. Hence

ple(x)) = ple(y™y)) = ple(y) e(y)) > 0

which proves that p o ¢ is a state. Now suppose p o ¢ is a state. Clearly since ¢ is a
*_homomorphism we have 1 = p(p(ex)) = p(ey). Let x € Y be positive, again there exists
a y € Y such that x = y*y is positive. As ¢ is surjective there exists a z € X such that
©(z) =y, we find

p(z) = p(y*y) = ple(z"2)) 2 0
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which completes the proof of (i).

Now for (ii) suppose that p o ¢ is a pure state and let A € (0,1) and 11,19 states on
Y such that p = APy + (1 — A)he. Then, as pop =Ap1op+ (1 —N)ihgop and poyp is a
pure state, we have 11 o0 =19 0 = po . Since @ is surjective we have Y1 = ¥y = p, so
p is a pure state.

Finally suppose p is a pure state. Let A € (0,1) and let 11,19 be states on X such
that poy = b1 + (1 — A)tha. Let = € ker(p), note that ker(ip) is a self adjoint subalgebra
as ¢ is a *homomorphism. In particular we find that x*z € ker(yp). By Proposition 7.1.2
we have that 2%z € X, so ¢1(x*x), Ya2(x*z) > 0 = p(p(z*x)). It follows that for i = 1,2

we have ¢;(z*x) = 0 and by Proposition 7.1.7 we find

0 < [i(x)] = [Yi(e™x)| < pi(e”e)dhi(z™x) = Yi(z"z) = 0

So ¢, and 1y are 0 on ker(p). Therefore, for i = 1,2, we can define a linear functional v;
of Y by &Z(y) = 1;(x) where y € Y and z € ¢~ (y). It is easy to verify that for i = 1,2
we have 1); 0 p = ;. By (i) it follows that v; is a state and, as

pow =M+ (1= Nty =Arop+(1— Ao

and p is a pure state, we find that p = wAl = Qﬁg. Hence pop = 11 = 92, so pop is a pure
state. [

Finally before we can show that the pure states of B(H) are not weak*-closed we need

the following results.

7.1.13 Theorem (Theorem 4.3.13(iv), [33]). Let X be a C*-algebra with unit e and let
A C X be a self-adjoint subspace of X containing e. If p is a pure state of A, then p

extends to a pure state of X.

7.1.14 Lemma. Let H be a Hilbert space. If () is a sequence in H converging weakly
to 0, then (zy,) is bounded.

Proof. Suppose (x,,) is not bounded. Let (x,, ) be a subsequence of (x,,) such that 4|z, || <
| %0, || for all k& and W(a}nk,mn) < g7 for all i < k. Note that we can find a

subsequence satisfying the second condition as lim,, o (Zp, Zn,) = 0. Also note that, since

a 1 1 1
1Y —sl< < Y o <o,
= [z, | Pt m |l =4

[zl —
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we have that (D°;_; H;C#Hz is a Cauchy sequence. Since H is a Hilbert space it converges
Nk

to some x € H. Then by the Cauchy-Schwarz inequality we have

<xnk’w”i> G <x”k7xnz>
(o,0) = Y S gy $7 BoaaZn)

1 20,
>jei- Y

Hence lim,, oo (x, zp, ) either does not exist or is non-zero. It follows that (z,) does not

converge weakly to 0. d

We will now show that there exists a pure state of B(H) which is 0 on the compact
operators. This pure state can be used to create a state which is not pure, but lies in the

weak™ closure of the pure states.

7.1.15 Lemma (Exercise 4.6.57, [33]). If H is an infinite dimensional Hilbert space, then

there exists a pure state p of B(H) which is 0 on KK C B(H), the set of compact operators.

Proof. Consider the C*-algebra (., with involution (z,)* = (Z,) and unit e = (1)y. Note
that ¢ C £, the set of converging sequences, is a commutative C*-algebra. Let pg : ¢ — C

be a linear functional given by

po((xn)) = lim z,. ((zn) € )

n—oo

By Proposition 7.1.6 we have that pg is a pure state and by Theorem 7.1.13 we can extend
po to a pure state p on f.

Now consider Ly the set of all sequences (uy) in H which are weak convergent to 0.
Note that Loy is a vector sequence space. Let (uy), (vn) € Lo. As (u,) and (v,) weakly
converge to 0, by Lemma 7.1.14 we have (||uy||), (||vn]]) € ¢oo. By the Cauchy-Schwarz
inequality we have

[ (wn, v) | < lunl[[|vn]

$0 ((Un,vp)) € loo. We define (-,-)g : Lo x Lo — C by

((un), (vn))o = p(((un; n))nen) — ((un), (vn) € Lo)-
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Note that, since p respects conjugacy, (-, )¢ is conjugate symmetric. Clearly (-, -} is linear
and, as p is positive, (-, -)g is semi-positive definite. Thus (-, -)g is a semi-inner product and
the corresponding || - [|o is a semi-norm.

Now let Ny = {(un) € Lo : ||(un)]lo = 0} and define £1 = Lo/Npy. Then (-, )1, given by
(x + No,y + No)1 = (z,y)o for all z,y € Ly, is an inner product. We denote by || - [|1 its
associated norm. Let £ be the completion of £1, then (L, ||-|/1) is a Hilbert space. Consider

the linear operator m : B(H) — B(L1) given by
7o(T)((un) + No) = (T'un) + No (T € B(H), (un) + No € L1).

Claim: 7y is well-defined and continuous.

Note that for all (uy) € Lo we find, as p is positive, that

[(Tun)llo = p((ITunl)) < p(IT [ ([[unl))) = 1T o((lunl)) = 1T (uwn)lo-

In particular this means that if (u,) € No, then (Tu,) € Ny, so g is well-defined and
|70 (T) (un + No)ll1 < [T (wn) + Noll1.

As mp is continuous we can extend it uniquely to a continuous linear operator 7 : B(H) —
B(L).

Claim: 7 is a *-homomorphism with kernel K.
Clearly 7 is linear, multiplicative and 7 (I) = Iz. Also note that for (u,), (v,) € Lo we

have

(m(T) (un) + No, (vn) + Nojr = p(((Tun, vn))) = p(({tn, T"vn)))
= ((un) + No, m(T")(vn) + Nohr

So m(T)* = n(T*) and therefore a 7 is a *~homomorphism. Now let 7" € B(H) such that
7(T) = 0. Note that this is the case if and only if for all (u,) € Lo we have that (T'u,) € Ny
ie. limy oo ||Tup|| = 0 for all (u,) € Lo. As T is compact if and only if for all sequences
(un,) weakly converging to some u we have lim,_, ||7'(u — uy)|| = 0, see [16, Proposition
V1.3.3], we find that ker(r) = K.

Then by Lemma 7.1.12 we find that po 7 is a pure state on B(H) which is 0 on . [

7.1.16 Theorem (Exercise 4.6.69, [33]). If H is infinite dimensional, then the pure states
of B(H) are not weak* closed.
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Proof. Let x € H with ||z|| = 1, let ¢, be its corresponding vector state and let p be a
pure state of B(H) which is 0 on K, the set of compact operators of B(H). Such state
exists by Lemma 7.1.15. Consider the state w = Mg, + (1 — A)p for some X\ € (0,1). We
will prove that w is the weak* limit of vector states. We know by Corollary 7.1.10 that the
pure states of B(H) are contained in the weak™* closure of the set of vector states. Hence
there exists a net of unit vectors (y;,) in H such that the sequence of vector states (¢, )

weak* converges to p. Now we know that the sets
{0 € BH) : ||(w—0)Ai|| <eforalli=0,....,m} (¢>0,meN, Ay,..., A, € B(H))

form a neighbourhood basis around w for the weak* topology. Now let ¢ > 0, m € N and
let Ai,..., Ay, € B(H). Let P be the projection on span(x, Ajz, ..., Apz, Ajz, ..., A} x)
and define y, = (I — P)y.,/||(I — P)y.,||. Note that

Yo L span(x, A1z, ..., Apz, Alz, ..., A} x))

m

for all o. Furthermore, note that P, A;P, AP and PA;P are compact operator for all

1=1,...,m. Also note that

lim [|(1 = P)yg|* = lm{(I — P)yg, (I = P)ya) =lim{(I = P)yg, y4)

= limpy, (I — P) =p(I — P) = 1.
«
Let zq = A2z + (1-— )\)%ya and consider

lim [(w = ¢z, ) Ail = lim [AMAiz, 2) + (1= A)p(4i) = MAiz, ) = (1 = A){Aia; Ya)

— AZ(1 = \)2 (Yo, A7) — AZ(1— \)2 (A2, ya)|
=lim (1 = M)p(Ai) = (1 = M) (Aita, Ya)|
. 11—\
= lim |(1=A)p(A;) — m(%y;, Yo) — (AiPyp, Yn)

— (Yo A7 Pyo) — (PAiPY,, yp))|
= |(1 = N (p(As) — p(A;) — p(A;P) — p(AfP) — p(PA;P))| = 0.

Hence for « large enough we find
0., €{0 € B(H) : ||[(w—0)A4;]| <eforalli=0,...,m}.

So w is contained in the weak™ closure of the pure states. O
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Note that we need H to be infinite dimensional, as for finite dimensional spaces the

pure states of B(H) are weak* closed. To see this recall the following result.

7.1.17 Proposition. Let H be a Hilbert space. If (xo) is a net of unit vectors in H
converging to a unit vector x in norm, then the vector states (y5,) converge in operator

norm 1o Qg.

Proof. Let (z4) be an net of unit vectors in H converging to some unit vector z. Let

A € B(H). Consider

[(Aa; 20) = (Az, 2)| < [(ATa, T — 2)| + [(Alza — ), 7)]

< lAlllzalllza — 2l + [|Alllza — |||z
O

7.1.18 Corollary. Let H be a finite dimensional Hilbert space. Then the set of pure states
of B(H) is weak™ closed.

Proof. Let (x,) be a net of unit vectors in H such that ¢, converges in the weak™ topology.
As H is finite dimensional we can find a norm convergent subnet (xg) converging to some
unit vector z. By Proposition 7.1.17 it follows that lim, ., = ¢.. As by Corollary 7.1.10
the vector states lie dense in the weak* closure of the pure states, it follows that all pure

states are vector states and that they are weak™ closed. O

For H infinite dimensional we can now show there exists a reverse-Funk non-Busemann

horofunction.

7.1.19 Lemma. Let H a Hilbert space and let y,z € H unit vectors. If P, and P, are

projections on Cy and Cz respectively, then
P+ P < (14 (5.

Proof. We know that
Py+ P, <r(Py+ P.)I

where r(Py, + P,) is the spectral radius of P, 4+ P,. We know that

r(Py+ P.) = sup ((Py+ P.)z,z)

,[|z)|=1
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Let 2 = x1 + 22 € H with z1 € span(y, z) and 3 € span(y, z)*. Consider that
<(Py + PZ)$’ $> = <(Py + Pz)x17x1>-

So the supremum is attained on span(y, z). Note that on span(y, z) we can rewrite P+ P,
by

(Py + P.)(ay + bz) = b=y “Voal”
(y,z) 1 b b

Hence the spectral radius is the largest eigenvalue of A which is given by the equation
(L =22 = [y 2)P = A2 =22 = [(y, 2)]* + 1.
This equation has solutions A = 1 £ [(y, z)|. Hence
r(Py+P:) =1+ |(y,2)-
O

7.1.20 Theorem. Let H be an infinite dimensional Hilbert space. Then there exists a net

of affine functions on S(B(H)) which has non-affine limit in the hypograph topology.

Proof. Let z,p and w = Ap; + (1 — A)p be as in the proof of Theorem 7.1.16. Let (y,) be
a net in H such that the net of vector states (¢,, ) converges to w in the weak™ topology

and let P, be the orthogonal projections on Fy,. We define 6, : S(B(H)) — C by

904(1:[)) = ¢(Pya)

Note that, since the hypographs of 6, are subsets of a Hausdorff space, by Mrowka’s
theorem 5.1.10 we may assume that, by taking a subnet if necessary, (6,) is hypograph
convergent to some 6 : S(B(H)) — C. We will now show that 6 is not affine.

First note that (w,limg 04(py,)) is a limit point of (hypo(6y)) as (¢y.,0a(¢y.)) €
(hypo(0a)) - So

O(w) > li;néa(cpya) =1.

Also note that for all states ¢ € S(B(H)) we have 0,(¢) = ¥ (Py,) < ¥(I) = 1 we have
that 6(¢)) < 1. In particular we find that #(w) =1 and 0(p) < 1.

Let z be some unit vector with corresponding vector state ¢,. We will show that
0(p.) < A. As 0 is the hypograph limit of 6, we have that (p.,0(p.)) is a limit point of
(hypo(8a)). Since the set

X, ={U.=U x (0(py) —€,0(¢.) +¢) C S(B(H)) xR : U is a neighbourhood of ¢}
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is a neighbourhood base of (., 0(¢,)) we can define for every U; € X, an ag. such that
for all & > ag. we have hypo(6,) NU; # 0 and |p,, (P.) — w(P(2))| < e. Hence for every
U. € X, we can fix a ¢y, € U such that 0, (Yv.) > 0(¢.) — e. Note that X, equipped
with the partial order < given by U, < Vjy if and only if U, D Vj is a directed set. As X,
is a neighbourhood base of (., 0(y,)) it follows that the net (¢y.) converges to ¢, in the

weak* topology. Hence for all € > 0 and Uy big enough we have

(Pz(Pz)_ng(Pz):l_¢U5(Pz) <5<:>1_5<¢U5(Pz) <1

Furthermore, by Lemma 7.1.19 we have ¢y, (P, + Pyaué) < 1+ (2, Yay,)| as P+ Py

(1+ ](z,yaU6>|)I and vy, is positive. Hence, for Us big enough, it holds that
004[}5 (1/JU5) = ng (PyaUé) = 1/}U5 (PZ + PyaUé) - T/’U(; (PZ)
<1+ [z, Yay, )| — Yus (P2) < €+ 1(2,Yay,)|-

Finally note that lim supy, |(’0yO‘U5 (P.) — w(P;)| < limsupy, 6 = 0. So we find

0(p2) < limsup O, (Yu;) + 6 < limsup (2, Yo, )| + 6
Us Us

= limsup(|@y,, (Po)))? +8 = w(P)]7 = A(z,a)] <A < L.

Us
Thus
Ow)=1=A+(1—-X) > M(p) + (1 —N)0(p).
Since Apz + (1 — A)p = w it follows that 6 is not affine. O

It now follows immediately from Theorem 6.3.7 and Theorem 7.1.20 that B(H) has a
non-Busemann reverse-Funk horofunction.

One thing to note from our example of a reverse-Funk non-Busemann horofunction in
B(H) is that the proof depended on the fact that the pure states are not weak* closed.
We have already seen that the pure states being weak™ closed is a necessary and sufficient
condition for all Funk horofunctions to be non-Busemann for finite dimensional spaces
in [63], so it is not unreasonable to hypothesize this might be a sufficient condition for

reverse-Funk horofunctions in infinite dimensional spaces. This turns out not to be the case.
Let K be a compact Hausdorff space and let C(K') be the space of continuous functions
on K. Consider X =R x C(K) with closed cone
Xp={h ) e X fllo <A}
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and order-unit e = (1,0). This is a similar construction to that of the spin-factors earlier.
Recall that the dual space of C'(K) is rca(K), the set of regular finite real-valued Borel

measures on K. It follows that the dual space of X is given by

X' ={pau:a R, perca(K) and gau((A, f)) = aX +/ f dp for all (\, f) € X}.
K

For convenience we will denote ¢, , as (o, p).

Recall that for every regular finite real-valued Borel measure p there exist two unique
positive regular finite real-valued Borel measures p4 and p— with disjoint support such
that u = py — p—. Using this notation we can see that the positive functionals are of the

form (o, ) where o« > 0 and [, dpuy + [f- du— < . So the state space is given by

SO0 A0+ [ duy+ [ dp <

and the pure states, F(X), are precisely those elements of the form (1,6,) and (1, —d,),
where 0, is Dirac mass of z, i.e. [} f(y) do, = f(z) for x € K and all f € C(K). As with
C(K), the pure states of X are weak™ closed.

7.1.21 Proposition. Let K be a compact Hausdorff space and let C(K) be the space of
continuous functions on K. If X = R x C(K) is an order-unit space with cone X, =
{Nf) € X [ flleo < A} and order-unit e = (1,0), then the pure states of X are weak*

closed.

Proof. Let ((1, 1)) be a net of pure states converging in the weak™ topology to (1, u) €
S(X). Note that we can find a net (z,) in X such that uo, = +65,. As K is compact,
by taking a subnet if required, we may assume that (z,) converges to some z € K.
Furthermore, by taking a subnet if required, we may assume that pn = 0., for all a or
lo = —0g, for all a. As the proofs are similar we will assume that p, = d,, for all a.

Let A € R and let f € C(K). As f is continuous we find
(1, ) (A, ) = Hm(L, o) (A f)) = Im A + f(2a) = A+ f(2) = (1,0:)((A, f))-
It follows that p = d, which proves the result. O

We will now use the results obtained in Chapter 6 to show that R x C'(K) has a non-
Busemann horofunction. Recall that a point z in a subset A of a topological space X is

called isolated if it has a neighbourhood in X containing no other point of A.
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7.1.22 Theorem. Let K be a compact Hausdorff space and let C(K) be the space of
continuous functions on K. Let X = R x C(K) be an order-unit space with cone X =
{Nf) € X[|Iflloe < A} and order-unit e = (1,0). If K has a non-isolated point, then

there exists a non-Busemann horofunction of X in the reverse-Funk geometry.

Proof. Let y be a non-isolated point of K and consider the function g : K — [0, 1] given
by

lifx=y.

0 else.
Note that ¢ is an upper-semicontinuous function with supremum 1 which is not positive
and not continuous, as y is a non-isolated point. Let N, be the set of neighbourhoods of
y. Since K is normal for every neighbourhood U € N, we can use Urysohn’s lemma to
find a continuous gy : K — [0, 1] for which gi7(y) =1 and gy(x) =0 for all z € K\ U. By
equipping N, with the order U < V' if and only if V' C U we find, since y is a non-isolated
point, that (gu)ven, is a net. We will now show that (gu)ven, is hypo-convergent to g.

Let (z,7) be a cluster point of (hypo(gu))ven,, note that 7 < 1 as [|gr|e < 1. If r <0,

then for all U € Ny we have (x,r) € hypo(gr), so (z,r) is a limit point. If 1 > r > 0
and x # y, then, since K is Hausdorff, we can find disjoint neighbourhoods U of y and
W of z. For all V € N, with V > U we have that U x (3r,3r) N hypo(gy) = 0. This
implies that (z,r) is not a cluster point for » > 0. If z = y, then (y,r) € (z,7) € hypo(ju)
for all U € Ny, so we have that (y,r) is a limit point. Combining these facts shows that
(hypo(gu))ven, is hypo-convergent to g.
Now for all U € N, we define gy : E(X) — [—1,1] given by gy (£d,) = [ gu d(+d:) =
+gy(x) for all x € K.

Claim: gy is hypo-convergent to g where ¢g(d,) = 1 and for all p € E(X) \ {d,} we
have g(u) = 0.
To see this first let 2 € K and let (+d,,7) be a cluster point of (hypo(grr))ven,, note that
r<1,as gy < 1. If r <0, then for all U € Ny we have (£d,,7) € hypo(gr), so (£0,,7)
is a limit point. If 1 > r > 0 and = # y then we can find disjoint neighbourhoods U of x
and W of y. By Urysohn’s lemma we can find a continuous function f : K — [0, 1] such

that f(x) =1 and f(z) =0 for all z € K \ U. We know that for all € > 0 the set
Usee={ue B+ | [ fae) ~ [ fdul=121- [ fdul <)
K K K
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is a neighbourhood of £6,. For all V > W we have hypo(gy) N (Ussr % (37, 37)) = 0. So
(£04,7) is not a cluster point of (hypo(gy))ven, for 7 > 0 and z # y. If 1 > r > 0 and
x = y, then note that, since (d,,7) € hypo(gy) for all U € N, and r < 1, we have that

(0y,7) is a limit point for all < 1. Finally note that for all € > 0 the set

Uy,s:{MGE(X)i|/Kld(—5y)—/KldM|:|1+/Kldﬂ|<5}

is a neighbourhood of —6,. For all V' > K we have that hypo(gv) N (U_y, X (37, 37)) =0
hence (—d,,) is not a cluster point of (hypo(gv))ven, for r > 0. Combining these facts

proves our claim.

By Proposition 5.2.10 and Lemma 5.2.11 we can define £ : X4 — R which for all
(\, f) € X is given by

§(R)((A, ) = lim ir((L, gu))((A, f))

UEN,

= lim log sup
UeN, ~ (1meBx) (A f
7

=log sup ———F%
1meBx) (A

1+ [ gdu
=log sup ——KT T
(Lwerx) At [i fdp

Note that &g is a reverse-Funk horofunction, as ¢ is not continuous and thus {r € ig(X).

Moreover as for x # y we have

SL0)((1,50) + L(1L0)((1,6-2)) =0 2 = 2 (1,g)((1,54,) + £ (1,6)(1,5))

and 3(1,014) + 3(1,6-) = 2(1,84,) + 2(1,6_,) we find that g has no affine extension
to the state space of X, hence by Theorem 6.3.7 £ is a non-Busemann horofunction of

X. U

Finally one can easily find that K has a non-isolated point if C'(K) is infinite dimen-

sional.

7.1.23 Lemma. Let K be a compact Hausdorff set. If C(K) is infinite dimensional, then

K has an non-isolated point.

Proof. Suppose K only has isolated points. Then every x € K has a neighbourhood
Uy = {x}. As U,cx Uz covers K and K is compact we find that K is finite. But then we

have that C'(K) = RIXl, which is a finite dimensional vector space. O
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7.2 The horofunction boundary of spin factors

As promised we will now give a classification of the horofunction boundary of spin factors,
see also [15]. Spin factors have multiple incarnations. Besides being order-unit spaces and
Euclidean Jordan algebras, we can view spin factors as hyperbolic spaces.

The study of the geometry of the infinite dimensional real hyperbolic space H* has
gained significant momentum since it was popularised by Gromov in [28], see [10], [17],

[18], [43] and [50]. We will work with the following model of hyperbolic space.

Let (H,(-,-)) be an infinite dimensional Hilbert space and let X = R x H be a spin
factor. Let @@ : X — R be the quadratic form,

QA1) =N —(z,2)  ((\z) € X)
Recall that the spin factor X has cone
Xi={(\z)e X :|z| <A}
Let B: X x X — R be the bilinear form associated with @,

B(A2), () = —(z,y) (A 2), (p,y) € X)

Consider the hyperboloid
H={ue X, :Q(u)=1}

We can define a metric, called the hyperboloid metric, 6, on H by
cosh(dp(u,v)) = B(u,v) (u,v € H).

We call H* = (H, ) the hyperboloid model of the infinite dimensional real hyperbolic
space. It is known that on the hyperboloid H the metric d, coincides with a scaled version

of Hilbert metric $dp, see [42, Chapter 2.3]. The disc
D={(\z)e X:Ax=1and ||z| <1}

equipped with %dH is known as Klein’s model and is a different model of the hyperbolic
space. We have already seen the finite dimensional version of Klein’s Model in Exam-
ple 2.1.2. We will be using Klein’s model to study the spin factors for the rest of this

chapter.
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For finite dimensional real hyperbolic spaces H" it is well known that OH" coincides
with the horofunction boundary. In infinite dimensions this is no longer the case. Indeed
we will show that in H* the Busemann points correspond to 0H*°, and that there are
many horofunctions that are not Busemann points. This phenomenon is caused by the

fact H*® is not proper. In fact, we will prove the following theorem.

7.2.1 Theorem. Let (H,(-,-)) be an infinite dimensional Hilbert space and let X = Rx H.
The horofunctions of X with respect to the Hilbert Geometry are the functions of the

following form:

=&y + (= (&9)>— (- yP)A —r?)

(1T +7)/72 = [lyl?

where either ||Z|| < 1 and ||z]] < r <1 or ||Z|| = r = 1. Furthermore, { is a Busemann if

£((v,y)) = 2log ( > ((v,y) € X2)

and only if r =1 and ||Z|| = 1, in which case

— (% 2
E((r1)) = log (W) (13) € X9).

In terms of ; on the hyperboloid model we get the following reformulation of Theo-

rem 7.2.1.

7.2.2 Corollary. The horofunctions of H>* = (H, ) are precisely the functions of the

form

B(a,v) +/(B(,v))? = (1 —r?)
(1+7)

5<v>=log< ) (ve H)

where 0 < r < 1 and & € D such that 0 < 1 —1% < Q(a), or, r = 1 and @ € OD.

Furthermore, & is a Busemann point if and only if r = 1 and 4 € dD, in which case

&(v) =log (B(i,v))  (ve H).

To prove Theorem 7.2.1, we will first calculate the gauge functions. We can use these
to classify the horofunctions of the Funk, reverse Funk and Hilbert geometry. The final

results will then further classify the Busemann points.

7.2.3 Proposition. Let H be a Hilbert space and let X = RxH. For all (1, x), (v,y) € X

we have

vt = (2, y) + /(= (2, 9)2 = (W? = [l (v* — [ly[[)

M((p,2)/ (v, y)) = v = lyll?
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Proof. We know that

M((p,2)/(v,y)) = nf{B > 0: (u,z) < B(v,y)}

= inf{8 > 0: (8 —p)* > ||By — =||* and 78 — u > 0}.
So we have to solve

(v8 — 1) = 1By — z|I* = (v* = |ylI*)B% = 2(yu — (z, y))B + (1* — ||z||*) = 0,

which has solutions

i — (z,y) £/ (v — (2, 9))? — (12 — 22)(* — |[y[]?)

B+ =
72— lyl|?

Note though, that
i — (@, y) — /(e — ()2 — (02 — [2]2) (32 — [lyl]?)

Weme= 72—yl o
. (e = (&, 9))% = (v = (=, 9))* + (1 = =P = [lyll?) o
(v = (2, y) + /(v = (2, 9))2 = (12 = 2D (2 = ly]2) (2 = [lyl1?)
B 222 — [l .
i — (@, y) + /(o — (2, 9))? = (1 = [[2]2) (7% = [[y]1?)
- v(p? = Jlz]?) L
~ o=yl + /e = N2 lyD? = (12 = [[2]2) (72 = [ly[?)
_ v(p? = Jll*) )

i =yl =+ lellyll =l
_ pll=lllyll = Al = 2yl — pyllel]
i = Mzl + ullyll = ]
We find that if u||ly|| < ||z, then clearly v5_ — p < 0. If ully|| > v||=||, then consider

VB — < plilllyll = All=l? = p2llyll + pyll]
== iyl + plyll =l
(wliyll = =Dl =) _ _ pllyll ==l

(v + llylD (e = llz) v+ Iyl
Hence we find that M ((u, 2)/(7v,y)) = B+. O

For all u,v € X, we can rewrite this result using the quadratic and bilinear forms as

u,v) + /B(u,v)? — Q(u)Q(v)
Q(v) '

Note that if u,v € H, then using Proposition 7.2.3 we find

Mufv) = 24

%dH(u,v) - %log (M (u/v) M(v/u))
= log(B(u,v) + \/B(u,v)2 — 1) = cosh }(B(u,v)),

which shows that indeed on X the hyperbolic metric §; coincides with Birkhoff’s version

of Hilbert’s metric %d - We also need the following basic result from functional analysis.
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7.2.4 Lemma. Let (x,) be a net in a Hilbert space H such that x,, converges in the weak
topology to some x € H and (||xy]||) converges to some r > 0. Then r > ||z||. Moreover, if

r = ||z||, then (z4) converges to x in the norm topology.

Proof. Note that

2] = lim [(z, 24)| < lim [[2]||zal| = 7|2

Now suppose that r = ||z||. Then
. 2 _ 1 2 2 _
lim [l — 2o " = lim [[2]|° + [|za]|” = 2(2, 2a) = 0.
0

Using this we can now characterise the horofunctions of the Hilbert geometry of the

spin factor as follows.

7.2.5 Theorem. Let H be an infinite dimensional Hilbert space and let X =R x H. The
horofunctions of X with respect to the Hilbert geometry are precisely the functions of the

following form:

E(r.a)) = 2log (7 — (3,9 + ¢<(vl—+ <a;y:>2_—|m2— [yI?) (1 - 7«2>> (1) € X2)

where either ||| <1 and ||Z]| <7 <1 or|z| =r=1.

Proof. Let ((1,24)) be a net in X such that dg (-, (1,24)) — dr((1,0),(1,24)) converges
to a horofunction. By taking a subnet we may assume that (z,) weakly converges to some
% € H as the unit ball is weakly compact and (||z,]||) converges to some r < 1. Note that

by Lemma 7.2.4, r > ||Z||. Let (v,y) € X$. Using Proposition 7.2.3 we find

M((1,24)/(1,0)) = 1+ [lzall

M((1,0))/(1,70)) = ff””xu”

M((1,20)/(9)) = L= @+ VO w;u _”yHZU—Hwa||2><v2—||y||2>
-ra’ xa, —lzalI?)(v2 — 2

M) (1)) = 1= )00 = ) = fenlOOZ = ),
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Hence

i(1,20)) (7, ) =log(M((7,y)/ (1, 2a)) M((1, za) /(7))
- log(M((la 0)/(1, :va))M((l, %)/(1, 0)))

50, 9) + V(7 = @ )2 — (= 2D = 9]
=21lo
g( m —||yu w—uman? )

9log [ Tl
T el
zmog( (@018) + /O~ (o, (1Hwall2)(v2||yll2)>_
VT

Taking the limit gives us

) =2log [T BY0 VO =@ y)?2 = (2 =yl (1 - r2)> .
o : ( (T+7)/7? = [ly[?

Note that if r» = ||Z|| < 1, then £ =i(1,Z). So r > ||Z]], if ||z < 1.

Now suppose that a function is of the form as described above. Note that all we need to
do is find a net ((1,z,)) in X such that (z,) converges weakly to Z and (||z.||) converges
to r. Then it will give rise to the desired horofunction by the above. If ||| = 1, consider
the sequence ((1,(1 — 1)2)), clearly this sequence converges strongly to (1,4) and gives
rise to a horofunction by the above. If ||| < 1, then let (ey) be an orthonormal sequence
in H, which exists as dim(H) = oo, and consider the sequence ((1,2 + /7% — [|Z[%en))
Note that (Z + /72 — ||Z||?e,) converges weakly to Z, since (e,) converges weakly to 0.

Also note that

lim ||+ /72 — ||§c|]2@n||2 = lim r? 4+ 2/r2 — | 2[|2(z, en) = r2.

In a similar way we find the horofunctions of the reverse-Funk and Funk geometry.

7.2.6 Theorem. Let H be an infinite dimensional Hilbert space and let X =R x H. The
horofunctions of X with respect to the reverse Funk geometry are precisely the functions

of the following form:

€((7,1)) = Tog (” Zitar e s s bR - ) (v) € X3)

where either ||| <1 and ||Z]| <7 <1 or|z|| =r=1.
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7.2.7 Theorem. Let H be an infinite dimensional Hilbert space and let X =R x H. The
horofunctions of X with respect to the Funk geometry are precisely the functions of the

following form:

1 v =& y) + /(v = (&9)? — (2 = [ylIP)(1 —7?)
E((ry) =1 g( (

7] ) ((v,y) € X2)

where either ||z|| <1 and ||Z]| <7 <1 or|z| =r=1.

Note that the proof of Theorem 7.2.5 also shows that £ is a Busemann point if ||Z|| = 1.

We can show that these are the only horofunctions that are Busemann points.

7.2.8 Theorem. Let H be an infinite dimensional Hilbert space and let X =R ® H, let

Tz € H and ||z]] <7 <1 and let

v =&y + V(= (&y)> = (- y>)A - r?)

, =1lo
E((r,v)) g( ETSNaaE

be a horofunction. Then & is a Busemann point of the Hilbert geometry if and only if

) ((v,y) € X3)

A~

|Z|| =r=1.

Proof. In Theorem 7.2.5 we already proved that if ||| = r = 1, then £ is a Busemann
point. Now suppose that £ is a Busemann point and let ((1,z,)) be an almost geodesic
net such that i((1,z,)) converges to {. Combining Proposition 6.1.3 and Theorem 7.2.5
gives us that dg((1,0),(1,z4)) is not bounded, so lim, ||z,| = 7 = 1. Note that we can
rewrite the horofunction as

0o Gty

1—ly|l?

Now suppose ||Z|| < 1. Let € > 0 and let A be such that for all &/ > o > A we have

£((1y)) = log ( ((Ly) € X2)

€+ dH((lvo)v (173:04’)) > dH((lv 0)7 (an)) + dH((an)a (173304’))

As in the proof of Theorem 7.2.5, using Proposition 7.2.3 we find
(1+HwaD2> (1 + [|lzar])?
€ >log < —log | —————5—
1— flzal? 1— |lza|?

N SV R e ey (e P O HMP))
21o .
s ( V1= Tz PVI= [2al?

Taking the exponential we find

oo 1= (e, 2a) + /(1 = (T, 70))” = (1= [[2a]*) (1 = [lzar?)
B (1= llzal) (X + [lzal) '
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As this holds for all o/ > «, we can take the limit with respect to o’ to get

1 — (20, 2ar) + /(1 = (T, 20))? = (1 [|za]?) (1 — [lza[?)
(1= llzalD@ + [Jza])

1. .
e2® > lim
O[/

11— (Ta, T)
L—|lzal

Finally, as this holds for all o > A, we can take the limit with respect to « to find

oke > Jim L P @)

= o0
o 1—|zaf ’

which is a contradiction. O

Using similar arguments we can obtain the same result for the Busemann points of the

reverse-Funk and Funk geometry.

7.2.9 Theorem. Let H be an infinite dimensional Hilbert space and let X = R ® H, let

t € H and ||2]| <r <1 and let

=&y +V (= (&9)>— (- y[>)A—r?)
(T+7r)(v* = lyl*)

£((7,y)) = log ( ) ((v,y) € X2)

be a horofunction. Then £ is a Busemann point of the reverse Funk geometry if and only
iflal =7 = 1.
7.2.10 Theorem. Let H be an infinite dimensional Hilbert space and let X =R ® H, let

Tz € H and ||z]] <7 <1 and let

(7 —(&,9) + VO = @2 = (0 — [y =)
1+7)

£((v,y)) = log ) ((v,y) € X2)

be a horofunction. Then £ is a Busemann point of the Funk geometry if and only if ||| =

r=1.

Theorem 7.2.1 follows from Theorem 7.2.5 and Theorem 7.2.8.

7.3 The horofunction boundary of JH-algebras

Finally we will classify the horofunction boundary of unital JH-algebras which are a special

class of Jordan algebras.

7.3.1 Definition. Let (X, (-,-)) be a Jordan Algebra with an inner product which is

associative with the Jordan product, i.e.

(zy,2) = (y,22).
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If X is a Hilbert space we call X a JH-algebra. If furthermore X has a unit we call X a
unital JH-algebra.

Note that a finite dimensional JH-algebra is a Euclidean Jordan Algebra and recall
that a Jordan algebra can be equipped with the cone of squares X, = {2% : z € X}. It
was observed by Roelands and Wortel that unital JH-algebras can be characterised in the

following way.

7.3.2 Theorem. A unital JH-algebra is a finite direct sum of finite dimensional unital

formally real Jordan Algebras and spin factors.

This result and its proof can be found in [61, Lemma 7.15]. As mentioned in Chapter 4
the finite dimensional unital formally real Jordan algebras are exactly the unital Euclidean
Jordan algebras. It is known by the Jordan-von Neumann-Wigner theorem [56] that the
unital Euclidean Jordan algebras can be classified as finite direct sums of the spaces of
self-adjoint matrices over R, C or the quarternions H, the 3 x 3-matrices over the octonions
O, or finite dimensional spin factors. We will not require this classification for our purposes
as the horofunction boundary of the unital Euclidean Jordan algebras is fully classified by

Lemmens, Lins, Nussbaum and Wortel.

7.3.3 Theorem (Theorem 5.6 [41]). Let X be a unital Euclidean Jordan algebra with unit

e and cone X . If we use e as base point, then the following assertions hold:

(i) The horofunctions of the Funk geometry are precisely the functions of the following

form
§F(x) = dR(‘r_lv Z) (x € X-T—)v
where z € 0X with ||zl = 1.

(ii) The horofunctions of the reverse-Funk geometry are precisely the functions of the

following form
SR(Q:) = dR($7y) (.CU S Xj)r)7

where y € 0X 1 with ||y|le = 1.

(iii) The horofunctions of the Hilbert geometry are precisely the functions of the following

form
n(e) =dp(a™',2) +dp(z,y)  (z€X3),

where y, z € 0X 1 with ||y|le = ||z]le =1 and yz = 0.
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Recall that we have referred to a part of this theorem before in Section 4.2. Combined
with our own classification of the horofunction boundary of the spin factors in Section 7.2
we can find the horofunction boundary of general unital JH-algebras. For this we will first
study the horofunction boundary of finite direct sums of order-unit spaces.

Let {(Xk, (Xk)+,ex) : 1 <k <n} be a set of order-unit spaces and consider

X = éxh
k=1

the direct sum. First note that
n

X1 = Q)(Xk)+

k=1
is a cone of X. It follows that (X, X, (e1,...,ex)) is an order-unit space. Indeed, for

any = (x1,...,2,) € X we can take M = max{M}, : z; < Myer} and we find that
Me—x € X ;. Wedenote 7y, : X — X, given by mi((x1,...,2y)) = zi for (z1,...2,) € X,
to be the linear projections maps onto Xj. Note that if ¢ € S(X) is a state, then as ¢
is linear and positive on the subspace {z € X : m;(z) = 0 for all i # k} we can find

o € S(Xi) and A, € [0,1] such that Y, _; Ay, = 1 and

p(z) = Mo (mr(z))
k=1

i.e., a state of X is the convex combination of states of Xj. From this it follows that the

pure states are given by
E(X) = {Spk oT € X' ke {17-"777‘}790]6 € E(Xk)}

i.e., the pure states of X are the composition of a linear projection 7 and a pure state
of Xj. We can use this to find the horofunctions of the Funk and reverse-Funk geometry
of X in terms of the horofunctions of the Funk and reverse-Funk geometry of Xj. First

though we will show the following “Pigeonhole principle” for nets.

7.3.4 Proposition. Let X be a set, let (xq)acs be a net in X and let f: X — {1,...,n}
be a map. We define J; = {a € J : f(xzq) = i}. Then for some 1 < i < n we have that

(xa)aeJi is a subnet Of (xa)ozEJ-

Proof. To prove this all we need to show is that there is an i € {1,...,n} such that for all
a, B € J there is a v € J; such that «, 8 < . Suppose this is not true. Then we can find
Q1y.eeyQny By ..., PBn € J such that there is no v € J; such that «;, 5; < . However as J
is directed there is a v € J such that a1, ..., an, b1, ..., By < 7. Since J = (J;; J; this is

a contradiction. O
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We will now classify the horofunctions of the direct sum space. We will do this in

two steps. We will first classify the set ig(X$ ). Then we further classify which of these

functions are horofunctions.

7.3.5 Theorem. Let {(Xk, (Xi)+,ex) : 1 < k < n} be a set of order-unit spaces and
let @)_, Xi be an order-unit space with cone X4 = @(Xy)+. The horofunctions of the

reverse Funk geometry are precisely the functions of the form

Erly) = max&(m(y)) +log(re)  (y € X5)

where for all k € {1,...,n} we have & € ir((Xk)S) and ri € [0, 1] with maxy ry =1 such

that for some k we have that r, = 0 or & is a horofunction.

Proof. Let e = (e1,...,e,) be an order-unit of X. Let S(Xj) be the state space of X}
with respect to ey, and let S(X) be the state space of X with respect to e. Let z,y € X1

and recall that by Proposition 6.2.5 we have

Mia/y) = gDEE(pX) ¥ y)'

Since the pure states of X are the composition of a projection on Xy for some k and a
pure state of X we find

— max su (p(ﬂ-k(x))
Mafy) = wEE(I))(k) o(mr(y))

Now let {r € ip(X$) and let (24) be a net in X¢ such that (ir(z,)) converges to {r. By
taking a further subnet if necessary, we may assume that (ir(7mx(z4))) converges to some

& € ir((Xg)3) for all k. Fix y € X, and define zo = M (zq/€) ' z4. Consider

ir(a)(y) = dr(Y, za) — dr(e, za)

= log(M (za/y)) — log(M(za/¢))

=log [ max su (i (2a))
= g( k ger&k) o(m(y)) ) '

So for each o and y we can find k£ such that
. (kg y (2a))
ir(za)(y) = log sup ——2——" .
peB(Xp, ) P Thoy (Y))

By Proposition 7.3.4 there exists a k, € {1,...,n} such that there is a subnet for which

lim i (zq)(y) = limlog ( (7, (2a))

sup

vet ) Pk, () > = limlog(M(m, (z0) /1, (1))
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Note that, since zo = M (zq/€) 'zo € X3, for all k we find that 0 < M (m(za)/m(e)) < 1.
So we may assume that, by taking a further subnet if necessary, that (M (7 (zq)/7x(€)))
converges to some 1, € [0,1] for all k. Furthermore note that, as y € X9, we have

dr(mk, (), ex,) < oo. So if limy, M (7x, (24)/7k, (€)) = 0, then
limig(zo)(y) = lim dp (7, (y), T, (20))
< liéndR(ﬂky(y), eky) + dR(eky, Tk, (Za)) = —009,

which contradicts {r(y) € R. It follows that i, € (0,1]. Hence

¢r(y) = limig(za)(y) = limlog (M (7, (2a) /7, ()
— log(M (my, (2a) 7k, (€))) + log(M (my, (2a) /7, (€)))

=&, (y) +log(r,)

Now finally note that for the created subnet and for all & we have

&k (y) + log(rx) = limlog (M (7 (2a) /71 (y)))
:10g< sup @(Wk(za))>

wcB(Xy) P(TE(Y))

< log ( sup M)

peB(Xy,) P(mr, ()

= &k, (mk, (y)) + log(rg,) = Er(Y).

So we find that

Erly) = max &y, (m(y)) +log(rk)

where for all k € {1,...,n} we have & € ig((X)3) and 7y, € [0,1] with maxy rj, = 1.

Now let € be of the form

Er(y) = max&(mi(y)) +log(rr)  (y € X3)

where for all & € {1,...,n} we have & € ir((Xy)3) and ry € [0, 1] with maxy 7, = 1. Let
(%ia)aca; be nets in (X;)S such that limaeca, ir(%io) = & and dg(e, o) = 0. Let Ag = N,
we define the index set

A=Ay x A1 x ... x A,
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with lexicographical partial order, i.e., for all o,/ € A we have a < o if and only if
a(i) < d'(i) for all 0 < i < n. Note that A is a directed set. Now consider the net (z4)aca
in X3, where m;(2q) = 72,0 if r; > 0 and 7m;(zo) = ﬁxi,a if r; = 0.

Note that (zjq(k))aca 18 a subnet of (zxq)aca, for all 1 < k < n. Hence for all

1 <k<n,if rp >0, then

lin}‘ ir(me(za)) = iier{}‘ iR(TkT,a(k)) = &k

ac
and
iig}‘M(Wk(%)/@k) = 613611514 M(rpxga/er) = ri.
If r, =0, then
. . 1
tim () = by i g ) =6
and

. . 1
5611514 M (mi(xo)/ex) = i1611114M (aoxk’a/ek> = 0.

We will show that a subnet of (ig(zq))aca converges to &g.

As m is compact we know there is a subnet (ig(24))aca Which converges to some
v E m. Fix y € X7 . As before, by Proposition 7.3.4 we can find a 1 <k, <n and a
subnet (z4),c 4 such that

. . . . . . (p(xkak)
lim ig(zy)(y) = lim ig(xy)(y) = lim ig(zy)(y) maxlog [ sup ———=
o5 trlra)y) =l dnlza)(y) = fs inlva)(y) g (Mm w(m(zD))

= lim ig(za)(y) log < sup Wk))

acA YEE(Xy, @(ka(y))

= lim ir(Tk, a4, ) + 10g(M (@01, /€R))
a€cA

= &, + log(ry,)
By similar arguments as above we find that

lim ip(zq)(y) = max &y + log(ry).
acA’ k

Finally, note that € X if and only if for all £ € {1,...,n} there exist x} €
(Xk)S such that M(xy/ex) = 1 and ry,...,7, > 0 such that x = (ryz1,...,72,). Let

2z = M(x/e)"'x = x/ maxy 7%, then, using the above, for all y we find

ir(2)(y) = ir(2)(y) = maxig(zk)(m(y)) + log(ry) — (maxlog(ri)).
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So for all functions & of the form

Er(y) = max &y (mi(y)) +log(re) — (y € X3)

where for all k € {1,...,n} we have & € ir((Xy)S) and r, € [0,1] with max,r, = 1,
we find that § € ig(X3) if and only if for all k € {1,...n} we have & = ip(z;) for some

2L € (Xk>3_ and r; > 0. ]

Theorem 7.3.5 gives rise to some interesting horofunctions. First of all it should be
noted that the functions & in Theorem 7.3.5 do not have to be horofunctions for £ to be

a horofunction, as can be seen from the following example.

7.3.6 Example. Let Y = R x [y be a spin factor and let X =Y x Y. Let (z,) be a

sequence in X given by

*61)).

1
Tp = ((1> ien)a (17 9

By Theorem 7.3.5 (ir(x,)) converges to some function & of the form
Er(y) = max(&(mi(y)) +1og(r1), La(ma(y)) +1og(rz))  (y € XT

where for k = 1,2 we have §; € ir((Xy)3) and ri, € [0,1]. Note that in this case ry = rp =

1. Using Proposition 7.2.3 we find that for all (1,y) € Y7 we have

— Ly,en) + /(1= 3y, en))? — (1= HlealP)(1 + [ly]2)
(1+ SlealD (1 = 191P)

£&1((1,y) = nlglgolog

1+\/1—7 (1+ y)12)

R R Tr T
1 2+ 1+ 3|y|?
= log

30wl

By Theorem 7.2.6 we find that &; is a horofunction. Again by using Proposition 7.2.3 we
find that

o —Syen) + /(= Hyoe)2 = (1= Hler)(1 + y)2)
6((1.9)) = Jim log - (L+ FlleD = y]?)

(2 + VE P B EERP 1
_1g< oy )-R«L21»«Lw»
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Note that

61((1,0)) = log(1) < log(2) = &((1, ~ye),

hence

E(((1,0), (1, —5e1))) = &((1, 1)) = log(2).

So for certain elements the maximum might appear at a non-horofunction.

In fact, if one of the scalars r; in Theorem 7.3.5 equals zero, then £, can be a non-

horofunction for all k.

7.3.7 Example. Let X be as in Example 7.3.6 and let (z,,) be a sequence in X given by

Then 1 =0 and ro = 1 and lim,, 0 ig(x,)(y) = £(y) = ir((1, %61))(7‘(‘2(?;)).

We can find similar results for the horofunctions of the Funk geometry. The proofs for

these are similar to those for the reverse-Funk geometry, hence will be omitted.

7.3.8 Theorem. Let {X} : 1 < k < n} be a set of order-unit spaces and let X = @, _, Xj,
be an order-unit space with cone X = @ (Xk)+. The horofunctions of the Funk geometry

on X4 are of the form

¢r(y) = max&(m(y)) +log(rr) (v € X3)

where for all k € {1,...,n} we have & € ip((Xy)S) and vy € [0, 1] with maxy ry, = 1 such

that for some k we have that r, = 0 or & is a horofunction.

Though it is hard to give a classification of the horofunctions of the Hilbert geometry
for general direct sums of order-unit spaces, it is possible for the JH-algebras. For this
we will use the classification of the spin factors in Section 7.2 and the aforementioned
classification of the unital Euclidean Jordan algebras in [41].

Combining these results with the classification of spin factors in Section 7.2 and Theo-
rem 7.3.5 and Theorem 7.3.8, we can classify the horofunctions of the Hilbert geometry of

JH-algebras. To help with the formulation of the result, we will use the following definition.

7.3.9 Definition. Let (X, X, e) be an order-unit space where the cone X is equipped

with Hilbert’s metric. We call a function £ € iy (X$) finite if for all nets (z,) in X with

limgy, i(x4) = € we have that dy (e, z,) is bounded. If £ is not finite, we call £ infinite.
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Note that in a finite dimensional order-unit space (X, X, e) all horofunctions are

infinite. One can verify that all £ € iy (X$) are finite.

7.3.10 Lemma. Let (M,d) be a proper geodesic metric space. If (x4) is a net in M such

that lime, i(z4) = i(z) for some x € M, then (x,) converges to x.

Proof. Fix b € M as a base point and let (z,) be a net in M such that lim, i(z4) = i(x) for
some x € M. Suppose that (z,) has a subnet (z3)scp such that (d(b,zg))scp diverges to
infinity. We define 25 to be on the geodesic between xg and b such that d(23,b) = 2d(x,b),
note that, since (d(b, z3))gep diverges to infinity, 2 exists for 3 large enough. Also note

that, since X is proper, a subnet of (Zg) converges to some & € M. We find that

—d(b,z) < d(&,z) —d(b,x) = i(x)(Z) = lig[ni(:ca)(:?;) = églg d(z,zg) — d(b,x)

<1 . . B T O
_éleﬂéd(l‘,l'g)—i—d(l'ﬁ,l‘g) d(b,zg) éler% d(b, zp) 2d(b, x)

which is a contradiction. So (z,,) is bounded. Since M is proper we may assume, by taking
a further subnet if required, that (z,) converges to some & € M. By Proposition 2.4.6 we
have that i(z) = limg i(z,) = i(2).

Finally suppose that & # x. Let 2’ be on the geodesic between z and # such that

d(z,2') = d(2/, %) = }d(z,%). Consider
0 =i(z)(z') —i(2)(2) = d(2', x) — d(b,x) — d(2', &) + d(b, &) = d(b, &) — d(b, z).
So d(b, ) — d(b, z) = 0. Consider
0 =i(z)(z) — i(#)(x) = d(b, &) — d(b,x) — d(z, &) = —d(z, %) < 0.
Hence (z,) converges to . O

If M is not a proper metric space the result does not need to hold.

7.3.11 Example. Consider X = {0} x [0,00) UNsq x (0, 00) equipped with the metric d
given by

r—s| ifn=m.
d((nv r)a (m7 3)) - ‘ ’ ((n,r), (m7 S) € X)

r+s if n # m.

X is known as an R-tree. If we take (0,0) as a base point then for all (m,r) € X we have

lim i((n,n))((m,r)) = lim d((m,r),(n,n)) —d((0,0),(n,n))

n—oo n—oo

= lim n+7r—n=r=14((0,0))((m,r)).

n—oo

So ((n,n)) is unbounded, but (i((n,n))) converges to i((0,0)).
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As a Euclidean Jordan algebra is finite dimensional, the rays of the interior of the cone
equipped with Hilbert’s metric is a proper geodesic metric space. Therefore we have the

following corollary.

7.3.12 Corollary. Let (X,X,e) be a Euclidean Jordan algebra with closed cone X
equipped with Hilbert’s metric. If (xq) is a net in X§ such that lim, iy (ze) = ig(x) for
some x € X with ||z|| = 1, then (Hi—zn) converges to x. Furthermore, limg dg (e, x,) =

dr(e,x).

A similar result can be obtained for spin factors.

7.3.13 Lemma. Let X =R x H be a spin factor. If £ € i(X$) is finite, then there exists
an 0 <7 <1€R such that for any net ((1,z,)) in XS such that limy ig((1,24)) = & we

have limg, dg((1,0), (1, 24)) = %t:

Proof. Let & € i(X3) be finite and let ((1,24)) in X be a net such that lim, iy ((1,24)) =
. By taking a subsequence if necessary we may assume that (x,) converges weakly to some
z € H and (J|zo]|) converges to some 0 < r < 1. Note that, if lim, ||zo| = 1, then by

Proposition 7.2.3 we have

1+ ||za
lim dgr((1,0), (1, 20)) = lim - 1%all _

o L—lzal

so 7 < 1. Furthermore, by Proposition 7.2.3 for all (y,y) € X§ we have

5((7? y)) = hél’l Z.H(wa)((’% y))

i 2log (7 ~ o) + /0~ )~ (L~ [alP) 0P = ||y|12>>
° (1 [zal) VA2 — oI
_ 2log (7 ~{r) + /O )P (L) uy||2>)
(L+7)v/72 = [Jyl?

so ¢ is uniquely determined by x and r, hence for every net ((1,y.)) in XS such that

limy i ((1,ya)) we have that (yo) weakly converges to x and (||ys||) converges to r. It

follows that

. 1 ||yaH 1+
limdg((1,0),(1,yq)) = lim = .
« (( ) ( )) « 1—||l/a” L—r

We can now classify the Hilbert horofunction boundary of JH-algebras.
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7.3.14 Theorem. Let X = @ | X; be a JH-algebra. The horofunctions of the Hilbert

geometry are precisely the functions of the form

§u(2) = max(¢p.i(mi(2)) + log(ri)] + max{gr,(mj(2)) + log(s;)];

1
where Er; € iR((Xi)f’i_) and i € ZF((XZ)i_) such that Eri + & = Emy € ZH((Xl)?’_),
i, 8; € [0,1] such that max; r; = max; s; = 1 and precisely one of the following conditions

18 satisfied:
(i) For allie {1,...,n}, if g, is finite, then we have min(r;, s;) = 0.

(1t) For alli € {1,...,n} we have that g ; is finite, r; > 0,

. Ty
s; = hgﬂ exp(dp (e, Ta,i) — duler, :va,z))7
1

where I = argmaz;{lim, dp(ej, 2a,5) —log(ri)} and Ex, is a horofunction of X; for

some k.

Proof. We will first show that the horofunctions of the Hilbert geometry are always of
this form. Let £z be a horofunction and let (z4) = ((Za,1,---,%a,n)) be anet in X3 such
that limg i () = g First note, as ig () = ig(xa) +ip(x4), that horofunctions of the
Hilbert geometry are the sum of a horofunction of the Funk geometry and the reverse-Funk
geometry. Since Theorem 7.3.5 and Theorem 7.3.8 give a description of the horofunctions

of the Funk and reverse-Funk geometry we find that
€ (2) = max&ri(mi(2)) + log(ri) + mjafo,j(Wj(Z)) + log(s;),

where {r; € m, EFi € m and r;, s; € [0, 1] such that max; r; = max; s; = 1.
Recall from the proof of Theorem 7.3.5 that {g ; = lim, ig(mi(24)) and {p; = limg ip(mi(2q)),
hence {r; +&Fi = §H,i € m Now all we have to do is show that £ satisfies con-
dition (i) or condition (ii). Suppose &gy does not satisfy condition (i), i.e., there exists
some j such that {g ; is a finite horofunction and 7;,s; > 0. We will show that £ satis-
fies condition (ii). Recall that by the proof of Theorem 7.3.5 and Theorem 7.3.8, and by

Lemma 7.3.4 we have

rj = lim Ia.slle = limmjnM = mjnlimM
o |lzalle a i M(za,/e) i o M(za,/e:)
and
S] — hm (e.j /‘ravj) _ llm min (6.7 /xaﬂ) — mln llm (6] /‘TQ’J)

‘0‘ M(e/za)  a i. M(ei/Ta;) i o M(ej/xai)
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Note that, as {p ; is finite, we have that
liénlog(M(:ra,j/ej)M(ej/xmj)) = ligén di(za,;,e5) < 0o.
Suppose there exists some k such that £ is not finite, then, since

lién1og(M(xa,k/ek)M(ek/:va,k)) = lign du(zak, er) = 00

we have that M (xq/ex)M(er/xq,) diverges to infinity. Since by assumption r;,s; > 0,

we find

0< Tij = mmhmw mlnhmm < lim (xayj/e]) (63/33&,]) —0.

i o M(zas/ei) i o M(ei/rai) — o M(zar/en)M(er/Tak)

So &p,i is finite for all ¢ € {1,...,n}.

Suppose there exists some k such that rp = 0 or s = 0. Then for some I and J we

have that

M(x, M o ) d ok
0= rosp — lim (zak/er)M(er/xak) im exp(dp (Tak, ex)) '
a M(zar/er)M(ej/xa,;) o M(zar/er)M(es/Ta,r)

As exp(dp(xak,ex)) > 1 we find that M(zqa,r/er)M(ej/xq,r) tends to infinity. Hence,

since M (xq;/ej)M (ej/7q,;) is finite we find

M(zq/e;5) M(ej/zq,;) M(zq,/e;)M(ej/zq,;)
0 < ris; = min lim ——2d/ %) m1nhm7’]<l J ’
75 G M(xaz/el) i M(el/xow) « M($a1/€I)M(€J/$a,J)

So ri,s; >0forallie{l,...,n}.

=0.

Finally, as ri, > 0 for all k € {1,...,n}, by Lemma 7.3.4 there is an I such that for all
ke{l,...,n} we have
M(ex/Ta k) i M(eg/xak)
= lim ———-—==
M(ei/xa,i) (61/% 1)

exp(dy (Tak, ex)) (k|| Zalle) ™"
o exp(du(Ta,1,e1))(rrllzalle) ™

SE = mln hm

. T
= lim — exp(dp (Tap, k) — it (Ta1, €1))-
a T

So &y satisifies either condition (i) or condition (ii).

For the second part of the proof, we will show that any function of this form is a
horofunction of the Hilbert geometry. Let £g be of the form above. For every ¢ € {1,...,n}

we can be in one of the following three cases:
e Case 1, there is a x; € X; such that ig(z;) = &p .
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e Case 2, X; is finite dimensional and £ ; is a horofunction in which case we can use

Theorem 7.3.3.

e Case 3, X; is infinite dimensional and g ; is a horofunction in which case X; is a

spin-factor and we can use the results of Section 7.2.

For each case we will define a sequence (y;,,) in (X;)$ such that lim, oo M (yim/ei) = 74
and lim,;,—eo #M(ei/yivm) = s, and if r; > 0 we have limy, o0 ir(Yim) = Er; and if
si > 0 we have limy, 00 iF(Yim) = &ri. Then we can define the sequence (y,), given
by Ym = (Y1,m,---,Yn,m) for all m € N. Using the same arguments as in the proof of

Theorem 7.3.5 we find

m—r0o0

lm g (Ym) = ip(ym) + ir(ym) = mzfatfo,i + log(r;) + mjgjmxﬁgj + log(s;).

For each case we have to consider 4 scenarios; r;,s; > 0,1, =s; =0, r;, > 0=s; and

s; > 0 = ;. Note that if g ; is finite and 7, s; > 0, then {y satisfies condition (ii), hence

. rr
8; = hénexp(dH(ei, Za,i) — dler, an));
1

where I = argmax;{lim, dy (e, Za,5) —log(r;)}. By Lemma 7.3.12 and Lemma 7.3.13 we
find that s; is uniquely determined by r;, r7, £g; and &q,7, so we only have to consider

the scenarios r; >0, s; >0=7r; and r; = s; = 0.

For case 1, let z; € X; such that iy(z;) = £m,;. Note that by Lemma 7.3.12 and

Lemma 7.3.13 £y ; is finite. If r; > 0 we define

r;X;

|zille:

yi,m - ‘

If s; > r; = 0 we define

Ty
o — Mei )
Yim (ez/xz)SA 5

1

Finally, if s; = r; = 0 we define
1

Yim = sz
For case 2, note that if X is finite dimensional, then it is a finite dimensional Euclidean
Jordan algebra with unit e; € (X;)9, and thus by Theorem 7.3.3 we know that there are
y,z € 0(X;)+ with |lylle;, = ||z]le;, = 1 and y @ z = 0 such that for all z € (X;); we

have &pi(z) = dp(z1,2) and €ri(x) = dr(z,y). Let {c1,...,cx} be a Jordan frame
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such that y = Z§:1 Ajcj and z = Z;Z:erl pic; with 1 = A > X > ... > )\, > 0 and

1= pipy1 > p2 > ... > pg > 0. If r; >0 =s; we define

yszzn)\ ¢+ Z *C] i

Jj= p+1
If s; > 0 = r; we define
P k 1
pn=3 e+ 3 oty Lo
Z:u’j m
Jj=1 Jj=p+1 Jj=q+1
If r;,8; > 0 we define
"
Zn)\ cj + Z P T Z —cj € (Xy)5-
4 s,,uj m
=p+1 Jj=q+1
Finally if r; = s; = 0 we define
k
1
yivm = z; EC]
j=

For case 3, we know that X; is a spin-factor Rx H. By Theorem 7.2.6 and Theorem 7.2.7

we know that there exist 0 < <1 and a y € H with ||g|| < r such that

) + /(1= (g,2))? — (1 —r?)(1 — [|[1?)
(1471 = z]?)

vai((l,[B)) = 10g (1 _

and

¢ri((1,2)) = log <1 — (9, x) + \/(1 —{g,z))2 - (1—72)(1 - H$||2)> |

147

Let (d;,) be an orthonormal sequence of H, note that (§++/7 — ||§]|2d,) converges weakly
to ¢ and (||g + /7 — ||9]|?dy||) converges to r. We can now define the y; ,, for finite and

infinite &5 4, as limpy, o0 M (Yim/€i) and limgy, o0 LM

—3 M (e;/yim) are harder to compute for

the spin factors we will show the calculation for r;, s; > 0 where {p; is infinite. The other
limits can be solved in similar fashion. If {; is finite we define y; ,,, as follows:

If r; > 0 we define

r—[19lIPdm)

o (
Yim = 1+r
If s; > 0 = r; we define
1 N -
Yim = %(1,y+ VT = 9112dm)
7

Finally if r; = s; = 0 we define
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If 57, is infinite, then r = 1 and we define y; ,,, as follows:

If r; > 0 = s; we define

pim = ST 11 )4 /T )

2m

If s; > 0 = r; we define

Yim = —— (1, (1 = —— (5 + /1= [7]%dm)).

ms; 1+m
If r; = s; = 0 we define
1
Yim = E(:LO)
Finally if r;,s; > 0 we define

1+ risim? 2

Yim = (1, (1 1 — [|g]]*dm))-

2s;m? 14 rsm?
We will now show that for this case limy, 00 M (yim/ei) = r; and limg, o #M(ei/yi,m) =

si. By Proposition 7.2.3 and, since (||§ + v/r — ||9]|?d,||) converges to 1, we have

. 14 risim? 2 . .
lim M(yipn/e) = lim LTS <1+H(1—)(y+\/1— uyu%zm)r)

m—00 m—oo  28;m?2 1+ r;s;m?

. 1 + TiSimQ riSimQ —_ 1 R —
=1 1—[[9]2d
Jim 5+ /T TGP
1 +risim? risim? — 1
= lim
m—oo  2s;m? 1+ ris;m?

2 2
1+ mrisim* 2risym

Mmoo 2s;m?2 1+ r;s;m? i
and
1 1 2s;m? 1
lim —M(e;/yim) = lim —
m—so0 M2 ( z/ z,m) m—oco m2 1+ TisimQ <1 _ H(l _ W)(g 4 /1 — ’QHQdm)H>
. 281' 1
- mlgnoo 1+ 7is;m2 1 — risim®—1
L T Tdrisim?
. 2s; 1+ 7isym?
= lim = 5;.
m—oco 1 + r;5,m2 2

For (yy,) defined as above we find
lim iy (ym) = max£r; + log(ri) + max&p; + log(s;).
m—»0o0 7 J
U

Note that the proof of Theorem 7.3.14 depends on the fact we can approach horo-
functions in spin factors and unital Euclidean Jordan algebras with sequences instead of

nets.
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