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Preface

This book is about metric spaces of nonpositive curvature in the sense of Busemann,
that is, metric spaces whose distance function is convex. We have also included
a systematic introduction to the theory of geodesics and related matters in metric
spaces, as well as a detailed presentation of a few facets of convexity theory that are
useful in the study of nonpositive curvature.

We have tried to start from first principles and to give full proofs, but there are two
exceptions, which occur several times in examples that are spread through the book.
These exceptions are the following:

* we give without proof some classical well-known facts about hyperbolic
spaces H";

» we refer to some elements of the theory of Teichmiiller space.

The material that we present in connection with these spaces is used as an il-
lustration for the general concepts that are developed. It can be asserted without
exaggeration that Teichmiiller space is the most beautiful space ever, and the metric
theory of that space, in particular its convexity properties, is most interesting.

This book can be divided into three parts. Part I (Chapters 1 to 4) contains basic
material on metric spaces, Part II (Chapters 5 to 7) concerns convexity in vector spaces
and Part IIT (Chapters 8 to 12) concerns convexity in metric spaces and related matters.

Each chapter contains an introduction in which we describe its content. At the
end of each chapter we have included a few notes, some of them historical and others
indicating some further developments. In both cases, there is no pretention for com-
pleteness. The only reason for which a note is included is that the author of this book
thinks that it is interesting information.

Acknowledgements. This text grew up from notes I wrote for graduate courses I gave
at the Universities of Strasbourg and of Florence. The reader will easily realize that
its content owes a lot to the work of Herbert Busemann. The course in Italy was
supported by the Istituto Nazionale di Alta Matematica (Roma). I would like to thank
Raffaella Lefkou and Vincenzo Ancona who invited me to give that course.
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Introduction: Some historical markers

The aim of this introduction is threefold. First, we give a brief account of a paper
by Jacques Hadamard which is at the genesis of many works on global properties of
surfaces of nonpositive Gaussian curvature. Then, we make a brief account of several
different notions of nonpositive curvature in metric spaces, each of which generalizes
in its own manner the notion of nonpositive Gaussian curvature for surfaces or of
nonpositive sectional curvature for Riemannian manifolds. In particular, we mention
important works by Menger, Busemann and Alexandrov in this domain. Finally, we
review some of the connections between convexity theory and the theory of nonpositive
curvature, which constitute the main theme that we develop in this book.

The work of Hadamard

The theory of spaces of nonpositive curvature has a long and interesting history, and
it is good to look at its sources. We start with a brief review of the pioneering paper
by Hadamard, “Les surfaces a courbures opposées et leurs lignes géodésiques” [62].
This paper, which was written at the end of the nineteenth century, can be considered
as the foundational paper for the study of global properties of nonpositively curved
spaces.

Hadamard was one of the first mathematicians (and may have been the first) who
strongly emphasized the importance of topological methods in the study of spaces of
nonpositive curvature. In the introduction to the paper cited above, he writes : “The
only theory which has to be studied profoundly, as a basis to the current work, is the
Analysis situs, which, as one can expect after reading the work of Poincaré, plays an
essential role in everything that will follow.”

Let us look more closely at the content of that paper.

Hadamard considers a surface S equipped with a Riemannian metric of nonpositive
curvature. The surface is smoothly embedded in R3, the Riemannian metric is induced
from that inclusion and the set of points at which the curvature is zero is finite.

Hadamard starts by noting that this surface is necessarily unbounded since if one
of the coordinates assumes a maximum or a minimum, then, in a neighborhood of
that point, the surface would be situated at one side of its tangent plane and therefore
the curvature would be positive. He then proves that such a surface can always be
decomposed into the union of a compact region and of a collection of infinite sheets (we
are translating the term “nappes infinies” used by Hadamard). Each infinite sheet is
homeomorphic to a cylinder, and is connected to the compact region along a boundary
curve. Hadamard constructs examples of surfaces with nonpositive curvature having
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an arbitrary number of infinite sheets. He classifies the infinite sheets into two types:
the flared infinite sheets (“nappes infinies évasée”), which we call “funnels”, and the
unflared infinite sheets. An unflared infinite sheet is characterized by the fact that one
can continuously push to infinity a homotopically non-trivial closed curve on such a
sheet while keeping its length bounded from above. To each unflared infinite sheet,
Hadamard associates an asymptotic direction. The simple closed curves that connect
the funnels to the compact region can be taken to be closed geodesics that are pairwise
disjoint.

Let us now suppose that the fundamental group of S is finitely generated (Hadamard
says that § has “finite connectivity”). For such a surface, Hadamard describes a
finite collection of homotopically non-trivial and pairwise non-homotopic simple

closed curves Cy, ..., C, such that any non-trivial homotopy class of closed curves
on the surface can be uniquely represented by a finite word written in the letters
Ci,....Cp,C L C, !, Hadamard pushes forward this analysis to make it in-

clude not only representations of closed curves, but also representations of long seg-
ments of open infinite curves. In fact, with these elements, Hadamard initiates the
approximation of long segments of bi-infinite geodesic lines by closed geodesics, and
therefore he also initiates the theory of symbolic representation of bi-infinite geodesics
on the surface, that is, the theory of representation of elements of the geodesic flow as-
sociated to S by bi-infinite words in the finite alphabet {Cq, ..., C;, Cl_l, e, Cn_l}.
We note in passing that the theory of symbolic dynamics for the geodesic flow associ-
ated to a nonpositively curved surface was thoroughly developed about twenty years
later by Marston Morse, and that Morse, in his paper [113], refers to Hadamard as
his source of inspiration. Hadamard calls a closed curve a “contour”, and the curves
C1, ..., C,the “elementary contours”. There are two sorts of closed curves in the col-
lection Cy, ..., C, which Hadamard considers: the curves that are the boundaries of
the infinite sheets, and those that correspond to the genus of the surface. (These curves
come in pairs and they correspond to the “holes” of the compact part of the surface
S, as Hadamard calls them.) He notices that there is (up to circular permutation) one
and only one relation in the representation he obtains that allows us to consider any of
these contours as a product of the elementary contours, and therefore, by eliminating
one of the contours, he obtains a symbolic representation that is unique up to circular
permutation.

In the same paper, Hadamard proves that in each homotopy class of paths on §
with fixed endpoints, there is a unique geodesic.! He also obtains an analogous result
for the free homotopy classes of closed curves on S that are neither homotopic to a
point nor to the core curve of a flared infinite sheet.

Hadamard then makes the fundamental observation that the distance function from
afixed point in S to a point that moves along a global geodesic in this surface is convex.
This observation is at the basis of the definition of nonpositive curvature in the sense

"Here, the word geodesic is used, as in Riemannian geometry, in the sense of local geodesic. We warn
the reader that this is not the definition that we are adopting in the rest of these notes, where a geodesic is
a distance-minimizing map between its endpoints (and therefore it is a global geodesic).
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of Busemann, which is the main topic of this book.

Next, Hadamard introduces the notion of asymptotic geodesic rays, and he con-
structs such rays as follows. Given a geodesic ray, he considers a sequence of geodesic
segments joining a fixed point on the surface to a sequence of points on that ray that
tends to infinity. He proves that this sequence of geodesic segments converges to a
geodesic ray, which he calls asymprotic to the initial ray. He studies the asymptotic-
ity relation and introduces through an analogous construction the notion of (local)
geodesics that are asymptotic to a given closed geodesic.

Using an argument that is based on the convexity of the distance function from a
point in a funnel to the closed geodesic that connects this funnel to the compact region
in S, Hadamard proves that a geodesic that penetrates a funnel cannot get out of it.”>

Finally, in the case where all the infinite sheets of S are funnels, Hadamard in-
vestigates the distribution of geodesics that stay in the compact part of the surface.
These geodesics are the flowlines of the geodesic flow associated with the compact
nonpositively curved surface with geodesic boundary, obtained from the surface S by
deleting the funnels. For a given point x in S, Hadamard considers the set of initial
directions of geodesic rays that start at x and stay in that compact surface. He proves
that this is a perfect set with empty interior, whereas the set of directions of geodesic
rays that tend to infinity is open.

We already mentioned that the setting of the paper [62] by Hadamard is that of a
differentiable surface S embedded in R3, such that at each point of S, the Gaussian
curvature is negative except for a finite set of points where it is zero. A theory of
metric spaces with nonpositive curvature, that is, a theory that does not make any
differentiability assumption and whose methods use the distance function alone, with-
out the local coordinates provided by an embedding in Euclidean space or by another
Riemannian metric structure, was developed several decades after the paper [62]. It
is good to remember, in this respect, that the theory of metric spaces itself was de-
veloped long after the theory of spaces equipped with differentiable structures. For
instance, Gauss’s treatise on the differential geometry of surfaces [51], in which he
defines (Gaussian) curvature and proves that this curvature depends only on the intrin-
sic geometry of the surface and not on its embedding in R3, was published in 1827,
whereas the axioms for metric spaces were set down by Fréchet, some 90 years later.

Of course, the setting of surfaces embedded in R3 has the advantage of providing
visual characteristics for the sign of the curvature. For instance, it is well-known that
for such a surface, we have the following:

o if the Gaussian curvature at some point is > 0, then the surface, in the neighbor-
hood of that point, is situated on one side of the tangent plane;

o if the Gaussian curvature at some point is < 0, then the surface, at that point,
crosses its tangent plane.

2Hadamard already obtained a similar result in [60].

3We recall that the surfaces considered by Gauss were always embedded in R3. Itis only 30 years after
Gauss’s paper was written that Riemann introduced the concept of spaces equipped with (Riemannian)
metrics with no embedding in R3 involved in the definition.
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We also recall that if the Gaussian curvature at some point is 0, then any one of
the above configurations can occur.

Hadamard indicated in the note [61] how to extend some of the results he proved
for surfaces to higher dimensions. The development of these ideas in the general
setting of Riemannian manifolds of nonpositive curvature has been carried out by Elie
Cartan, in particular in his famous “Lecons sur la géométrie des espaces de Riemann”
[36].4

The works of Menger and Wald

A few years after the introduction by Fréchet of the axioms for metric spaces, Karl
Menger initiated a theory of geodesics in these spaces. A geodesic in a metric space is
apath whose length is equal to the distance between its endpoints. Menger generalized
several results of classical geometry to this new setting and he introduced new methods
that did not make any use of local coordinates or of differentials, but only of equalities
involving the distance function, and of the triangle inequality. Menger wrote several
important papers involving this new notion of geodesic, and he also introduced a notion
of “discrete geodesic”, which is based on his definition of betweenness: a point z in a
metric space is said to lie between two distinct points x and y if z is distinct from x
and from y and if we have

dx,y)=d(x,z)+d(z,y).

In a complete metric space, the existence of a geodesic joining any two points is
equivalent to the existence, for any distinct points, of a point that lies between them.
We refer the reader to the commented edition of Menger’s papers in the volume
[108], published on the one hundredth anniversary of Menger’s birth. We shall have
several opportunities to mention Menger’s work in the following chapters, but here,
we mention an important notion that he introduced, which we shall not consider
further in this book. This notion contains an idea that is at the basis of the various
definitions of curvature that make sense in general metric spaces. The idea is to
construct “comparison configurations” for sets of points (say of finite cardinality) in
a given metric space X. The comparison configurations are built in a model space,
which is generally one of the complete simply connected surfaces M, of constant
Gaussian curvature k, that is, either the Euclidean plane (of curvature k = 0), or a
sphere of curvature ¥ > 0, or a hyperbolic plane of curvature k < 0. The comparison
configuration for a given subset ' C X is a subset F* of M, equipped with a map
from F to F*, which is generally taken to be distance-preserving and which is called
a “comparison map”. Then, one can define notions like curvature at a given point x
in X by requiring the ad hoc property for the comparison configurations associated to
certain classes of subsets contained in a neighborhood of x. Of course, a comparison

4Note that the later editions of Cartan’s book [36] contains additional material, in particular the devel-
opment of the work of Hadamard to higher dimensions.
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configuration does not always exist, but in the case where F is of cardinality 3, one
can always construct a comparison configuration F* of F in any one of the surfaces
M, with k¥ < 0. In fact, the axioms for a metric space X are equivalent to the fact that
one can construct a comparison configuration in the Euclidean plane for any triple of
points in X.> Let us now consider an example.

Given three pairwise distinct points a, b and c in the Euclidean plane M, either
they lie on a unique circle (the circumscribed circle), or they lie on a Euclidean straight
line. It is useful to consider here such a line as being a circle of radius oo, in order
to avoid taking subcases. Now for any triple of pairwise distinct points in a metric
space X, Menger defined its “curvature” as being equal to 1 /R, where R is the radius
of acircle in the Euclidean plane which is circumscribed to a comparison configuration
associated to that triple. With this definition, the three points in X are aligned (that
is, they satisfy a degenerate triangle inequality) if and only if their curvature is zero.
Given an arc (or, say, a one-dimensional object) A contained in X, Menger says that
the curvature of A at a point a € A is equal to « if for any triple of pairwise distinct
points in A that are sufficiently close to a, the curvature of this triple is close to .

With this definition, Menger introduced the notion ofcurvature for one-dimensional
objects in an arbitrary metric space, and he posed the problem of the definition of cur-
vature for higher-dimensional objects.

Now, we must mention the work of Abraham Wald, a student of Menger, who
introduced a notion of two-dimensional curvature in an arbitrary metric space.® The
definition again uses a limiting process, but now it involves quadruples of points in
that space. The problem is that in general, a quadruple of points in a metric space does
not necessarily possess a comparison configuration in the Euclidean plane. However,
Wald starts by proving that if the metric space X is a differentiable surface, then, for
every point x in X, there exists a real number « (x) satisfying the following property:

(*) for each € > 0, there exists a neighborhood V (x) of x such that for every
quadruple of points Q in V(x), there is an associated real number « (Q) satisfying
|k(x) — k(Q)|] < € such that the quadruple of points Q possesses a comparison
configuration in the model surface M, (o).

Wald then proves that the quantity « (x) is equal to the Gaussian curvature of the
surface at the given point x.

Now let X be a metric space that is “Menger convex”, that is, a metric space X in
which for every pair of distinct points x and y, there exists a point z that lies between
them. Suppose furthermore that the Wald two-dimensional curvature exists at each
point of X. In other words, suppose that one can associate to each point x in X a real
number « (x) satisfying property (%) that is stated above. Under these assumptions,
Wald shows that the space X has the structure of a differentiable surface embedded
in R that induces the same length structure as that of the original metric on X. In

SWe also mention that an early version of the idea of a comparison map is already contained in the very
definition of the Gauss map.

6 Wald gave this 2-dimensional curvature the name “surface curvature”, and Menger refers to it as “Wald
curvature”.
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other words, the lengths of an arbitrary curve in X, on the one hand measured using
the original metric and on the other hand measured using this differentiable surface
structure, coincide. Furthermore, at each point a in X, the quantity « (a) is equal to
the Gaussian curvature induced by the differentiable embedding of the surface in R3.
With this result, Wald solved a problem that had been posed by Menger in [105], which
asked for a metric characterization of Gauss surfaces among Menger convex metric
spaces. We refer the reader to the Comptes Rendus Note [141] by Wald, presented by
Elie Cartan, which describes this work.

We note in passing that for extra-mathematical reasons, Wald stopped working on
this subject soon after he published the solution to Menger’s problem, and his research
interests switched to statistics and econometry. The story is interesting and it is told
by Menger in [109]. It seems that there was no direct continuation to Wald’s work.

Now, after the notion of curvature in metric spaces, we pass to the notion of
nonpositive curvature.

The works of Busemann and Alexandrov

For the development of the theory of nonpositively curved metric spaces, we shall
consider works that have been carried out in two different directions: the works
of H. Busemann and the works of A. D. Alexandrov and his collaborators. Both
Busemann and Alexandrov started their works in the 1940s, and the two approaches
gave rise to rich and fruitful developments, with no real interaction between the two.
The ramifications of these two theories continue to grow today, especially since the
rekindling of interest that was given to nonpositive curvature by M. Gromov in the
1970s.

Let us briefly describe the basic underlying ideas of these works. First we need to
recall a few definitions. Consider a metric space X in which each point x possesses a
neighborhood U such that any two points in U can be joined by a geodesic path in U.
A metric space X with such a property is said to be a locally geodesic space. We say
that such a neighborhood U is a geodesically convex neighborhood of x. A geodesic
segment [a, b] in X is, by definition, the image of a geodesic path in X joining a
and b.” A triangle in U is the union of three geodesic segments [a, b], [a, c] and
[b, c] contained in U. The segments [a, b], [a, c] and [b, c] are called the sides of this
triangle.

We start by presenting Busemann’s definition of nonpositive curvature, which has
the advantage of being the simplest to describe, and on which we shall focus in these
notes.

We say that the space X has nonpositive curvature in the sense of Busemann if
every point x in X possesses a geodesically convex neighborhood U such that for any

7From now on, we use the term “geodesic” in the sense of “global geodesic”, that is, a path whose length
is equal to the distance between its endpoints.
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geodesic triangle with sides [a, b], [a, c] and [b, c] contained in U, we have
dist(m, m’) < (1/2)dist(b, ¢),

where m and m’ are respectively the midpoints of [a, b] and [a, ¢]. This property
can be stated in terms of a convexity property of the distance function, defined on the
product of any two geodesic segments [a, b] X [a, c¢] in X equipped with their natural
(barycentric) coordinates. We shall develop this point of view in later chapters.

A nonpositively curved space in the sense of Busemann is sometimes referred to as
a “locally convex metric space”, or “local Busemann metric space”. The terminology
“nonpositively curved space”, in this sense, is due to Busemann.®

A complete Riemannian manifold of nonpositive sectional curvature is an example
of a metric space of nonpositive curvature in the sense of Busemann.

The most important writings of Busemann on this subject are certainly the paper
[26] and the book [28].

Now we consider the point of view of A. D. Alexandrov.

Before giving the definition of nonpositive curvature in the sense of Alexandrov,
we must recall the notion of angle which two geodesic segments (or more generally
two paths) in a metric space, that start at a common point, make at that point.

The notion of angle in a metric space has been introduced by Alexandrov as a
generalization of the notion of angle in a surface. The first papers by A. D. Alexandrov
deal with the intrinsic geometry of surfaces, and the notion of angle is certainly the most
important notion in that theory, after the notion of distance and that of length of a path.’
In fact, Alexandrov introduced several notions of angle, and these notions coincide
provided some reasonable hypotheses on the ambient metric spaces are satisfied. For
our needs, it suffices to consider the notion of upper angle that two geodesic segments
with a common initial point make at that point.

Let X be a locally geodesic metric space, let U be a geodesically convex open
subset of X and let us consider a geodesic triangle A in U, with sides [a, b], [a, c]
and [b, c]. Let us define the upper angle o of the triangle A at the vertex a. For
every point x on the segment [a, b] and for every point y on the segment [a, c], we
consider a triangle A, , in X with sides [a, x], [a, y] and [x, y], where [a, x] and
[a, y] are subsegments of [a, b] and [a, c] respectively and where [x, y] is a geodesic
segment joining the points x and y. Let A% ybe an associated comparison triangle in
the Euclidean plane and let o, be the angle of A% ,y at the vertex that corresponds to
the vertex a of Ay y. Then, the upper angle of the triangle A at the vertex a is defined
as

a = limsupay y.
X, y—>a

8 Busemann has some additional hypotheses on the metric spaces that he considers. One such hypothesis
is the uniqueness of the prolongation of geodesics. There are interesting examples of spaces that do not
satisfy this hypothesis and for which the results that we are interested in are valid, and for that reason we
have tried to avoid this hypothesis in this book. We recall the precise definition of the spaces considered
by Busemann (which he calls G-spaces) in the Notes on Chapter 2 below.

90ne of the basic papers of Alexandrov on that theory is [2]. We also refer the reader to [3] and [4].
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The angular excess of the triangle A is then defined as
s(A)=a+p+y—m,

where «, 8 and y are the upper angles of A at the vertices a, b and c.

Finally, the space X is said to be nonpositively curved in the sense of Alexandrov
if every point in X possesses a geodesically convex neighborhood U such that the
angular excess of any triangle in U is < 0.

Let us note that in the case where the space X is a differentiable surface, the
angular excess §(A) is the classical fotal curvature, that is, the integral of the Gaus-
sian curvature over the region R C S which is bounded by the triangle A. Indeed,
the Gauss-Bonnet theorem applied to a disk D with piecewise geodesic boundary
embedded in a differentiable surface S C R3 says that

T4+ w=2mry,

where v = f D dS is the total curvature of the disk D, that is, the integral of the
Gaussian curvature with respect to the area element of that disk. In the special case
considered, yx is the Euler characteristic of the disk, which is equal to 1, and 7 is the
sum of the rotations of the boundary of the disk at the vertices. At a vertex whose
angle is «, the rotation is equal to w — «. This gives

w=21— (@ —a)= (=)= (1t —y)=354).

Thus, the notion of nonpositive curvature in the sense of Alexandrov generalizes the
classical notion of nonpositive curvature for differentiable surfaces.

Complete Riemannian manifolds with nonpositive sectional curvature are also
examples of nonpositively curved metric spaces in the sense of Alexandrov.

It should be noted that a metric space which is nonpositively curved in the sense
of Alexandrov is also nonpositively curved in the sense of Busemann, but that the
converse is not true. For instance, any finite-dimensional normed vector space whose
unit ball is strictly convex is nonpositively curved in the sense of Busemann, but if
the norm of such a space is not associated to an inner product, then this space is not
nonpositively curved in the sense of Alexandrov. Alexandrov mentions this example
in [3], p. 197.

Let us note finally that the techniques that are used by Alexandrov in all his works
rely heavily on the notion of angle in a metric space, whereas the techniques of
Busemann seldom use this notion.

Convexity

To end this introduction, we would like to make a few comments on convexity theory
in relation with nonpositive curvature, but before that, we mention a particular link
between the study of convex polyhedra and that of the differential geometry of surfaces.
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In his historical report [46], Werner Fenchel traces back the origin of Alexandrov’s
work on the intrinsic geometry of convex surfaces to some early work on convex
polyhedra. He first recalls Cauchy’s rigidity result of 1812 stating that if two com-
binatorially equivalent convex polyhedra in R have congruent corresponding faces,
then the polyhedra are themselves congruent.'? Fenchel then reports that Cauchy, in a
note he made for the French Academy of Sciences, wrongly announced that this result
on polyhedra immediately implies that there is no closed convex surface that admits
isometric deformations, a result that had already been claimed, also with a false proof,
by Newton, around the year 1770.'! Still, the problem was posed, and the relation
between the rigidity of convex polyhedra and the rigidity of convex surfaces was clear:
by replacing the condition on the isometry between the faces by a local (infinitesimal)
condition, one is naturally led to the problem of finding local conditions on two closed
convex surfaces under which these surfaces are isometric. The list of mathematicians
who worked on this problem includes the names of J. H. Jellett, H. Liebmann, H.
Weyl, S. Cohn-Vossen, A. D. Alexandrov, A. V. Pogorelov and others. We refer the
reader to the paper by Fenchel for this fascinating story.

Of course, there are also relations between convexity and nonnegative curvature.
‘We mention as an example and without further comment the following result of Alexan-
drov and Pogorelov: if X is a length metric space homeomorphic to the 2-sphere, then
X has nonnegative curvature if and only if X is isometric to a convex surface S in R?,
and in this case the surface S is unique up to rigid motions of R3.

We turn back to the relation between convexity theory and the theory of spaces
of nonpositive curvature. First of all, as we have already said, it had already been
realized by Hadamard that the convexity of the distance function in a nonpositively
curved space is responsible for many of the global properties of that space. We also
mentioned that this idea has been extensively explored by Busemann, who defined
nonpositive curvature precisely by a convexity property of the distance function, and
who showed, using this new definition, that most of the important properties of a
nonpositively curved Riemannian manifolds are valid in a setting which is much wider
than that of Riemannian geometry. Secondly, many of the basic results in convexity
theory have the flavour of nonpositive curvature, and we mention as an important
class of examples the “local-implies-global” properties, such as the fact that a locally
convex function is globally convex, or the fact that a local geodesic in a Busemann
space (i.e. in a simply connected metric space that is nonpositively curved in the sense
of Busemann) is a global geodesic, and there are many others.

The aim of the chapters that follow is to describe these facts in some detail.

'OCauchy, in his paper Sur les polygones et les polyedres, cf. [37], traces back this work on polyhedra to
Euclid. He says that this rigidity statement is contained in Definition 9, of Book XI of the Elements.
11 Cauchy’s arguments were corrected later on by H. Lebesgue among others.



Chapter 1

Lengths of paths in metric spaces

Introduction

The axioms defining a metric space concern the notion of distance between two points.
By using a limiting process, these axioms lead to the notion of length of a path. The
function that associates its length to each path is at the basis of a one-dimensional
theory of integration in metric spaces that are “connected by rectifiable paths”, that is,
metric spaces in which any two points can be joined by a path of finite length.

The definition of the length of a path (even in the case where the path is a plane
curve) has been a delicate question for a long period of time, in particular because
it involves a limiting process. The Ancient Greeks had already worked on it. For
instance, Archimedes knew how to compute the lengths of a spiral, of a circle and of
other conics. Of course, he had no precise definition for the length of a path, but he
was close to such a definition (see the historical remarks by Guiseppe Peano in [121]).

The basis of the modern theory of paths in metric spaces and their lengths was
developed at the beginning of the 20th century, in fact, at the same time as the theory
of metric spaces itself. Several major mathematicians contributed to this subject, and
we can mention the names of Jordan, Fréchet, Lebesgue and Menger.

This chapter contains basic material on paths and their lengths. The results that
we present are classical. Some of these results are straightforward, but we state them
as propositions because of their frequent use. References for this material include the
books by Choquet and Blumenthal ([39] and [18]) and Chapter 1 of Busemann [28].
We have included a few historical notes at the end of the chapter.

The outline of this chapter is the following:

In Section 1, we establish a few elementary properties of lengths of paths in a
metric space. We study change of parameter and concatenation of paths and we give a
characterization of the length function defined on the set of paths as being the smallest
function that is additive under concatenation and whose value on any path is bounded
below by the distance between its endpoints.

Section 2 concerns paths that are parametrized by arclength and paths that are
parametrized proportionally to arclength.

Section 3 is a brief discussion of the classical case of €!-paths in Euclidean space
R”™. The length of a Cl-path y: [a, b] — R” is given by L(y) = fab ly' @) dt, a
formula that is well-known from calculus.

In Section 4, we consider the set C([a, b], X) of paths in a metric space X whose
domain is a fixed interval [a, b], and we equip this set with the topology of uniform
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convergence. The function “length of a path”, defined on C([a, b], X), is not con-
tinuous in general, but it is lower semi-continuous. This function is a useful tool in
geometry. Using Ascoli’s theorem, we derive some properties of limits of sequences
of paths and their lengths.

1.1 The length of a path

Let X be a metric space. We denote by d(x, y) the distance between two points x and
y of X. We shall also use the notations d(x, y) = |x — y|x, d(x, y) = |x — y|4, or,
more simply, d(x, y) = |x — y| if there is no possible ambiguity.

A path in X is a continuous map y : [a, b] — X, where a and b are two arbitrary
real numbers satisfying a < b. If y(a) = x and y(b) = y, then we say that x and y
are the endpoints of y, and that y joins the points x and y.

A subdivision of a compact interval [a, b] is a finite subset o of [a, b] containing
a and b. If n = card(o), we say that n is the length of the subdivision o. An element
of o is called a vertex of this subdivision. If o is a subdivision of length n + 1, we
obtain, by taking the vertices in increasing order, a finite sequence (¢;);o,... » of real
numbers satisfyinga = 9 < t; < --- < t, = b. In all that follows, the notation
o = (t)i=o0,..,» means that o is a subdivision, that the #;’s are the vertices of o, that
they are ordered increasingly and that they are pairwise distinct. (This makes sense
only ifa # b.)

To avoid cumbersome remarks, we shall tacitly assume, in all that follows, that
we have a < b whenever this hypothesis is necessary to make things meaningful.

Definition 1.1.1 (The length of a path). The length of a path y: [a,b] — X is the
quantity

n—1
Lx(y) =L(y) =sup)_ly (@) =y sl
7 =0
where the supremum is taken over the set of subdivisions ¢ = (#;)i=o,...» of [a, b]. A
path is said to be rectifiable if its length is finite.

We have, in the general case, 0 < L(y) < co. By considering the subdivision
o = {a, b} of [a, b], we obtain immediately the inequality

(L.1.1.1) lx — y| < L(y).

where x = y(a) and y = y(b) are the endpoints of y. Thus, the length of a path is
bounded below by the distance between its endpoints.

Let y: [a,b] — X beapathin X and let 0 = (#;)i—o0,....
[a, b]. The total variation of y with respect to o is defined as

» be a subdivision of

n—1
Voly) =Y ly(t) =y tir)l.
i=0
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Thus, we can write the following formula for the length of an arbitrary path
y:la,b] - X:

(1.1.1.2) L(y) = sup Vs (y),

where the supremum is taken over the set of subdivisions o of [a, b].

Proposition 1.1.2. The length of a path y : [a, b] — X is zero if and only if y is a
constant path, that is, if and only if there exists xo in X such that y (t) = xq for all t
in [a, b].

Proof. If y is a constant path, then V, (y) = O for any subdivision o of [a, b], which
implies L(y) = 0. Conversely, suppose that L(y) = 0. Let ¢ be a point in ]a, b[ and
let us consider the subdivision o = {a, ¢, b}. We have

Vo¥) =ly(@ —y@®l+1y@®) —yb) < Ly) =0.

Thus, we have |y (a) —y (t)| = 0, thatis, y (t) = y(a) forall ¢ in Ja, b[, which implies
that the path y is constant. O

Example 1.1.3 (Discrete metric space). Let X be a discrete metric space, that is, a
metric space in which every point is isolated. It is not hard to see that any path in X
is constant and the length of such a path is zero.

We note that we can equip an arbitrary set E with a canonical structure of a discrete
metric space, by setting
0 ifx=y,

X — =
W= ey

Definition 1.1.4 (Affine paths in a vector space). Let E be a vector space. For all x
and y in E, the affine path joining x and y is the path y: [0, 1] — E defined by
y(t) = (1 — t)x + ty. We note that an affine path is indeed a path, that is, it is
continuous, for any metric that we shall consider on E (in fact, we shall only consider
metrics that are associated to norms).

Proposition 1.1.5 (The length of an affine path in a normed vector space). Let E be
a normed vector space and let y : [0, 1] — E be an affine path joining two points x
and y in E. Then we have L(y) = ||lx — y||.

Proof. For all ] and 1, satisfying 0 < #; <, < 1, we have

ly) —y@)I =10 —-t)x +ty— (1 —t)x -yl
= ||(tz — t)x + (11 — 12)Y|
= —m)lx—yl.



1.1 The length of a path 13

Thus, if 0 = (¢;);=0,... » 1s an arbitrary subdivision of [0, 1], we have

.....

n—1

n—1
Vo)=Y lyt) = y@iznl =Y (tis1 — t)llx =yl = llx — yl.
o

i=0
Taking the infimum of V,; (y) over all subdivisions o, we obtain L(y) = ||x — y|. O
Example 1.1.6 (Non-rectifiable path in R). We consider the set R of real numbers,

equipped with its usual metric (where the distance between two points is equal to the
absolute value of the difference). Let us prove that the path y : [0, 1] — R defined by

() {0 ifr =0,

tsin(1/t) otherwise

is not rectifiable. To see this, we consider, for all n > 1, the following subdivision of
[0, 1]:

2
= —,.:0,..., U 0,1.
on {n(2i+1) : ”} 0. 1)
Then we have, foralln > 2,
2 T(2n + 1
V, =10— i
0, (V) ’ ot D) sin — '
n—1 . .
2 2 1 2 2i +3
—i—Z - sinn(l+ )— - sinﬂ(l+ )
= 7 (2i + 1) 2 (20 + 3) 2
1 2sinE g
T ! 2

|
—_

n

(o *7ms)
= +
4 7Ri+1) xQRi+3)

2 2l g
+n(2n+1)+5i§2i+1‘

Il
=

Q|

Since Z?;ol 1/(2i + 1) is the n-th partial sum of a divergent series, we have
Vs, (¥) = 00 as n — oo, which shows, by (1.1.1.2), that L(y) = oc.

Observe that the path y of Example 1.1.6 is a uniform limit of a sequence of
rectifiable paths y,,: [0, 1] — R, where for all n > 1, y;, is defined by

0 if 0<t<1/(nm),
vu(t) = .
y@) if 1/ (nm) <t <1.

Thus, the uniform limit of a sequence of rectifiable paths is not necessarily recti-
fiable.
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Definition 1.1.7 (Change of parameter). Let y: [a,b] — X and y': [c,d] — X be
two paths in X. We say that y’ is obtained from y by a change of parameter if there
exists amap ¥ : [c, d] — [a, b] that is monotonic (in the weak sense), surjective and
that satisfies y’ = y o 1. The map  is called the change of parameter.

Remarks. (i) We do not require that the map v be a homeomorphism.

(i) A monotonic and surjective map between two intervals of R is necessarily
continuous. Thus, ¥ is continuous.

Proposition 1.1.8 (Length is invariant under change of parameter). Lery’: [c, d] —
X be a path obtained from a path y: [a,b] — X by a change of parameter. Then

L(y)=L(".

Proof. First, let us show that L(y’) > L(y). Lety : [c, d] — [a, b] be the change of
parameter. To any subdivision o = (#;);=o,....» of [a, b], we associate a subdivision
o' = (t))io,...n of [c, d] by choosing foreachi = 0, ..., n an arbitrary point #/ in the
set ~1(t;). Wehave V. (¥") = V,(y). Taking the supremum over all subdivisions ¢’
of [c, d], we obtain L(y") > V,(y). Now taking the supremum over all subdivisions
o of [a, b], we obtain L(y") > L(y).

For the converse inequality, let us consider a subdivision o of [c,d]. Its im-
age V(o) = o’ is a subdivision of [a, b] satisfying V,;(y") = Vs (y), since ¥
is monotonic. Taking the supremum over all subdivisions o’ of [c, d], we obtain
Vs (y') < L(y), which implies, by taking the supremum over all subdivisions o of
[a, b], that L(y’) < L(y). Thus, we have L(y) = L(y’). This proves Proposi-
tion 1.1.8. O

Lemma 1.1.9. Let y : [a, b] — X be a path and let o and o’ be two subdivisions of
[a, b] satisfying o C o'. Then Vo (y) < Vo (y).

Proof. This is a consequence of the triangle inequality. O

Let o0 = (4)i=0
quantity

» be a subdivision of [a, b]. We call the modulus of o the

.....

lol=sup (ti1 —1).
i=0,..n—1

Proposition 1.1.10. For every path y : [a, b] — X, we have:

L(y) = ‘ii‘rgo Vo (¥).

Proof. Let M be an arbitrary real number satisfying M < L(y). (Note that we did
not assume that the path y is rectifiable, and therefore, L(y) can be equal to co.) To
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prove the proposition, it suffices to prove that there exists a real number n > 0 such
that for any subdivision o of [a, b] satisfying |o| < 1, we have

(1.1.10.1) M < Vs(y) < L(y).

It follows from the definition of L (y) that the right-hand side inequality in (1.1.10.1)
is always satisfied. We prove the left-hand side inequality. Let € = (L(y) — M)/2,
let M = M + € and let T = (f;);—0....» be a subdivision of [a, b] satisfying

.....

(1.1.10.2) M+e < Ve(y).

Since the map y : [a, b] — X is uniformly continuous, we can find a real number
n satisfying

1
0 — inf tir] — &
<n<jy i:O,l,r.l.,n—l( i1 — 1)

and such that for every u and v in [a, b] satisfying |u — v| < n, we have

€
ly(u) —y(@)| < m

We fix such a real number n and we let o be a subdivision of [a, b] satisfying
lo| < n. Foralli =1,...,n — 1, let ¢/ (respectively #) be the vertex of o that is
closest to #; and that satisfies 7/ < f; (respectively #; < t'). The inequality |o| < 7
implies that foralli = 1, ..., n — 1, we have the following sequence of inequalities:

i<t <t <tiql.
Now let us consider the subdivision o U t of [a, b]. We have:

n—1

Vour () = Vo) =Y _ (Iy ) — v aDI + ly (@) — y )| = ly (&) — y t])])
i=1
n—1
<3y @) — v a1+ Iy () — ¥ (6))
i=1

€

Hence, we obtain
VUU‘L’ (V) =< V(r (V) + €.

Since T C o U 7, we have, by Lemma 1.1.9,

VT(V) = VaUr (7/)

The last two inequalities give

(1.1.10.3) Ve(y) < Vo(y) +e.
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Inequalities (1.1.10.2) and (1.1.10.3) imply M < V,(y), which is inequality
(1.1.10.1). This proves Proposition 1.1.10. O

Proposition 1.1.10 is familiar in the case of Euclidean space. It allows us to see the
length of a curve in this space as the limit of the perimeters of an arbitrary sequence
of polygonal curves that are obtained by joining by Euclidean segments consecutive
points of the image of such a curve, provided the lengths of the sides of this sequence
of polygons tend uniformly to 0.

Example 1.1.11 (Koch’s curve). Koch’s curve (cf. [92]; see Figure 1.2) is an example
of a non-rectifiable path in R2. This path y is the uniform limit of a sequence of paths
Vo [0, 1] — R2 (n > 0), defined inductively as follows. The path yy is defined by
yo(t) = (¢,0) for all ¢ in [0, 1] and for every n > 0, the map y, is linear on each
interval of the subdivision o, = {i /4", i =0, 1,...,4"} of [0, 1]. For each n > 0,
the path y,,41 is obtained from y,, by first cutting each interval I of the subdivision
oy, associated to y, into 3 pieces of equal lengths, and then modifying the path 3, on
each of these pieces in a piecewise-linear manner so that the image by y,,4+ of this
interval / has the form shown in Figure 1.1. In other words, using the notations of that
figure, if the image of the interval / by the map y, is the union of the three segments
OA, AC and CD, then the image of the same interval I by y,,41 is the union of the
four segments OA, AB, BC and CD. For all n > 0, we have L(y+1) = 4/3 L(yn).
Figure 1.2, represents the images of y, fori = 0, 1, 2 and 3. To see that the path y is
non-rectifiable, we consider, for every n > 0, the subdivision

o, =1{i/4",i=0,1,...,4".
Then V, (y) = Vo, (¥n) = (4/3)". Thus, we have
L(y) = lim Vg, (y) = oo.
n—o0

It is easy to see, by a similar reasoning applied to subpaths of y that no subpath of y
is rectifiable (Koch’s curve is an example of a “self-similar” curve).

B

o A C D

Figure 1.1. The building block of Koch’s curve.

If y: I — X is an arbitrary path and if [y is a closed sub-interval of I, we obtain,
by restriction of y to Ip, a path y|,: Ip — X. Let us note a direct consequence of
Proposition 1.1.10:



Proposition 1.1.12 (Additivity of length). Let y: [a, b] — X be a path. For all c in

la, b], we have

1.1 The length of a path

L) =LWa,c) + LW [e.p))-

Proof. We choose a sequence of subdivisions (6,,),>0 of [a, b] such that ¢ € o, for all
n > 0 and such that |o,| — 0 asn — oco. Foralln > 0, let o, = 0, N [a, ] and let
on N [c, b]. The set o, (respectively o,) is a subdivision of [a, ¢] (respectively

" _
O'n =

of [c, b]). We have

Vo, V) = Vor Vi1a.c1) + Vor (Vi1c.p1)

. , .
and lim,,_, o |0, | = lim,_, oo

L(y)

which proves Proposition 1.1

For every path y : [a, b] — X and for every ¢ in [a, b], we denote by y; the path

lo,’| = 0. Using Proposition 1.1.10, we obtain:

lim Vg, (y)

n—oo

nli)rgo (Vo M1acc) + Vor (Y 1e.61)
LY|1a.c)) + LW 1e.b)

2.

Figure 1.2. Koch’s curve.

¥|[a,r]- Then we have the following

Proposition 1.1.13. For every rectifiable path y : [a, b] — X, the map t — L(y;)

defined on [a, b] is increasing and continuous.

Proof. The fact that this map is increasing follows from the additivity of length
(Proposition 1.1.12). Let us show that it is continuous. We fix a real number € > 0.
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Using respectively Proposition 1.1.8 (Length is invariant under change of parameter)
and the uniform continuity of y, we can find a positive real number 7 satisfying the
following two properties:

e For every subdivision o of [a, b] satisfying |o| < n, we have
(1.1.13.1) L(y) —Vs(y) <€
o for every u and v in [a, b] satisfying |v — u| < n, we have

(1.1.13.2) ly () — y ()| < e.

Now let u# and v be two points in [a, b] satisfying 0 < u — v < n and let o be a
subdivision of [a, b] satisfying |o| < nand o N[u, v] = {u, v}. Weseto; = o N|a, u]
and 0, = o N [v, b]. Then we have

LW 1a,u) + LY o) + LW w,p1) = L)
< Vy(y)+e (by L.1.13.1)
= Vo, Wita,u) + 1y () — y (W) + Vo, (V[v,61) +€
< LW[au) + €+ LYp) +€ (by1.1.13.2).

Thus, we obtain L(y|[4,y)) < 2¢. From this fact and the additivity of length, we
conclude easily the proof of Proposition 1.1.13. O

Definition 1.1.14 (Concatenation of paths). Let a, b and ¢ be real numbers satis-
fyinga < c < b. lIf y1:[a,c] - X and y»: [c,d] — X are two paths satisfy-
ing y1(c) = y2(c) then we can define the path y; * y»: [a, b] — X by setting

@) ifa=<r=ec,

* Y (t) =
yix () {yz(t) ifc <t <b.

This path y; * y» is called the concatenation of y; and y».

By the additivity of length (Proposition 1.1.12), we have

L(y1 *y2) = L(y1) + L(y2).

Conversely, the function “length of a path” can be characterized by some of the
properties that we established:

Proposition 1.1.15 (Characterization of the length function). Let C be the set of paths
in X andlet L: C — [0, oo] be the map that assigns to each path its length. Then L
is the smallest map £L: C — [0, oo] satisfying the following two properties:

(i) for every path y : [a, b] — X, we have L(y) > |y (a) — y(b)|;
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(i1) if a path y is the concatenation of two paths y| and y», then

L(y) = L(y1) + L(2).

Proof. If L£: © — [0, oo satisfies (i) and (ii) and if 0 = (#;);=0,...,» is an arbitrary
subdivision of [a, b], then we have

n—1 n—1
LO) =) LWl = Dy @) —yUip)] = Vo (p),
i=0 i=0

which implies that L£(y) > L(y). Since the map L satisfies properties (i) and (ii), the
proof of Proposition 1.1.15 follows. O

1.2 Arclength as parameter

Proposition 1.2.1. Let y: [a, b] — X be a rectifiable path. For each u in [0, L(y)],
there exists a unique point x in X and a point t in [a, b] such that x = y(t), where
L(y,) = u. Furthermore, the set of such points t associated to u is a closed sub-
interval of [a, b], and the map y is constant on this sub-interval.

Proof. Since the map t — L(y;) is continuous (Proposition 1.1.13), we can use the
mean value theorem to obtain, for every u satisfying 0 < u < L(y), a real number ¢
satisfying L(y;) = u. Now if ¢ and ¢’ are two real numbers satisfyinga <t <t <b
and L(y;) = L(yy), then, by Proposition 1.1.12 (Additivity of length), we have

L(Y,) = L(yw) — L(y) = 0.

Thus, we obtain L(y|[;,»1) = 0, which, by Proposition 1.1.2, implies that y is
constant on the interval [¢, ¢']. This also proves that the set of real numbers ¢ associated
to u is a sub-interval of [a, b]. By the continuity of the map ¢ +> L(y;), this sub-
interval is closed. O

Proposition 1.2.2. Let y: [a,b] — X be a rectifiable path. Consider the map
A [0, L(y)] — X defined by M(u) = y(t), where y(t) is the unique point of X
provided by Proposition 1.2.1, satisfying L(y;) = u. Then the map X\ is 1-Lipschitz.
In particular, A is continuous and therefore it is a path. Furthermore, y is the
path obtained from X\ by the change of parameter ¥ : [a,b] — [0, L(y)] defined
by ¥ (t) = L(yy).

Proof. Let u and u’ be two points in [0, L(y)] satisfying u < u’ and let r and ¢’ be
two points in [a, b] satisfying L(y;) = u and L(yy) = u’. Then, A(u) = y(¢) and
A" = y (). Using (1.1.1.1), we obtain

IA@) = 2@ =y (@®) —y ()] < LY 1.0m)
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=lu—u'l =Lyy) = Ly) =u' —u,
which shows that A is a 1-Lipschitz map.
The map  is increasing and surjective. The uniqueness of the point x in Propo-

sition 1.2.1 implies that y = X o 1. This completes the proof of Proposition 1.2.2.
]

Proposition 1.2.3. Lety : [a, b] — X be a rectifiable pathandlet A: [0, L(y)] - X
be the associated map, defined in Proposition 1.2.2. Then we have, for all u in
[0, L(y)], u = L(\y).

Proof. Let u be a pointin [0, L(y)] and let  be a point in [a, b] satisfying L(y;) = u.
We consider the paths A, = A0, and y; = ¥4, By construction, we have
Yy = Ay o Yy, where ¥ : [0, 1] — [0, u] is the map x +— L(yy). Thus, the path y; is
obtained from the path A, by the change of parameter y;. By Proposition 1.1.8, these
two paths have the same length, which implies L(A,) = u. O

Definition 1.2.4 (Path parametrized by arclength). Let y: [a, b] — X be a rectifi-
able path. We say that y is parametrized by arclength if for all u and v satisfying
a<u=<v=<b wehavev —u = L(|u)-

In particular, if a path y: [a, b] — X is parametrized by arclength, it satisfies
Ly)=b—a.

Proposition 1.2.5. Let y: [a, b] — X be a path parametrized by arclength. Then
the map t — L(y,), defined on the interval [a, b], is strictly increasing.

Proof. The proof follows directly from Definition 1.2.4. O
Corollary 1.2.6. Let y: [a, b] — X be a rectifiable path. Then the path
A [0, L(y)] —> X

that is associated to it by Proposition 1.2.2 is parametrized by arclength.

Proof. By Proposition 1.2.3, for all # and v satisfying 0 < u < v < L(y), we have

v—u= L) — LAj0,u) = LA [u0)- O

For every rectifiable path y: [a, b] — X, we call A: [0, L(y)] — X the path
parametrized by arclength that is associated to y .

Proposition 1.2.7 (Concatenation of paths parametrized by arclength). If y is the
concatenation of two paths y1 and y, that are parametrized by arclength, then y is
also parametrized by arclength.
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Proof. We use the notations of Definition 1.1.14, with y = y; % y». Let u and v be
two real numbers satisfying a < u < v < b. We distinguish three cases:
Ifa <u <v <c, then, since y; is parametrized by arclength, we have

v—u=Lyu,v) = L1 * V2)0u,0))-

If ¢ <u < v < b, then, since y; is parametrized by arclength, we have

v—u = L2 u,v) = L1 * V2/u,0))-

Ifa <u <c¢ <v < b, then we write

v—u=w-—c)+ (c—u)
= L(Vl\[u,c]) + L(VZ\[c,v])
= L1 * y2)tu.c) + L1 * v21c.01)
= L1 * y2|[u.v])-

This proves Proposition 1.2.7. O

Definition 1.2.8 (Path parametrized proportionally to arclength). Lety: [a, b] — X
be a path, with a < b. We say that y is parametrized proportionally to arclength if ei-
ther y is a constant path, or there exists a path y’: [c, d] — X that is parametrized by
arclength and that satisfies y = y’ o ¢, where ¥ : [a, b] — [c, d] is the unique
affine homeomorphism between these two intervals, that is, the map defined by

Yx) = ((d —co)x + (be — ad))/(b —a).
La following property will be useful for us later on.

Proposition 1.2.9. Let y: [0, 1] — X be a path parametrized proportionally to arc-
length. Then y is an L(y)-Lipschitz map.

Proof. If y : [0, 1] — X is a constant path, then the conclusion follows trivially. Now
suppose that y = y’ o v, where y': [c,d] — X is a path that is parametrized by
arclength and where ¢ : [0, 1] — [c, d] is defined by ¥(x) = (d — ¢)x + c. Then,
for all u and v satisfying 0 < u < v < 1, we have

ly @) —y @Il =1y (v@) -y (¥ )|
< L1y ypy) (using (111.1)
= ¥ (v) — ¥(u) (since y’ is parametrized by arclength)

=d—-c)—u)
=Ly —u)
=L(y)(v—u

This proves Proposition 1.2.9. O
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1.3 Differentiable paths in Euclidean space

For all n > 1, we denote by E = E" the Euclidean space of dimension r, that is,

the space R" equipped with the norm || (xq, ..., x,)| = xl2 + -+ + x2 and with the
metric induced by that norm.

Proposition 1.3.1. Ler y: [a,b] — E be a C'-path and let y': [a, b] — E be its
derivative. Then we have:

b
(13.1.1) L(y) = / Iy @l dr.

Proof. Let us equip the space [E with an orthonormal basis and let yy, ..., y, be the
components of y in this basis. Then we can write

ly' Ol =

Foralltin [a, b], we set, as usual, y; = ¥(4,1], we consider the map s : [a, b] — R
defined by s(#) = L(y;) and we show that this map is differentiable and that its
derivative is equal to ||’(¢)|. This, combined with the fact that s(a) = 0, will give
Formula (1.3.1.1).

Let ¢ and ¢’ be two real numbers satisfying a < r < t’ < b. We have

(1.3.1.2) s@') —s@) = Ly r)-

Let us fix a real number € > 0. For all j = 1, ..., n, the map yjf: [a, b] — Ris
uniformly continuous. Therefore, there exists 7 > 0 such that for all 7 and ' satisfying
a<t<t <bandt —t <n,wehave, forall j =1,...,nandforall t in [z, '],

v <yj) +e.

Now, let us take ¢ and ¢’ satisfying a < r <t < bandt —t < 7 and let
o = (t;)i=0....x be an arbitrary subdivision of [z, t']. We have

k—1 k—1 n
2
Vo Wiea) = Y _ Iy @) —y @yl =D | D (vi) — viipn) ™
i=0 i=0\] j=1
By the mean value theorem, foralli =0, ...,kand forall j =1,...,n, we can

find Ti,j € [#, ti+1] such that

Vi) = yi(tieD) = yi(T )6 — tiy1),
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which implies
2_ 2 2
(vit) —yjtiv)” = (@i )" Cipr — )7,
whence

n

> (i) —viin)? Z(y 0 + O tig1 — 1)

Jj=1 j=I1

= (ne+ Y _yjO) iy — 1)’
j=1
= (ne + Iy’ O 1P tip1 — 1)

Thus, we obtain

k—1
Vo (i) < Y yJne + 1Y/ O 121 — 1) = \Jne + 1y @126 — 1)
i=0

The right hand side in the last expression does not depend on the choice of o.

Thus, we have:
L) < Jne+ 1y OI@ —1).

By (1.3.1.2), we therefore obtain:

s(t") —s() 2
(1.3.1.3) — = < ne+ |y’ @Ol

On the other hand, we have, using (1.1.1.1) and (1.3.1.2),
ly () =y @] < Is@) = s@).
Since s is increasing (Proposition 1.1.13), we obtain

ly (@) —y (@)l - s(t') —s()
t—t - t—t

’

or, equivalently,

(1.3.1.4)

y(@) —y(@)
t—t

’ - st —s@)

t—t

Inequations (1.3.1.3) and (1.3.1.4), that we proved fora <t < t' < bwitht —¢' < n,
are valid for all # and ¢’ in [a, b] satisfying ¢ # ¢’ and |t — | < 7 (to see this, use the
fact that s is increasing).

We have
y(t) —y@)

t—

‘ PAGIE

|[t—t'|—0
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Therefore, there exists n’ > 0 such that for all |t — /| <, we have

st —s(2)

'@ — e <
Iy @l =—

The last inequality, together with (1.3.1.3), imply that for all € > 0 and for all # and
t' in [a, b] satisfying ¢ # t" and |t — /| < inf{n, '}, we have

/ S(t/)_s(t) ’ 2
||)/(f)||—€§—t,_t </ne+ Iy Ol

Letting € tend to 0, we obtain s'(z) = ||y’(¢)||, which completes the proof of Proposi-
tion 1.3.1. o

1.4 The space of paths

At several places in these notes, we need to take limits of paths and for that reason, we
begin by defining a space of paths. In all this section, X is a metric space and [a, b]
is a compact interval of R.

We denote by C([a, b]) the set of paths in X with domain [a, b] and we equip this
set with the topology of uniform convergence. We note that this topology is associated
to the metric defined by

ly1 — 2l = sup [y1(t) — y2(0)l,
tela,b]
for every y; and y» € C([a, b], X).
We start by observing that the map L from C([a, b], X) to the extended ray
[0, co] U {oo} that associates to each path y its length L(y) is not continuous in
general, as the following examples show:

Examples 1.4.1 (Non-continuity of the length function).

(i) For every nonpositive integer n, let F,,: [0, 1] — R be the piecewise-affine
continuous map whose graph is the union of the affine segments joining pairwise
(in consecutive order with respect to the first coordinate) the points of the following

sequence in the plane R?
p €(p)

where €(p) = 0 if p is odd and 1 if p is even.
For all n > 0 and for all ¢ in [0, 1], let y, : [0, 1] — E? be the map defined by

Ya(t) = (1, Fu(1)).

We have represented in Figure 1.3 the images of the paths y1, y2, y3 and y4.
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Figure 1.3. The images of the paths y1, y», y3 and y4 of Example 1.4.1 (i).

The sequence of paths (y,) converges to the path y: [0, 1] — E? defined by
y(t) = (¢,0), whose length is 1, whereas L(y;) = V2 for every n > 0. Thus,
L(yn) # L(y).

(@ii) Let y;, : [0, m] — R be the path defined by

Ya () = (1/n) cos(n’r).

When ¢ varies in the interval [0, 7], cos(nzt) takes n? times the values 1 and —1.
Hence,

1 2
L(yy) = — X 2n° =2n.
n

The sequence of paths 3, converges uniformly to the constant path y: [0, 1] — R
defined by y (t) = O for all 7, whose length is zero, whereas L(y;,,) — oo. Thus, we
also have L(y,,) /4 L(y).

(iii) For every n > 1, consider the path y,,: [0, 1] — R defined by

Yu(t) = (¢/n) sin(1/1).

We have L(y,) = oo for all n (Example 1.1.6). On the other hand, we have |y, (¢)| <
1/n for all ¢ in [0, 1], which shows that the sequence y,, converges uniformly to the
constant path y (#) = 0, whose length is zero. Thus, we again have L(y;,) /4 L(y).

We note that we have in all these examples 0 = L(y) < liminf,_, o L(y,) = oo.
This is related to the fact that the length function is lower semi-continuous, as we shall
see next. Before that, we recall the following classical definition:

Let E be a topological space and let xo be a pointin E. Amap f: E - R=RU
{—o00, 00} is said to be lower semi-continuous at x if for any real number m < f (xp),
there exists a neighborhood W of x( in E such that for all x in W, we have m < f(x).
The map f is said to be lower semi-continuous on E if it is lower semi-continuous at
every pointin E.

Let us note the following classical examples of lower semi-continuous maps.

Examples 1.4.2 (Lower semi-continuous maps).

() If f: E — R is continuous at xq in E, then f is lower semi-continuous at this
point.
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(ii) The function x — E(x) (integral value of x) is lower semi-continuous on R.
One can easily deduce this fact from the definitions, but we can also derive it from the
following proposition, which is often useful in the context of lower semi-continuous
functions.

Proposition 1.4.3 (Upper limit). Let (f)ic; be a family of maps from E to R
and let f: E — R be the upper limit of this family, that is, the map defined by
f(x) = sup;cq fi(x) for all x in E. Let xo be a point in E. If each f; is lower
semi-continuous at xg, then f is also lower semi-continuous at x.

Proof. For every m < f(xop), there exists io in I such that m < f;,(xp). Since f;, is
lower semi-continuous at xp, we can find a neighborhood W of x¢ such that for all x
in W, we have m < f;,(x). Therefore, for all x in W, we have m < f; (x) < f(x).
This completes the proof of Proposition 1.4.3. O

We deduce the following result, which is due to Menger.

Theorem 1.4.4 (Lower semi-continuity of the length function). The length function
L: C(la, b], X) — R U {oo} is lower semi-continuous.

Proof. Let us set E = C([a, b], X) and let us fix a point ¢ in [a, b]. For any y
and y’ in E, we have |y (t) — y'(1)| < |y — y'|e and therefore the map E — R
defined by y — y(¢) is continuous. For each subdivision o = (t;);i=o,....» of [a, b],
the map V,: E — R defined by y > V,(y) = 8_1 |y (ti—1) — y ()] is a sum of
continuous maps, and therefore it is continuous. Therefore, by Proposition 1.4.3, the
map y — L(y) = sup, Vi (y) is lower semi-continuous. This proves Theorem 1.4.4.

O

Let us note a few consequences of Theorem 1.4.4:

Corollary 1.4.5. Let (yn: [a, b] = X)n>0 be a sequence of paths converging uni-
formly to apath y : [a, b] — X. Then L(y) < liminf,_ o L(yy).

Proof. This follows from Theorem 1.4.4 and from the following lemma:

Lemma 1.4.6. Let E be a topological space, let f: E — R be a map that is lower
semi-continuous at some point x in E and let (x,),>0 be a sequence in E converging
to x. Then f(x) <liminf,_  f(x,).

Proof. Since f is lower semi-continuous at x, then, for every real number m satisfying
m < f(x), there exists a neighborhood W of x in E such that for all y in W, we have
m < f(y). Since x,, converges to x as n — 00, for every n large enough, x,, is in W,
which implies m < f(x,). Thus, f(x) < liminf,_ « f(x,). O
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Corollary 1.4.7. If (y,: la, b] = X)n>0 is a sequence of rectifiable paths that con-
verges uniformly to a path y and if there exists a real number M such that L(y,)) < M
foralln > 0, then y is rectifiable.

Proof. This is an immediate consequence of Corollary 1.4.5. O

Corollary 1.4.8. For any real number M, the set of paths y : [a, b] — X such that
L(y) < M is a closed subset of C([a, b], X).

Proof. The uniform limit of a sequence of continuous maps is continuous. Further-
more, if y,: [a, b] — X (n > 0) is a sequence of paths converging uniformly to a
path y and if L(y;,) < M for all n, then we have, by Corollary 1.4.5, L(y) <M. O

Before going through other results on limits of sequences of paths, we recall the
notion of uniform equicontinuity of a sequence of maps, and the theorem of Ascoli
that is intimately related to this notion.

Let X and Y be two metric spaces. A sequence of maps (f,;),>0 from X to Y is
said to be uniformly equicontinuous ' if for every € > 0, there exists an > 0 such
that for every integer n > 0 and for every x and y in X, we have

x =yl <n=filx) = (¥ <e.

An example of a uniformly equicontinuous sequence is a sequence (f,)n>0 Of
K -Lipschitz maps, with K independent of n or, more generally, a sequence of uni-
formly Holder maps. More generally, if there exist two constants ¢ > 0 and K > 0
such that for any integer n > 0 and for all x and y in X we have |f,(x) — f,(y)| <
K|x — y|*, then the sequence (f;) is uniformly equicontinuous.

The notion of equicontinuity is due to Ascoli. Theorem 1.4.9 below is part of a
series of results on the convergence of sequences of continuous maps between topolog-
ical spaces, that are due to Ascoli and Arzela. In [6], Ascoli gave sufficient conditions
for certain spaces of functions to be compact, and Arzela showed in [5] that these
conditions are necessary. Versions of the theorems of Ascoli-Arzela adapted to the
setting of metric spaces were obtained by Fréchet in his thesis [49] that we already
mentioned.

Before stating that theorem, we recall two definitions.

A metric space X is said to be proper if every closed bounded subset of X is
compact.”> Equivalently, a space X is proper if from every infinite bounded sequence

ISome authors call this property “equicontinuity”. Even though we shall only use the property of
uniform equicontinuity, it is preferable to reserve the term “equicontinuity” to the following local property:
we say that the sequence of maps (f;),>0 from X to Y is equicontinuous at some point x of X if for all
€ > 0, there exists an 7 > 0 such that for every integer n > 0 and for all y in X satisfying |x — y| < n,
we have | f, (x) — fu(y)| < €. Then the sequence of maps (f;),>( is said to be equicontinuous if it is
equicontinuous at every point of X.

2A more classical terminology, for proper, is “finitely compact”. For instance, this is the terminology
used by Busemann. We note also that E. Cartan, in [36], calls such a space a “normal space”.
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of points in X we can extract a convergent subsequence. Thus, a proper space satisfies
an analog of the Bolzano—Weierstrass property for sequences of points in R” (or,
more generally, in a finite-dimensional normed vector space), namely, that any infinite
bounded sequence has a convergent subsequence.

An example of a non-proper space is the set Q of rational numbers equipped with
the metric induced from that of R.

We also note the following equivalent property, which explains the use of the word
“proper”: a metric space X is proper if for every xq in X, the map dy,: X — [0, oo[
defined by x +— |xp — x| is proper in the usual sense (the inverse image of a compact
subset of [0, oo[ is a compact subset of X).

Clearly, a closed subset of a proper metric space, equipped with the induced metric,
is proper and a proper metric space is complete.

We recall that a metric space X is said to be separable if it contains a countable
dense subset. It is easy to see that a proper metric space is separable. (First, prove
this for a compact space.)

The following result is part of a series of results which, as we said above, are known
under the name of “Ascoli’s theorem” or “Arzela—Ascoli’s theorem”. The particular
case that we consider here is sufficient for our needs. We shall use it essentially in two
contexts: in the study of limits of geodesic paths in metric spaces and in the study of
isometries of metric spaces.

Theorem 1.4.9 (Ascoli). Let Y be a separable metric space, let X be a proper metric
space and let (fy)n>0 be a uniformly equicontinuous sequence of maps from Y to X
such that for each y in Y, the sequence ( f,(y))n>0 is bounded. Then there exists a
subsequence of (f,) that converges uniformly on every compact subset of Y to a map
f:Y — R, and the limit map f is uniformly continuous.

Proof. We can assume that the set Y is infinite, otherwise the theorem is obvious.
Then, let D be an infinite dense countable subset of Y. We start by showing that up to
passing to a subsequence, the sequence ( f;; (x)),>0 is convergent for every x in D. To
this end, we use an argument which is known as “Cantor’s diagonal process”. We start
by indexing the points of D by the set of integers that are > 1 and we write henceforth
D = {x1, x2,...}. We first consider the point x1. Since X is proper and since the
sequence ( f, (x1))n>0 is bounded, it has a convergent subsequence. Let (f;, (x1))n>0
be such a convergent subsequence. Next, we consider the point x. The sequence
(fn; (x2))n=0 being also bounded, it has a convergent subsequence. Let ( f;, (x2))n>0
be such a convergent subsequence. Continuing in the same way, we obtain, for every
integer k > 1, a subsequence ( f;,; )n>0 Of (fn,_,)n>0 that has the property that for all
i =1,...,k, the sequence (f;, (x;))s>0 in X is convergent. The “diagonal sequence”
(fn, )n>0 s then a subsequence of ( f,),>0 that has the property that for all x in D, the
sequence (fy, (x))q>0 is convergent.

Thus we can assume, up to replacing the sequence ( f,),>0 by a subsequence, that
the sequence (f,(x)),>0 is convergent for every x in D.
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Let € be a positive real number. Since the sequence ( f;,),>0 is uniformly equicon-
tinuous, there exists a positive real number é such that for all x and y in Y satisfying
|x — y| < & and for every integer n > 0, we have | f;,(x) — f,(¥)| < €.

Given a point x in Y, let us choose a point y in D satisfying |[x — y| < §. We have,
for all nonnegative integers m and n,

1.4.9.1) [fm(x) = fu ) = [ fin ) = S D+ 1Y) = fa D+ 1 (V) = fu ()]

Since the sequence ( f,,(y))n>0 is convergent, there exists an integer ng such that for
all m > ng and n > ng, we have | f,,(y) — fu(¥)| < €. Using (1.4.9.1), if m > ny
and n > ng, we obtain | f;,(x) — f,(x)| < 3e. Therefore, the sequence (f;;(x))n>0
is a Cauchy sequence. Since X is proper, this sequence converges. Now we set, for
every x in X, f(x) = lim,_ o f(x).

Let us show that the map f is uniformly continuous. By our choice of the real
number §, we have, for every x and y in X satisfying |[x — y| < § and for every integer
n>0,|fi(x)— fn(y)| < €. Letting n tend to infinity, we obtain | f (x) — f(y)| < €.
This shows that f is uniformly continuous.

Finally, let us prove that the convergence of (f,),>0 is uniform on every compact
subset of Y.

Let K C Y be a compact set. Since D is dense in Y, there exists an integer

ny > 0 such that for all x in K, we can find a point x* in the subset {x{, ..., x,,} of
D satisfying |[x — x*| < §.
Since {x1, ..., x, } is a finite set, we can find an integer n, such that foralln > n,

and for all 7 satisfying 1 <i < ny, we have | f,(x;) — f(x;)]| < €.
The integer n, does not depend on the choice of x in K, and we have, for all x in
K and forall n > ny,

If ) = fu] < 1fG) = fFEONH 1O = LD+ 1 fa(F) = fu(0)] < 3e.

This proves the uniform convergence of (f, (x)),>0 to f on K, and this completes the
proof of Theorem 1.4.9. O

Let us note a few consequences of Theorem 1.4.9, applied to the cases where the
maps f;, are paths:

Proposition 1.4.10. Let X be a compact metric space, let M be a nonnegative real
number and for all n > 0, let y,, : [a, b] — X be a path parametrized proportionally
to arclength and satisfying L(y,) < M. Then the sequence of paths (yn)n>0 has a
uniformly convergent subsequence, and the length of the limit path is < M.

Proof. By Proposition 1.2.9,themap y,, : [a, b] — X is M-Lipschitz, and the sequence
of maps (¥n)n>0 is therefore uniformly equicontinuous. Furthermore, for all ¢ in
[a, b], the sequence (v, (f))n>0 is bounded, since X is compact. Thus, the existence
of a convergent subsequence follows from Ascoli’s Theorem (Theorem 1.4.9), and the
fact that the length of the limit path is < M follows from Corollary 1.4.8. O
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Proposition 1.4.11. Let X be a proper metric space, let M be a nonnegative real
number and for alln > 0, let y,,: [a, b] — X be a path parametrized proportionally
to arclength and satisfying L(y,) < M. Suppose furthermore that the subset
{yn(a),n = 0} of X is bounded. Then the sequence of paths (yn)n>0 has a sub-
sequence that converges uniformly to a path y whose length is also < M.

Proof. Since y, is an M-Lipschitz map for all n > 0, the sequence of maps (y;,),>0
is uniformly equicontinuous. Since the sequence (y,(a)),>0 is bounded and since
the space X is proper, we can assume, up to replacing the sequence (;,),>0 by a
subsequence, that (y,(a)),>0 is convergent. Let x be the limit of this sequence. Then
for all » > 0 and for all ¢ in [0, 1], we have

X = (O] = LWIYa0) = va (O] = Lyt —al = M(b — a).

Thus, for all ¢ in [0, 1], the sequence (¥, (¢))n>0 is bounded. By Theorem 1.4.9, there
exists a subsequence of y, that converges uniformly to a path y. By Corollary 1.4.8,
we have L(y) < liminf,_ o L(y,) < M. |

Proposition 1.4.12 (Existence of paths of minimal length). Let X be a proper metric
space, let x and y be two points in X and suppose that there exists a rectifiable path in
X joining x and y. Then there exists such a path whose length is equal to the infimum
of the lengths of paths that join x and y.

Proof. Let o = inf{L(y) where y is a path in X joining x and y}, and let (y,),>0
be a sequence of paths joining x and y and satisfying L(y;,) — «. Without loss of
generality, we can assume that for every n > 0, y, is parametrized proportionally
to arclength and that its domain is the interval [0, 1]. By Proposition 1.4.11, there
exists a subsequence of (y,),>0 that converges uniformly to a path y. By taking
limits, it is clear that the path y joins x and y. By Corollary 1.4.5, we have L(y) <
liminf,~ L(y,) = «. From the definition of «, we also have L(y) > «, which
shows that L(y) = «. |

The existence of a path of minimal length joining two given points in a metric space
is interesting information and it leads to non-trivial properties. In particular, such a
pathis necessarily injective. An injective path is usually called a Jordan path. We shall
see in Chapter 2 that Proposition 1.4.12 implies directly the theorem of Hopf-Rinow
on the existence of geodesic paths joining two arbitrary points in a proper length space
(Theorem 2.4.6).

The following result which has the same flavour as Proposition 1.4.12 will be used
later on in the proof of the existence of local geodesics in homotopy classes of paths
with fixed endpoints.

Proposition 1.4.13. let X be a proper metric space, let x and y be two points in X and
let y be a rectifiable path joining x and y. Then, there exists a path that is homotopic
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to y with endpoints fixed, whose length is equal to the infimum of the lengths of paths
in this homotopy class.

Proof. We set o = inf{L(y’)} where y’ varies over the paths joining x and y that are
homotopic with fixed endpoints to y. The proof of the proposition then follows the
same outline as that of Proposition 1.4.12. Clearly, the limit of a sequence of paths
joining x and y that are in the same homotopy class with endpoints fixed than y is
itself in that class. |

Notes on Chapter 1

Computing lengths of curves in Greek antiquity. The idea of computing the length
of a curve in the plane by approximating it by polygonal lines can be traced back to
Greek antiquity. In the third century B.C., Archimedes used this method to obtain good
approximations of the perimeter of a circle and of the length of a spiral. In his paper
On the sphere and cylinder (see [67]), Archimedes proves that the perimeter of a circle
is comprised between the perimeters of the inscribed and the circumscribed polygons.
In his paper On the measure of the circle (cf. [67] p. 98), he shows that the ratio
between the perimeter of a circle and its diameter is comprised between 3 + %—? and
3+ % These bounds are obtained by calculating the perimeter of an inscribed regular
polygon having 96 sides and that of a circumscribed regular polygon having the same
number of sides.

Concerning the notion of length in Greek antiquity, the mathematician Giuseppe
Peano writes in his paper [121]: “The Greek geometers, for what concerns the lengths
of lines and the areas of surfaces (spheres, cylinders and so on), started from postulates
instead of definitions. But the difference is only formal. The postulates that were stated
by Archimedes in On the sphere and the cylinder are equivalent to the following
definitions:

1) the length of a curvilinear plane convex arc is the common value of the least
upper bound of the length of the polygonal inscribed arcs and the greatest lower bound
of the circumscribed ones;

2) the area of a convex surface is the common value of the least upper bound of
the areas of the inscribed polyhedral convex surfaces, and the greatest lower bound of
the areas of the circumscribed ones;

3) the length of a curvilinear arc is the least upper bound of the lengths of the
polygonal inscribed arcs.”

Paths and their lengths after the 17th century. The ideas of Archimedes were taken
up by 17th century geometers such as R. Descartes, E. Torricelli, C. Huygens and
J. Wallis. Proposition 1.3.1 that says that in Euclidean space, the “line element” ds is
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equal to ./ dx12 + -+ +dx2, is sometimes attributed to Wallis, because an analogous
formula is contained in his Arithmetica Infinitorum (see [142]).

We note that the parametrized curves that were considered by the 17th century
mathematicians were not arbitrary paths, but curves defined by algebraic equations.
One of the earliest definitions of a curve as an arbitrary continuous map from an interval
of R to Euclidean space EZ or E3 is contained in the Cours d "Analyse of Camille Jordan,
written in 1882 (see [79]). In this treatise, Jordan takes, as a definition of the length of a
curve, the limit of the perimeters of sequences of inscribed polygons. He uses the term
rectifiable to denote a curve whose length is finite and he establishes a formula for the
length of a differentiable curve that is analogous to the one given by Proposition 1.3.1
above.

Besides Jordan, there are several mathematicians who contributed to the notion of
paths and their lengths. For instance, Peano, in [119], has a section on the definition of
the length of a curve (p. 161) and on the area of a surface in Euclidean space (p. 164).
In his paper [120], Peano gives an example of a path whose image is equal to the
unit square in E%, showing that the notion of “curve” in the sense of Jordan could be
contrary to the intuition that considers a curve as a one-dimensional object. Peano
constructs such a path (which is usually referred to as the Peano curve), as a limit of
paths for which he gives explicit formulas that involve the triadic development of an
arbitrary number in [0, 1].

David Hilbert, in [68], gave an example of a Peano curve which is defined in a
geometric manner. In fact, this paper by Hilbert contains the pictures of Figure 1.4.
The limiting curve in this example is usually called “Hilbert’s curve” or the “Hilbert-
Peano curve”. In his paper, Hilbert uses a step-by-step definition where at step n he
cuts the initial square into 22" boxes, and he describes through a picture the image
of the curve in these boxes. Hilbert’s pictures replace Peano’s formulas involving the
triadic development of real numbers.

e

Figure 1.4. The Hilbert curve.
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Felix Klein, in his 1898 paper [89], notes that there are various existing definitions
of a curve, none of them being completely satisfactory, and he poses the problem of
making a coherent definition.

Metric spaces. The first axiomatic definition of a metric space is due to Maurice
Fréchet. In fact, until the 1930s, it was not unusual to write expressions like “metric
space in the set of Fréchet” instead of “metric space”. The definition of a metric space
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is contained in Fréchet’s paper [49], written in 1906, which constitutes his doctoral
dissertation. In this paper, the distance between two points is called “écart”. In the
same paper, Fréchet also defines the notion of complete metric space.’

In his 1925 paper [102], Karl Menger introduces the idea of a path in a general
metric space, generalizing the notion of curve introduced by Jordan. In a series of
papers on the subject (see [102], [103], [106] and [107]), Menger establishes the
fundamental properties of lengths of paths. He proves for instance that the length
of a curve is the limit of lengths of distances of points associated to a sequence of
subdivisions whose moduli tend to zero (Proposition 1.1.10 above). He establishes
the lower semi-continuity of the length function (Theorem 1.4.4) and other related
basic results. One of the earliest instances of a generalization of an important theorem
in Riemannian geometry to the context of metric spaces is due to Cohn-Vossen. In
[41], Cohn-Vossen generalizes the theorem of Hopf and Rinow that we shall see in
Chapter 2.

Finally, we note that the theory of lengths of paths in metric spaces allows one to
define and use, in an efficient way, notions like angle, curvature, tangent space and
other related objects in a setting that is much more general than that of Riemannian
geometry where these notions are usually defined. As we already mentioned in the
introduction to this book, for these generalizations, one has to mention especially the
work done by A. D. Alexandrov and his school.

3In fact, several basic notions in topology are due to Fréchet. In an obituary presented to the French
Academy of Sciences [97], S. Mandelbrojt writes the following: “One must note that in his book written
in 1914, Hausdorff, while exposing some properties of Fréchet abstract spaces, introduces a terminology,
and this fact made the attribution of the corresponding notions to Hausdorff. For instance: compact sets,
separable sets, semi-compact sets, metric spaces. But these notions are due to Fréchet.” In the same
obituary, Mandelbrojt cites the following remark that Hadamard made in a report to the Academy in 1934:
“It seems to us that the daring that is displayed, the abstraction effort accomplished by M. Fréchet, are
unprecedented in all that was published since the work by Galois”.



Chapter 2

Length spaces and geodesic spaces

Introduction

A length space is a metric space in which the distance between any pair of points is
equal to the greatest lower bound of the set of lengths of paths joining them. If the
distance between any pair of points is equal to the length of some path joining them,
then the space is said to be a geodesic space. In this chapter, we review some basic
properties of length spaces and of geodesic spaces and we examine several examples
in some detail. Some of these examples (namely, the Carathéodory, the Kobayashi,
and the Teichmiiller metrics) belong to the realm of complex analysis, and it is an
interesting fact that some of the important ideas of complex analysis can be formulated
in terms of metric spaces and maps between them. We shall again encounter these
examples several times in later chapters.

A geodesic path in a metric space is a path whose length is equal to the distance
between its endpoints. Thus, a geodesic space is a space in which two arbitrary points
can be joined by a geodesic path. Formulated this way, the property for a metric space
of being geodesic is reminiscent of the property for a subset of R"” of being convex
(any two points can be joined by a Euclidean segment contained in the subset). In
fact, the notion of geodesic space is one among several notions that we shall study in
these notes and that play the role of convexity in general metric spaces.

We also introduce in this chapter the notion of betweenness in a metric space. The
definition is as follows. Let X be a metric space and let x and y be two distinct points
in X. A point z in X is said to lie between x and y if z is distinct from x and from y
and if the following equality (which is a degenerate triangle inequality) is satisfied:

lx —zl+lz=yl=|x =yl

We already mentioned that the notion of geodesic in an arbitrary metric space is due
to Menger. Betweenness has also been introduced by Menger, and it leads to a new
notion of convexity: a metric space X is said to be Menger convex if for every pair of
distinct points in that space, there exists a point that lies between them. The existence,
for an arbitrary pair of distinct points in X, of a point that lies between them is a
discrete analog of the existence of a geodesic path joining two arbitrary points in that
space. Thus, Menger’s theory of betweenness allows to build a theory of discrete
geodesics in metric spaces. We prove (Theorem 2.6.2) that if X is a proper metric
space, then it is Menger convex if and only if it is geodesic.
The outline of this chapter is as follows.
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In Section 1, we study a few general properties of length spaces. If (X,d) is a
metric space that is “connected by rectifiable paths”, then there is a natural metric dy
on X which is called the “length metric of X” and which has the property that the new
metric space (X, dy) is a length space. In the case where (X, d) is already a length
space, then the associated length metric d; coincides with the original metric d.

We prove that a complete locally compact length space is proper. This result, which
is attributed to H. Hopf and W. Rinow, gives a characterization of compact subsets of
complete locally compact length spaces that is analogous to the characterization of
compact subsets of R” that is given by the Bolzano—Weierstrass Theorem, which says
that the compact subsets of R” are the closed and bounded subsets.

In Section 2, we introduce geodesics in metric spaces and we study some of their
basic properties. We make the relation with Menger’s notion of Betweenness.

Section 3 contains a few results on limits of geodesic paths that we shall use in
later chapters.

Section 4 covers geodesic spaces, that is, metric spaces where the distance between
two points is equal to the length of a geodesic path joining them. A geodesic space
is a length space and we shall see the following converse, which is also due to Hopf
and Rinow: every complete locally compact length space is a geodesic space. We
study a particularly interesting class of geodesic spaces, which is the class of uniquely
geodesic metric spaces. For each pair of points in such a space, there is (up to
reparametrization) a unique geodesic path joining them. Busemann metric spaces,
which we shall consider more thoroughly in Chapter 8, are uniquely geodesic.

There is a theory of geodesic convexity that can be naturally developed in the
context of uniquely geodesic spaces, and we consider in Section 5 a few basic elements
of this theory.

In Section 6, we introduce the notion of Menger convexity and we establish several
necessary and sufficient conditions for a metric space to be Menger convex. We use
this notion to study geodesics in products of metric spaces.

2.1 Length spaces
Definition 2.1.1 (Space connected by rectifiable paths). We say that a metric space X

is connected by rectifiable paths if for every x and y in X, there exists a rectifiable
path y: [a, b] — X such that y(a) = x and y (b) = y.

Definition 2.1.2 (Length space). We say that a metric space X is a length space if for
every x and y in X, we have

lx —y| = ir};f L(y),

where the infimum is taken over the set of paths y that join x and y. The metric of a
length space is called a length metric.
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In particular, a length space is connected by rectifiable paths.

We give now a list of examples of familiar length spaces (or of length metrics
on familiar spaces). We also include examples of length pseudo-metrics, namely the
Carathéodory, the Kobayashi and the Thurston metrics, that are not genuine metrics.
We recall that a pseudo-metric on a space X is amap d: X x X — R satisfying,
forall x, yand zin X, d(x,x) =0,d(x,y) > 0,d(x,y) =d(y,x) andd(x,y) <
d(x,y)+d(y, z). The three pseudo-metrics mentioned above do not satisfy the axiom
d(x,y) = 0 = x = y, but they are important examples that arise naturally in the
context of complex manifolds, and their definitions and basic properties are much in
the same spirit as those of length metrics.

Examples 2.1.3 (Length spaces).

(i) Euclidean spaces. For all n > 1, let E” be the n-dimensional Euclidean space,
that is, the space R" equipped with the Euclidean metric. From classical Euclidean
geometry, we know that E” is a length space: the distance between two points is equal
to the length of the affine path joining them. Likewise, a convex subset of E” (that is,
a subset for which the affine segment joining any two points in this subset is contained
in the subset), equipped with the metric induced from that of E”, is a length space.
For every n > 2, the space [E” with a finite number of points removed is also a length
space. On the contrary, the space E” with an open ball B of positive radius r removed
is not a length space. To prove the last assertion, let x and y be two opposite points on
the boundary of B. We can use the fact (which we prove in Chapter 5 below) that the
projection map on the closed ball B is 1-Lipschitz to show that the length of any path
y joining x and y in [E” \ B is bounded below by the length of a path joining x and y
and whose image is contained in the sphere S = 9 B. Since the length of such a path
is bounded below by 77, we have, for any path y : [a, b] — E" \ B joining x and y,
L(y) = mr, whereas |x — y| = 2r. This shows that E" \ B is not a length space. The
same result holds for E” with a closed ball removed.

(i) Normed vector spaces. Normed vector spaces constitute a vast class of ex-
amples of length spaces. The length of an affine path in such a space is equal to
the distance between its endpoints. More generally, any affinely convex subset in a
normed vector space equipped with the induced metric is a length space.

(iii) Spheres. Forn > 3,let S = §"~! be the unit sphere in Euclidean space E”
and let d be the metric induced on S by the metric of E”. Let us show that (S, d) is
not a length space. From elementary geometry, we know that for every x and y in S,
we have d(x, y) = 2sin(«/2), where « is the angle, with value in the interval [0, ],
formed by the two rays issuing from the origin and passing through x and y. On the
other hand, the length L(y) of any path y: [a, b] — § joining x and y is bounded
below by the length of the smallest arc of a great circle in § (that is, a Euclidean circle
of maximal diameter that is contained in the sphere) joining x and y, that is, by «.
Thus, we have L(y) > o > 2sin(a/2), which implies inf), L(y) > d(x, y) for all
x and y satisfying d(x, y) # 0. This shows that (S, d) is not a length space. On the
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contrary, the intrinsic metric of S is a metric for which the distance between x and y
is equal to «, and it is a length metric.

(iv) Length metrics on simplicial graphs. We start by recalling the definition of an
abstract simplicial graph. This is an object G consisting of a pair (S, A) where S is a
set (which could be finite or infinite) whose elements are called the vertices of G, and
A a set whose elements are called the edges of G, where an element of A consists of
an unordered (not necessarily distinct) pair of points in S which are called the vertices
of the given edge. Thus, each vertex of G possesses two vertices (which could be
identical). We equip an abstract graph with a pseudo-metric. For each edge a of G,
we consider a nonempty closed interval 7, of R and a surjective map from the set of
endpoints of I, to the set of vertices of a. We say that 1, is a geometric realization of
the edge a. We then define a topological space X by taking the quotient topology on
the disjoint union | J,. 4 I, by the equivalence relation that identifies two vertices if
and only if these vertices are identical as elements of S. In all that follows, we suppose
that the topological space X that we obtain in this way is connected (or, equivalently,
arcwise connected).

To define the pseudo-metric on X, we use the notion of affine path in X. This is a
path whose restriction to each image of an interval I, in X, equipped with the affine
structure that is induced from that of the interval I,, is affine. Now we can define a
map d on X x X, by setting d(x, y) = inf,, L(y) for all x and y in X, where the
infimum is taken over the set of affine paths joining x and y and where the length of
such a path y is defined as the sum of the lengths of the restrictions of y to the various
edges that it traverses. In each edge a of X, the length is computed with respect to the
Euclidean metric induced from that of the interval I, that is its geometric realization.
We can easily check that d is a pseudo-metric. In order for this pseudo-metric to be a
metric (that is, in order that it satisfies the axiom d(x, y) = 0 = x = y), it suffices
that the set of lengths of each intervals 1, for a in A, be bounded below by a positive
constant that does not depend on a. With this condition, it is easy to check that the
space X equipped with this metric is a length space, which is called a metric simplicial
graph.

(v) Length metrics on Cayley graphs. Let I be a finitely generated group and let S
be a finite generating set for I'. The associated Cayley graph C (T, S) is the simplicial
graph whose vertices are the elements of I" and whose edges are the pairs of vertices
(a, b) such that there exists an element s in S satisfying b = sa. The space C (I, S)
is equipped with the length metric in which the length of each edge is equal to one.
The induced metric on I is called a word metric. The group I' acts isometrically by
left translations on the Cayley graph C(T', §), and this action of I" is a fundamental
object that is used in the geometrical study of T.

(vi) Riemannian metric. Let M be a differentiable manifold. (For our purpose,
it suffices to suppose that M is of class €', although in order to use efficiently the
language and the techniques of Riemannian geometry, one has to suppose that M is
at least of class C2.) We recall that a Riemannian metric on M is a map that assigns
to each point x in M an inner product g, on the tangent vector space T, M such that
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for each open subset U of M and for each tangent vector fields X and Y on U, the
map g: U — R defined by x — g,(X (x), Y(x)) is of class C!. For every €' path
y: la, b] - M, its “length” L:,(y) is defined as

b
L) = / Iy @l dr,

where, for each ¢ in [a, b], we have

ly" (Ol = gy (V' (©), y' ()2

Then, the metric d of M is defined by setting the distance d(x, y) between any two
points x and y in M to be equal to the infimum of the “lengths” of C! paths in M
joining them. The Riemannian manifold M, equipped with this metric, is a length
metric space. (This is easy to see but it does not follow trivially from the definition;
one has to prove that the length Ly(y) of a @' path y is indeed equal to Lz(y).)

(vii) Hyperbolic space. For each n > 2, we can define the n-dimensional hyper-
bolic space H" by equipping the open unit ball B of R”,

n
B" ={(x1,...,xy) € R": lez <1},
i=0

with the metric whose “line element” ds is given by
Jdx? + - 4 dx?

ds =2 )
1— lx||?

where ||x|| denotes the Euclidean norm of the element x. This means that the length
of any piecewise C!-path y : [a, b] — B" is equal to

I R R (LR AU
(V)_/a s‘/a [ R

where for eachi = 1, ..., n, y;(¢) is the i-th coordinate of y(¢). (This is similar to
the formula that allows one to compute the length of a @!-path in Euclidean space; cf.
Proposition 1.3.1.) The distance between two points in B” is set to be the infimum of
the lengths of C!-paths joining them. This defines a length metric on B”", because the
sum of the distances appearing in the formula giving the total variation of a path y
with respect to a subdivision can always be approximated by the length of a C!-path
joining the endpoints of y. The ball B", equipped with this metric, is a model of the
n-dimensional hyperbolic space H" that is called the conformal (or Poincaré) ball
model . This metric on B”" is complete and it is usually referred to as the Poincaré
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metric of the ball. There are several nice formulas for the hyperbolic distance dp» (x, y)
between two points x and y in B". For instance, we have

2||x = yII?
(1= xIHA = lyl®

The case of dimension 2 is particularly interesting and is a central object in complex
analysis. To see some of its properties, consider B2 as the subset of the complex plane
defined by

coshdpn(x,y) =1+

B*={teC,¢|=1}.

The following formula gives the Poincaré distance in terms of moduli of complex

numbers: given two complex numbers ¢ and ¢’ in B2, we have
[
1-¢'¢

1 |2=¢
1-¢'¢

1
dp2(t, ¢') = zln

The Poincaré model of hyperbolic geometry appeared for the firsttime in [122]. For
aconcise exposition of hyperbolic geometry, leading directly to modern developments,
we refer the reader to W. P. Thurston’s mimeographed notes [134], his book [137],
and the book [14] by R. Benedetti and C. Petronio. See also [11] and [124]

Let us also note that there is a formula for the Poincaré metric of the ball that
makes use of the cross-ratio of four points; we shall return to this matter in Chapter 5.

There is an explicit parametrization of geodesic segment joining two points in B2,
similar in some sense to the parametrization of geodesic segments joining points in
Euclidean space: for ¢ and ¢’ in B2, the map y : [0, 1] — B? defined by

=g
"
et

is an affinely reparametrized geodesic joining them.
For the record, we also mention the upper half-space model of H". This is the
subset
H" ={(x1,...,x,) € R": x, > 0}

of R” equipped with the metric for which the line element ds is given by

dxj + - +dx}

ds =
Xn
In this model, the hyperbolic distance dg~ (x, y) between two points x = (xq, ..., Xp)
and y = (y1, ..., y,) satisfies the relation

Ix = yII?

coshdyn(x,y) =1+
2XnYn
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Again, in the case n = 2, there is an explicit formula that gives the distance
between two points in H? considered as a subset of the complex plane,

H* ={¢ € C|Im() > 0},

which is most useful in complex analysis. For ¢ and ¢’ in H?, we have

/ 1 __/+ -
de(c,¢)=51n<'§ '+ I §|>_

It —¢'l =1t = ¢l

(viii) Finsler metric. A Finsler metric on a differentiable manifold M is a map that
assigns to each point x in M a norm on the tangent space T, M. Such a norm does not
necessarily come from an inner product as in the case of a Riemannian manifold. The
“length” of a piecewise C!-path y: [a, b] — M is defined as fab ly’' ()|l dt. From
that, one defines a length metric on M, in the same way as we did in Example (vi)
above, for the case of a Riemannian manifold. Thus, Finsler manifolds generalize
Riemannian manifolds. Considering the tangent vectors as “infinitesimal elements”,
one can consider that at the infinitesimal level, a Riemannian metric is a Euclidean
vector space whereas a Finsler metric is a general finite-dimensional normed vector
space.

Finsler spaces are named after Paul Finsler who introduced themin 1918 (see [47]).

(ix) The Carathéodory pseudo-distance for complex manifolds. Although the
Carathéodory pseudo-distance, which we recall now, is not always a distance, we
mention it here because of the importance of the idea that lies behind its definition, an
idea which is close to the one that is at the basis of the definition of a length space. (In
fact, as we shall see, the two ideas are in some sense dual to each other.) Furthermore,
the definition of the Carathéodory pseudo-distance is at the origin of the Kobayashi
pseudo-distance, which is of paramount importance in the study of complex manifolds
and of maps between them. In the general case, the Carathéodory pseudo-distance is
a length pseudo-distance, and in some cases it is a length metric. The idea behind this
definition of the Carathéodory pseudo-distance is at the heart of many constructions
in the theory of length spaces like, for instance, that of the length metric defined in
Proposition 2.1.5 below and the discussion that follows it. To define the Carathéodory
pseudo-distance, we let D = B be the 2-dimensional disk equipped with its Poincaré
metric dp. For any complex manifold X and for any x and y in X, we set

de(x,y) = Sl}p dp(f(x), fF(),

where the supremum is taken over the set of holomorphic maps f: X — D. This
clearly defines a pseudo-metric on X. A classical argument that uses Ascoli’s theorem
shows that the supremum is achieved by a holomorphic map.

In the case where X is the unit disk D, using the Schwarz—Pick lemma, it is easy to
see that the Carathéodory pseudo-distance of D coincides with the Poincaré metric of
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that disk (see [91] p. 49). On the other hand, is X is the n-dimensional complex plane
C", the Carathéodory pseudo-distance vanishes identically. (This is a consequence of
Liouville’s theorem which says that a bounded holomorphic function on C is constant.)

Let us also note that the Carathéodory pseudo-distance can be defined at the in-
finitesimal level, and in fact, it is a pseudo-Finsler metric, that is, lengths of paths
are obtained by integrating pseudo-norms of tangent vectors along these paths. More
precisely, if v is a tangent vector at a point x in X, then the pseudo-norm of v is defined
as

vl = Sl}p{dfx(v)}

where the supremum is again taken again over the set of holomorphic maps f: X — D.
The Carathéodory pseudo-distance was introduced by Constantin Carathéodory in
[33]and [34]. Carathéodory also gave the infinitesimal version of this pseudo-distance.

(X) The Kobayashi pseudo-distance for complex manifolds. Let X be again a
complex manifold. The Kobayashi pseudo-distance on X is some sort of “dual” to the
Carathéodory pseudo-distance (the word “dual” is used by Kabayashi himself) where
instead of considering holomorphic maps f: X — D, one considers holomorphic
maps f: D — X. Before defining the Kobayashi pseudo-distance dx, one defines,
for all x and y in X, the map d’% : X x X — R by

diy(x,y) = ir}fdp(a, b),

where the infimum is taken over all holomorphic maps f: D — X and over all a and
b in D satisfying f(a) = x and f(b) = y. The map d) is not a pseudo-distance
because it does not satisfy the triangle inequality. The Kobayashi pseudo-metric dx
is then defined as the largest pseudo-distance satisfying dy < d.

There are some very nice equivalent definitions of the Kobayashi pseudo-distance,
and we now recall some of them, because they follow the scheme of some general
definitions in the theory of length spaces.

One of these definitions uses the notion of analytic chain in X. If x and y are two
arbitrary points in X, then, an analytic chain joining x and y is a sequence f1, ..., f,
of holomorphic maps f;: D — X, together with two sequences of points ¢, ..., ¢,
and ¢, ..., ¢, in D satisfying f1(¢1) = x, fu(¢;) = yandforall j =1,...,n -1,
fi ({Jf) = fj+1(¢j+1). The Kobayashi pseudo-distance is then equal to

dx(x,y) =inf{dp(1¢]) + - +dp(Cal))}

where the infimum is taken over all analytic chains joining x and y.

The Kobayashi pseudo-distance is also characterized by the fact that it is the largest
pseudo-distance on X such that any holomorphic map f: D — X is non-expanding
(that is, f satisfies | f(x) — f()] < |x — y]).

There is also an infinitesimal version of the Kobayashi pseudo-distance, defined
as follows: for any x in X and for any tangent vector v at x, the pseudo-norm of v is
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defined as
lvll = i?/f{llv’IID}

where v’ is a tangent vector to the disk D, ||v’|| is the norm of v” with respect to the
metric of D, and where the infimum is taken over all vectors v’ in D such that there is a
holomorphic maps f: D — X whose derivative sends v’ to v. The Kobayashi pseudo-
distance between two points is equal to the infimum of this pseudo-norm integrated
over all @' paths joining the two points, as in the case of a Finsler metric.

The first examples of Kobayashi pseudo-distances are those of the complex plane
C, of the punctured complex plane C \ {0} and of the unit disk D. For the case of
the complex plane C, using the fact that homotheties of this plane are holomorphic,
we can find, for any x and y in C and for any € > 0, a holomorphic map f: D — C
satisfying f(0) = x and f(e) = y, which implies de(x, y) < € for any € > 0,
and therefore de(x, y) = 0. For the case of the punctured complex plane C \ {0},
one uses the existence of a surjective holomorphic map C — C \ {0}, for instance,
the exponential map z — e, and the fact that holomorphic maps are distance-non-
expanding for the Kobayashi pseudo-metric. Since the Kobayashi-pseudo-metric of
C is identically zero, the Kobayashi pseudo-metric of C \ {0} is also identically zero.
The Kobayashi pseudo-metric of C \ {0, 1} is a metric. It is also easy to see, using
the Schwarz—Pick lemma (which is one way of saying that holomorphic mappings are
distance non-expanding), that the Kobayashi pseudo-metric of the disk D coincides
with its Poincaré metric. Likewise, the Kobayashi pseudo-metric associated to a
complex structure on a (real) surface coincides with its hyperbolic metric. From this
point of view, one can consider the Kobayashi pseudo-metric associated to a complex
manifold as a generalization of the hyperbolic (or Poincaré) metric associated to a
1-dimensional complex manifold.

The Kobayashi pseudo-distance was introduced by Shishichi Kobayashi in 1967
(see[90]). The infinitesimal description of this pseudo-distance was given by H. L. Roy-
den in [126].

Let us finally note that the Kobayashi pseudo-distance is always bounded below
by the Carathéodory pseudo-distance.

(xi) Thurston’s pseudo-metric on complex projective surfaces. We describe here
Thurston’s construction of a pseudo-metric for complex projective surfaces, because
it is in the same spirit as that of the Carathéodory and the Kobayashi pseudo-metrics.
We recall that a complex projective structure on a surface is a maximal atlas of charts
with values in the complex projective plane CP! and whose coordinate changes are
restrictions of projective transformations of C P!, that s to say, elements of PSL(2, C).
At the infinitesimal level, this metric is defined as follows: for any CP !_manifold X,
for any point x in X and for any tangent vector v at x, the pseudo-norm of v is defined
as

vl = inf [|w]p,

where the infimum is taken over all vectors v in the Poincaré disk D such that there
exists a projective map f: D — X satisfying df (w) = v. From the definitions, it is
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easy to see that Thurston’s pseudo-metric is always bounded below by the Kobayashi
pseudo-metric. In the 1970s, Thurston introduced new ideas and techniques, including
the above definition, in the study of projective structures, but he did not publish
anything on that subject. For interesting properties and applications of Thurston’s
pseudo-metric, we refer the reader to the paper [130] by H. Tanigawa.

(xii) Gluing. Finally, let us give an example of a length space that is obtained by
gluing two metric spaces of apparently different nature. Consider a (connected or non-
connected) hyperbolic surface S with geodesic boundary, this boundary consisting of
two closed geodesics having the same length L, and consider a compact Euclidean
cylinder whose boundary curves have equal length L. Connecting the boundary curves
of C via the cylinder C by an isometric map (see Figure 2.1), we obtain a surface which

Figure 2.1. The cylinder is Euclidean and the two other surfaces are hyperbolic.

we shall call X. We can equip X with a length metric by defining the distance between
two arbitrary points as the infimum of the lengths of paths joining them. Here, the
length of a path y is defined to be the sum of the lengths of subpaths y1, ..., y,, where
y is decomposed as a concatenation y; * - - - * y,, with the image of each y; lying
either in the hyperbolic or in the Euclidean part of X, and where the length of y; is
computed with respect to the original metric of that component. (For this definition,
we can restrict to paths y that can be written as finite concatenations y = y1 % - - %y,
with each y;, as above, having its image in the Euclidean part or in the hyperbolic
part.) Clearly, the resulting metric on M is a length metric, and it is not a Riemannian
metric. Such structures on surfaces appear in Thurston’s work on complex projective
structures (see for instance the papers [130] and [101] by Tanigawa and by McMullen).
In that theory, the operation of inserting the Euclidean cylinder into the hyperbolic
surface is called “grafting”. The projective structure obtained by this operation is used
in an essential way, but so far in this theory the underlying length structure does not
play any important role.

Let us now return to general metric spaces. If (X, d) is a metric space, we define
amap dy from X x X to the extended real line R U {oo} by setting

de(x,y) = ir}}fL(J/),

where the infimum is taken over the set of paths y joining x and y.
The following lemma will be useful below.
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Lemma 2.1.4. Let X be a length space, let x and y be two points in X and let « and
B be two nonnegative real numbers satisfying « + 8 > |x — y|. Then for any € > 0,
we can find a point z in X satisfying |x —z| <aand|z —y| < B + €.

Proof. Lety : [a, b] — X be apath joining x and y and satisfying L(y) < |x —y|+e.
Without loss of generality, we can suppose that « < L(y). By Corollary 1.2.6, we
can assume that y is parametrized by arclength. If we set z = y (a + «), then

lx —z| < L(V\[a,a+a]) =

and
2=y < LWatrap) =L(y) —a =[x —y|+e—a < B +e O

Proposition 2.1.5. Let (X, d) be a metric space that is connected by rectifiable paths.
Then d; is a metric on X and we have |x — y|g < d¢(x, y) for every x and y in X.

Proof. Let x and y be two arbitrary points in X and let y: [a, b] — X be a path
joining them. By inequality (1.1.1.1) of Chapter 1, we have |x — y|; < L(y), which,
by taking the infimum over all paths y joining x and y, implies |x — y| < d¢(x, y).

Now let us prove that dy(x, y) is a metric. To every path y: [a,b] — X, we
associate a path y': [a, b] — X defined, for ¢ in [a, b], by y'(t) = y(a +b —1). Itis
clear that ¥’ joins y and x and that L(y) = L(y’). Thus, we have d¢(y, x) < d¢(x, y)
for all x and y, which, by symmetry, implies dy(x, y) = d¢(y, x). Now suppose
that de(x, y) = 0. From the inequality |x — y| < d,(x, y) we obtain |[x — y| = 0,
which implies x = y. To prove that dy is a metric, it remains to show that the triangle
inequality is satisfied. Let x, y and z be three arbitrary points in X, let k = d¢(x, y)
and let k' = dy(y, z). Forany € > 0,lety : [a, b] — X be a path joining x and y and
satisfying L(y) < dy(x,y) + €/2 and let y': [a, b] — X be a path joining y and z
and satisfying L(y’) < d¢(y, z) + €/2. We define the path y”: [a, b+ b —ad'] - X
by setting

(1) = y () if ¢ € [a, b],
VRN —btd) ifrelbb+b —dl.

Obviously, we have L(Vﬁa, »)) = L(y). On the other hand, the path V{Eb, b —a']
is obtained from y’ by the change of parameters v : [b, b+b"—a’]l — [d’, '] defined
by ¥ (¢) =t + a’ — b. Therefore, we have L(y"{h b —ar) = L(y’). This implies

Liy")=L(y)+ L(y)) <de(x, ) +de(y,2) + €.

Taking the infimum over the paths " joining x and z, we obtain dy (x, z) < d¢(x, y)+
dy(y, 7)+e€. Since this holds forevery € > 0, we obtaindy (x, z) < de(x, y)+d(y, 2).
This proves Proposition 1.5. O
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Definition 2.1.6 (The length metric associated to a metric). We call the metric d, that
is associated by Proposition 2.1.5 to a metric space (X, d) that is connected by recti-
fiable paths, the length metric of X associated to d.

Proposition 2.1.7. Let (X, d) be a metric space that is connected by rectifiable paths.
Then the identity map (X, dy) — (X, d) is continuous.

Proof. This follows from the fact that for all x and y in X, we have, by Proposition2.1.5,
d(x,y) <de(x,y). o

Thus, the topology defined by the length metric dy is finer than the topology defined
by the metric d (that is, the open sets for d are also open sets for d¢). In general, the
two topologies do not coincide, as we can see from the following examples.

Examples 2.1.8 (The topology induced from a length metric).
(i) Consider the Euclidean plane E? and let X be the subset of E? defined as

X = ([0, 1] x {1}) U ({0} x [0, 1]) U ({1/n} x [0, 1])
n>1

(see Figure 2.2). We equip X with the metric induced from that of the plane. Consider
the sequence of points (p,),>1 in X where for eachn > 1, p, = (1/n,0), and let
p = (0,0). We have d(p,, p) — 0 when n — oo, whereas d;(p,, p) > 2 for all n.
Thus, the identity map (X, d) — (X, d¢) is not continuous.

Figure 2.2. A comb (Example 2.1.8 (i)).

(ii) Consider the Koch curve of Example 1.1.11. (More generally, we can take,
instead of the Koch curve, any path y in the Euclidean plane E? that is everywhere
locally non-rectifiable.) Let K C E? be the image of that curve and consider the
natural embedding of E? in 3-dimensional Euclidean space E3. We choose an arbitrary
point p in E* \ E? and we let D C E3 be the union of the segments [p, z] for all z
in K. We equip D with the metric d induced from its inclusion in E3. This makes D
homeomorphic to a closed disk. Since no subpath of the Koch curve is rectifiable, the
only rectifiable paths in D are those that can be obtained as a concatenation of paths
whose images are contained in segments of the form [ p, z] with z in K and where the
concatenation takes place at the point p. Therefore, if dy is the length metric associated
to d, then the distance d¢(x, y), for any x and y in D, is equal to d(x, y) if x and y
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belong to the same segment of the form [x, z] with z € K, and to d(p, x) + d(p, y)
if the pair x, y is not contained in such a segment. The space D equipped with the
topology defined by the metric dy is not homeomorphic to a closed disk since for
any point x in D that is distinct from p, a small enough open ball centered at x is
homeomorphic to an open interval of R and not to a 2-dimensional disk.

Proposition 2.1.9. Let (X, d) be a metric space and let y: [a,b] — (X,d) be a
rectifiable path. Then y is continuous for the metric dy. (In other words, the map
y:la, bl — (X, dp) is also a path.)

Proof. Forallfg andtin[a, b], we have, by the additivity of length (Proposition 1.1.12),

de(y (0), () < LWito.) = ILWja) — LWaro)) |-

Thus, by Proposition 1.1.13 , we obtain d; (y(to), y(t)) — 0 ast — tp. This proves
that y is continuous with respect to the metric dy. O

Proposition 2.1.10. Let (X, d) be ametric space that is connected by rectifiable paths.
Then (X, d) is a length space if and only if dy = d.

Proof. By definition, (X, d) is a length space if and only if for all x and y in X, we
have d(x, y) = inf,, L(y), where the infimum is taken over the paths y joining x and
y, that is, if and only if d(x, y) = d¢(x, y). O

Proposition 2.1.11. Let (X, d) be a metric space, let dy be the associated length
metric and let y : [a, b] — X be a path in (X, d¢). Then y is also a path in (X, d)
and we have Lg(y) = Lq,(y).

Proof. The fact that y is a path for the metric d follows from the continuity of the
identity map (X, d¢) — (X, d) (Proposition 2.1.7). To show the equality of the two
lengths, let o = (#;);—0,....» be a subdivision of [a, b]. The inequality d < d, (Propo-

sition 2.1.5) implies V(f y) < vﬁ ‘(y). By taking the supremum over subdivisions o,
we obtain L4(y) < Lg,(y). On the other hand, we have

n—1 n—1
VI =) dely ) =y (tis)] £ D LaWiinia) = La().
i=0 i=0

Thus, we obtain Ly, (y) < L4(y). We conclude that Ly, (y) = L4(y), which com-
pletes the proof of Proposition 2.1.11. O

We deduce the following

Corollary 2.1.12. Let (X, d) be a metric space that is connected by rectifiable paths.
Then (X, dy) is a length space.
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Proof. For every x and y in X, we have, by definition,
de(x,y) = il)}de(V),

where the infimum is taken over the set of paths y (for the metric d) joining x and y.
Without loss of generality, we can restrict to rectifiables paths. By Proposition 2.1.9,
such a path is also a path for dy.

Now if y is any rectifiable path for dy, then, by Proposition 2.1.11, y is a path for
d and Ly, (y) = La(y). We deduce that

de(x,y) = iI}}f Lg,(y),

where the infimum is taken over the set of paths y joining x and y that are continuous
and rectifiable for d;. This proves Corollary 2.1.12. O

Corollary 2.1.13. Let (X, d) be a metric space that is connected by rectifiable paths.
Then the length metric associated to dy is the metric dy itself.

Proof. By Corollary 2.1.12, (X, dy) is alength space. Therefore, by Proposition 2.1.10,
we obtain (d¢)¢ = dp.

Definition 2.1.14 (The intrinsic metric of a subspace). Let X’ be a subspace of a met-
ric space (X, d), with X’ equipped with the metric induced from the metric d. We
suppose that the metric space X’ is connected by rectifiable paths. We shall call the
intrinsic metric of X’ the length metric on X’ associated to this induced metric.

Corollary 2.1.12 implies that X', equipped with its intrinsic metric, is a length
space. With respect to this metric, the distance between two points in X’ can be
defined using the lengths of paths in this space, with no reference to an ambient space;
this is the reason for which this metric is called intrinsic. In particular, if the space
(X, d) is itself connected by rectifiable paths, then the intrinsic metric of X is the
length metric d; associated to (X, d).

To see an example, let X = E” or H” for some n > 2 and let P be a finite subset
of X. Then, the subspace metric on X \ P is a length metric, and therefore it is the
intrinsic metric of that subspace. However, if we consider a (closed or open) ball B”
of positive radius in X, then the subspace metric on X \ B" is not a length metric, and
therefore it is not the intrinsic metric.

We recall that the diameter of a metric space X is defined as

diam(X) = sup d(x,y).
x,yeX

A bounded subset of a metric space is a subset of finite diameter, with respect to the
metric induced on that subset.
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The following theorem is a general version of a theorem in differential geometry
that is attributed to H. Hopf and W. Rinow. It gives a characterization of compact
subsets of complete locally compact length spaces that is analogous to the well-known
characterization of compact subsets of R: the compact subsets are the closed and
bounded subsets. The proof that we give here follows that of Gromov in [56] p. 9.

Theorem 2.1.15 (Hopf-Rinow). Let X be a complete and locally compact length
space. Then the compact subsets of X are the closed and bounded subsets of this
space.

Proof. We prove the non-trivial part of the statement, that is, the fact that any closed
and bounded subset of X is compact. For that it suffices to prove that any closed ball
in X is compact. Without loss of generality, we shall suppose that diam(X) = oo.
Let x be apointin X and let us consider a closed ball B(x, r) of center x and radius
r > 0.1 Since X is locally compact, B(x,r) is compact if r is small enough. We
claim that this ball is compact for all » > 0. To see this, we first prove the following

Lemma 2.1.16. Let X be a complete length space, let x be a point in X and let p be a
positive real number such that for all r < p, the closed ball B(x, r) is compact. Then
the closed ball B(x, p) is also compact.

Proof. We recall that a metric space is said to be precompact if for every € > 0, we
can cover this set with a finite number of balls of radii < € and that in a complete
metric space, a subset is compact if and only if it is closed and precompact. Therefore,
it suffices to prove that B(x, p) is precompact.

Let € be a positive real number. Without loss of generality, we take € small enough
so that p — (¢/3) > 0 and we take r satisfying p — €/3 < r < p. By compactness
of B(x, r), we can find a finite sequence of points x1, ..., x, in X such that B(x, r)
is contained in the union of the closed balls B(x;, €/3). Now let y be an element in
B(x, p). Since X is a length space, we can find, by Lemma 2.1.4, a point z in X such
that [x — z| < p —€/3 and |z — y| < 2¢/3. Therefore, z € B(x, r) and there exists
an integer i in {1, ..., n} such that z € B(x;, €/3). The inequality |y — z| < 2¢/3
implies |y — x;| < |y —z| + |z — x;| < €, which shows that B(x, p) is contained in the
union of the balls B(x;, €). Thus, B(x, p) is compact. This proves Lemma 2.1.16. O

Now we continue the proof of Theorem 2.1.15.
Again, let us consider an arbitrary point x in X and let

I, = {r = 0 such that the closed ball B(x, r) is compact}.

I'We warn the reader that in this book, B(x, r) sometimes denote a closed ball of radius x and center r,
and sometimes it denotes an open ball of center x and radius r; of course, each time we specify whether
the ball is closed or open.



2.1 Length spaces 49

We have 0 € I,. Furthermore, if I, contains some point #, then it contains the whole
interval [0, ¢] (we use the fact that a closed subset of a compact set is compact). Thus,
I is an interval of [0, oo[ and 0 is an endpoint of that interval. By Lemma 2.1.16, the
interval I, is closed and therefore either it is of the form [0, p], with p < oo, or it is
equal to [0, co[. We show that the first case cannot occur, and this will complete the
proof of Theorem 2.1.15.

We reason by contradiction. We assume that I, = [0, p] with p < oo. For each
yin X, let r, be a positive real number such that the closed ball B(y, ry) is compact.

Such an ry exists since X is locally compact. For all r > 0, we denote by B(y, r)

the open ball with center y and radius r. We have B(x, p) C UyeB(X,p) B(y,ry/2).
Since the closed ball B(x, p) is compact, there exists a finite set F C B(x, p) such

that B(x, p) C UyeF B(y,ry/2).

We set rg = minyef ry/2. We have rg > 0. We show that the ball B(x, p +79/2)
is compact, and this will give the desired contradiction.

Let z be an arbitrary point in B(x, p 4+ r9/2). Thus, |x — z| < p 4+ rg/2. Since X
is a length space, by Lemma 2.1.4, there exists a point # in X satisfying [x —u| < p
and |u — z| < rg. Thus, we have u € B(x, p), and therefore there exists an element

y in F such that u € B(y, ry/2). On the other hand, we have |z —u| < rg < r,/2,
which gives

lz=yl<lz—ul+lu—yl <ry/24+ry/2=ry,

which implies that z € B(y,ry). Thus, we obtain B(x, p 4+ ro) C J,cr B(y,7y),
which implies that the ball B(x, p + r¢) is compact, which is a contradiction. This
proves Theorem 2.1.15. O

Example 2.1.17. The following three examples show that in Theorem 2.1.15, we
cannot discard any of the hypotheses.

(1) Let R be equipped with the metric § defined by é(x, y) = min(1, |x — y|). Itis
easy to see that the topology induced from é on R is the usual topology (in fact, for any
metric space (X, d), the identity map (X, d) — (X, min(1, d)) is a homeomorphism
since the two metrics coincide locally) and that (R, §) is complete and locally compact.
This space is not a length space since for all x and y in R satisfying [x — y| > 1, we
have §(x, y) = 1 whereas §;(x, y) = |x — y| > 1. The space (R, §) is a closed and
bounded subset of itself and it is not compact.

(ii) The open interval ]O, 1[ equipped with its usual metric is a length space that is
locally compact and not complete. Here also, the space itself is a closed and bounded
subset of itself and it is not compact.

(iii) Let X be an infinite-dimensional Banach space. As any normed space, X is a
length space (see Example 2.1.3 (ii) above). This space is not locally compact since
its unit ball B(0, 1) C X is a closed bounded subset of X which is not compact.
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The following simple fact about the existence of paths of bounded length will be
useful in the next chapter.

Proposition 2.1.18. Let X be alength space, let x be a point in X and let r be a positive
real number. For each y and 7 in the open ball B(x, r) of radius r and center x, there
exists a path y : [a, b] — X of length < 2r joining y and z. Furthermore, the image
of any such path is contained in the open ball B(x, 2r) of center x and radius 2r.

Proof. By the triangle inequality, we have |y —z| < |y — x|+ |z —x]| < 2r. Since X is
a length space, there exists a path y : [a, b] — X of length < 2r joining y and z. Let
us show that the image of such a path is necessarily contained in B(x, 2r). We reason
by contradiction. Suppose that there exists ¢ in [a, b] such that y (¢) is not contained
in B(x, 2r). Then we would have

y—yOl=lx—yOl—|lx =yl >r
and
z—y@®OI=x—y®Ol—Ix—z|>r

Therefore, we obtain

L(y) =Ly + L) =1y —y®Ol+ 1z —y@)| > 2r,

which is a contradiction. m]

2.2 Geodesics

Definition 2.2.1 (Geodesic path, geodesic line and geodesic ray). Let X be a metric
space. A geodesic path (or, simply, a geodesic) in X is a path y: [a, b] — X thatis
distance-preserving, that is, such that |y (1) — y(©2)| = |t — 12| for all #; and #, in
X. A geodesic ray in X is a distance-preserving map y : [0, co[— X, and a geodesic
line in X is a distance-preserving map y : R — X .

It follows easily from the definition that geodesic paths, geodesic rays and geodesic
lines are injective and that the restriction of a geodesic path to a closed sub-interval
of its domain is again a geodesic path.

Definition 2.2.2 (Geodesic segment and straight line). Let X be a metric space. A
geodesic segment in X is the image of a geodesic path in X. A straight line in X is
the image of a geodesic line in this space.

2We warn the reader that the definition of geodesic that we use here is more restrictive than the usual
definition of geodesic in Riemannian geometry (which is also the definition used by Busemann, see [28]
p- 32), where a geodesic is a locally distance-preserving map.
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If a path y: [a, b] — X joins two points x and y, then we say that the geodesic
segment y ([a, b]) joins these two points. We note that in general, if x and y are two
points in a metric space X, there might exist zero, one or more than one geodesic
segment joining them. We denote by [x, y] the geodesic segment y ([a, b]) provided
there is no possible ambiguity.

Example 2.2.3. L be a nonempty Euclidean open segment in E? and let X = E?\ L,
equipped with the induced (subspace) metric. Then, itis clear that at the two endpoints
of the segment L, there is not uniqueness of prolongation of geodesics and that geodesic
segments in X are concatenations of Euclidean segments. It is also easy to see that if
instead of removing an open Euclidean segment L we remove a closed segment, then
such a phenomenon does not occur (see Figure 2.3).

Figure 2.3. L is an open segment and X = E2\ L. The geodesic segments joining x to y and
z are concatenations of Euclidean geodesic segments. Prolongation of geodesics is not unique
(Example 2.2.3).

Natural parametrization of a geodesic segment. The points on a geodesic segment
[x0, x1] are naturally parametrized by the interval [0, 1]. In this parametrization, we
shall denote by x;, or by (1 — #)xo + tx1, the point on [xg, x1] situated at distance
t|xo — x1| from the point xg.

Lemma 2.2.4. Let [x,y] be a geodesic segment in a metric space X and let
y1: a1, b1] = X and yy: [az, by] — X be two geodesics whose images are [x, y].
Then the two intervals [a1, b1] and [ay, ba] of R have the same length and there exists
a unique real number « such that y»(t) = y1(t +«) forall t in [ay, b2]. In particular;
the paths y1 and y» have the same length.

Proof. Since a geodesic map is injective, there exists a map, that we denote by
yl/ : [x, y] — [a, b] and that is a “left inverse” of y, that is, yl’ satisfies the relation
¥ o y1 = Id[x,,]. Since geodesic paths are distance-preserving, the map y; o y» is a
translation between intervals of R, and the result follows. O
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Of course, there is a similar result for geodesic lines: two geodesic lines y1: R —
X and y»: R — X have the same image if and only if there exists a real number o
such that y»(¢) = y1(t + «) for all ¢ in R.

From Lemma 2.2.4, we can make the following definition that will be useful for
us later on:

Definition 2.2.5 (The length of a geodesic segment). The length of a geodesic seg-
ment [x, y] in a metric space X is the length of an arbitrary geodesic path in X whose
image is [x, y].

Remark (Length pseudo-metric spaces). Given a space equipped with a pseudo-
distance, one can compute the “lengths” of paths with respect to this pseudo-distance,
by considering subdivisions of the domain of the path and defining the length as the
supremum over all total variations of pseudo-distances with respect to subdivisions
of this domain, imitating the definition of the length metric d; associated to a met-
ric d. One says that the pseudo-metric space is a length pseudo-metric space if the
pseudo-distance between any two points is equal to the infimum of the pseudo-lengths
of paths joining them. It is known that the Kobayashi pseudo-distance is always
a length pseudo-metric whereas the Carathéodory pseudo-distance is not (see [91]
p- 54). Theodore Barth and then Jean-Pierre Vigué gave several interesting examples
in which the Carathéodory pseudo-distance is not a length pseudo-metric (see [10]
and [140]).

Proposition 2.2.6. Let X be a metric space and let y: [a,b] — X be a geodesic
path. Then y is parametrized by arclength.

Proof. Letu and v be two real numbers satisfyinga < u < v < b. For any subdivision
o = (ti)i=1,...n Of [u, v], we have

n—1 n—1

Vo Wwa) = Y lyt) —ytis)l =) (tip1 —t) =v —u.

i=0 i=0
Therefore,
L(¥1u,v) = sup Vo (V| [u,v) = v — u,
o
which shows that y is parametrized by arclength. 0

Proposition 2.2.7. Let X be a metric space and let y : [a, b] — X be a path which
is parametrized by arclength. The following three properties are equivalent:

(i) y is a geodesic;

(i) for all real numbers u and v satisfying a < u < v < b, we have

ly(@ —yv@|=ly@ —ywl+|yw —y@)l;
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(iii) L(y) = ly(a) =y (D).

Proof. Letus first show that (i) = (ii). If y is a geodesic, then, for all u and v satisfying
a <u <v <b, wehave

ly@—yWl=v—a=v—-—utu—a=|lyw) —yQ@|+|ly@ —ywl

Now let us show that (ii) = (iii). Let o = (#;)i—0
By applying (n — 2) times Property (ii), we have

» be a subdivision of [a, b].

.....

n—1

Voly) =Y ly@) =y sl = ly(@ — y®)l.
i=0

Taking the supremum over all subdivisions o, we obtain L(y) = |y (a) — vy (b)|.
Finally, let us prove that (iii) = (i). We have, foralla < u <v < b,

L(y) = ly(a) —y(b)|
<ly@ —ywl|+Ilyw —y@I+lyw) —y®)]
<ly@@ —y@l+ LY )+ ly@) —yOd)|
< LW au) + L&Y ) + LG 0,61
= L(y).

Therefore, all the inequalities in the last sequence are equalities and we have,
for every u and v in [a, b], |y (u) — y (V)| = L(¥|[u,v])- Since y is parametrized by
arclength, we have L (y[,,v]) = |y (u) —y (v)|, whichimplies |y (u) —y (v)| = |u—v],
which shows that y is a geodesic. O

Definition 2.2.8 (Affinely reparametrized geodesic). Let y: [a, b] — X be a path in
a metric space X. We say that y is an affinely reparametrized geodesic’ if either y is
a constant path or there exists a geodesic path y’: [c,d] — X suchthaty =y o/
where ¥ : [a, b] — [c, d] is the unique affine homeomorphism between the intervals
[a, b] and [c, d], that is, the map defined by

Y(x) = ((d —c)x + (bc — ad))/(b —a).

Proposition 2.2.9. Ify: [0, 1] — X is an affinely reparametrized geodesic, then for
all real numbers u and v satisfying 0 < u < v < 1, we have |y (u) — y(v)| =
L(y)lu —vl.

Proof. Using the arguments of Proposition 1.2.9 about paths parametrized pro-
portionally to arclength, we obtain |y (u) — y(v)| < L(y)|lu — v|. Writing y =

3Some authors use here the term affine geodesic. We prefer the term affinely reparametrized geodesic
to avoid confusion with affine geodesic paths in normed vector spaces (Chapter 5 below).
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y' o, with ¥': [c,d] — X a geodesic path in X and with ¥ : [a, b] — [c,d]
an affine homeomorphism, we have, for all # and v satisfying 0 < u < v < 1,
ly' () —y' (¥ ()| = L1y @),y )))- From that, we see that under our hypothe-
ses, the large inequality in the proof of Proposition 1.2.9 is an equality, which implies
that |y (u) — y (v)| = L(y)|u — v|. This proves Proposition 2.2.9. |

The next proposition is a partial converse to the preceding one:

Proposition 2.2.10. Let X be a metric space, let y : [0, 1] — X be a path and let K
be a nonnegative real number satisfying |y (u) —y (vV)| = K|u — v| for all u and v in
[0, 1]. Then y is an affinely reparametrized geodesic and K = L(y).

Proof. If K = 0, then y is a constant path, and therefore, by definition, it is an affinely
reparametrized geodesic. Now, suppose that K is positive. Let ¥ : [0, K] — [0, 1]
be the affine map defined by v (¢) = u/K forall u in [0, K] and let y': [0, 1] — X
be the composed map y o ¥. Then we have, for all # and v in [0, K],

V' @) =y’ W =1ly o) —yoy@I=lyw/K)—yw/K)|=|u—uvl,

which shows that ¥’ is geodesic. Thus, y is an affinely reparametrized geodesic. The
fact that the domain of y’ is the interval [0, K] implies that L(y’) = K, which gives
L(y)=XK. |

Lemma 2.2.11. Let X be a metric space and let [x, y] and [y, z] be two geodesic
segments in X (having y as a common point). Then the union [x, y] U [y, z] is a
geodesic segment if and only if |x — z| = |x — y| + |y — z|.

Proof. Let y; and y» be two geodesic paths in X whose images are respectively [x, y]
and [y, z] and let y = y| * y» be their concatenation . If |[x — z| = |x — y| + |y — z|,
then L(y) = |x — z|, which shows that y is geodesic. Then the union [x, y] U [y, z],
which is the image of y, is a geodesic segment in X.

Conversely, if [x, y]U[y, z] is a geodesic segment, then this segment is an embed-
ded image of a closed interval, which shows that the intersection of the two segments
[x, y] and [y, z] is reduced to the point y. This implies that the union [x, y] U [y, z] is
the image of a geodesic path y which is the concatenation of two geodesic paths y1 and
y» whose images are respectively [x, y] and [y, z]. Thus, we have |x — y| = L(yy),
|y —z| = L(y2) and

lx =yl +1y—zl=LyD + L(y2) = L(y) = |x —z|.
This completes the proof of Lemma 2.2.11. O

The following notion was introduced by Menger.
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Definition 2.2.12 (Betweenness). Given three points x, y and z in a metric space, we
say that y lies between x and z if these three points are pairwise distinct and if we
have |x —z| =[x — y| + [y — zl.

It is clear that the relation of betweenness is symmetric in the following sense:
if y lies between x and z, then y lies between z and x. The following proposition
expresses a transitivity property for this relation.

Proposition 2.2.13 (Transitivity of betweenness). Let X be a metric space and let x,
v, z and t be pairwise distinct points of X. Then we have the following equivalence:

y lies between x and z and 7 lies between x and t

¢

y lies between x and t and z lies between y and t.
Proof. If y lies between x and z and if z lies between x and ¢, then
lx =yl+1ly—zl=|x—z|

and
[x —z|+ |z -t =|x —1¢].

Then we have
lx —tl=Ix—z[+|z—t|=I|x —y[+ |y —z| + 1z — 7
which gives
lx —tl =[x —yl+1ly—zl = |x —1],

and therefore the two inequalities in the previous line are equalities. Thus, we obtain
X =yl +1ly—t[=|x —1]

and
ly —zl+ 1z —t| =y —1l,

which says that y lies between x and ¢ and that z lies between y and ¢. The converse
implication follows by symmetry. O

Warning. Some other forms of “transitivity” of betweenness are not true in general.
For instance, by considering points on a great circle in the sphere S2, it is easy to
construct examples of points x, y, z and ¢ with y lying between x and z, with z lying
between y and ¢, but where z does not lie between x and ¢.
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Proposition 2.2.14 (Betweenness and existence of geodesics). Let X be a geodesic
space and let x, y and z be three points in X. Then y lies between x and z if and only
if these three points are pairwise distinct and if there exists a geodesic segment [x, 7]
containing y.

Proof. This follows from Lemma 2.2.11. O
We also note the following fact that will be useful for us:

Proposition 2.2.15. Let X be a metric space, let x be a point in X and let r be a
positive real number. If y and 7 are points in the open (respectively closed) ball of
center x and radius r and if y : [a, b] — X is a geodesic path joining y and z, then
the image of y is contained in the open (respectively closed) ball of center x and
radius 2r.

Proof. The proof consists of a slight variation of the proof of Proposition 2.1.18, and
we omit it. |

Let us note that in general, one cannot expect a better conclusion than that of
Proposition 2.2.15, as the following example shows. Let X be the unit sphere S2
equipped with its intrinsic length metric. We recall that in this metric, the geodesic
segments are subarcs of great circles and that the total length of a great circle is equal
to 2. Consider a point x in X, let  be a real number that is slightly greater than 7 /2
and let y and z be two points in B(x, r) that are situated on a great circle C containing
the point x and satisfying |x — y| > 7/2 and |x — z| > w /2, with x lying between y
and z. Finally, let y be a geodesic path in X joining y and z. The image of y is the
arc of the great circle that joins y and z and that contains the point that is antipodal
to x. We have L(y) < 2r and the image of y is almost entirely contained in the
complement of the ball B(x, r).

2.3 Limits of geodesics

Proposition 2.3.1 (Limits of geodesic paths). Let X be a metric space and for ev-
ery integer n > 0, let y,: [a,b] — X be a geodesic (respectively an affinely
reparametrized geodesic). If the sequence (y,) converges pointwise to a map
y: la, b] — X, theny isageodesic (respectively an affinely reparametrized geodesic).

Proof. We prove the proposition in the case where each y is a geodesic. The proof
for affinely reparametrized geodesics can be done by composing with appropriate
affine maps. For every #; and #, in [a, ] and for every n = 1,2,..., we have
[Vn(t1) — vu(t2)| = |t1 — t2|. By the continuity of the distance function, we obtain

nli)fgo [Va(t1) — vu ()| = |y (1) — y ()| = |11 — 2],
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which shows that y is a geodesic. O

Proposition 2.3.2. Let X be a compact metric space and for every n > 0 let
vn: la, b] — X be an affinely reparametrized geodesic. Then the sequence (Yn)n>0
has a subsequence which converges uniformly to an affinely reparametrized geodesic.

Proof. For all n > 0, we have L(y,) = |yn(a) — yu(b)|. Since X is compact,
its diameter is finite. Therefore, the sequence (L(yn))n>0 is bounded above by a
constant that is independent of n. Then Proposition 1.4.11 implies that (y,,),>0 has
a subsequence that converges uniformly to a path y. By Proposition 2.3.1, y is an
affinely reparametrized geodesic path. O

Proposition 2.3.3. Let X be a metric space and for every integer n > 0, let
vn: [0, 11 — X be an affinely reparametrized geodesic. If the sequence (Yn)n>0
converges pointwise to an affinely reparametrized geodesic y : [0, 1] — X, then this
convergence is uniform.

Proof. We reason by contradiction. Suppose that the convergence of (y,,) to y is not
uniform. Then we can find areal number € > 0 such that for every integerng > 0, there
exists an integer n > ng and a real number ¢, in [a, b] such that |y, (#,) — y (tn)| > €.
Therefore, we can find a sequence of integers (n;);>o that tends to infinity as i — oo
and a sequence (1, );>0 of real numbers in [a, b] satisfying |y, (t,,) — ¥ (tn,;)| > € for
all n; > 0. Since the interval [a, b] is compact, we can assume, up to passing to a
subsequence, that the sequence (,,) converges to some point ¢ in [a, b] as i — oo.
For all i > 0, the path y,, is, up to a change of parameter, a geodesic path. Therefore,
we have L(yy,) = |y, (0) — vy, (1)] and since (y,,);>0 converges pointwise to y as i
tends to infinity, the sequence (L(yni))l.>0 converges to L(y) = |y(0) — y(1)|. Let
us set M = L(y) + 1. Then, under our hypotheses, there exists an integer N > 0
such that for all n; > N, the following three conditions are satisfied:

L(Vn,-) <M,

€
[Yn; (6) =y (D] < YA
and

m

|tn,~ - t| < Z
Thus we have, for all n; > N,
€ =< |¥u; (tn;) — v ()|
= i () = Y O+ v, (O — v O + |y () — ¥ (1)1
= L(yn)tn; — 1] + [¥n; (1) — Y (O] + L(yn;)tn; — 1]
< Mlty; — t]+ yn, () — y (O] + M|ty — 1]
€ € € 3e

i1t T
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which is a contradiction. Therefore, the sequence (y,,) converges uniformly to y. O

2.4 Geodesic spaces

Definition 2.4.1 (Geodesic space). A metric space X is said to be geodesic if given
two arbitrary points in X there exists a geodesic path that joins them.

Proposition 2.4.2. A geodesic space is a length space.

Proof. Let X be a geodesic space, let x and y be two arbitrary points in X and let

y: [a, b] — X be a geodesic joining them. We have |a — b| = |x — y| and since y is
parametrized by arclength, we have |a —b| = L(y). Hence, we obtain [x —y| = L(y),
which implies that X is a length space. O

Examples 2.4.3 (Geodesic spaces).

(1) Euclidean space. For any n > 0, Euclidean space E" is a geodesic space; a
geodesic segment joining any two points in E” is the affine segment joining them.

(ii) Spheres. For any n > 0, the sphere S" equipped with its intrinsic metric
associated to the metric induced by its inclusion as the unit sphere in R"*! is a length
space; we already recalled that for any two points in S”, a geodesic segment joining
them is a subset of the great circle passing through these points.

(iii) Hyperbolic space. For every n > 2, n-dimensional hyperbolic space H" is a
geodesic space. In this space, any geodesic segment is contained in a straight line. In
the conformal ball model B" of this space (see Example 2.1.3 (vii) above), straight
lines are of two sorts (see Figure 2.4 (a)):

o the intersection of the unit ball B” with a Euclidean circle of R” that meets
perpendicularly the boundary of B", or

e a diameter of B".

In the upper half-space model H" of H", straight lines are also (from the Euclidean
point of view) of two sorts (see Figure 2.4 (b)):

o the intersection of H” with a vertical Euclidean straight lines of R”, or

o the intersection of H” with a circle of R” that meets perpendicularly the boundary
of H".

By examining any one of these models, one can easily see that any two points in
H" are joined by a geodesic. We also see from the description of the geodesics in the
conformal ball model that if r: [0, co[— B”" is a geodesic ray, then, r () converges
(in the Euclidean metric of the closed ball) to a point in the sphere $”~!, considered
as the boundary of B". We shall denote by r(co) the limit point of the geodesic ray r.
Likewise, any geodesic line y: R — X has two distinct limit points on the sphere
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(a) (b)

Figure 2.4. Geodesics in the ball model and in the upper half-plane model of hyperbolic plane.

§"=1 the point y (—00) = lim;_, _, ¥ (¢) and the point y (00) = lim;_, Y (¢) (again,
the limits are taken with respect to the Euclidean metric of the closed ball).

(iv) Convex subsets of normed vector spaces. This example is more general than
example (i) above. Any convex subset of a normed vector space, equipped with the
induced metric, is a geodesic space (see Proposition 5.3.7 below).

(v) Teichmiiller space. Let S = S, be a closed oriented surface of genus g > 1.
The Teichmiiller space T4 of S is the space of isotopy classes of hyperbolic structures
on that surface. We recall that a hyperbolic structure on S is a collection of local charts
{(Ui, ¢i)}ier where {U;};cz is a collection of open subsets of S whose union covers
S and where for each i € I, ¢; is a homeomorphism from U; onto an open subset of
hyperbolic space H? such that any map of the form ¢; o (pjfl is a local isometry of H?,
whenever it is defined.

Equivalently, T is the space of isotopy classes of conformal structures on S A We
also recall that a conformal structure on S is a collection of local charts {(U;, ¢;)}icr
where {U;}icy is a set of open subsets of S whose union covers this surface and
where for each i € I, ¢; is a homeomorphism from U; onto an open subset of the
complex plane C such that any map of the form ¢; o goj_l is holomorphic, wherever

4We note that in the case of a non-compact surface, the definition of Teichmiiller space is more involved.
For instance, given two integers n and g that are both > 1, if Sy ¢ is the surface obtained from the closed
surface Sg by removing n points (which we shall call the punctures), then, the Teichmiiller space Tg »
of Sp,g is the space of equivalence classes of complete and finite volume hyperbolic metrics on Sg ;.
Equivalently, the hyperbolic metrics considered have the property that the neighborhood of each puncture
of Sg , is isometric to a cusp, that is, a neighborhood of infinity in the quotient of a region in the upper
half-plane model of H2 of the form {(x,y) | y > k} by a map of the form z + z + c. If one uses the
point of view of conformal structures, then, the conformal structures considered on Sg , are such that the
neighborhood of each puncture is conformally equivalent to a punctured disk in the complex plane.
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it is defined. A surface equipped with a conformal structure is also called a Riemann
surface. The space T, has a natural topology that makes it homeomorphic to RO8—6 jf
g > 2and to R? if g = 1. This topology is induced by several interesting metrics, the
most famous one being the Teichmiiller metric. Let us recall its definition. First, one
defines the Teichmiiller distance between two hyperbolic metrics on S as the infimum
of the dilatations of diffeomorphisms of S that are isotopic to the identity, where the
domain space is S equipped with the first metric and the target space is S equipped
with the second metric. More precisely, if g; and g»> are hyperbolic metrics on S and
if f: (S, g1) = (S, g2) is a diffeomorphism, then, the dilatation of f is defined as

sup{|ldfy(u)| such thatu € T, S, ||u| = 1}
inf{||dfy(u)| such thatu € TS, |ul| =1} )

K(f)=sup<

In this formula, the norm of the tangent vector d f () is measured with respect to the
metric g and the norm of the tangent vector u is measured with respect to the metric
g1. The Teichmiiller distance between g1 and g is equal to

1
d(g1. 82) = 5 inf{log K (f)}

where the infimum is taken over the set of diffeomorphisms of S that are isotopic to
the identity. The value d(gi, g») is invariant if we replace g; or g, by an isotopic
metric. Therefore, d defines a map on T x T, which is the Teichmiiller metric.

The Teichmiiller metric is a complete geodesic metric and each pair of distinct
points in 7, is contained in a unique straight line. For g = 1, Teichmiiller space
equipped with the Teichmiiller metric is isometric to the hyperbolic plane H?. All these
results are due to Teichmiiller (see [131]; see also Bers’s paper [15] for a more modern
treatment). There is a nice description of the geodesic lines of the Teichmiiller metric
(which are called Teichmiiller geodesics) in terms of pairs of transverse measured
foliations on S. In this description, the local coordinates of the conformal structure
varying along a geodesic path, are deformed in a very simple manner, which is similar
to the most natural affine deformation of a rectangle. Let us describe this deformation
in a few lines. A measured foliation on a surface is a foliation equipped with a measure
on transverse arcs which is invariant by isotopies of the transverse arcs in which each
point of stays on the same leaf. The foliations considered are allowed to have singular
points of the types described in Figure 2.5 (i.e. k-prong singularities with k being any
integer > 3). At the singular points, the transversality of two foliations is described
in Figure 2.6.

A pair of transverse measured foliations F| and F> on S defines a conformal struc-
ture, and in fact, a privileged class of local parameters, in the following manner. In
the neighborhood of each non-singular point, there is a natural parameter z = x + iy,
where x is a parameter along the leaves of Fj and y a parameter along the leaves
of F;, and where distances along the leaves of each of these foliations are measured
by using the transverse measure of the other foliation. In this way, the leaves of F
(respectively F3) are locally defined by the equation y = constant (respectively x =
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Figure 2.5. k-prong singular points with k =1, 2, 3.

Figure 2.6. Two transverse foliations at a singular point.

constant). The local parameters z = x + iy in the neighborhoods of the various
nonsingular points are compatible with each other and they define a conformal struc-
ture on the complement of the singular points. This conformal structure extends in a
unique way to a conformal structure on the whole surface S. Thus, the pair (1, F>)
of measured foliations determines a conformal structure on S. The leaves of the
foliations F| and F, are mutually orthogonal with respect to this structure at each
nonsingular point. A Teichmiiller geodesic is then a map £: R — 7, of the form
L(t) = (e7'Fy, e'F,), where F| and F, are measured foliations and where for any
A > 0, LF denotes the measured foliation obtained from F by multiplying its trans-
verse measure by the factor A. The pair (e ™' Fy, e’ F,) isidentified here with the confor-
mal structure determined by the pair of transverse measured foliations (e~ Fy, e’ F»).
In terms of the local coordinates z = x + iy, the variation of the conformal structure is
defined by (x, y) — (e’x, e~ 'y). We refer the reader to the paper [84] by S. Kerckhoff
for a description of the Teichmiiller metric and for interesting results on the behaviour
of geodesic rays in Teichmiiller space.

Let us finally note that the Teichmiiller metric is a Finsler metric (this is a result of
Earle and Eells, cf. [44]), that Teichmiiller space has a natural structure of a complex
manifold and that (by a result of Royden, cf. [125]), the Teichmiiller metric is equal
to the Kobayashi pseudo-metric of this complex manifold (and therefore, this pseudo-
metric is a metric).

Example 2.4.4 (A non-geodesic length space). For all n > 2, Euclidean space E"
with a point p removed is a length space which is not a geodesic space. Indeed, if x
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and y are two distinct points in E” \ {p} such that the segment [x, y] of E” contains
P, then there is no geodesic path in E” \ {p} joining x and y.

Proposition 2.4.5. Let X be a locally compact length space. Then every point x in
X has a neighborhood U = U (x) such that for every y and z in U, there exists a
geodesic path in X joining them.

Proof. Let x be a point in X. Since X is locally compact, we can find a positive
real number r such that the open ball B(x, 2r) of center x and radius 2r has compact
closure in X. Now let U be the open ball B(x, r) and let y and z be two arbitrary points
in U. Since X is a length space, there exists a sequence (y)n>0 of paths in X joining
y and z such that L(y,) converges to |y — z| as n — oo. Thus, for n large enough,
we have L(y,) < 2r and by Proposition 2.1.18, the image of y,, is contained in the
closure of the ball B(x, 2r). Since this closure is compact, it is complete, and Ascoli’s
Theorem (Theorem 1.4.9) shows that there exists a subsequence (yy,)i>0 of (V)n>0
that converges to a path y. The path y joins y and z, its length is equal to |y — z| and
without loss of generality, we can assume that y is parametrized by arclength. Then
Proposition 2.2.7 shows that y is a geodesic path and Proposition 2.1.8 shows that the
image of y is contained in B(x, 2r). O

The next result is also attributed to H. Hopf and W. Rinow :

Theorem 2.4.6 (Hopf—Rinow: proper length spaces are geodesic). Let X be a proper
length space. Then for every x and y in X, there exists a geodesic path that joins these
points.

Proof. Proposition 1.4.12 shows that there exists a path of length |x — y| joining x
and y. We may assume without loss of generality that this path is parametrized by
arclength. Therefore, by Proposition 2.2.7, this path is a geodesic. O

Remark. There are other useful forms of the theorem of Hopf—Rinow that combine
Theorems 2.1.15 and 2.4.6, and we mention as an example the following statement,
contained in [30], that Busemann considers as a generalization of the theorem of
Hopf-Rinow due to Cohn-Vossen:

Let X be a locally compact length space. Then, the following three conditions are
equivalent:

o the closed balls in X are compact;
e X is complete;

e every half-open geodesic path can be completed to a geodesic path; in other
words, every distance-preserving map from a half-open interval [a, b[C R into X can
be extended to a distance-preserving map [a, b] — X.
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By the Theorem of Hopf and Rinow (Theorems 2.4.6 and 2.1.15), a length space
is geodesic if and only if it is complete and locally compact. It should be pointed
out that these two hypotheses are necessary in order to have the conclusion of that
theorem. Indeed, the space E” (n > 2) with a point removed is locally compact, and
it is not geodesic. The hypothesis that X is locally compact is also necessary, as the
following example shows:

Example 2.4.7. Let X be a metric graph having exactly two vertices x and y and
an infinite number of edges e, (n = 1,2, ...), each such edges joining the vertices
x and y and such that for every n > 1, the length of ¢, is equal to 1 + 1/n. The
graph X is equipped with the associated length metric d (see Example 2.1.3 (iv)). The
length space (X, d) is complete and it is not locally compact. There is no geodesic
path joining the vertices x and y, since the length of any path joining these two points
is > 1, whereas |x — y| = 1.

We can push this point further and prove the existence of local geodesics in ho-
motopy classes with fixed points, using Ascoli’s theorem. We first need to make the
following definition:

Definition 2.4.8 (Local geodesic). Let X be a metric space and let y : [a, b] — X be
a path. Then y is said to be a local geodesic if for all ¢ in [a, b] we can find a closed
interval I (¢) containing 7 in its interior such that the restriction of y to 1 (¢) N [a, b] is
geodesic.

Proposition 2.4.9. If y: [a, b] — X is a local geodesic, then y is parametrized by
arclength.

Proof. By compactness of [a, b], there exists a finite number of open intervals
Ii, ..., It in R that cover [a, b] and such that for all i = 1, ..., k, the restriction
of y to I; N[a, b] is geodesic, and therefore parametrized by arclength. Let 1, ..., 1,
be the sequence of points in [a, b], ordered increasingly, that is obtained by taking
the union of the set {a, b} with the set of endpoints of the intervals I; intersected with
[a, b]. This sequence is a subdivision (¢;);o,... » of [a, b] and the restriction of y to
[#, ti+1] is parametrized by arclength, for alli =0, ..., n — 1. By Proposition 1.2.7,
y is parametrized by arclength. O

In the same way as for geodesic paths, it is often useful to deal with local geodesics
pre-composed with affine maps, and we make the following definition:

Definition 2.4.10 (Affinely reparametrized local geodesic). Let y: [a,b] — X be a
path. We say that y is an affinely reparametrized local geodesic if either y is a constant
map or there exists a local geodesic y’: [¢,d] — X such that y = y’ o v, where
V¥ [a, b] — [c, d] is the unique affine homeomorphism between the intervals [a, b]
and [c, d].
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Proposition 2.4.11. Let X be a proper length space such that for each point p in
X there exists a positive real number r such that the open ball B(p,r) is simply
connected, let x and y be two points in X and suppose that there exists a rectifiable
path g joining x and y. Then, there exists a local geodesic joining x and y that is
homotopic with fixed endpoints to g.

Proof. By Proposition 1.4.13, there exists a path y: [a, b] — X joining x and y
whose length is shortest in the homotopy class with fixed endpoints of g. We may
assume without lost of generality that y is parametrized by arclength. Let us show
that y is alocal geodesic. Givent in [a, b], let r be a positive real number such that the
open ball B(y (t), r) of center y (¢) and radius r is simply connected and let [#1, #2] be
a closed interval containing ¢ in its interior and satisfying y ([t1, ©2]) C B(y (¢),r/2).
We claim that the restriction of y to [f1, f;] is a geodesic path. We prove this by
contradiction. Suppose that y|;, 1, is not geodesic. Since X is proper, there exists a
path y’ joining y (1) to y (t2) whose length is strictly less than the length of y;, 1.
By Proposition 2.2.15, the image of y’ is contained in B(y (¢), r) and since this ball
is simply connected, the path 3’ is homotopic with fixed endpoints to s, 1. This
implies that the path obtained from y by replacing ¥, by ¥’ is homotopic to y
with endpoints fixed, and its length is strictly less than the length of y, which is a
contradiction. Thus, |4, ,] is geodesic. This completes the proof of the fact that y is
a local geodesic. O

We introduce two more notions that will be useful for us later on in these notes:

Definition 2.4.12 (Straight metric space). A metric space X is said to be straight if X
is a geodesic metric space and if any geodesic segment in X is contained in a straight
line.

Example 2.4.13 (Straight metric spaces). From the descriptions we gave in Exam-
ples 2.4.3, Euclidean space E", hyperbolic space H" and Teichmiiller space 7, are
straight.

Definition 2.4.14 (Uniquely geodesic space). A metric space X is said to be uniquely
geodesic if for any x and y in X, there exists a unique geodesic segment joining them.

The study of geodesic paths in uniquely geodesic spaces is more convenient than
in general metric spaces. For instance, in a proper uniquely geodesic space X, a
sequence of affinely parametrized geodesic paths y,: [0, 1] — X converges to a
geodesic path y : [0, 1] — X if and only if the two sequences of endpoints y,,(0) and
vn (1) converge respectively to the points y(0) and y(1). (This follows for instance
from Ascoli’s theorem.) Furthermore, in a uniquely geodesic metric space X, one
can talk about convex combinations of points: if xo and x| are any points in X, then,
for any ¢ in [0, 1], x; is the unique point on the geodesic segment [xq, x1] satisfying
|xo — x1| = t. We start with a few examples of uniquely geodesic metric spaces.
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Examples 2.4.15 (Uniquely geodesic spaces).

(1) Euclidean and hyperbolic spaces. For every n > 0, Euclidean space E" and
hyperbolic space H" are uniquely geodesic spaces. For hyperbolic space, this follows
from the description of the geodesics in that space that we recalled in Examples 2.4.3
above.

(i) R-trees. An R-tree is a metric space X that is characterized by the following
two properties:

e for all x and y in X, there exists a unique topological segment that joins them
(a topological segment being, by definition, a subset of X that is the homeomorphic
image of a closed interval of R);

e any topological segment in X is a geodesic segment.

It follows from this definition that an R-tree is a uniquely geodesic space.

The notion of R-tree was introduced by J. Tits in [138], as a generalization of
the notion of local Bruhat-Tits building for rank-one groups, which itself generalizes
the notion of simplicial tree. R-trees made their appearance as an essential tool is the
study of groups acting on hyperbolic manifolds in the work of J. Morgan and P. Shalen
[112].

A particular class of R-trees is the class of simplicial metric trees, that is, of
metric graphs that are simply connected, equipped with one of the metrics defined in
Example 2.1.3 (iv) above. An example of an R-tree that is not homeomorphic to a
simplicial tree is the two-dimensional plane R? equipped with the metric for which
the distance between two points x and y is equal to the Euclidean norm ||x — y|| if
x and y are situated on a Euclidean straight line passing through the origin, and to
x|l + ||v|l otherwise.

A special class of simplicial trees is that of homogeneous simplicial trees, to which
we shall refer later on. We first recall that the valency of an edge in a simplicial graph
is equal to the number of edges, counted with multiplicity, to which that edge belongs.
In visual terms, the valency of a vertex is the number of edges that locally abut on that
vertex. Itis easy to see thatin a simplicial tree, the two vertices of any edge are distinct.
Now for any integer > 2, a homogeneous tree of degree n is a metric simplicial tree
that is nonempty and in which each vertex has valency n. The simplicial tree of degree
n is unique up to homeomorphism, but of course, as a metric spaces, it depends on the
choice of the lengths of its edges.

(iii) Teichmiiller space. For g > 1, the Teichmiiller space 7 of a closed Riemann
surface of genus g > 1, equipped with its Teichmiiller metric, is a uniquely geodesic
space. This is one of the results of Teichmiiller; cf. [132], which is also contained in
[133]. For a more recent exposition, we refer the reader to Kerckhoff’s paper [84].

(iv) Normed vector spaces. Normed vector spaces, that we study in Chapters 5
and 7, are examples of geodesic spaces, but not all of them are uniquely geodesic. We
shall see that any normed vector spaces whose norm is associated to an inner product
is an example of a uniquely geodesic space.
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There exist length spaces in which there are points that have no neighborhoods that
are uniquely geodesic (with respect to the metric induced on these neighborhoods).
Let us give two examples of such spaces. In the first example, no point in the space
has a neighborhood that is uniquely geodesic, and in the second example, every point
except an isolated point has a neighborhood that is uniquely geodesic.

Examples 2.4.16 (Non locally uniquely geodesic spaces).

(i) €' norm. Consider the vector space R? equipped with the metric associated to
the ¢! norm, that is, the norm defined by ||(x1, ¥1) — (x2, y2) Il = |x1 — y1|+ |x2 — »2].
Any path in this space whose image is an “escalator” (see Figure 2.7) or, more generally,
any path whose image is the graph of a monotonic function is a geodesic segment.
Therefore there are infinitely many geodesic segments joining any two points in that
space, provided these points have distinct first and second coordinates.

-

Figure 2.7. An escalator (Example 2.4.16 (i)).

(ii) Euclidean cone. Consider a metric space that contains a point having a neigh-
borhood isometric to a Euclidean cone whose angle at the vertex is < 2. To obtain
such a space, we can take a standard Euclidean cone embedded in Euclidean 3-space,
equipped with the length metric induced from its embedding, but we prefer the fol-
lowing cut-and-paste construction, which permits for later use the construction of
Euclidean cones with an arbitrary angle in ]0, oo[. We start with a disk centered at the
origin O of the Euclidean plane, and we take in that disk a region R situated between
two radii OA and O B making an angle « (the region R will be a “fundamental do-
main” for the cone; see Figure 2.8). We then identify the two radii OA and OB by
a length-preserving map. The quotient space of the region R by this identification is
a Euclidean cone with vertex angle o. Now let us consider a third radius OC in the
fundamental domain making equal angles with the two radii O A and O B. Any point
on the image of the radius O A (or, equivalently, on the image of the radius O B) in
the quotient space X can be joined by two distinct geodesics to a point on the image
of the radius OC except if this point is the image of O.
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Figure 2.8. The shaded region is a fundamental domain for the Euclidean cone of Exam-
ple 2.4.16 (ii).

2.5 Geodesic convexity

Definition 2.5.1 (Geodesically convex subspace). Let X be auniquely geodesic space.
A subspace A of X is said to be geodesically convex if for every x and y in A, the
geodesic segment [x, y] is contained in A.

It is clear that if A is a geodesically convex subset of X and if f: X — X is an
isometry, then f(A) is also a geodesically convex subset.

In hyperbolic space H", open and closed balls are geodesically convex subsets.
We note that such sets are also geodesically convex with respect to the Euclidean
metric, in either the upper half-plane model H" or the ball model B"”. However, it is
easy to exhibit examples of subsets in these two models that are geodesically convex
with respect to the hyperbolic metric but not with respect to the Euclidean metric, and
others that are geodesically convex with respect to the Euclidean metric but not with
respect to the hyperbolic metric.

Let us note that for subsets of metric spaces that are not uniquely geodesic, there is
more than one notion of geodesic convexity which could be useful, and none of these
notions is more natural than the others. Indeed, we can ask that for any pair of points
in the subset, at least one geodesic segment joining them is contained in the subset, or
we can ask that for any pair of points in the given subset, any geodesic segment joining
them is contained in the subset. For uniquely geodesic spaces, these two notions of
convexity coincide, which makes the definition of geodesic convexity in such a metric
space natural, and the convexity results simpler (or at least simpler to state).

We now study some properties of geodesic convexity in uniquely geodesic metric
spaces.
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Proposition 2.5.2 (Intersection and union). Let X be a uniquely geodesic space.
Then the intersection of any family of geodesically convex subsets of X is geodesi-
cally convex and the union of any increasing family of geodesically convex subsets is
geodesically convex.

Proof. The proof is clear. O

Proposition 2.5.3 (Closure). Let X be a proper uniquely geodesic space and let A
be a geodesically convex subset of X. Then its closure A is geodesically convex.

Proof. Givenx and y in A, we take two sequences (X, ),>0 and (¥, )»>0 in A converging
to x and y respectively and for every n > 0 we let y,: [0, 1] — X be an affinely
reparametrized geodesic joining x,, to y,. By Ascoli’s Theorem (Theorem 1.4.9), the
sequence (¥, )x>0 has a subsequence (yy,)i>0 that converges toapath y : [0, 1] — X
joining x and y and by an easy limiting argument, y is an affinely reparametrized
geodesic. For all 7 in [0, 1], y (¢), being the limit of the sequence (yy; (1)), is in A
The image of y is the unique geodesic segment in X joining x and y. This proves
that X is geodesically convex. O

It is not true that in an arbitrary uniquely geodesic space, the interior of a geodesi-
cally convex subset is geodesically convex. In fact, the interior of a geodesically
convex subset need not even be connected, as we can see by taking a simplicial metric
tree T that contains a vertex v of valency > 3 and taking as a subset A of T a geodesic
segment containing v in its interior. Then the interior of A does not contain v, therefore
it is not connected.

Definition 2.5.4 (Geodesic convex hull). Let X be a uniquely geodesic space and let
A be a subset of X. Then, the geodesic convex hull of A is the intersection of all the
geodesically convex subsets of X that contain A.

Since the space X is geodesically convex, the geodesic convex hull of any nonempty
subset A of X exists and is nonempty. Furthermore, as an intersection of geodesically
convex subsets, the geodesic convex hull is geodesically convex.

The following proposition gives a step-by-step construction of the geodesic convex
hull:

Proposition 2.5.5. Let X be a uniquely geodesic space and let A be a subset of X.
We set Co(A) = A and for every integer n > 0, we let Cy,+1(A) be the union of all the
geodesic segments in X that join pairs of points in C,,(A). Then, the geodesic convex
hull C(A) of A is given by

c) = .

n>0
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Proof. The union | J,~.( C,(A) is an increasing union. Using the fact that the convex
hull C(A) is geodesically convex, it is easy to see by induction that for each n > 0, the
set C,,(A) is contained in C(A). Thus, we have Un>0 Cn,(A) C C(A). Conversely,
if x and y are two points in Un>0 C,(A), then they belong to a set C,(A) for some
integer n > (0. Hence, the segment [x, y] is contained in C,+1(A) and therefore
in {J,~o Cn(A). Thus, the set | J,., Cn(A) is geodesically convex and therefore it
contains C(A). This proves that C(A) = (J,,~o Cu(A). O

We note that this construction is analogous to a classical construction of the affine
convex hull of a subset A of a vector space, and that (in the context of vector spaces)
the least element & in N U oo satisfying

cx)= | am

0<n<k

is called the Brunn number of A (see Definition 5.1.24 below).
We close this section with some considerations on strict convexity in uniquely
geodesic metric spaces.

Definition 2.5.6 (Strictly geodesically convex subset). Let X be a uniquely geodesic
space. We say that a subset A of X is strictly geodesically convex if for every x and y
in A, any point on the geodesic segment [x, y] that is distinct from x and y is contained
in the interior of A.

In particular, if A contains at least two elements, then the interior of A has to be
nonempty. Any open geodesically convex subset of X is strictly geodesically convex.

It is easy to produce examples of families of strictly geodesically convex subsets
whose intersection is not strictly geodesically convex. For instance, take the family
of open e-neighborhoods of a closed square in E?; each element in this family is
an open geodesically convex set, therefore it is strictly geodesically convex. But
the intersection of this family is the closed square, that is geodesically convex but
not strictly. In fact, the same argument works if we take, instead of the open e-
neighborhoods of a closed square, closed e-neighborhoods of a closed square. These
closed e-neighborhoods are also strictly geodesically convex.

2.6 Menger convexity

The following notion was introduced by Menger in [103].

Definition 2.6.1 (Menger convexity).> A metric space X is said to be Menger convex,
or convex in the sense of Menger, if for all distinct points x and y in X, there exists a

5 Menger calls such a space a “convex space” and Busemann in [28] calls it M-convex.
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point z that lies between them. We recall from Definition 2.11 that this means that z
is distinct from x and from y and that we have

|x +zl+ 1z +yl=Ix+yl

Theorem 2.6.2 (Menger convexity and geodesic metric). Let X a proper metric
space. The four following properties are equivalent:

(1) the space X is convex in the sense of Menger;

(i1) for all x and y in X, there exists a point z in X such that

x =zl =1y =zl =1/2)|x = yl;

(iii) for all x and y in X and for all positive real numbers di and dy satisfying
di + d» = |x — y|, there exists a point z in X such that |x — z| = dy and
ly —zl = da;

(iv) X is geodesic.

Proof. Implications (ii) = (i) and (iii) = (ii) are clear. We prove (iv) = (iii), (ii) = (iv)
and (i) = (ii) in that order.

Suppose that Condition (iv) is satisfied. For every 7 in [a, b], let y; = Yj[a.1]-
Since y is parametrized by arclength, we have L(y;) = ¢t — a. In particular, the
map ¢t +— L(y;) is continuous. Its value is O for t = a and |[x — y| for t = b.
Thus, if d; and d» are as in (iii), then, by the mean value theorem, there exists ¢ in
[a, b] such that L(y.) = d;. By the additivity of length (Proposition 1.1.12), we
obtain L(y|(c,p])) = d2. Now let z = y(c). We have |x — z| < L(y.) = d; and
|y =zl < LYe,p)) = do. The two inequalities |[x — z| < dy and |y — z| < db,
combined with |x — z| 4+ |y — z| = di + dp, imply |x — z| = d; and |y — z| = d>.
Thus, we have (iv) = (iii).

Now, we prove (ii) = (iv). Suppose that condition (ii) is satisfied. Let xo and
x1 be two distinct points in X, let « = |xo — x1| and let us define a geodesic path
y: [0, o] — X satisfying y(0) = xp and y (@) = x1. Let D be the subset of [0, «]
consisting of the points of the form k« /2" where k and n are natural numbers satisfying
k<2".

We first define the values of y on the elements in D. We do this by applying
infinitely many times Condition (ii). We start by applying this condition to the points
x0 and x1. We obtain a point x1,; in X satisfying

[x0 — x172] = |x1 — x172] = (1/2)|x0 — x1],

and we define y (a/2) = x1,2. Then, applying the same condition to the pair of points
x0 and x1,2 and to the pair of points x1,2 and x, we obtain two points x1,4 and x3/4
in X satisfying respectively

lxo — x1/74] = |x172 — x174] = (1/2)|x0 — x12]
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and
|x12 — x374] = |x1 — x34] = (1/2)|x1/2 — x1l,

and we set y(a/4) = x1/4 and y 3o /4) = x3/4.

Now it is clear how, continuing in the same manner, we can define y on the whole
subset D: for each n > 1, at step n, we choose n points in X, each of which is the
midpoint of a pair of points obtained at the previous step, and we define y on these
points. Thus, after n steps, the map y is defined on the points in [0, «] that are of the
form k/2" with 0 < k < 2". This defines y on D.

Now we must prove that we can extend this map on D to a map whose domain is
[0, o], and that the extended map (which we also call y) is a geodesic path.

We claim that for every pair of distinct real numbers #; and #, in D, we have
ly(t1) — y(t2)| = |t; — f2]. Indeed, let us write #; and #, as k1o /2" and kpo/2"
respectively, for some nonpositive integer n, and with 0 < k; < ko < 2". Then we
have, by construction,

ki—1 ki—1

G+1-ja
n= Z B Z 1xj = Xj1l = |xo — Xk,
j=0 j=0
ko—1 . . ko—1
(G+1-)e
n—th=Yy = D Ixj = xjl =l — X
J=ki J=k1
and
-1, . 21
(G+1-)e
a—n=Yy = Db —xjal = by —xil.
J=k2 Jj=ka

The sum of the left hand sides of the three formulas is equal to «, which is equal
to |xo — x1|, while the sum of the right hand sides is equal to |xo — x, | + |xk, — Xk, | +
|xk, —x1], whichis > |xg —x1|. We conclude that the three inequalities are equalities.
In particular, the second inequality (being an equality) implies

[t — 2] =[xk, — Xip | = |y (1) — v (©2)],

which proves the claim.

Now, let ¢ be an arbitrary real number in [0, «]. Since D is dense in [0, «],
there exists a sequence of points (#,),>0 in D such that t, — ¢ asn — oo. The
sequence (y (tn))n>0 is a Cauchy sequence in X. Indeed, we have, for alli and j > 1,
ly ;) —y(t;)| = [t; —t;|, that tends to O as i and j tend to infinity. Furthermore, the
points of the sequence (y (tn))n>0 are contained in a closed ball in X, and since X is
proper, such a ball is compact and therefore complete. Thus, the sequence (y (t,,))n>0
is convergent. Now we set y () = lim,—« ¥ (#;), and we prove that the point y ()
does not depend on the choice of the sequence (#,,),>0. If (),),>0 is another sequence



72 2 Length spaces and geodesic spaces

in D that converges to ¢, then the sequence (t,/),>0 defined by ¢3, = t, and 23, . | =1,
also converges to 7, the sequence of images y (t5,),>0 is a Cauchy sequence which is
therefore convergent, and the two sequences y (¢2,),>0 and J/(fén)nzo have the same
limit.

Thus, we have a map y : [0, o] — X that satisfies y(0) = x and y (o) = y. Let
us show that this map is distance-preserving. For ¢ and ¢’ in [0, ] , let (#,),>0 and
(t,)n>0 be two sequences in D satisfying #, — ¢ and #;, — t' asn — 0o. We have
y(t) =lim,— o0 ¥ () and y (') = lim,,—, o ¥ (#},), Which gives

ly@®) —y @)l = lim |y(t,) —y@)l = lim |t, —1].
n—oo n— 00

Thus, y is distance-preserving. This completes the proof of (ii) = (iv).
Finally, let us prove (i) = (ii). Suppose that Condition (i) is satisfied, let x and y
be two points in X and let us consider the set

B ={ze Xsuchthat |[x —z|+ |z —y| = |x — y|}.

By continuity of the distance function, B is a closed subset of X. This set is also
bounded, since |x — z| < |x — y| implies that B is contained in the ball of center x
and radius |x — y|. Since X is proper, B is compact.

The map from B to R defined by z — min{|z — x|, |z — y|} is continuous, and
therefore it attains a maximum. Let 8 be a maximum value, let m be a point in B
where this maximum is attained and let us show that we have

B=|m—x|=|m—y|l=1/2)x —y|
By definition, we have
B = min{|m — x|, |m — y|}

and
lm — x|+ |m —yl =|x —yl,

which implies
B =1A/2)lx -yl

To show that |m — x| = (1/2)|x — y|, we reason by contradiction. Suppose that we
had 8 = |m —x| < |m —y|. Then we would have 8 < (1/2)|x — y|. By Condition (i),
there would exist z in X, that is distinct from m and y, such that |m — z| + |z — y| =
|m — y|. By Proposition 2.2.13, we would have [x — z| + |z — y|] = |x — y| and
|x —m|+|m —z| = |x —z|.

We claim that |z — y| < B. Indeed, suppose that we had [z — y| > B. As |[x —z| +
|z — y|, this would contradict the fact that |z — y| is a minimum of {|z — x|, |z — y[}.
Thus, we obtain

lm —zl=lx —z[ = |x =m| =[x =y[ = |z = y| =[x = m],
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which implies
Im —z| = |x —y| =28 > 0.

The set
Z ={z e X suchthat [m —z| + |z — y| = [m — y|} U {y}
is closed and bounded in X, and therefore it is compact. The map
2> dp(z) = |m —z|

defined on Z attains its minimum at some point zg of Z. By Property (i), we find a point
7' in X thatis distinct from m and from z( and that satisfies |m —z'|+|z’ —z¢| = |m—z0].
Thus, we have |m — 7| < |m — z9|. Applying again Proposition 2.2.13, we obtain
Im —Z'| + 12/ — y| = |m — y|. This contradicts the fact that z¢ is a point where the
minimum of dy, is attained. This shows that |m — x| = |x — y|, which proves (i) = (ii).
This completes the proof of Theorem 2.6.2. O

We note (following Busemann) that Condition (iii) in Theorem 2.6.2 does not
imply Condition (iv) in case the space X is not complete, as one can see by taking X
to be the set of rational numbers equipped with its usual metric.

Let us note a few corollaries of Theorem 2.6.2.

The first corollary says in some sense that in a geodesic metric space, we can
approach any geodesic segment by a finite sequence of points forming a “discrete
geodesic” whose points are arbitrarily close together.

Corollary 2.6.3. Let X be a geodesic metric space, let x and y be two arbitrary
points in X and let dy,...,d, be a sequence of positive real numbers satisfying
di+---4+d, = |x — y|. Then there exists a sequence X, ..., X, of points in X
satisfying xo = x, X, = y, and |x; — xj+1| =d; foralli =0,...,n — 1.

Proof. We apply n times Implication (iv) = (iii) of Theorem 2.6.2. O

We can use Theorem 2.6.2 to study products of metric spaces.

We recall that if X and X, are two metric spaces, there is no privileged metric on
the product X| x X 2,6 and in fact, there are several metrics on this product, none of
which imposes itself on the others, since each such metric is useful in some particular
context. For instance, for every real number p € [1, oo[, one defines a metric d), on
X1 x X3 by setting, for all (x1, x2) and (y1, y2) € X1 X Xo,

dp((x1, x2), (1, 2)) = ((dx, &1, yD)” + (dx, (x2, yz))p)%~

6Let us note however that there is a natural topology on the product space. It is defined as the coarser
topology for which the canonical projections on the two factors are continuous. All the metrics that we
consider here induce this topology on the product.
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Another useful metric on X x X3 is the metric d, defined by

doo((x1, x2), (1. y2)) = max{dx (x1, y1). dy (x2, y2)}.

For p = 2, the metric d, is the “Euclidean metric” on X1 x X». It is called so
because in the case where X and X» are respectively the Euclidean spaces E” and
E™, then the product space E" x E™, equipped with the metric d>, is isometric to the
Euclidean space "+,

The proof of the fact that the map d,, for p €]1, oo, defines a metric on X7 x X
is based on the following result of Minkowski which is contained in [110]:

Proposition 2.6.4 (Minkowski’s inequality). For every integer n > 1, for any pair of
vectors (ay, ...an) and (b1, . ..by) of R" whose coordinates are nonnegative and for
every real number p in [1, oo[, we have

n 1 n 1 n 1
. . r py» AL
(Xt o) < (al)" +(X0)

i=

Furthermore, for any p > 1, this large inequality is an equality if and only if the
vectors (ai, ...ay) and (by, . .. by) are collinear (the proportionality constant can be
equal to 0). Of course, for p = 1, the large inequality is always an equality.

For a proof of this result, we refer to [63] p. 30. O

Proposition 2.6.5 (Product metric). For any p in [0, co[U{oo}, the map d), defines a
metric on X1 X X».

Proof. We prove the proposition in the case where p is finite. The case p = o0 is
simpler, and it can be dealt with using the same outline of proof.

Itis clear from the definition that for all x and y in X; x X5, wehave d,,(x, y) > 0,
dp(x,y) =dy(y, x),and thatd,(x,y) =0 <= x = y. Itremains to prove that d,
satisfies the triangle inequality. For that, we use Minkowski’s inequality of Proposition
2.6.4. Let x = (x1,x2), y = (y1, »2), and z = (z1, z2) be three points in X| x X>.
Applying Minkowski’s inequality with n = 2, a1 = |x1 — y1lx,, a2 = |x2 — y2lx,,
by =|y1 — z1lx, and by = |y» — 22]x,, we obtain

dp(x,2) = (Ix1 = 2118, + Ix2 = 2211)7
< ((x1 = y1lx, + Iyt — z1lx,)?
+ (2 = Yl + 2 = 221x:)7) 7
= (@1 + b)) + (@2 + bo)?)7
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1 1
< (af + aé’)ﬁ + (bf7 + bf)ﬁ (by Minkowski’s inequality)
1
= (lx1 = yil§, + 2 = y2l%,)7

1
+ (y1 —z1ly, + Iy2 — z2l%,)?
de(x7Y)+dp(y71)- O

We note that for all p in [0, co[U{o0o}, the projection of X; x X» (equipped with
the metric dp) on each of its two factors is a 1-Lipschitz map, and therefore it is
continuous. It is also easy to see that a sequence (x,),>0 in X x X, converges to a
point x in that space if and only if dx, (v, y) — 0 and dx,(z,, z) — 0, where y and
z are the projections of x on X; and X, respectively and where for each n > 0, y,
(respectively z,) is the projection of x,, on X (respectively X»).

Proposition 2.6.6. If X1 and X, are two proper (respectively geodesic) spaces, then
the product X1 x X, equipped with any of the metrics dp, for p € [0, oo[U{oc}, is
proper (respectively geodesic).

Proof. We give the proof for the metrics d), for p € [1, oo[; the proof for dos can be
done in the same manner.

It is easy to see that if X and X, are proper, then X x X3 is also proper. Indeed,
let K be a closed and bounded subset of X| x X5 and let K| and K> be its projections
on X and X respectively. Since K| and K, are bounded, their closures K and K,
are compact, since X1 and X are proper. The product K| x K is a compact subset
of X1 x X7, and the set K, which is closed in this compact set, is itself compact. This
shows that X x X» is proper.

Now let us prove that if X| and X, are geodesic spaces, then X; x X3 is also
geodesic. We use the equivalence (ii)<>(iv) of Theorem 2.6.2. Let x = (x1, x2) and
y = (¥1, y2) be two points in X; x X,. Since X and X, are geodesic spaces, then,
by Theorem 2.6.2, there exists a point z; in X and a point z» in X satisfying

1
lxi —zil =1y —z1l = §|x1 =yl
and
1
lx2 —z2l = [y2 — 22| = 5|X2 =yl

Thus, we have

dp((z1, 22), (x1,x2))" = (dx, (21, x))" + (dx, (z2. y2))"

1 1
= 2_p(dX1 (x1, y1))p + 2—p(dxz(x2, y2))p

1
= z—pdp((xl »Xx2), (1, y2))p’
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which gives
dp((z1,22), (x1,x2)) = %dp((m, x2), (1, 2)).
that is,
dp(z,x) = %dp(x, ¥,

where z is the point (71, z2) of X x X5. In the same way (or by symmetry), we obtain

1
dp(z,y) = Edp(x, ¥).

Therefore, Condition (ii) of Theorem 2.6.2 is satisfied for the metric d,, on X1 x X>.
This shows that the metric space (X1 x X3, d)) is geodesic. m]

We have presented the proof of Proposition 2.6.6 as an application of Theo-
rem 2.6.2, but one can also obtain this result as a consequence of the following
proposition:

Proposition 2.6.7. Let X| and X, be two geodesic spaces and let us equip the product
space X = X1 x X, with one of the metrics dp, for some p in [1, co[U{co}. Let
x1 and y1 be two arbitrary points in X1, let xo and y be two arbitrary points in
Xo, let y1: [0, 1] — X be an affinely reparametrized geodesic joining x1 and yi
and let y»: [0, 1] — X» be an affinely reparametrized geodesic joining xa and y».
Then the product path y : [0, 1] — X, defined by y (t) = (y1(¢), y2(t)) is an affinely
reparametrized geodesic joining (x1, y1) and (x2, y2). Furthermore, in the case where
p € [1, oo[, we have

L) = (Lo? + (LOw)P)7,

and in the case p = 0o, we have
L(y) = max (L(y1), L(y2)).

Proof. The map y is continuous and it is a path joining the points (x1, y1) and (x2, y2)
in X. Let us show that this map is an affinely reparametrized geodesic. We first
consider the case where p € [1, oo[. For all u and v in [0, 1], we have

dy(y @), y ) = (11 @) — @I + 1ya@) — yp@)[P)7
= (L) lu— v]” + L) lu — v[P)?
= (L) + L4)?) Pl — ],

By Proposition 2.2.10, y is therefore an affinely reparametrized geodesic whose length
1
is (Lay)? + (L()P) 7.
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In the case where p = 0o, we have

doo(y ), y (v)) = max (Iy1(u) = i), [y2() — y2(v)])
= max (L(y1)|u — vl, L(y2)|u — v])
=max (L(y1), L(y2))lu — v].

We again apply Proposition 2.2.10, which shows that y is an affinely reparametrized
geodesic of length max (L (y1), L ()/2)). This completes the proof of Proposition 2.6.7.
0

Notes on Chapter 2

The theorems of Hopf-Rinow. Theorem 2.4.6, which states that in a proper length
space, any two points can be joined by a geodesic segment, is also contained in Elie Car-
tan’s book [36] p. 260, for the special case of Riemannian manifolds. Theorems 2.1.5
and 2.4.6 are due to H. Hopf and W. Rinow [73] in the case where the space X is a
surface equipped with a Riemannian metric, with some local uniqueness condition on
local geodesics. S. Myers, in [115], showed that Theorem 2.4.6 is valid (with almost
the same proof) for any manifold of dimension > 2. In [41], S. Cohn-Vossen gave
general versions of the theorems of Hopf—Rinow (without the local uniqueness condi-
tion) that are valid in arbitrary metric spaces and even in more general spaces (spaces
that satisfy the axioms of a metric space except the axiom that says that the distance
function is symmetric). For several useful versions of the result of Hopf—Rinow, we
refer the reader to the book by Ballmann [7] p. 29. The arguments used in the proof
of (i) = (iv) are classical (see [36] p. 360). Implication (i) = (iv) is due to Menger
[103].

Existence and uniqueness of geodesics in Riemannian manifolds. In [36], E. Cartan
proves that for any two points in a Riemannian manifold that is proper (Cartan calls
such a space a normal Riemannian space), there exists at least one geodesic joining
them. Thus, a proper Riemannian manifold is a geodesic metric space. Cartan proves
also that for any point x in such a space, there is a positive real number r such that
for any y in the closed ball B(x, r), there exists a unique geodesic joining x to y, and
that the image of such a geodesic is contained in B(x, r) (see [36], Note IV, Theorem
I, p. 356 and Theorem III, p. 360).

Busemann’s G-spaces. Busemann’s theory of geodesics in metric spaces is developed
in [28] in the setting of metric spaces which he calls G-spaces. The definition is as
follows: a G-space in the sense of Busemann is a metric space X that satisfies the
following properties:

(i) X is a proper metric space;

(ii) for every x and y in X, there exists a point z that lies between x and y;
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(iii) for every point in X, there is an open ball B of positive radius centered at this
point and for every x and y in B, there exists a point z in B such that y lies
between x and z;

(iv) for every quadruple of points x, y, z; and z; in X satisfying |[x — y|+ |y —z1] =
Ix —ziland |x — y[ + |y — 22| = |x — 22|, if |y — z1] = |y — 22|, then we have

21 = 22.
Property (ii) is equivalent to a property of existence of geodesics (cf. Theo-

rem 2.6.2), Property (iii) is a property of local existence of prolongation of geodesics
and Property (iv) is a property of uniqueness of the prolongation.



Chapter 3

Maps between metric spaces

Introduction

In this chapter, we study properties of maps between metric spaces. Of course,
the maps that most naturally come to mind in this context are isometries (that is,
distance-preserving surjective maps). We shall study isometries in more detail in
Chapter 11 below. Besides isometries, there are several classes of maps between metric
spaces that are important, and we mention the following classes: distance-preserving
maps, length-preserving maps! (which may be considered as the analogs of distance-
preserving maps in the setting of length spaces), Lipschitz maps, K -Lipschitz maps for
some fixed K, bi-Lipschitz homeomorphisms, Holder maps, distance-non-increasing
maps, length-non-increasing maps, contractions, distance-decreasing maps, local
homeomorphisms, locally K -Lipschitz maps, local isometries, quasi-conformal maps,
quasi-isometries, covering maps that are local isometries, and there are many others.
Each such class of maps is important in some particular context. In this chapter, we
study a few general properties of maps belonging to some of these classes. We shall
use some of the results in later chapters.

We mention by the way, since we are talking about the relation between maps and
metrics, that there are several interesting instances where a metric on a given space is
defined in terms of properties of self-maps of that space. For example, the Poincaré
metric of the unit disk D in the complex plane, was defined by Poincaré in the course
of his study of automorphic maps of that disk (see [122]). This metric is the unique
metric that is invariant by the conformal self-maps of D. Likewise, we already saw
that the Carathéodory and the Kobayashi pseudo-metrics of a complex manifold M
are defined by their behaviour with respect to some maps from M to D and from D
to M respectively. In fact, there are beautiful characterizations of these two pseudo-
metrics as extremal metrics with respect to a property of non-expanding maps: the
Carathéodory (respectively the Kobayashi) pseudo-metric of a complex manifold M is
the smallest (respectively the largest) pseudo-metric on M such that any holomorphic
map from the unit disk D, equipped with its Poincaré metric, to M (respectively any
holomorphic maps from M to the unit disk) is non-expanding.”

This chapter can be divided into two parts. The first part concerns maps defined
by global properties (K -Lipschitz maps, non-expanding maps, contractions and so

I Busemann sometimes calls these maps “equilong maps”, a word already used by Elie Cartan (see [35]).
20f course, we are talking here about pseudo-metrics, but in most cases of interests these pseudo-metrics
are genuine metrics.
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on). The second part deals with maps defined by local properties (local isometries and
coverings).

The outline of this chapter is as follows.

In Section 1, we study the classes of K -Lipschitz maps and K -length-non-increa-
sing maps. The latter are, in some sense, analogs of K -Lipschitz maps in the setting
of length spaces.

In Section 2, we consider the class of non-expanding (that is, 1-Lipschitz) maps,
and in particular the subclasses of contractions and of distance-decreasing maps.

In Section 3, we study non-decreasing maps. We present in particular a result
of Freudenthal and Hurewicz that states that if X is a compact metric space and
f: X — X is adistance non-decreasing map, then f is an isometry (Theorem 3.3.4).

In Section 4, we study local isometries. Local isometries are non-expanding
(Corollary 3.4.5). If Y is alength space and f: X — Y alocal homeomorphism, then
we give conditions for the existence and uniqueness of a metric on X with respect
to which f is a local isometry (Proposition 3.4.7). We then establish existence and
uniqueness results for the lifts of geodesics and of local geodesics by local isometries
(Proposition 3.4.11 and 3.4.12).

In Section 5, we study covering maps that are local isometries. In particular, we
give sufficient conditions under which a local isometry between length spaces is a
covering map (Theorem 3.5.4).

3.1 K-Lipschitz maps and K -length-non-increasing maps

We start by recalling the following

Definition 3.1.1 (K -Lipschitz map). Let X and Y be two metric spaces and let K be
a nonnegative real number. A map f: X — Y is said to be K-Lipschitz if for all x
and y in X we have | f(x) — f(¥)| < K|x — y|. The map f is said to be Lipschitz if
itis K-Lipschitz for some K.

The composition of two Lipschitz maps is Lipschitz. Smooth maps between
compact Riemannian manifolds are examples of Lipschitz maps. In any metric space
X, for every xo € X, the map defined by x — |x — xg| is 1-Lipschitz (a consequence
of the triangle inequality). Composing this map with Lipschitz maps of the real line,
we obtain a lot of examples of real-valued Lipschitz maps defined on any metric space.

It is easy to see that a Lipschitz map is uniformly continuous. Therefore we have
the following

Proposition 3.1.2. The image of a Cauchy sequence by a K -Lipschitz map is a Cauchy
sequence. O

Now we recall the definition of the displacement function. This is certainly one
of the most important functions associated to a self-map of a metric space and we
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shall use it thoroughly in Chapter 11 below, in the study of isometries. Right now, we
mention it an example of a Lipschitz map.

Definition 3.1.3 (Displacement function). Let X be ametric spaceandlet f: X — X
be a map. The displacement function of f is the map dy: X — [0, oo[ defined by

dp(x) =[x — f(x)]
for every x in X.

The displacement function will be useful in the study of distance-decreasing maps
(Section 3 below), in the study of distance-non-decreasing maps (Section 4 below) and
in the classification of the isometries of metric spaces (see Definition 11.1.6, p. 244).

Proposition 3.1.4. Let X be a metric space andlet f: X — X be a K -Lipschitz map.
Then the displacement function of f is a (K + 1)-Lipschitz map.

Proof. Let x and y be two points in X. From the triangle inequality, we obtain
X = Ol = 1y = fDI| < v =Y+ 1) = fFMI < (K+DIx—yl. O

The following notion is closely related to the notion of K -Lipschitz map; in some
sense, it describes an analogous property in the setting of length spaces.

Definition 3.1.5 (K -length-non-increasing map). Let K be a nonnegative real num-
ber and let X and Y be two metric spaces. A map f: X — Y is said to be K -length-
non-increasing if for any rectifiable path y: [a,b] — X, we have Ly(f(y)) <
KLx(y).

Proposition 3.1.6 (K -Lipschitz implies K -length non-increasing). Let X and Y be
metric spaces and let f: X — Y be a K-Lipschitz map. Then f is K-length-non-
increasing.

Proof. Let y : [a, b] — X be a rectifiable path. For each subdivision o = (¢;);=0,...»
of [a, b], we have

n—1 n—1
Vo(foy)=Y Ifoyt) — foy) <K Y ly@) =yt = KVa(y).
i=0 i=0

Taking the supremum over all subdivisions o of [a, b], we obtain Ly (f(y)) <
KLx(y). O

Proposition 3.1.6 has the following partial converse:
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Proposition 3.1.7 (Continuous and K -length non-increasing implies K -Lipschitz).
Let X be a length space, let Y be a metric space and let f: X — Y be a continuous
map. If f is K-length-non-increasing , then it is K -Lipschitz.

Proof. For every x and y in X, we have |f(x) — f(y)|y < inf Ly(y’), where
the infimum is taken over the set of paths y’ in Y joining f(x) to f(y). Thus,
|f(x) — f(»)|y <inf Ly(f(y)), where the infimum is taken over the paths y in X
joining x to y. (Here, we use the fact that f is continuous.) Since f is K-length-non-
increasing, we obtain | f(x) — f(¥)|y < K inf Lx(y), where the infimum is again
taken over the paths y in X joining x to y. Since X is a length space, the last term is
equal to K|x — y|. This shows that f is K-Lipschitz. O

We note that a K-length-non-increasing map is not necessarily continuous. For
instance, if Y is a discrete metric space (that is, if each point in Y is isolated), then the
length of any path in Y is equal to zero and therefore any map from any metric space
X into Y is K-length-non-increasing, for all K > 0. On the other hand, of course,
there exist non-continuous maps from X to Y, provided X is not discrete.

3.2 Non-expanding maps

Definition 3.2.1 (Non-expanding map).> Let X and Y be two metric spaces. We say
that amap f: X — Y is distance-non-expanding, or simply, non-expanding, if f is
a 1-Lipschitz map, that is, if it satisfies

lf)—fl=Ix =yl
for all x and y in X.

Important examples of non-expanding maps include isometries, contractions (that
we shall study below) and holomorphic maps between complex spaces equipped with
their Carathéodory and their Kobayashi pseudo-metrics. We start by presenting these
beautiful examples:

Examples 3.2.2 (Non-expanding map).

(i) The Carathéodory and the Kobayashi pseudo-metrics. Again, we consider here
pseudo-metrics which in general are not metrics; this is justified by the importance of
these pseudo-metrics and, of course, by the fact that in some cases they are metrics. If
X and Y are two complex manifolds equipped with their Carathéodory (respectively
Kobayashi) pseudo-metric (see Example 2.1.3 (ix) and (x)) and if f: X — Y is a
holomorphic map, then it follows easily from the definition that f is non-expanding,
i.e. it satisfies Definition 3.2.1 where instead of distances we have pseudo-distances.

3Busemann, in [29], calls a non-expanding map a “shrinkage”.
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In particular, if X C Y is an inclusion between complex manifolds, then the inclusion
map is non-expanding with respect to the Carathéodory (respectively the Kobayashi)
pseudo-metrics of X and Y. Another consequence is that the Carathéodory (respec-
tively the Kobayashi) pseudo-metric is invariant under biholomorphic maps.

(ii) Holomorphic maps of the disk. If D is the 2-dimensional disk equipped with its
hyperbolic metric and if f: D — D is a holomorphic map, then f is non-expanding.
This is a particular case of Example (i) above, since, as we already recalled in Chapter
1, the Carathéodory and the Kobayashi pseudo-distances of the disk both coincide
with the hyperbolic metric of that disk. (This amounts to the Schwarz—Pick lemma).

Let us now return to general metric spaces. Busemann made in [29] a detailed
study of non-expanding maps. We present here some of his results.

The following lemma will be used several times in the rest of this section. It is
due to Busemann.

Lemma 3.2.3. Let X be a metric space, let f: X — X be a non-expanding map and
let x and y be two points in X. Then,
(1) if x lies between y and f(y), then dy(x) < dy(y), and if equality holds, then
f () lies between x and f(x) and |x — y| = |f(x) — f(V)|;
(ii) if y lies between x and f(y), then dy(x) > dy(y), and if equality holds, then
f(x) lies between x and f(y) and |x — y| = | f(x) — f(Y)I.

Proof. We start by proving (i). Suppose that x lies between y and f(y). Then we
have

dix)=x— fQ| =< |x = fWMI+1fQ) — fFX)I
Slx—=fMl+ 1y — x|
=y —fWI=ds(y).

Ifd ¢ (x) = ds(y), then the two large inequalities in the last sequence are equalities.
The second of these inequalities gives | f(y) — f(x)| = |y — x|, which is > 0 since
x lies between y and f(y). We conclude that f(y) is distinct from x and from f(x)
and the first inequality (which now is an equality) implies that f(y) lies between x
and f(x). This proves (i).

Now we prove (ii). Suppose that y lies between x and f(y). In particular, we
have d¢(y) > 0, since y is distinct from f(y). Then we have

dp(x) =[x = fO] = |x = fFOII = [f ) = fFO)I

>x = fMl—lx—yl
=ly—fMl=ds(y) >0.

Again, if dy(x) = dy(y), then the two large inequalities in the last sequence are
equalities. The second inequality gives | f(y) — f(x)| = |y — x| which is > O since y
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lies between x and f(y). Thus, f(x) is distinct from f(y) and from x, and the first
inequality (which now is an equality) implies that f (x) lies between x and f(y). This
proves (ii). O

Proposition 3.2.4. Let X and Y be metric spaces and let f: X — Y be a non-
expanding map. Suppose that x and y are points in X satisfying |x — y| = | f(x) —
f()|. Then f maps any geodesic segment [x, y] isometrically onto a geodesic seg-

ment [ f(x), f(¥)].
Proof. Let z be a point on [x, y]. Then we have

x —yl=Ix —zl+ |z —yl
> |f) = f@I+ 1@ — fFO)
> f(x) — f
= |x =yl

The two large inequalities in the last sequence are therefore equalities. From the
first of these equalities, we obtain [x —z| = | f(x) — f(2)|and |z—y| = | f (@) — fF (V)]
Now let w be any point on [z, y]. By the same argument, we obtain |z — w| =
| f(z) — f(w)]|. Thus, the restriction of f to the geodesic segment [x, y] is an isometry
from this segment onto its image. This implies that f([x, y]) is a geodesic segment

joining f(x) and f (). O
From Proposition 3.2.4, we deduce the following two corollaries.

Corollary 3.2.5. Let X be a metric space, let f: X — X be a non-expanding map,

let x and y be two fixed points of f and suppose that there exists a unique geodesic

segment [x, y] joining x and y. Then every point on [x, y] is a fixed point of f.

Proof. Since f sends isometrically the segment [x, y] to itself preserving the orienta-
tion, f fixes any point of [x, y]. O

Corollary 3.2.6. Suppose that the space X is uniquely geodesic and let f: X — X
be a non-expanding map. Then the fixed point set of f is a closed convex subset of X.

Proof. The fact that Fix(f) is closed follows simply from the continuity of f. Corol-
lary 3.2.5 implies that for any x and y in Fix(f), the geodesic segment [x, y] is
contained in Fix(f). Thus, Fix(f) is convex. |

The following notion is closely related to the notion of non-expanding maps.

Definition 3.2.7 (Length-non-expanding map). Let X and Y be two metric spaces. A
map f: X — Y is said to be length-non-expanding if f is 1-length-non-increasing in
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the sense of Definition 3.1.5 above, that is, if for every path y : [a, b] — X, we have
Ly(f(y)) < Lx(y).

Proposition 3.2.8. Let X and Y be two metric spaces. Then,
(i) every distance-non-expanding map f: X — Y is length-non-expanding;

(1) if X is alength space and if f : X — Yis continuous and length-non-expanding,
then f is distance-non-expanding.

Proof. The two statements are particular cases of Propositions 3.1.6 and 3.1.7 above.O

The following special class of distance-non-expanding maps has been the object
of particular attention:

Definition 3.2.9 (Contraction). Let X be a metric space. A map f: X — X is said
to be a contraction (of factor K) if f is K-Lipschitz for some real number K in [0, 1[.

The most classical result on contractions is certainly the following

Proposition 3.2.10 (Banach). Let X be a complete metric space and let f: X — X
be a contraction. Then there exists a unique fixed point x for f. Furthermore, for any
point y in X, the sequence (f"(y))n>0 converges to x as n — oo.

Proof. We start with an arbitrary point xp in X and we set, for every integer n > 1,
xn = f"(xg). Let K be the contraction factor of f. Then, for all nonnegative integers
m and n satisfying m > n, we have

X — Xp| < X — Xp—1| +--- + |xn+1 — Xy

< K" Vxo—x1 4+ -+ K"xo — x1]
n

= X1 — xol,
1_Kll ol

and the last term tends to 0 as n tends to co. We deduce that (x,) is a Cauchy sequence.
Since X is complete, this sequence converges. Let x beits limit. Since f is continuous,
we obtain, by letting n — oo in the equation x,, = f(x,_1), the equality f(x) = x.
This shows that x is a fixed point of f.

Now let us prove that x is the unique fixed point of f. Suppose that some point y
in X is also a fixed point of f. Then we would have

x =yl =1f(x) = fODI = Klx =yl <|x =yl

which is impossible unless x = y.
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To prove the last statement in the proposition, we consider an arbitrary point y in
X and we set, foralln > 0, y, = f"(y). Then we have, forn > 1,

lyn —xI=1f(y) = f0)]
= K|ynfl —)Cl

IA A

K"|yo — x|.

Since K < 1, we obtain |y, — x| — 0 as n — oo, which shows that f"(y)
converges to x. O

It is well-known that in the case where X is compact, the hypothesis of Proposi-
tion 3.2.10 can be weakened, and Proposition 3.2.12 below is also classical. Before
stating it, we introduce a class of maps that lies between the class of contractions and
the class of non-expanding maps.

Definition 3.2.11 (Distance-decreasing map). Let X be a metric space. A map
f: X — X is said to be distance-decreasing if for all distinct points x and y in
X we have | f(x) — f(y)| < |x —yl.

Proposition 3.2.12. Let X be a compact metric space and let f: X — X be a
distance-decreasing map. Then f has a unique fixed point x in X. Furthermore, for
every y in X, the sequence (f"(y)) converges to x as n — oo.

Proof. Consider the displacement function dy: X — [0, oo[. Since X is compact,
we can find a point x in X where the minimum of d is attained. If x were different
from f(x), then we would have

di(f@) =1fx) = fP@)] < |x = f@)] =dy(x),

which contradicts the fact that the minimum of d is attained at x. Thus, x is a fixed
point of f. The uniqueness of this fixed point follows as in the proof of Proposi-
tion 3.2.10.

Now let y be an arbitrary point in X and, for alln > 0, let y, = f"(y). Then
either y, = x for some n > 0, and in this case, we have f(y) = x for every m > n,
or [yp+1 — x| = | f () — f(x)] < |yn — x| for all n > 0. Thus, either (yn)n>0 is
eventually the constant sequence = x, or the sequence (|y, — x|),>0 of positive real
numbers is strictly decreasing. Suppose the latter holds and let [ = lim,,, o0 |y, — X|.
Since X is compact, we can extract from (y,) a convergent subsequence (yy,)i>1. Let
z be the limit of this subsequence. We have

[ = lim |y, —x| = |z —x| = lim |y,41 —x]|
i— 00 =00
= lim | f(p+1) — x| = [f(2) — x|
i—00
=1
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This implies that z = x, since otherwise we would have
[f(2) —x|= f(2) = f(x) <z —x|

which implies | < [, which is a contradiction. Thus, every subsequence of (y,)
converges to x. This implies that the whole sequence (y,) converges to x. This proves
Proposition 3.2.12. o

Let us mention another result on distance-decreasing maps, which is also due to
Busemann [29]:

Proposition 3.2.13. Let X be a geodesic metric space and let f: X — X be a
distance-decreasing map. If x is a point in X at which the displacement function d ¢
has a local minimum, then x is a fixed point of f (and therefore, dy has a global
minimum at x). Furthermore, x is the unique fixed point of f.

Proof. The proof is by contradiction. Suppose that under the hypothesis of the
proposition we have x # f(x). Consider a geodesic segment [x, f(x)] and let y be
an arbitrary point in the interior of that segment. By Lemma 3.2.3(i), we have either
dr(y) <dg(x)or|x —y| =1|f(x)— f(y)|. The first case cannot occur for y close
enough to x, since x is a local minimum of d 7, and the second case contradicts the fact
that f is distance-decreasing. Thus, by taking y close enough to x, we conclude that
x is a fixed point for f. Now suppose that there is a fixed point x’ for f that is distinct
from x. Then we would have |x — x’| = | f(x) — f(x")|, which again contradicts the
fact that f is distance-decreasing. Thus, x is the unique fixed point of f. O

3.3 Distance non-decreasing maps

Definition 3.3.1 (Distance non-decreasing map). Let X and Y be two metric spaces.
A map f: X — Y is said to be distance non-decreasing if for all x and y in X, we

have | f(x) — f(»)| > |x — y|.*

It is clear that a distance-non-decreasing map is injective and that it is not neces-
sarily continuous. However, the left-inverse of such a map, which is defined on its
image set, being a non-expanding map, is continuous.

The following technical lemma is the analog of Lemma 3.2.3 that was useful in
the setting of non-expanding maps. It is also due to Busemann.

Lemma 3.3.2. Let X and Y be metric spaces, let f: X — X be a distance non-
decreasing map and let x and y be two points in X. If f(y) lies between x and v,
then dy(x) > dy(y), and if equality holds, then |x — y| = | f(x) — f(y)| and x lies
between f(x) and f(y).

4Busemann, in [29], calls such a map an “expansion”.
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Proof. We have

x = fOI = 1) — fOI = 1f() — x|
>y —x|—=1f(y) —x|
=ly—fMl=ds(y) > 0.

If dy(x) = dy(y), then all the large inequalities in the last sequence are equalities.
The second of these inequalities then gives

ly—xl=1fQ) — fx)] >0,

and the first inequality being an inequality implies that x lies between f (x) and f(y).
]

The following theorem is due to Busemann ([29]).

Theorem 3.3.3. Let X be a compact metric space and let f: X — X be a distance
non-decreasing map. Then f is surjective.

Proof. Suppose that the set X \ f(X) is nonempty and let xo be a point in this set. For
any integer n > 0, let x, = f"(x). We prove by induction that x,, ¢ f"*!(X) for all
n > 0. For n = 0, the property is true since xo ¢ f(X). If x, € f"T1(X) for some
n > 1, then we would have x, = f"(xg) = f"!(y) for some y in X. Since f is
injective, this implies that x,_; = f"*~'(xo) = f"(y), hence x,_1 is in f*(X). This
completes the induction.

Therefore we have, foralln > 0, x, € f*(X) \ f*t1(X).

Let r be the distance from xg to the set f(X), that is,

r = inf |xo — f(x)].
xeX

Since xg ¢ f(X), we have |xg — f(x)| > O for all x in X. Since X is compact, f(X)
is also compact and therefore r > 0.
For all nonnegative integers n and k, we have

X0 — Xkl = | f"(x0) — f" T (x0)| = inf | f" (x0) = F L.

Since f is distance non-decreasing, all the iterates of f are also distance non-
decreasing. Therefore, for every x in X and for all nonnegative integers n and k, we
have | f"(x0) — f"T5(x)| > |xo — f¥(x)|, which implies

|xXn — Xpkl > inf [xo — £5(x)| > inf |xg — f(x)| =r > 0.
xeX xeX

This shows that no subsequence of (x;) is convergent, contradicting the fact that X is
compact. ]

The following theorem is due to Freudenthal and Hurewicz [50]; cf. also Busemann
[30] p. 42.
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Theorem 3.3.4 (Freudenthal-Hurewicz). Let X be a compact metric space and let
f: X — X be adistance non-decreasing map. Then f is an isometry.

Proof. Letus prove that f is distance-preserving. Let xo and yg be two pointsin X. For
every integer n > 0, we set x, = f"(x9) and y, = f"(yp). Since X is compact, we
can find subsequences (x,;);>0 and (yp;)i>0 of (x,)n>0 and (y,),>0 respectively that
are convergent. Let € be a positive real number and let i be a nonnegative integer such
that |x,, — xn,,,| < €/2 and |yy; — yn,,,| < €/2. Since f is distance-non-decreasing,
we can write

[Xn; — Xy | 2 [ Xni_y — Xng| = o+ = |x0 — Xkl

where k = n;1 — n;. Thus, we have |xo — xx| < €/2. In the same manner, we obtain
|yo — Yk| < €/2. Therefore we have

lx — y| = |xo — yol < |x1 — y1l < Ixk — Yl
< |xx — xol + Ix0 — yol + [y — yol
< |xo — yol +e€.

Since this is true for every € > 0, we conclude that all the large inequalities in
the last sequence are equalities, and in particular, that [xo — yo| = |x1 — y1l, or,
equivalently, [xo—yo| = | f (x)— f(y)], which shows that f is distance-preserving. By
Theorem 3.3.3, f is surjective. Therefore f is anisometry. This proves Theorem 3.3.4.

0

We close this section with the following consequence of Theorem 3.3.4:

Corollary 3.3.5. Let X be a compact metric space and let f: X — X be a distance-
preserving map. Then f is an isometry. O

3.4 Local isometries

Definition 3.4.1 (Local isometry). Let X and Y be two metric space. Amap f: X —Y
is said to be a local isometry if f is surjective and if every point x in X has a neigh-
borhood V (x) such that f(V (x)) is a neighborhood of f(x) in ¥ such the restriction
of f to V(x) is an isometry between V (x) and f(V (x)).

Proposition 3.4.2 (Inclusion and local isometry). Let X be a geodesic space and let
X' C X be an open subset of X. Let dx: be the induced metric on X' and suppose
that the metric space (X', dy) is connected by rectifiable paths. If dy is the intrinsic
metric of (X', dx), then (X', d;) is a geodesic metric space and the inclusion map
(X', dp) — X is alocal isometry.
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Proof. Let x be a point in X', let us choose a positive real number r such that the
open ball B(x, 2r) is contained in X’. Let B be the open ball B(x, r). For every
y and z in B, there exists a geodesic path in X joining y and z, whose image, by
Proposition 2.2.15, is contained in the ball B(x, 2r), and therefore in X’. Let us prove
that y is a geodesic path for the metric dy on X’. We have

L(y) > de(y,2)

and, on the other hand,

L(y)=dx(y,2) =de(y,2) =dx (y,2) <de(y,2).

We conclude that L(y) = d¢(y, z), which proves that y is a geodesic. This proves
that the space (X', dy) is geodesic and that the inclusion map from B(x,r) to X is
distance-preserving. Finally, the fact that X’ is open implies then that this inclusion
is a local isometry. O

Lemma 3.4.3. Let X be a metric space andlet f: X — Y be alocal isometry. Then,
for each point x in X, there exists an open ball B(x, r) of center x and radius r > 0
such that the restriction of f to B(x, r) is an isometry between B(x, r) and the open
ball B(f (x), r) of center f(x) and radius r. Furthermore, if ry denotes the supremum
of the real numbers r suchthat f\p(x,r) is an isometry between B(x, r) and B(f(x), r),
then the map X — 10, oo[U{oo} defined by x + ry is continuous.

Proof. Let V(x) be a neighborhood of x in X such that f induces an isometry
between this neighborhood and its image. Choose r > 0 small enough so that the
open ball B(x, r) is contained in V(x). Then it is clear that f|p(y ) is a distance-
preserving map. Let us prove that fp(, ) sends B(x, r) surjectively on B(f(x), r).
We have B(f(x),r) C f(V(x)), and since fly): V(x) — f(V(x)) is surjective,
for any ¢ in B(f(x), r), we can find a point p in V(x) such that f(p) = g. Since
lx —plx =1f(x)—qly, pisin B(x, r). Thus, fipx,r: B(x,r) = B(f(x),r)isan
isometry.

Now let us prove the continuity of x — r,. Suppose first that there exists a point
x in X such that r, = co. Then f: X — Y is an isometry and r, = oo for all x
in X. Now suppose that r, < oo for some x in X (or, equivalently, for all x in X).
For every r > 0 and for every x’ in B(x, r), we have B(x',r — |x — x'|) C B(x, r),
which implies ry — ry < |x — x’|. By symmetry, we also have r,y — ry < |x — x/|,
which implies |ry — ry| < |x — x'|, which shows that the map r > ry is 1-Lipschitz
and therefore continuous. O

Proposition 3.4.4 (A local isometry is length-preserving). Let X and Y be metric
spaces and let f: X — Y be a local isometry. Then f is length-preserving.

Proof. Let y : [a, b] — X be a path. In the particular case where f is a isometry, we
have, for any subdivision o of [a, b], Vs (y) = Vs (foy),whence Lx(y) = Ly(foy).
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Now let us suppose that f is only a local isometry. Consider the map x — ry
of Lemma 3.4.3. By compactness of the interval [a, b], there exists a positive real
number 7 such that for all 7 in [a, b], we have r, ) > r. Since y is uniformly
continuous, there exists a positive real number 1 such that for all ¢ and ¢’ in [a, b]
satisfying |t — t'| < n, we have |y (t) — y ()] < r. Now let 0 = (t;);=0....n—1 be

,,,,,

a subdivision of [a, b] satisfying |o| < n. Then we have y ([t;, t;+1]) C B(y(t),r)

foralli = 0,...,n — 1, which implies, by the particular case considered at the
beginning of the proof, Lx (¥|i1.5:.11) = Ly (f © Vs.4,,1)- By the additivity of the
length function, we then obtain Ly (y) = Ly(f o y). O

Corollary 3.4.5 (A local isometry is non-expanding). Let X and Y be two length
spaces and let f: X — Y be alocal isometry. Then f is non-expanding.

Proof. Let x and y be in X. Then, for every path y : [0, 1] — X joining these points,
we have, using Proposition 3.4.4, | f(x) — f(y)] < Ly(f oy) = Lx(y). Taking the
infimum over all paths y joining x and y, we obtain | f(x) — f(¥)| < |x — y|. |

Corollary 3.4.6 (Homeomorphism and local isometry implies isometry). Let X and
Y be two length spaces and let f be a homeomorphism that is a local isometry. Then
f is an isometry.

Proof. By Corollary 3.4.5, f and f~! are non-expanding, which proves that f is an
isometry. o

The next result will be particularly useful in the case where f: X — Y isa
covering map.

Proposition 3.4.7 (The pull-back length metric induced by a local homeomorphism).
Let X be a Hausdorff topological space that is arcwise connected, let Y be a length
space and let f: X — Y be a surjective local homeomorphism. Then there exists a
unique length metric on X that makes f: X — Y alocal isometry.

Proof. Forevery x in X, we choose an open neighborhood V (x) of x such that f(V (x))
is an open subset of Y containing f(x) and such that f induces a homeomorphism
between V(x) and f(V(x)). To define the metric of X, we define first a map that
assigns to each path y in X a quantity L*(y) that we call its “length”, by setting, for
each path y: [a,b] — X, L*(y) = Ly(f(y)). (We note that since f is continuous,
f oy isapathin Y.) Then we define the map d: X x X — R U {oo} by setting, for
all x and y in X,

(3.4.7.1) d(x,y) =inf L*(y)
Y

where the infimum is taken over the set of paths y joining x to y.
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Let us prove that d is a metric on X.

Itisclearthatd (x, y) > Oforallx and yin X. Itisalsoclearthatd(x, y) = d(y, x)
since to every path y : [a, b] — X joining x to y, we can associate a path ¥ joining y
to x that has the same length. For instance, we take the pathy : [a, b] — X defined by
Y () =y(a+b—1t)fortin[a, b]. Let us prove that d satisfies the triangle inequality.
Letx, y and z be three points in X. If y is a path joining x to y and if ' is a path joining
y to z, then the concatenation of y and y’ is a path joining x to z, and therefore we have
d(x,z) < L*(y * y’). From the definition, we can see that the “length” map L* is
additive with respect to concatenation of paths. This gives d(x, z) < L*(y) +L*(y').
Taking the infimum of the two members of this inequality over all paths y and y’
joining the pairs x, y and y, z respectively, we obtain d(x, z) < d(x,y) + d(y, 2)-

Now let us prove that if x and y are distinct points in X, we have d(x, y) > 0.
Let V(x) be a neighborhood of x and let V(y) be a neighborhood of y such that
f induces a homeomorphism between each of these neighborhoods and its image.
Since X is Hausdorff, we can assume that V (x) NV (y) = @. The image set f(V(x))
contains an open ball B( fx), r(x)) of radius r(x) > 0. Likewise, the image set
F(V(»)) contains an open ball B(f(y), r(y)) of radius r(y) > 0. Then, for every
path y joining x to y, we have L*(y) = Ly(f(y)) > r(x) + r(y), which implies
d(x,y) > 0.

To show that d is a metric, it remains to prove that for all x and y in X, we have
d(x,y) < oo. For that, we must prove that for every x and y in X, there exists
a path joining them and satisfying L*(y) < oco. We start with an arbitrary path y
joining x and y, and we shall modify it to obtain a path with the desired property. Let
y’ = f oy andlets be a point in [a, b]. Let V (y(s)) be a neighborhood of y (s) such
that f induces a homeomorphism between V (y (s)) and its image f (V(y(s))). Let
r(s) be a positive real number such that the open ball B(y’(s), r(s)) is contained in
f(V(y (s))). We set

V() = V)N 1 (BG/ (), r(s5)).

Then f induces a homeomorphism between the set V' (y (s)), which is a neighborhood
of y (s), and the open ball B(y’(s), r(s)). By compactness of the subset y’([a, b]) of
Y, we can find a finite collection of open balls {B(y'(s;), ¥ (si))}i=o,... k covering the
sety'([a, b]), withs; € y'([a, b]) foreachi =0, 1, ..., k. By compactness of [a, b],
we can find a subdivision 0 = (#;);=o,... » of [a, b] such that foreachi =0, ...,n—1,
there exists an integer j in [0, k] such that the set y’([#;, #;+1]) is contained in the ball
B(y’(sj), r(s;j)/2). By Proposition 2.1.19, we can find, foreachi = 0,...,n — 1,
a path y/ that joins y’(#;) and y’(t;+1) whose length is < 2r and whose image is
contained in the open ball B(y’(s i), 7(s;)). Using the inverse map of the restriction
of f to the set V'(y(s;)), we can lift the path y/ to a path y; that joins y(#;) to
y(ti+1) and that satisfies L*(y;) = Ly(yl.’ ) < 2r. Concatenating the n paths y;
(i =0,...,n—1), weobtain a path y* that joins x to y and that satisfies L(y*) < oo.
This proves that d(x, y) < oco.
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Now let us prove that if we equip X with the metric d, then the map f becomes a
local isometry. Again, let x be a point in X and let V (x) be a neighborhood of x such
that f induces a homeomorphism between V (x) and an open ball B(f (x), r(x)) of
center f(x) and of radius r(x) > 0. Let

V/(x) = fTHB(f(x), r(x)/4)) NV (x),

let x| and x; be two pointsin V'(x) and let y; and y; be theirimagesin B(f (x), r(x)/4).
We have |y; — y2| = inf Ly(y), where the infimum is taken over the set of paths y
joining y; and y,. Using Proposition 2.1.19, we can find a path y joining y; and y»
whose image is contained in the open ball B( fx), r(x)) and whose length satisfies
L(y) < 2r(x)/4 = r(x)/2. Such a path y can be lifted to a path y’ that joins x; and
xo and satisfies L*(y") = Ly (y). Therefore we have d(x, x2) < |y; — y2|. To prove
the inverse inequality, let (y,),>0 be a sequence of paths in X joining x| and x, and
satisfying L*(y,) — d(x1,x2) as n — oo. The image paths f(y,) join y; and y»,
and therefore we have |y; — yz| < d(x1, x2). Thus, we obtain |y; = y2| = d(x1, x2),
which shows f is an isometry between V’(x) and its image.

Now we prove that d is a length metric. Consider two points x and y in X. Since
f is length-preserving (Proposition 3.4.4), for every path y joining x and y, we have
Lx(y) = Ly(f(y)). Thus, Lx(y) = L*(y), and from the definition of d, we have
d(x,y) = inf, Lx(y) where the infimum is taken over the set of paths y joining x
and y. This proves that d is a length metric.

It remains to see the uniqueness of the metric d on X for which f: X — Y is
a local isometry. Let d’ be a metric on X for which the map f is a local isometry.
Since f is length-preserving, we have d’(x, y) = inf, Lx(y) = inf, Ly(f o y),
where the infimum is taken over the set of paths y joining x and y, which implies
d’'(x,y) = d(x, y). This completes the proof of Proposition 3.4.7. |

The metric on X provided by Proposition 3.4.7 is called the pull-back length metric
on X induced by the local homeomorphism f.

Proposition 3.4.8 (The image of a local geodesic by a local isometry). Let X and Y
be length spaces, let f: X — Y be alocal isometry andlet y : [a, b] — X be a path.
If y is a local geodesic, then f oy : [a, b] — Y is also a local geodesic.

Proof. As in the proof of Proposition 3.4.4, we take a positive real number r such
that for all 7 in [a, b], the restriction of f to the open ball B(y (¢), r) is an isometry
between this ball and its image B(f o y(¢), r) and we take n > 0 such that for all ¢
and ¢’ in [a, b], satisfying |[r — t'| < n, we have |y (t) — y(t')| < r. Since the map
y: la,b] — X is a local geodesic, there exists, for each ¢ in [a, b], a neighborhood
V(t) of t in [a, b] such that y|y () is distance-preserving. Now let ¢ be a point in [a, b]
and let W(t) = V(@)N]t — n,t + n[. Then W(¢) is a neighborhood of ¢ in [a, b]
and for all +' and " in W (¢), we have

[foy() = foyl =y -yl =I"—-1"|,
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which shows that f o y is a local geodesic. O

Definition 3.4.9 (The lift of a path). Let X and Y be two metric spaces and let
f: X — Y be a continuous map. Let y: [a,b] — Y be a path and let x be a
point in f~(y(a)). We say that y’ is a lift of y starting at x (by the map f) if
y': [a, b] — X is a path satisfying f oy’ = y and y'(a) = x.

Proposition 3.4.10 (The lift of a geodesic by a local isometry). Let X and Y be two
length spaces and let f: X — Y be a local isometry. Let I be a compact interval of
R (respectively let I = R, I = [0, co[) and let y: I — X be a continuous map. If
the map f oy: I — Y is a geodesic path (respectively a geodesic line, a geodesic
ray), then y is also a geodesic path (respectively a geodesic line, a geodesic ray).

Proof. We first consider the case where [ is a compact interval [a, b]. We have:

|foy(a)— foy() =Ly(foy) (since f oy is geodesic)
= Lx(y) (by Proposition 3.4.4)
> ly(a) — y ()
> |foy(a)— foy()| (byProposition3.4.5).

We conclude that the last two inequalities are equalities, which implies L(y) =
|y (@) — y(b)]. This proves that the path y is geodesic. In the case where I is R or
[0, oo[, we use the preceding case to show that the restriction of f to any compact
sub-interval of [ is distance-preserving, which shows that y: I — X is distance-
preserving, and therefore that it is a geodesic line (respectively a geodesic ray). O

Proposition 3.4.11 (Existence and uniqueness of lifts of geodesics and of local geo-
desics). Let X and Y be two length spaces such that X is complete, let f: X — Y
be a local isometry, let y : [a,b] — Y be a local geodesic and let x be a point in
f~U(y(@)). Then there exists a unique local geodesic y': [a, b] — X that is a lift of
y starting at x. In the case where y is geodesic, y' is also geodesic

Proof. Letus first prove thatif y’: [a, b] — X isalift of y, then y' is alocal geodesic.
Lett apointin [a, b] andlet y = y/(¢). The map f being a local isometry, there exists
aneighborhood V (y) of y in X such that f(V (y)) is aneighborhood of f(y) = y () in
Y and such that the restriction of f to V (y) is an isometry between V (y) and f(V (y)).
Let €] be a positive real number satisfying y'([a, b]N]t — €1, t + €1[) C V(y). Since
y is a local geodesic, there exists a positive real number €, such that the restriction
of y to [a, b]N]t — €2, ¢t + €[ is distance-preserving. Let € = min{ey, €3} and let
V(t) = [a, b]N]t — €, t + €[. Then V (¢) is a neighborhood of ¢ in [a, b] and we have,
forallt’ and ¢” in V (¢),

V' @) =y @) =1f ') = fG @D =1y @) -yl =1t —1"].
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This shows that the restriction of ¥’ to V (¢) is a geodesic. We conclude that y’ is a
local geodesic.

Next, we prove uniqueness. As before, for all s satisfying a < s < b, y,; denotes
the path y|[4,s]-

Let J be the set of real numbers s in [a, b] such that y; can be lifted in a unique
way to a path starting at x.

The set J is nonempty since it contains the point a. It is also clear that J is an
interval having a as an initial point. We prove that J is open and closed in [a, b]; this
will imply that J = [a, b].

Let (sn)n>0 be a sequence of real numbers in J converging to a point s, and let
us prove that s is in J. Without loss of generality, we can suppose that for every
integer n > 0, we have s, < s (otherwise, s is trivially in J). For each n > 0, the
path y;, can be lifted in a unique way to a local geodesic Vs/,, : [a, b] — X satisfying
Vs/,, (a) = x. Furthermore, for all j < n, the path Vs/,, : [a, s,] — X is an extension
of the local geodesic ys’j : la,s;] — X (we are using the uniqueness of lifts). The
sequence of points (Vs/,, (sp)) is then a Cauchy sequence in X and since X is complete,
this sequence converges to a point x in X. We then define y/: [a, s] — X by setting
¥s(t) = y; (t) for any ¢ in [a, s,] and y;(s) = x;. The local geodesic y; is a lift of
the path y, and, again by the uniqueness of lifts, y; is an extension of any path yj,,
for every integer n > 0. Likewise, the uniqueness of the lifts of the paths y;, shows
that y/ is the unique lift of y; starting at x. Thus, J is a closed subset of [a, b].

Now let us prove that J is an open subset of [a, b].

Let s a real number in [a, b[ satisfying [a, s] C J and let y.: [a, s[— X be the
unique lift of y; satisfying ¥, (a) = x. Let us take an open neighborhood V(ys/ (s)) of
¥, (s) such that f induces an isometry between V(ys/ (s)) and the open neighborhood
F(V(¥{())of f(y/(s)) = y(s). Using the inverse image of  ([s, b)) N f (V (3 (s)))
by this isometry, we obtain a real number s’ satisfying s < s' < b such that (s
can be lifted in a unique way in a path y” that satisfies y”(s) = v, (s). Then the path
¥.» defined as the concatenation of y; with y”, is a path that is a lift of y, and that
satisfies y,(a) = x, and it is clear by construction that this is the unique path that
satisfies these properties. This shows that J is an open subset of [a, D].

Thus, we have proved that J = [a, b].

It remains to show that if y is geodesic, then y’ is also geodesic.

In case y is a geodesic path, we have L(y) = |y(a) — y(b)|. Hence, by Propo-
sition 3.4.4 (A local isometry is length-preserving), we have L(y'") = |y (a) — y (b)|.
By Corollary 3.4.5 (A local isometry is non-expanding), we have |y (a) — y(b)| <
ly’(a) — y'(b)|. Therefore we obtain L(y’) < |y'(a) — y’(b)|, which implies
L(y") = |y/(@) — y'(b)|. Thus, y’ is a geodesic path. This completes the proof
of Proposition 3.4.11. O

Proposition 3.4.12. Let X and Y be two uniquely geodesic metric spaces such that X
is complete and let f: X — Y be alocal isometry. Let y : [a, b] — Y be a geodesic
path and let x be a point in f~'(y(a)). Then there exists a unique geodesic path
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y': [a, bl — X that satisfies y'(a) = x and y'(b) € f~ (y (b)) and whose length is
equal to |y (a) — y (b)|. Furthermore, y' is the unique local geodesic path starting at
X that is a lift of y.

Proof. By Proposition 3.4.11, there exists a unique local geodesic y’: [a, b] — X
(which in fact is a geodesic, since X is uniquely geodesic) that is a lift of y and satisfies
y'(a) = x. In particular, y’(b) is in f~'(y(b)). By Proposition 3.4.11, we have

Liy)=L(f(y) =Ly)=ly@ —y®)l

Let y”: [a,b] — X be an arbitrary geodesic satisfying y”(a) = x and y”(b) €
f~ Yy (b)) and whose length is equal to |y (a) — y (b)|. To prove that y’ = y”, it
suffices to prove that y” is a lift of y. The path f o y” joins the points y (a) and y (b),
and its length is equal to |y (a) — y (b)|. We conclude that this path is geodesic. By
the uniqueness of the geodesic segment joining y (a) and y (b), we have f o y” = y.
Then, by the uniqueness of lifts (Proposition 3.4.11), we have ' = y”. This competes
the proof of Proposition 3.4.12. O

3.5 Covering spaces

A covering map between two topological spaces X and Y is a continuous map
f: X — Y such that every point y in Y has an open neighborhood V such that
f_l(V) is a disjoint union of sets {Vy}ycz, for some set I and for all @ in I, the
restriction of f to V, is a homeomorphism between V,, and V. Such an open set V
is called a distinguished neighborhood of x. The space X is called a covering space
of Y, and Y is called the base space of the covering. Every covering map is a local
homeomorphism but there are standard examples of local homeomorphisms that are
not coverings (for instance, the map x + (cos x, sin x) from ]0, 37 [ to the circle S by,
For the bases of the theory of coverings, we refer the reader to the books [98] and
[114] by Massey and by Munkres.

There is a geometric theory of covering spaces that is particularly well adapted
to the setting of metric spaces, and in that theory, it is assumed that a covering map
f: X — Y isalocal isometry. In this geometrical setting, there are useful sufficient
conditions for a local homeomorphism between metric spaces to be a covering. In
this section, we present some of these conditions.

The classical theory of covering spaces associates to a space X that is locally
arcwise connected and semi-locally simply connected a covering space X that is
simply connected, which is called the universal covering of X. The universal covering
is uniquely defined up to a natural equivalence relation between covering spaces. For
the definition of X, one starts by choosing a basepoint x in X, and then one considers
the set C, of all paths in X starting at x. As a set, the space X is the quotient of C, by
the equivalence relation that identifies two elements y and ¥’ in C, whenever these
paths have the same endpoint and if there exists a homotopy between these two paths
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that leaves the endpoints fixed. In Chapter 9 we shall see that the universal covering
of a space whose distance function satisfies some convexity condition that we study
there is naturally realized as a set of local geodesics starting at x.

We start with the following

Proposition 3.5.1 (The length metric induced on a covering). Let X be a Hausdorff
topological space that is arcwise connected, let Y be a length space andlet f: X — Y
be a covering map. Then there exists a unique length metric on X suchthat f: X — Y
is a local isometry.

Proof. Since f is a local surjective homeomorphism, we take on X the pull-back
length metric provided by Proposition 3.4.7. O

If p: X — Y is a covering map, then a homeomorphism of X is called a deck
transformation if it satisfies p o f = p. A deck transformation is also called an
automorphism of the covering, and the deck transformations form a group called the
automorphism group of the covering.

Proposition 3.5.2. Let X be a length space and let p: X — Y be a covering map
that is a local isometry. Then each deck transformation f: X — X of this covering
is an isometry.

Proof. Since p is a local isometry and since p o f = p, we deduce easily that f is
also alocal isometry. By Proposition 3.4.6, a homeomorphism that is a local isometry
is an isometry. O

By the classical theory of coverings, if f: X — X is a universal covering map,
then there is a canonical isomorphism between the fundamental group of X and the
group of deck transformations. We also recall that a group acts freely on a space if
every element of the group except the identity is fixed point-free. Finally, we recall that
a group acts properly discontinuously if every element of the space has a neighborhood
K such that the set of elements g in the group satisfying gK N K # ¢ is finite.

We record the following consequence of Proposition 3.5.2:

Corollary 3.5.3. Let X be a length space. Then the fundamental group of X is iso-
morphic to a group acting freely and properly discontinuously by isometries on a
simply connected length space.

Proof. We consider the universal covering space f: X — X. The space X is Haus-
dorff, and this implies that X is Hausdorff. Using Proposition 3.5.2, we equip X with
a length metric such that f is a local isometry. The fundamental group of X acts on X
as the group of deck transformations. By Proposition 3.5.2, each deck transformation
is an isometry of X, and the group of deck transformations satisfies all the required
properties. This proves Corollary 3.5.3. O
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We now study some basic properties of covering spaces of metric spaces, in which
the covering map is a local isometry.

Theorem 3.5.4. Let X and Y be two complete, locally compact and locally uniquely
geodesic length spaces and let f: X — Y be a local isometry. Then f is a covering
map.

Proof. Let y be a point in Y and let B = B(y, r) be an open ball of center y and of
positive radius r. We choose r small enough so that B is uniquely geodesic. We claim
that B is a distinguished neighborhood of y, that is, that f~!(B) = Uses-1(y) B>
where for all x in f_l(y), B, is a neighborhood of x such that fjp,: By — B is
a homeomorphism and such that for all distinct points x and x’ in f~!(y), we have
By N Byy = . This will imply that f is a covering map.

To prove the claim, let x be an arbitrary point in f~'(y). (Such a point ex-
ists since f is surjective.) For every ¢ in B, let y: [0,|y — ¢g|]] — B be the
unique geodesic starting at y and ending at ¢ (that is, the unique such geodesic with
[0, |y — ¢q|] as domain). By Propositions 3.4.11 and 3.4.12, there exists a unique
geodesic y’: [0, |y — ¢|] — X starting at x, parametrized by [0, |y — ¢|], whose
endpoint y'(ly — ¢|) is in =Yy (ly — ql)), that is a lift of y and that satisfies
L(y") = L(y) = |y — q|. We denote by B, the set of points p = y'(|ly — ¢q|)
in X that can be obtained as endpoints of such geodesics y’. In particular, we have
|x — p| = |y — ¢q|. Let us note that By contains the point x itself since this point is
the endpoint of the geodesic of length 0. We denote by ¥, : B — B, the map that
associates to any point g in B the point p provided by this construction. For all g
in B, we have f o ¥, (q) = g. Therefore the map v, is injective. We conclude that
the restriction of f to By is a bijection between By and B. Since Y is complete and
locally compact, the open ball B is relatively compact (Theorem 2.1.16). Therefore
the map induced by f between B, and B, which is bijective and continuous, is a
homeomorphism. In particular, B, is a neighborhood of x in X.

Now let us prove that f‘l(B) = Uxeffl(y) By. Let p be in f‘l(B) and let
qg = f(p). Since ¢ is in B, there is a unique geodesic y: [0, |y — ¢q|] — Y start-
ing at g and ending at y. By Proposition 3.4.12, there exists a unique geodesic
¥ [0, ]y — q|]] — X starting at p and ending at a point in f~'(y). Let x be
this point. We have |p — x| = |y — ¢|, which implies that p is in B;. Thus,
f~YB) c Uxef—l(y) B.. Now let x be a point in f~!(y) and let us prove that
B, C f_1 (B). For all p in By, we have, by construction, f(p) € B, which implies
that f(By) C B, thatis, By C f~'(B). Therefore we have f~!(B) = Uxef—](y) B,.

To prove that f is a covering map, it remains to show that if x and x’ are two
distinct points of f~!(y), then B, N By = @. Thus, let us take two such points x
and x’ and let us suppose that there exists a point p in the intersection B, N By. Let
g = f(p)andlety: [0, |y — p|]] — B be the geodesic in B that joins p to y. Then
there exist two geodesics y{: [0, |y — p|] = B and y,: [0, |y — p|] — B that start
at p and satisfy y{(ly — p|) = x, y,(Iy — pl) = x"and L(y{) = L(y;) = |y — pl.



3.5 Covering spaces 99

Thus, we obtain two distinct geodesics that are lifts of y and that start at p, which
is a contradiction. Therefore we have B, N B,y = . This completes the proof of
Theorem 3.5.3. O

We shall use the following result in Chapter 9.

Proposition 3.5.5. Let X andY be two length spaces andlet f : X — Y be a covering
map that is a local isometry. If Y is complete, then X is complete.

Proof. Suppose that Y is complete. Let (x;),>1 be a Cauchy sequence in X. For every
n > 1,letus set y, = f(x,). The map f being non-expanding (Proposition 3.4.5),
the sequence (y,) is a Cauchy sequence in Y. Since Y is complete, this sequence
converges. Let y be its limit. To prove that (x,) converges, we first suppose that f is
a homeomorphism. Let x = f~!(y) and let B = B(y, r) be the open ball of center y
and radius r, where r is small enough so that if B" = B(x, r), then fijp': B — Bis
an isometry. There exists an integer ng such that y, is in B for all n > ng. Then B’
contains x, foralln > ng, and since f|p : B’ — Bisanisometry, (x,) converges to x.
We conclude that every Cauchy sequence in X converges, and therefore X is complete.
Now let us consider the general case where f is not necessarily ahomeomorphism. Let
r be a positive real number such that the ball B(y, r) is a distinguished neighborhood
of y and let x” and x” be two distinct points in f~!(y). The open balls B(x’, r) and
B(x”, r) are disjoint and therefore we have |x” —x”| > 2r.We conclude that for every
7/ in B(x’,r/2) and z” in B(x", r/2), we have |z’ — 7”| > r. Taking n large enough,
we have y, € B(y, r/2), which implies x, € f~1(B(y,r/2)). Now we take k large
enough so that |x, — x,,| < r/2 whenever n and m are > k. The sequence (x;),>k is
then contained in a ball B(x, r/2) for some x in f —I( y). In the same way as in the case
where f is homeomorphism, the fact that f induces an isometry between B(x, r/2)
and B(y, r/2) implies that (x,) converges to x. We conclude that X is complete. O

Definition 3.5.6 (Locally uniquely locally geodesic space). A metric space X is said
to be locally uniquely locally geodesic if every point x in X has a neighborhood V (x)
such that for all p and g in V (x), there exists a unique local geodesic y : [0, |p—qg|] —
V (x) that joins p and q.

Examples of such spaces are the nonpositively curved Riemannian manifolds and
the locally convex metric spaces that we consider in Chapter 8.

Proposition 3.5.7. Let f: X — Y be a local isometry, where X and Y are complete
locally compact length spaces such that the space X (or, equivalently, Y) is locally
uniquely geodesic and locally uniquely locally geodesic. Then for all y in Y, there
exists an open ball B = B(y, r) of radius r > 0 such that f ~'(B) is the disjoint union
of open balls B(x, r) with x ranging in f~'(y) and such that for each x in f~'(y)
the map fipx,r: B(x,r) — B(y,r) is a homeomorphism.
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Proof. We use the notations of the proof of Theorem 3.5.4 and we suppose furthermore
that the open ball B(y, r) is uniquely geodesic and uniquely locally geodesic. Let us
prove that the set By is then the open ball B(x, r) of center x and of radius r. For
every g in B, we have |x — ¥, (q)| = |y —¢q| < r, which implies B, C B(x, r). Now
if p is an arbitrary point in B(x, r), then, since X is geodesic, there exists a geodesic
path y: [0, |[x — p|] — X that joins x to p. The image of this path is contained in
B(x,r). Lety = foy'andletq = y(Jx — p|). We have L(y) = L(y’) < r and
y is a local geodesic whose image is contained in the ball B(y, ). Since this ball is
uniquely locally geodesic, y is the unique geodesic that joins y to g, and therefore we
have p = ¥, (g), which shows that B(x, r) C B,. Thus, we have By = B(x, r). This
completes the proof of Proposition 3.5.7. O

Proposition 3.5.8. Let X be a compact length space that is locally uniquely locally
geodesic and let f: X — X be a covering map that is a local isometry. Then f is an
isometry.

Proof. Let us first prove that f is a homeomorphism. Let y be a point in X. By
Proposition 3.5.7, there exists an open ball B = B(y, r) of positive radius r such
that f~!(B) is the disjoint union of open balls B(x, r), with x ranging in the set
f_l(y), and such that for every such x the map fip ) : B(x,r) — B(y,r)isa
homeomorphism. Since f is a covering map, the cardinality of the fiber f~!(y) does
not depend on the choice of the point y. If f is not a homeomorphism, this cardinality
is > 2. Let x1 and x, be two distinct points in f_1 (v). Since the balls B(x1, r) and
B(x, r) are disjoint, we have |x; — xp| > 2r.

In the same way, we can find two distinct points xll and x% in f~1(x»), and two
distinct points x% and x% in f _1(x1). Furthermore, for all integers i and j = 1,2 and
for all k # £, we have x{‘ # xf, since the images by f> = f o f of these two points

are distinct. We conclude that the four points x f, xlz, le and x% are the centers of balls
of radius r that are disjoint, and the distance between any two points among these four
points is > 2r.

By iterating n times this construction, we obtain, for any integer n > 0, a sequence
of 2" points in X whose mutual distances are all > 2r. This contradicts the fact that
X is compact. We deduce that f is a homeomorphism.

The inverse of the homeomorphisms f is also a local isometry. By Proposi-
tion 3.4.5, f and f~! are non-expanding maps. This implies that f is a isometry.
This completes the proof of Proposition 3.5.8. O

Remark. The result of Proposition 3.5.8 does not remain true if instead of a covering
f: X — X we take a covering f: X — Y between two different metric spaces X
and Y that satisfy the hypotheses of the proposition (that is, if X and Y are compact
length spaces that are locally uniquely locally geodesic). To see this, let X and Y be
the circle S', f: §' — S! defined by z + zZ, with the metric on the range being
the length metric 6 induced by the inclusion of the circle S! in the Euclidean plane
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(@ is the “angular metric”) and with the metric on the domain being the length metric
induced by 6 by the local homeomorphism z > z2 as in Proposition 3.5.2.

Notes on Chapter 3

Fixed point theory. Several results in Section 2 of this chapter concern fixed points
of maps, and it is worth mentioning, since convexity is the main topic of this book, that
fixed point theory is closely related to convexity theory. For instance, it was realized
a long time ago that the famous fixed point theorem of Brouwer [21], stating that a
continuous map of an n-dimensional simplex has a fixed point, holds for a continuous
map of any closed convex set in an n-dimensional topological vector space.

The fixed point theorem for contractions (Theorem 3.2.10) is due to Banach. This
is Theorem 6, p. 160 of the paper [9] which constitutes the doctoral thesis of Banach,
presented to the University of Leopol (Lvov) in 1922. This result of Banach was
historically a starting point for a whole series of results in functional analysis that deal
with fixed points and approximation theory.

Corollaries 3.2.5 and 3.2.6 are classical instances of results in the theory of fixed
points for non-expanding maps, and this subject is vast. To give a more elaborate
example, we mention the following result due to E. Rakotch (see [123]). Let X be a
complete metric space, let f: X — X be a map and suppose there exists « in ]O, 1[
such that every x in X has a neighborhood V (x) such that | f (y) — f(2)| < a|y — z|
for every y and z in V(x). (The author calls such a map «-locally contractive). If
there exists a point xg in X such that xg and f (xp) can be joined by a rectifiable path,
then f has a fixed point. In the same paper, the author gives an example of a complete
and connected space X with an «-locally contractive mapping f: X — X that has
no fixed point, and he proves that if any two points in X can be joined by a rectifiable
path, then f has a unique fixed point.

Busemann’s theory of covering spaces. Busemann worked on a theory of covering
spaces for complete G-spaces, where covering maps are locally isometric maps. This
theory is developed in [25], chap. IV and [28], §27, and it is used by Busemann in his
study of the isometries of G-spaces. A version of Theorem 3.5.4 is contained in [28]
(Theorem 27.9) with different hypotheses. The hypotheses that we put here on the
space X and Y will be satisfied when we take X and Y to be locally convex spaces, in
Chapters 7 and 8 below. Likewise, Proposition 3.5.8 is due to Busemann, with slightly
different hypotheses (see [25], Theorem 12.15 and [28], Theorem 27.14).

The Carathéodory and the Kobayashi pseudo-metrics for coverings. If X — Y is
a holomorphic covering between complex manifolds, the pull-back of the Kobayashi
pseudo-metric of Y is the Kobayashi pseudo-metric of X. This means that the
Kobayashi pseudo-distance satisfies a property analogous to the property described in
Proposition 3.4.7 for metrics; see [126]. The Carathéodory pseudo-metric does not
satisfy this property. This is due to the fact (which we mentioned in Chapter 2) that
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the Kobayashi pseudo-distance is a length pseudo-distance whereas the Carathéodory
pseudo-distance is not.



Chapter 4

Distances

Introduction

In this chapter, we use the word “distance” in the following broad sense: a distance is
a function on the product space of a set with itself, that satisfies some of the axioms
of a metric, but not necessarily all of them. (In general, the axiom that will not be
satisfied will be the separation axiom, that is, d(x, y) = 0 = x = y.) Of course, we
shall be interested in knowing under which additional conditions on the base set such
a generalized distance defines a genuine metric.

We shall deal with two kinds of such generalized distances:

o distances between subsets of metric spaces;
and
o distances between isometries of a metric space.

We study these two notions of distances in the same chapter because there are
similarities in the definitions and in the developments.

We shall use some of the results in later chapters, but this chapter can also be
regarded as a study of examples of metric spaces.

Let X be a metric space. Given two nonempty subsets A and B of X, their
Hausdorff distance is defined as

dz (A, B) = inf{e > O such that N(A,€¢) D Band N(B,¢€) D A},
where N (A, €) denotes the e-neighborhood of the set A, that is,

N(A,e) = {x € X such thatd4(x) < €}.

Equivalently, we have

dy(A, B) = sup |da(x) —dp(x)],
xeX

where d (x) is the distance from x to the set A.

This notion of “distance” between subsets of a metric space is a useful tool in
topology, but in general, it does not satisfy the axioms of a metric. For instance,
for every subset A of X, we have dy (A, A) = 0, therefore d does not necessarily
separate points. Furthermore, If A is bounded and B unbounded, then their Hausdorff
distance is infinite. This last property is certainly the major inconvenience of the
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function dg. To remedy to this, one considers the set ¥ (X) of nonempty closed
subsets of X and one chooses a point p in X and defines a map d,, on the product
F(X) x F(X) by setting, for each A and B in £ (X),

dy(A, B) = sup |da(x) — dp(x)|e” P,

xeX

This map is a genuine metric on ¥ (X). The family (d)) pex of metrics on ¥ (X) has
been considered by Busemann, and in this chapter, we shall treat it in some detail.
Since each metric in this family is defined by scaling the Hausdorff distance, we call
it a Busemann—Hausdorff metric. For any p and ¢ in X, the metrics d), and d,; are
commensurable.

There are several notions of limits of subsets in a metric space that are related
to Hausdorff distance and to Busemann—Hausdorff distances, and we shall consider
them here.

Given a sequence of nonempty subsets (A,),>o of subsets of X, its lower closed
limit is the set of points x in X such that every neighborhood of x contains points in
all but finitely many sets A,, and its upper closed limit is the set of points x in X such
that every neighborhood of x contains points in infinitely many sets A,,. We say that
(Ap) has a closed limit if the lower and upper closed limits of this sequence are equal,
and in this case the closed limit is the common value of the lower and upper closed
limits.

We shall see some relations between convergence with respect to the Hausdorff
distance and the existence of lower and upper limits. For instance, if dx(A,, A) — 0
where A is some bounded subset of X, thenlim A,, = A. In the case where the metric
space X is compact, we have the following converse: if (A,) has a nonempty closed
limit A, then dx(A,, A) — 0.

There are analogous results for the Busemann—Hausdorff distance. Given a point
pinX,ifd,(A,, A) — 0forsome subset A of X, thenlim A, = A. In the case where
X is proper, the following converse holds: if lim A, = A, thend,(A,, A) — 0.

In the same spirit as for the distances d and d), (for p € X) on subsets, there are
distances d and d), (p € X) on the isometry group Isom(X) of a metric space X. The
definitions are as follows.

For f and g in Isom(X) and for any point p in X, we set

d(f,e)=I1f —gl=sup|f(x) —gx)|
xeX
and
dp(f.8)=1f —glp= sup | f(x) — g(x)le 1P,

In the special case where X is compact, the map d is a metric on Isom(X). For
any metric space X and for each p in X, the map d, is a metric on Isom(X). For any
p and g in X, the metrics d,, and d; are commensurable.
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The outline of this chapter is as follows.

In Section 1, we start by recalling some basic facts about the distance from a
point to a subset, about e-neighborhoods of subsets and about the Hausdorff distance
between two subsets of a metric space X. Restricted to the set B(X) of nonempty
closed bounded subsets of X, the Hausdorff distance is a genuine distance (that is, it
satisfies the axioms of a metric space).

In Section 2, we consider the family of Busemann—-Hausdorff distances (d)) pex
on the set ¥ (X) of all nonempty closed subsets of X. We prove that for any p and ¢
in X, the metrics d), and d,; are commensurable.

In Section 3, we consider the notions of upper closed limit, lower closed limit
and closed limit of a sequence of subsets of an arbitrary metric space and we make
the relation between these notions and the Hausdorff and the Busemann—Hausdorff
distances.

Section 4 concerns the distances d and d,, (p € X) on the space Isom(X).

4.1 The Hausdorff distance

Let X be a metric space. We recall that if x is a point in X and if A is a subset of X,
then the distance from x to A is defined as

dg(x) = inf d(x, y).
yeA
We start with a few elementary properties of the map x — da(x).

Proposition 4.1.1. If A and B are two nonempty subsets of X, then
(1) da(x) =dj(x) forall x € X;
(i) da(x) =0 < x € A;
(iii) da(x) =dp(x)forallx € X <= A=B.
Proof. Propefties _(i) and (ii) follow trivially from the definitions. To prove (iii),
suppose that A # B. Up to interchanging the names of A and B, we can assume that

there is a point x in A\ B. Then, by (i), we have d4 (x) = 0 and dp(x) # 0, which
shows that d4 (x) # dp(x). The converse implication is trivial. O

Proposition 4.1.2 (The map d4 is non-expanding). For any metric space X and for
any nonempty subset A of X, the map x +— d4(x) is non-expanding.

Proof. For any x and y in X and for any z in A, we have, by the triangle inequality,

|d(-xv Z) _d(ys Z)' S d(-x’ )’)
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Taking the infimum over z in A, we obtain

lda(x) —da(Y)l = d(x, y),

which is the required result. O

Definition 4.1.3 (Closed e-neighborhood of a set). Let X be a metric space, let A be
a subset of X and let € be in [0, oo[. The closed e-neighborhood of A is the subset of
X defined by

N(A,e) = {x € X suchthatds(x) < €}.

Equivalently, we have

N, &)= B(x. ¢

xXeA

where for each x in A, B(x, €) denotes the closed ball in X of center x and radius €.

Notice that in the case where A consists of a single point x, the set N(A, €) is the
closed ball of center x and radius €.

It is clear from the definition that if A and B are subsets of X satisfying A C B,
then for any € > 0 we have N(A,€) C N(B, €).

Notice also that the closed e-neighborhood of any subset A is closed in X, since
it is the inverse image of the closed interval [0, €] by the continuous map d4: X —
R. In Figure 4.1, we have drawn the closed e-neighborhood of an (open or closed)
segment in R2. This is an example of an object that Busemann calls a “capsule” (see
Definition 9.2.6 below).

Figure 4.1. A capsule.

Proposition 4.1.4. Let X be a metric space. Then, for any subset A of X and for any
nonnegative real numbers €| and €, we have N(N(A, €1), 62) CN(A,e1+€). In
the case where X is a geodesic space, we have N(N(A, €1), 62) =N(A, €1 +€).

Proof. The proof follows easily from the definitions. O

Proposition 4.1.5. Let X be a metric space. For any A C X and for any € > 0, we
have N(A,€) = N(A, ¢€).
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Proof. Let x be a pointin N (/i,_e). Since A is closed, we can find a point X in A such
that |[x — X| < €. Since X is in A, for every integer n > 1, there exists a point x, in A
satisfying |x — x,| < €. Thus, we have

Ix —xpl < Ix =X+ X —xp|l =€+ 1/n,

which shows that d4(x) < €. Thus, x is in N(A, €). This proves that N(A, €) C
N (A, €). The other inclusion is obvious. O

Proposition 4.1.6. Let X be a proper metric space, let A and B be two subsets of X
and let § = dg (A, B). Then, we have A C N(B,8) and B C N(A, d).

Proof. Without loss of generality, we can assume that § is finite. Furthermore, since
N(A,8) = N(A,8) and N(B,8) = N(B,8) (Proposition 4.1.5), we can assume
without loss of generality that A and B are closed. Let x be an element of A. For any
integer n > 1, we have X C N(B, § + 1/n). Since B is closed, there exists y, € B
such that |x — y,| < 8§ + 1/n. Since X is proper, B is also proper, and the sequence
(¥n)n>1 has a convergent subsequence. If y is the limit of such a subsequence, we
have |[x — y| < §, which shows that x is in N (B, §). Thus, we obtain A C N (B, §).
By symmetry, we also have B C N (A, §). O

Definition 4.1.7 (Hausdorff distance). Let X be a metric space and let A and B be
two nonempty subsets of X. The Hausdorff distance dz (A, B) is defined as

dy (A, B) =inf{e > O suchthat N(A,¢) D Band N(B,¢€) D A}.

We start with the following proposition whose proof follows easily from the defi-
nitions.

Proposition 4.1.8. Let X be a metric space. For any subsets A and B of X we have
(1) 0 <dy(A, B) <00, and if A and B are bounded, dz (A, B) < 00,

(ii) dy(A, B) = dy(B, A);

(iii) dg(A, A) =0;

(iv) dx(A, B) = dx(A, B);
) if A= {x}and B = {y}, thendg(A, B) = |x — y|. O

Notice that we can measure Hausdorff distances between objects of apparently
different nature. For instance, if X = R and if we take A = R and B = N, then
dy(A, B) = 1.

It is easy to see that if X is an arbitrary metric space and if A is a bounded and B
an unbounded subset of X, then dz (A, B) = oc.

We now give a set of examples of subsets of metric spaces that are at mutual
finite Hausdorff distance and others at mutual infinite Hausdorff distance. In later
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chapters, we shall consider Hausdorff distances between images of geodesic rays and
of geodesic lines, and therefore we give examples of distances between such subsets
in the classical spaces.

Examples 4.1.9 (Hausdorff distance).

(i) Disks in Euclidean space. If A and B are open or closed disks in E" of
centers respectively x| and x, and of radii respectively r| and rp, then dy (A, B) =
X1 —x2| + |r1 —r2l.

(ii) Geodesic rays and geodesic lines in Euclidean space. The Hausdorff distance
between two straight lines in E” is finite if and only if these straight lines coincide
or if they span a 2-dimensional plane in E” in which they are parallel in the sense
of Euclidean plane geometry. The Hausdorff distance between the images of two
geodesic rays in E” is finite if and only if these images are contained in parallel
straight lines and if in a plane that contains them, the geodesic rays have the same
direction.

(iii) Geodesic rays and geodesic lines in hyperbolic space. Let B" be the conformal
ball model of hyperbolic space H" and let ry: [0, co[— B" and r,: [0, co[— B”" be
two geodesic rays. Then, dz (Im(r), Im(rp)) is finite if and only if r1(#) and ry(z)
converge as ¢t € oo (with respect to the Euclidean metric of the ball) to the same point
on the boundary sphere $”~! of B”. The proof can be done by a calculation using the
formula for the distance in B". In fact, if r1: [0, co[— B" and r;: [0, oco[— B" are
two geodesic rays satisfying r1(00) # r2(00), then the projection of r1(¢) on Im(r;)
tends to infinity as t+ — oo. From this fact, we deduce that the Hausdorff distance
between the two straight lines in H" is finite if and only if the two lines have the same
set of limit points in $”, or, equivalently, if the images of these lines coincide.

(iv) Geodesic rays and geodesic lines in an R-tree. If T is an R-tree and if
r1: [0, 0o[— T andry: [0, co[— T aretwo geodesicrays, thend g (Im(ry), Im(rp)) <
oo if and only if Im(71) and Im(7;) coincide up to a compact set, that is, if and only if
there exist two nonnegative real numbers #1 and #, such that 1 ([t1, oo[) = ra([t2, 00[).
The case of straight lines in 7 is identical to the case of straight lines in H": the Haus-
dorff distance between the images is finite if and only if these two images coincide.

We already saw that for any subset A of X, we have dy (A, A) = 0. Thus, even
if we restrict the map dy to bounded subsets, dg does not satisfy the axioms of a
metric. We shall see below that it does satisfy them if we restrict the map to the set of
closed bounded subsets of X.

The following characterization of the Hausdorff distance is contained in [25].

Proposition 4.1.10. Let X be a metric space and let A and B be two nonempty subsets
of X. Then,

(4.1.10.1) dye (A, B) = sup |da(x) — dg(x)].

xeX
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Proof. Suppose first that dz (A, B) = 0. Then, for any € > 0, we have A C N (B, ¢).
This shows that A C B and since B is closed, we obtain A C B. By symmetry, we
also have B C A. Therefore, A = B. By Proposition 4.1.1 (iii), this implies d4 (x) =
dp(x) for all x in X. Thus, (4.1.10.1) is satisfied in the case where dz (A, B) = 0.

Suppose now that dg (A, B) = oo. Then, up to interchanging the names of A and
B, we can assume that for each nonnegative integer n, we can find a point x,, in A
that is not contained in N (B, n). Thus, dg(x,) > n and since d(x,) = 0, we obtain
Sup,cy lda(x) —dp(x)| = co. Thus, (1.1.10.1) is also satisfied in this case.

It remains to consider the case where 0 < dg (A, B) < oco. Let n be a positive
integer satisfying dg (A, B) > 1/n. Up to interchanging the names of A and B, we
can assume that A ¢ N(B,dy(A, B) — 1/n). Then, we can find a point z in A
satisfying dz (A, B) — 1/n < dp(z). Since d4(z) = 0, we have

dy(A, B) —1/n < dp(z) = |da(z) —dp(2)| < sup |da(x) —dp(x)].

xeX
Letting n tend to infinity, we obtain dg (A, B) < sup,cy |da(x) — dp(x)|.
To prove the converse inequality, let x be an arbitrary point in X and let n be
a positive integer. We can find a point z in B such that |x — z| < dp(x) + 1/n.
Since z is also in N(A,dw (A, B) + 1/n), we can find a point y in A satisfying
|z — y| <ds(A, B)+ 1/n. Thus, for every x in X, we have

da(x) —dp(x) < |x — y| —dp(x)
<|x—zl+lz—yl—dp(x)
< dp(x) + 1/n+dy(A, B) + 1/n — dg(x)
= dy(A, B) +2/n.

Letting n tend to infinity, we obtaind4 (x) —dp (x) < dg (A, B). By symmetry, we
alsohavedg(x)—da(x) < dg (A, B). Weconclude that |ds (x)—dp(x)| < dx(A, B)
for every x in X. Summing up, we have |d4(x) — dp(x)| = dz (A, B), as required.
This completes the proof of Proposition 4.1.10. O

For any metric space X, we denote by 8B (X) the set of nonempty closed bounded
subsets of X. Of course, if X is proper, then 8B(X) is the set of nonempty compact
subsets of X

Proposition 4.1.11 (dy is a metric on B(X)). For any metric space X, the map
(A, B) — dz(A, B) defines a metric on B(X).

Proof. 1t is plain that for any A and B in B(X) we have 0 < dx(A, B) < oo,
dy(A, B) =dy(B,A)and A = B = dyx(A, B) = 0. Let us show that

dy(A,B)=0= A = B.
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By Proposition 4.1.10, we have
dyp(A, B) =0=ds(x) =dp(x) forallx € X.

By Proposition 4.1.1 (iii), this implies A = B and since A and B are closed we obtain
A =B.

It remains to prove the triangle inequality. Let x be an arbitrary point in X and let
A, B and C be in B(X). We have, by the triangle inequality in R,

lda(x) —dc()] = |da(x) —dp(x)| + |dp(x) —dc(x)].
Taking the supremum over all points x in X, we obtain, using Proposition 4.1.10,
ds(A,C) <dy(A, B) +dy(B, C).

This proves Proposition 4.1.11. O

Remark. If instead of the set B(X) we consider the set of bounded subsets of X, then
dy defines a pseudo-metric.

4.2 The Busemann-Hausdorff distance

We already noted that if one of the two subsets A or B of a metric space X is unbounded,
then the Hausdorff distance dg (A, B) may be infinite. We need a distance function
that is more adapted to unbounded subsets. This is all the more useful because some
of the subsets that we shall deal with are images of geodesic rays and geodesic lines,
and we already saw that in Euclidean space, if A and B are the images of two geodesic
rays, then dy (A, B) = oo unless A and B are contained in parallel Euclidean lines.
To obtain a distance function whose value is always finite, Busemann uses in [25]
a modified version of the Hausdorff distance, which we call here the Busemann—
Hausdorff distance. The definition of this distance is an adaptation of the Hausdorff
distance in the version which is provided by Proposition 4.1.10.

Definition 4.2.1 (Busemann—Hausdorff distance). Let X be a metric space, let p be a
point in X and let A and B be two nonempty subsets of X. The Busemann—Hausdorff
distance with basepoint p, between A and B, is defined by

dp(A, B) = sup |da(x) — dp(x)le”1?~*.

xeX

Proposition 4.2.2. Let X be a metric space and let p be a point in X. Then for any
two nonempty subsets A and B of X, the Busemann—Hausdorff distance d,,(A, B) is
finite.
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Proof. Since the maps d4 and dp are non-expanding (Proposition 4.1.2), we have, for
every x in X,

|da(x) —dp(x)| < da(x)+dp(x)
<da(p)+I|p—x|+dp(p) +|p—x|.

Using the fact that e~ !1P~*| < 1 and |p — x|e”1?7*| < 1, we obtain
|da(x) = dp(x)|e”?™ < (da(p) + dp(p) +2|p — x])e” 177!
<da(p) +dp(p) +2.

Thus, we obtain d, (A, B) < 00, as required. O

Given a metric space X, we denote by ¥ (X) the set of nonempty closed subsets
of X.

Proposition 4.2.3 (d), is a metric on F (X)). For any metric space X and for any p
in X, the map (A, B) — d,(A, B) is a metric on ¥ (X).

Proof. 1t is clear that d;, is symmetric and that A = B = d,(A, B) = 0. Let us
show that d,(A, B) = 0 = A = B. The proof is an adaptation of the proof of
Proposition 4.1.10.

From the definition, we have

dy(A,B) =0 <= da(x) =dp(x) forallx € X.

Assume that A # B. Up to interchanging the names of A and B, we can suppose that
there exists a point x in B \ A. Then, dg(x) = 0 and, since A is closed, d4(x) # O.
Therefore we have

dp(A, B) = |da(x) —dp(x)|e”'P 7! > 0.

Finally let us prove that d), satisfies the triangle inequality. For every A, B and C
in ¥ (X) and for every positive integer n, we can find a point x in X such that

dy(A,C) —1/n < |da(x) — dc(x)le—lp—x\
< (1da(x) = dp(0)] + |dp (x) — dc(x)])e 1P~
< |da(x) —dp(x)|e” P~ 4 |dp(x) — dc(x)|e” 1P

Thus, we obtain, foralln > 1,d,(A,C) —1/n < d,(A, B) +d,(B, C). Letting
n tend to infinity, we obtain

dy(A,C) <d,(A, B)+dy(B,C).

This completes the proof of Proposition 4.2.3. O
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Two metrics d| and d, defined on a metric space X are said to be commensurable if
the identity map (X, d1) — (X, d>) is bi-Lipschitz, that is, if there exist two constants
C1 and C3 such that for every x and y in X we have dj(x,y) < Cidz(x, y) and
dy(x,y) < Cadi(x,y). We recall that two commensurable metrics define the same

topology.

Proposition 4.2.4. Let X be a metric space. For any p and q in X, the two metrics
dp and dy on F (X) are commensurable.

Proof. For each x in X and for each A and B in ¥ (X), we have, by the triangle
inequality in R,

lp—xl=1Ip—ql <lqg—x|
which implies

lda(x) —dg(0)le” 1 < |da(x) — dp(ole!PXHIP=aL
Taking the supremum over x in X, we obtain
dy(A, B) < d,(A, B)elP™4..
By symmetry, we also have
dy(A, B) < d,(A, B)elP™4l.

This proves Proposition 4.2.4. O

4.3 Closed limits of subsets

This section concerns upper closed limits and lower closed limits of sequences of
subsets in a metric space and their relation to convergence with respect to the Hausdorff
and the Busemann—Hausdorff metrics. We start with the following definition, which
is due to Hausdorff (see [66] p. 168):

Definition 4.3.1 (Upper and lower closed limits of subsets). Let X be a metric space
and let (A,),>0 be a sequence of nonempty subsets of X. The lower closed limit of
(A,), denoted by lim inf A,, is the set of points x in X such that every neighborhood
of x contains points in all but finitely many sets A,. The upper closed limit of (A,),
denoted by lim sup A, is the set of points x in X such that every neighborhood of x
contains points in infinitely many sets A,.

Equivalently, lim inf A, is the set of limit points of sequences (x,),>o withx, € A,
for all n > 0, and lim sup A,, is the set of accumulation points of such sequences.

It is easy to see from these definitions that lim sup A, and liminf A, are closed
subsets of X and that we always have

liminf A, C limsup A,
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Definition 4.3.2 (Closed limit of subsets). Let X be a metric space and let (A,) be a
sequence of nonempty subsets of X. If lim inf A,, = lim sup A,, then we say that the
sequence (A,) has a closed limit, which we denote by lim A,,, and which is equal to
that common value:

lim A,, = liminf A,, = limsup A,.
It is easy to see that if (A,),>0 is an increasing sequence of subsets, i.e. if
AgC A CA, C---,
thenlim A,, = UnZO A,. Likewise, if (A,)n>0 is a decreasing sequence, i.e. if
A)DAI--- DA, D,

then lim A, = (1,50 An-
In the sequel, given a sequence (A,) of subsets of a metric space, then the fact of
writing lim A, = A will imply that the closed limit of (A,) exists and is equal to A.

Figure 4.2. In the Euclidean plane, the vertical line is the closed limit of the sequence of circles.

Examples 4.3.3 (Limits of subsets). In the first two examples that follow, the ambient
space is the real line.

(1) For every integer n > 0, let A,, = {n}. Then limsup A, = liminf A, = .
Therefore, lim A, = @.

(ii) For every integer n > 0, let Ay, = {1} and Az,4+1 = {1/(2n + 1)}. Then
limsup A, = {0, 1} and lim inf A,, = . Therefore, lim A, does not exist.

(iii) If X is an arbitrary metric space, if (x,),>0 is a sequence of points in X and if
foranyn > 0 A, = {x,}, thenlim A, exists if and only if the sequence (x,,) converges
as n — o0, and in that case lim A, = lim,,_, o X;.

(iv) Let A and B be two subsets of a metric space X and for every n > 0, let
Apy1 = Aand A2 = B. Then, liminf A, = AN B and limsupA, = AU B.
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Thus, the sequence (A,) has a closed limit if and only if A U B = A N B, that is, if
and only if A = B.

(v) For any metric space X, choose a point xo in X and a sequence (r,;),>0 of
positive real numbers tending to infinity. For any n > 0, let B, be the open (or closed)
ball of center at x,, and radius r,,. Then lim B,, = X.

(vi) In the 2-dimensional Euclidean space E2, let D be a straight line, let p be a
point on D, let (r,),>0 be an increasing sequence of positive real numbers tending to
infinity and let C,, be a sequence of circles which are tangent to D at p and of radius
ry, (Figure 4.2). Then, lim C,, = D.

(vii) Let X be a metric space, let r: [0, oo[— X be a geodesic ray, let (#;)n>0
be a sequence of positive numbers tending to infinity and let y, = r0,,,]. Then,
lim Im(y;,) = Im(r).

Example 4.3.3 (i) shows that the closed limit of a sequence of subsets can be the
empty set. We shall use the term “nonempty closed limit” to denote this limit in
the case where it exists and is not empty. It follows easily from the definitions that
if limsup A, = @ then lim A, exists and is equal to the empty set. The following
properties of limits of subsets are also easy to prove:

For any sequence (A,) of subsets of X, we have

lim sup A, = limsup A,

and

liminf A,, = lim inf A,,.

Consequently, the sequence (A,) has a nonempty closed limit if and only if the se-
quence of closures (A;) has a closed limit.
If (Ay;)i>0 is a subsequence of (A,),>0, then

liminf A, C liminf A,, C limsup A,, C limsup A,.

Thus, if a sequence (A;) has a closed limit, then any subsequence of (A,) has the
same closed limit.
Let us now give a few more examples:

Examples 4.3.4 (Limits of subsets in hyperbolic space). In the following examples,
B" is the conformal ball model of hyperbolic space H" and $”~! is its boundary.'

(1) Closed limits of geodesic lines in H". Let g,: R — B" be a sequence of
geodesic lines. Then, the sequence (Im(g,)) has a closed limit if and only if the

lConvergence of sequences points in B U $"=1 is understood here in terms of the metric induced from
the inclusion of these spaces in Euclidean space E".The reader probably knows that this is unnatural, and
that it is possible to discuss convergence of sequences of points in hyperbolic space H" to points on the
boundary without making any reference to any model of H", in the way we do it in Chapter 10 below. But
here, in order to avoid a long digression, we stick to this (unnatural) setting of B" and 5"=1 included in E".
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sequence (gn (—00), gn (oo)) of corresponding endpoints in §”~! x §"~! is convergent.
The closed limit of (Im(g,)), when it exists, is nonempty if and only if the sequence
(gn(—OO), 8n (oo)) converges to a point (p1, p2) in §*~1 x §"~ 1 satisfying p; # po.
In this case, the closed limit of (Im(g),)) is the straight line in H" whose endpoints are
p1and pa.

(1) Closed limits of spheres in H". For any point x in a metric space X and for
any nonnegative real number r, the sphere of center x and radius r is the set of points
in X whose distance at x is equal to r. It is a classical fact that in B", a sphere (with
respect to the hyperbolic metric) coincides, as a subset of B”, with a Euclidean sphere
(which in general has a different center and a different radius). Let r: [0, co[— B"
be a geodesic ray and for each integer n > 0, let S,, be the sphere of center r(n) and
radius n. Any such sphere contains the point 7(0). Then, the sequence (S,),>0 has a
closed limit which, as a subset of B”, is the Euclidean sphere whose diameter is the
segment [r(0), r(co)] with the point r(co) deleted (see Figure 4.3). This limit is an
unbounded set with respect to the hyperbolic metric, and it is called the horosphere
with central ray r passing through the point r(0). We shall deal with such objects in
Chapter 12.

Figure 4.3. A horosphere in B” as a limit of spheres.

The following two results are due to Hausdorff ([66] p. 171 & 172). They make the
relation between convergence with respect to the Hausdorff metric and the existence
of a closed limit.

Proposition 4.3.5. Let X be a metric space, let (Ay)n>0 be a sequence of subsets of
X and let A be a bounded subset of X. Then, we have

dy(Ap, A) - 0= lim A, = A.

Proof. Suppose that dg (A,, A) — 0. We prove that
limsup A, C A C liminf A,,.
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Since we always have liminf A, C limsup A,, this will imply A = liminf A, =
lim sup A,,.

Let x be in A and let € be an arbitrary positive real number. For 1 large enough,
we have dy(A,, A) = dg(A,, A) < €, which implies that x € N(A,, €). Thus, we
can find a point x, in A, such that dg (x, x,) < €. Therefore, x € liminf A,. This
proves that A C liminf A,,.

Now let x be a point in lim sup A,. Then there exists a sequencen; i =0, 1,...)
of integers tending to infinity and for every i > 0 apoint x,,, in A,; such that |x,, —x| <
1/n;. Since dy(A,, A) — 0, up to replacing the sequence A, by a subsequence,
we can find, for every i > 0, a point y,, in A such that |x,, — y,;| < 1/n;. Thus,
we also have y,, — x as i — oo, which implies that x is in A. This proves that
limsup A, C A, which completes the proof of Proposition 4.3.5. O

The converse of Proposition 4.3.5 is false without further assumptions, as we can
see by taking X = R and A, = [—n,n] for all n > 0. Here, limA, = R and
dge(A,, R) = oo for all n. However, we have the following partial converse:

Proposition 4.3.6. Let X be a compact metric space and let (A,)n>0 be a sequence
of subsets of X that has a nonempty closed limit A. Then, dg(A,, A) — O.

Proof. We reason by contradiction. Suppose that dg(A,, A) # 0. Then, there
exists a positive real number p and a subsequence (Ay,;);>o of (A;),>0 such that
dy(Ap,, A) > p forevery i > 0. Thus, for every i > 0, we can find a point x,, in A
satisfying da, (xn;) > p. By compactness of X, up to passing to a subsequence, we
can assume that the sequence x,, converges to a point x in X, and since A is closed,
x isin A. Since the map x +— dAnl- (x) is 1-Lipschitz, we have

|dA,,[ (xn,-) - dAn,- X)) =< |xn,- — x|

Since x,; — x, we have dj,,. (x) — 0 asi — oo, which implies dA,, (x,,) = 0,
which contradicts the fact that d An, (xy;) > p. This proves Proposition 4.3.6. O

The following two propositions give a relation between convergence with respect
to the Busemann—Hausdorff metric and the existence of a closed limit for sequences
of subsets. The results and the proofs are also due to Busemann (cf. [28], §3).

Proposition 4.3.7. Let (An)n>0 be a sequence of nonempty subsets of a metric space
X, let p be a point in X and let A be a subset of X. Then we have

dy(Ap, A) - 0= lim A, = A.
Proof. Suppose that d,(A,, A) — 0 and let us prove that

limsup A, C A C liminf A,,.
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Let x be a point in A. We have

da,(@)e P = |dy, (x) —da@)|e”P 7 < dp (A, A).
Therefore, d, (x) — 0 as n — oo. Thus, for every n > 0, we can find a point y, in
A, satistfying |[x — y,| — 0 as n — oo. This implies that x € liminf A,. Thus, we
have A C liminf A,,.
We now prove that limsup A, C A. For every y in limsup A,, we can find a
subsequence (A, )i>0 of (A,),>0 such that for every i > 0, there exists a point y,, in
Ay, with y,, — yasi — oo. We have

dp (A, AP > 1dy, (3) — dz ().
Asi — oo, we have dj,(Ay,;, A) — 0, which implies |dAn,- (y) —dz(y)] — 0. Since
|y — yn;| = 0, we obtain dAn,- (y) — 0 which gives d ;(y) — 0 and therefore y € A.

This proves that liminf A, C A.
Thus, we have B B
A C liminf A, C limsup A, C A,

and therefore all these inclusions are equalities. This proves that the closed limit of
(Ap)n>0 exists and is equal to A. O

The following is a partial converse to Proposition 4.3.7.

Proposition 4.3.8. Let X be a proper metric space, let p be a point in X and let
(Ap)n=0 be a sequence of nonempty subsets of X. Then

lim A, = A = d,(A,, A) — 0.

Proof. Let us first recall that since A is a closed limit of a sequence of subsets, then A
is closed.

To prove the proposition, we reason by contradiction. Assumethatd,(A,, A) / 0.
Then we can find a positive real number € and a subsequence (A;;)i>0 of (A;)n>0
such that

dp(Ap;, A) = 4e > 0.
Thus, for each n; > 0, we can find a point x,, in X such that for all n; large enough,
we have

4.3.8.1) \da,, (n,) — da(n)le™ P! > 3e.

We claim that the sequence (|p — x,;|);>0 is bounded.
To prove this claim, let z be in A. Then for each n;, we can find a point z,,, in Ay,
such that (z,,) — zasi — oo. We have

\da,, Con,) — daGen)| < da, Gin,) + daGin,)
= |xn,' - Z}’l,'| + |xni - ZI

<2p—xul+1p—zpl + 1z = pl.
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Thus, we obtain

QIp = x|+ 1p = 2| + 1z — pDe™ P70l > |dy, (o) — daCen)e™ P70l
which implies
(4.3.8.2) Qlp = xn, | +1p — zn;| + 1z — phe™ P71 > 3e.

If the sequence (| p — x,; |) were unbounded, then, up to passing to a subsequence,
we would have |[p — x,,;,| — oo asi — oo, which implies

QIp = Xn | +1p — zn | + 1z — phe P72l — 0,

which contradicts (4.3.8.2).
Now Inequality (4.3.8.1) implies |dAn,- (xp;)—da(xy;)| > 3€. Thus, up toreplacing
the sequence (A,;) by a subsequence, we can assume that either

(4.3.8.3) dp,, (Xn;) — da(xn;) > 3€
or
(4.3.8.4) da(xn;) —da,, (xn;) > 3e.

We first deal with the case where (4.3.8.3) occurs. For each i > 0, let y,, be a point
in A satisfying

(4.3.8.5) [Xn; — Yn;| < daCen,) + €.

Since the sequence (|p — xy;|) is bounded, the sequence (d4(xy,)) is bounded,
therefore the sequence (yy,) is also bounded. Since X is proper, up to passing to a
subsequence, we can assume that (y,,) has a limit, which we denote by y. Since A is
closed, y belongs to A. We have

dAni (Yn;) +€ > dAn,- (xXp;) = |Xn; — yn;| +€  (since dAni is non-expanding)

> dAnl- (xp;) —da(x,;) (by (4.3.8.5))
> 3¢ (by (4.3.8.3)).

Now since y,, — y as i — oo, we have, for all n; large enough,
dAn,» ) > dAn,- (xp;) —€ >3 —2e = €.

This contradicts the fact that y is in lim inf A,. Thus, Inequality (4.3.8.3) cannot occur.
Suppose now that (4.3.8.4) is satisfied. For each i, we choose a point u,, in A,, such
that

(4.3.8.6) lin; — xn;| < da,, (xn;) + €.
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The sequence (u,,) is bounded, since (x,,) is bounded and we have

da(un;) + € > da(xp;) — |xn, —un| +€  (since dy4 is non-expanding)
> d(xn;) —da, (xn) (by (4.3.8.6))
> 3¢ (by (4.3.8.4)).

Thus, we obtain
4.3.8.7) da(up;) > 2e.

The space X being proper, since the sequence (u,,) is bounded, it has an accumu-
lation point u, which is in A since A = lim sup A,. This contradicts (4.3.8.7). Thus,
we have d,,(A,, A) — 0 asn — oo. This completes the proof of Proposition 4.3.8.0

4.4 Metrics on the isometry group
We first recall the following

Definition 4.4.1 (Isometry and isometric spaces). Let X and Y be two metric spaces.
A map f: X — Y is called an isometry if f is distance-preserving and onto. The
spaces X and Y are said to be isometric if there exists an isometry f: X — Y.

It follows easily from this definition that an isometry is continuous and invert-
ible, that its inverse is also an isometry and that the relation of being isometric is an
equivalence relation between metric spaces.

In this section, we are interested in the case where Y = X. In this case, the
composition of two isometries is always well-defined and the set of isometries of the
metric space X forms a group that we denote by Isom(X).

We recall that a topological group is a group G equipped with a topology satisfying
the following two properties:

1

e the map G — G defined by g — g~ is continuous;

e the map G x G — G defined by (f, g) — fg is continuous. (The space G x G
is equipped with the natural product topology.)

Proposition 4.4.2. Let X be a compact metric space. Then the map
d: Isom(X) x Isom(X) - R

defined by
d(f.g) =1f —gl=sup|f(x) — g

xeX
is a metric on Isom(X). This metric is invariant under the left and the right actions of
the group Isom(X) on itself, and this group, equipped with this metric, is a compact
topological group.
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Proof. First we note that since X is compact, then for every f and g in Isom(X), the
value of | f(x) — g(x)| is uniformly bounded (by the diameter of X). Thus d(f, g) is
finite. It is easy to check that d is a metric. To prove left-invariance, we let f, g and
h be arbitrary elements of Isom(X). Since 4 is an isometry, we have, for each x in X,

lhof(x)—hogx)|=[fx)— gl

Taking the supremum over all x in X, we obtain the equality |ho f —hog| = |f —gl,
that is, the left-invariance of the action. The right invariance can be proved in the same
way.

Now let us prove that Isom (X), equipped with this metric, is compact. Let (f;,)n>0
be a sequence of elements in Isom(X). Since X is compact, it is separable and by
Ascoli’s Theorem, ( f,,) has a convergent subsequence ( f,)i>0. Let f be the limit of
that subsequence. We must show that f is an isometry. For each x and y in X and for
each integer i > 0, we have | fj,, (x) — gn; ()| = |x — y|. Letting i tend to infinity,
we obtain | f(x) — g(x)| = |x — y|. Thus, f is distance-preserving. To prove that
f is surjective, we can use the fact that any distance-preserving map from a compact
metric space to itself is surjective (Corollary 3.3.5), or we can use the sequence of
inverses ( fnjl)izo to produce an inverse for f. Thus, f is an isometry. This shows
that Isom(X) is compact.

Finally, let us show that Isom(X), equipped with this metric, is a topological group.
For any f and g in Isom(X), we have

If =gl =sup|f(x) =gl

xeX

= sup |g_l o f(x) — x| (since g~

xeX

= sup ¢~ (£) = /7 (f )]

!'is an isometry)

= sup lg7'(») — 7' ()| (by setting y = f(x))
Y€

=f"t=g

This proves that the map f + f~! is distance-preserving and therefore contin-
uous. Let us prove now that the map (f, g) — fg is continuous. We recall that the
topology on G x G is induced by the metric ((f1, f2), (81, &2)) = | fi— f2|+1g1 —gal.
We have

[f2082— fiogil =sup|f2og(x)— f1og1(x)]

xeX

sup | f2(g2(x)) — f1(g2x) ] + 1 f1(g2(x)) — f1(g1(x))]

xeX
sup | f2(g2(x)) — f1(g2)| + lg2(x) — g1(x)| =

xeX

IA
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= sup | f2(y) — ] + [g2(x) — g1(x)]
yeX

=\f2— fil +1g — &1l

This proves the continuity of the map (f, g) — fg, which completes the proof of
Proposition 4.4.2. O

In the case where X is not compact, the map d of Proposition 4.4.2 does not define,
in general, a distance on Isom(X). For instance, with such a definition, if we take X
to be the Euclidean plane, then the distance between the identity and any isometry that
is not a translation would be infinite. Busemann defines in [28] a distance function on
the isometry group of an arbitrary metric space by modifying the formula for d. In
fact, he defines a family of metrics on Isom(X), in which the parameter space is the
space X itself, and we now recall his definition.

Let us choose a point p in X. We define a map d,, on Isom(X) x Isom(X) by
setting, for every f and g in Isom(X),

dp(f.8) =f = glp = sup | f(x) - g(x)le™ 7=,
xXe

Proposition 4.4.3. For every metric space X and for every p in X, the map d,, defines
a metric on Isom(X).

Proof. We first show that for every f and g in Isom(X), we have | f — g|, < 0o. For
x in X, we have
If(x) =g < [f(x) —pl+1p— gl
== I+1g () — x|
<l —pl+lp— I+ 1x—pl+Ip—g '
=2x—pl+lp— ' I+Ip—g ')

Therefore, we have
1f) —g@le P < Qlx—pl+1p— T (P +1p— g (pDe P
=2x — ple "+ (lp— (P +1p — g (p)De 1P
Using the fact that e™" < 1 and re™" < 1 for all r > 0, we obtain
1f@) —g@le™ P <2+ p— ' PI+1p -8 (D).

Thus, | f(x) — g(x)]e”!P~*I is bounded by a constant that is independent of x,
which implies that | f — g|, is finite.

Now we must prove that d), satisfies the properties of a distance function. All the
properties except the triangle inequality are trivially satisfied. Let us prove the triangle
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inequality. For all ¢ > 0, for every x in X and for every f, g and 4 in Isom(X), we
have
|f =hlp =€ < 1f(x) = h(x)le” P~
< (If @) = g@)] + [g(x) = hx)e™ P~
= |f_g|p+ |g_h|p-

By making € — 0, we obtain | f — g|, < |f — glp + |g — h|p. This completes the
proof of Proposition 4.4.3. O

Proposition 4.4.4. Let X be a metric space. Then,

(i) the metric d, on Isom(X) is invariant by the left-action of Isom(X) on itself;

(ii) for every f, g and h in Isom(X), we have |f oh — g ohlp, = |f — gln(p)-

Proof. Left-invariance can be proved in the same way as left-invariance of the metric
d in Proposition 4.4.2. We prove (ii). We have

|f0h —gohlp = sup |foh(x) —goh(_x)|e*|17*x|

xeX

N I e
sup | £ (y) — g(y)le~ 1P~ O
yeY

sup | f(y) —g(y)le
yeY

If = &lnp)- O

=lh(p)—yl

Proposition 4.4.5. Let X be a metric space. Then,
(i) for any p and q in X, the metrics d,, and dy on Isom(X) are commensurable;

(ii) Isom(X), equipped with any metric d,, is a topological group.

Proof. For every p, g and x in X, we have |¢ — x| > |p — x| — |p — ¢q|. Therefore,
e 141 < = IP=xllP=4l Thus, we obtain

|/ = glg = sup [ £(x) = g()le™ ™
< sup | f(x) — g(x)|e”P=¥lg=lP=dl
xeX
=|f- glpe"l’_‘”,

In the same way (or by symmetry), we have | f —g|, < |f — glqe_“’_‘f'. This implies
that the two metrics are commensurable. This proves (i).

The fact that Isom (X)) is a topological group can be proved in the same way as in the
proof Proposition 4.4.2, using left-invariance of the metric d,, and using Property (ii)
of Proposition 4.4.4 instead of right-invariance. O
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The next proposition compares pointwise convergence of isometries with conver-
gence with respect to the metric d,. It shows in particular that the two notions coincide
in the case where the space X is proper.

Proposition 4.4.6. Let X be a metric space and let p be in X. Then,
(1) for any sequence (fn)n>0 in Isom(X), for any element f in Isom(X) such that
| fu — flp — 0 and for every x in X, we have | f,(x) — f(x)| = O;

(i1) if X is proper, if (fy)n>0 is a sequence in Isom(X) and if f is an element in
Isom(X) satisfying | fn (x)— f (x)| — Oforeveryxin X, we have | f,— f|p, — 0.

Proof. Property (i) follows from the fact that for every x in X, we have | f,(x) —
FOIx < | fa— flpe?™.

We prove (ii) by contradiction. Suppose that | f,, — f|, does not converge to 0. For
every n > 0, we set oy, = sup,cx | fn(x) — f(x)|e”!P=*|. We can find a subsequence
(fu)i=0 of (fu)n>0 and a real number € > O satisfying o,; > € for every i > 0.
Thus, taking o = €/2, we can find, for every integer i > 0, a point x,, in X such that

| fos (o) = f Ceale™ P70 = @ > 0.

Now since X is proper, we can suppose, up to replacing the sequence (fy;) by
a subsequence, that either |p — x,,| — 00 as i — oo, or that the sequence (x,)
converges to a point x in X. We show that neither of these two cases can occur; this
will imply that | f, — f|, — Oasn — oo.

If the first case occurs, then we have

o < | fn; (xn;) — f(xn,-)|€‘p_x”i|
< (s Con) = Fui (DI 4 s (D) = F(D) 1 £ (p) = f Cen) e 1P
= (1%, Pl + 1 fu: (P) = F (D) + | p = X, e P70
< 20p — xule 1P 4 | fiy (p) = f (PP

Since |p — x,,| — o0 as i — oo, the expression in the last line tends to 0 as
i — 00, and this contradicts the fact that it is bounded below by «.
In the second case, we have

& < | fu; o) — f Gony) e 1Pl
< s Gong) = oy GO A [ frog ) = FOOI+ £ () = f ()]
=2|x — xn,'| + |fn,~(x) — f)I.

Since |x — x,,| — 0 asi — oo, the expression in the last line tends to 0, and this
gives again a contradiction. This completes the proof of Proposition 4.4.6. O

The following result is also due to Busemann (cf. [28] p. 17).

Theorem 4.4.7. Suppose that X is a proper metric space. Then for every p in X, the
metric space (Isom(X), d)) is proper.
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Proof. To prove that (Isom(X), dp) is proper, consider an arbitrary bounded se-
quence ( f;;)n>0 in Isom(X), and let us show that we can extract from it a convergent
subsequence. Since (f;,) is bounded, there exists a real number o > 0 satisfying
| fu — fmlp < o for each m and n > 0. This implies that for each x in X, we have
| fmn(x) — fu(x)| < ae”!P7*I. Thus, for each x in X, the sequence (f,, (x))n>0 is
bounded. Furthermore, since every map f;, is distance-preserving, the sequence of
maps ( fn)n>0 is equicontinuous. By Ascoli’s theorem (Theorem 1.4.9), there exists a
subsequence ( f;;)i>0 of (fu)n>0andamap f: X — X suchthat|f,, (x)—f(x)| = 0
for each x in X. By taking limits, we obtain | f (x) — f(y)| = |x — y| for every x and
yin X. Thus, f is distance-preserving.

Now let us prove that f is surjective. Let y be an arbitrary element of X. For
each i > 0, we have |fnjl(y) — pl = |y — fu;(p)|, which converges to |y — f(p)|
as i — oo. Thus, the sequence ( fnjl (¥))i=0 is bounded. Therefore, up to taking a
subsequence, we can assume that f,;l (y) converges to a point x in X. We then have

= fel = Tim |y = f, (0] = Tim |£,'() = x| =0.

Thus, we have y = f(x), which shows that f is surjective.

Since fy; (x) converges to f(x) for every x in X, we have, by Proposition 4.4.6,
| fu; — flp — 0. Thus, the sequence (fy;) converges to f, and this completes the
proof of Theorem 4.4.7. O

Notes on Chapter 4

Distances between subsets. In [66], Hausdorff defined (what is now called) the
Hausdorff distance dg (A, B), which he denoted by ‘AB, between subsets A and B of
ametric space, and he established its main properties. The modified version d, (A, B)
which we study in Section 1 was defined by Busemann in [28], §3. In [66], Hausdorff
considered several other “distances” between subsets of a metric space. For instance,
if A and B are subsets of a metric space X, he defined their “lower distance” by

S(A,B) = inf —
( ) xef,lyeB|x ¥

and their “upper distance” by

d(A,B)= sup |x—Y|.
x€A,yeB

In particular, d(A, A) is the diameter of A and for x in X, §({x}, A) is equal to the
distance from x to A, a quantity that we denoted by d4 (x).
The value of d(A, B) is finite if and only if both A and B are bounded.
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The “distance functions” § and d do not necessarily separate points in X (that is,
the distance between two sets can be zero without the sets being equal). For instance,
take A to be a non-closed set and B = A.

Hausdorff also defined the quantity p(A, B) by

p(A, B) = inf{e > O such that B C N(A, €)}.

It is easy to see that in general this function p is not symmetric. As Hausdorff
notes, one always has the inequalities

8(A,B) < p(A,B) <d(A, B).
The Hausdorff distance dg (A, b) is a symmetrization of p(A, B):
dy (A, B) = max (,o(A, B), p(B, A)).

Floyd’s distance and Floyd’s boundary of a finitely generated group. The idea of
changing a distance function by scaling it by a factor that depends on the distance to
a basepoint, as in the definitions of the Busemann—Hausdorff metric on subsets of a
metric space X or in that of the metric d), on the isometry group of X, is recurrent in
geometry. We mention as another beautiful example the distance defined in the paper
[48] by W. Floyd on the Cayley graph of a finitely generated group. This distance
is used to define what is now called “Floyd’s boundary” of the group. We recall the
definition. Let I be a finitely generated group equipped with a finite generating set S
and let C(T", S) be the associated Cayley graph equipped with the length metric d in
which the length of each edge is equal to 1 (see Example 2.1.3 (v)). Floyd’s metric
on C(T", §) is then obtained by scaling the metric d in the following way: we choose
a basepoint, say a vertex v, in C(I", S) and we multiply the length of each edge e by
a factor f(M) where M = M (e, v) is the least number of edges separating v from e
and where f: N — R is a function that satisfies the following two conditions:

o> o f(M) < o0;

o for any k in N, there exists two positive constants c¢; and ¢ such that ¢y f (M) <
fkM) < cr f(M) for any M in N.

For instance, one can take f(M) = M 2. Then, the Floyd metric d’ is the length
metric on C(I", S) associated to the new set of lengths of edges. This metric is not
complete (except if the group is finite) and its completion C (I, S) is called a Floyd
completion of the group I'. The set C(I", S) \ C(I', S) is Floyd’s boundary of I'. This
construction is reminiscent of the definition of the boundary S"~! of n-dimensional
hyperbolic space, as it appears in Example 2.4.3. Indeed, the Euclidean metric of
the unit ball B" can be obtained by scaling the hyperbolic metric (we recall that at
each point of B”, the hyperbolic length element is a multiple of the Euclidean length
element by a factor that depends only on the distance from the point to the origin of
B, and this factor satisfies the properties required for the above function f). The




126 4 Distances

Euclidean metric of the ball is not complete, and its comp_letion is the closed ball B".
The boundary §”~! of hyperbolic space is then the set B* \ B". For the definitions
and for applications of the Floyd boundary, we refer the reader to Floyd’s paper [48].



Chapter 5

Convexity in vector spaces

Introduction

Our purpose in this chapter is to describe several facets of the classical theory of affine
convex subsets of vector spaces, with a view on applications of convexity in general
metric spaces.

We recall that all the vector spaces that we consider in these notes are real vector
spaces.

An (affinely) convex set in a vector space E is a subset X of E such that for any
pair of points in X, the affine segment joining them is contained in X.

The outline of this chapter is as follows.

In Section 1, we give definitions, examples and some basic properties of affinely
convex sets. Convexity is stable under taking closure, interior, intersection, increasing
union, sums and products.

In Section 2, we study the notions of convex hull, closed convex hull and convex
kernel.

In Section 3, we consider normed vector spaces. A norm on a vector space provides
some natural classes of convex subsets of this space. Closed balls and open balls are
examples of such subsets, but of course there are many others. Normed vector spaces
are important examples of geodesic metric spaces, but, as we shall see, these spaces
are not necessarily uniquely geodesic. We shall also see that any metric space can be
embedded by a distance-preserving map in a complete geodesic metric space.

In Section 4, we present a construction due to Minkowski that associates to each
convex subset B in a finite-dimensional vector space E, such that B is closed, bounded,
symmetric about the origin and contains the origin in its interior, a norm on E whose
closed unit ball is B.

In Section 5, we describe the Hilbert metric associated to a nonempty bounded
open convex subset of R"”. Besides the intrinsic importance of this metric, it will
provide us with beautiful examples of geodesic metric spaces. A special case of the
Hilbert metric is a model for hyperbolic space H", namely, the Klein model.

5.1 Affinely convex subsets

Definition 5.1.1 (Affine segment). Let E be a vector space and let x and y be two
points in E. The subset {(1 — )x +ty : ¢t € [0, 1]} of E is called the affine segment
joining x and y and is denoted by [x, y].
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We note right away that if the space E is equipped with a metric induced from
a norm (and this will be the case for any metric that we shall consider on E in this
book), then any affine segment in E is a geodesic segment, so that the notation [x, y]
that we use here is consistent with the one we introduced before, where [x, y] denoted
a geodesic segment joining x and y. However, there is a large class of normed vector
spaces in which there exist geodesic segments that are different from the affine segment
joining them.

Definition 5.1.2 (Affinely convex subset). Let E be a vector space. A subset X C E
is said to be affinely convex if for all x and y in X, the affine segment [x, y] is contained
in X (Figure 5.1).

Figure 5.1. The left vase is convex, and the one on the right is not convex.

We shall also say a convex subset instead of an affinely convex subset, provided
there is no ambiguity. (We recall that we already encountered other notions of con-
vexity: geodesic convexity in uniquely geodesic metric spaces and Menger convexity
in arbitrary metric spaces, and we shall see other notions of convexity in the sequel.)

We start with the following two convexity criteria:

Proposition 5.1.3. Let E be a vector space and let X be a subset of E. Then X is
convex if and only if for every x in X and for every t in [0, 1], the homothety of center
x and factor t sends the set X into itself.

Proof. For every x and y in E and for every ¢ in [0, 1], we can write (1 —f)x +1ty =
x+1t(y—x), which shows that the point (1 —#)x + y is the image of y by the homothety
of center x and factor ¢. From this, the result follows easily. O

Proposition 5.1.4. Let E be a vector space and let X be a subset of E. The following
two properties are equivalent:
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(i) X is convex;

(i1) for every integer n > 0, for every ty, ..., t, in [0, 1] satisfying to +-- -+ 1, = 1
and for every xq, ..., x, in X, we have toxg + - - - + t,x, € X.

Proof. Property (ii) with n = 1 implies (i). Let us prove that (i) = (ii). We use
induction. Property (ii) is trivially satisfied for n = 0. For n = 1, this property
follows from (i). Thus, let us suppose that (ii) is satisfied for some integer n > 1
and let us show that for every fg, ..., #,41 in [0, 1] satisfying #g + -+ + t,41 = 1
and for every xg, ..., x,4+1 in X, we have foxo + -+ 4+ ty+1xX,+1 € X. We can
assume that 7y # 1, for otherwise every #; for i > 1 would be 0 and the desired
result would be trivially satisfied. Let¢# = #; 4+ --- + #,4+1. Then ¢t # 0. For every
i =1,....,n+1 letussett; =r;/t. Thent| +--- + t;/1+1 = 1. The induction
hypothesis implies that #{xy +--- + 1, 41Xn+1 € X. Since X is convex, we also have
(1 —1t)xo+ t(l{xl 4+ 4 I;H_lxn_,_l) € X, thatis, foxo + - - - + th+1xn+1 € X, which
completes the proof of Proposition 5.1.4. O

The following is a useful notion that generalizes the notion of a point on the affine
segment joining two points.

Definition 5.1.5 (Affine convex combination). Let E be a vector space and let
{x0, ..., x,} beafinite setof points in E. An affine convex combination of {xq, ..., x,}
is a point of the form #9xo + - - - + #,x,, where for each i > 0, #; is a nonnegative real
numberand fy +---+t, = 1.

Thus, Proposition 5.1.4 says that a subset X of a vector space E is convex if and
only if for every finite subset F' of E, any affine convex combination of F is in X.
Now, let us give a few examples of convex sets:

Examples 5.1.6 (Convex sets).

(1) Affine subspaces. For any vector space E, any vector subspace of E and, more
generally, any affine subspace of E, is a convex subset of E. (We recall that a subset
A of E is said to be an affine subspace if there exists a vector subspace V of E and an
element a of E suchthat A =V +a.)

(i) Convex subsets of R. If E = R, then the convex subsets of E are the intervals.

(iii) Function spaces. Let E = C([a, b]) be the vector space of real-valued
functions defined on an interval [a, b]. It is easy to see that the subsets

{f € Esuchthat |f(x)] <1 forallx € E}

and
{f € Esuchthat |f(x)| <1 forallx € E}

of E are convex. This is a special case of a general result (Proposition 5.3.13 below)
which says that in a normed vector space, closed balls and open balls are convex.
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(iv) Images and inverse images by affine maps. Let E and F be two vector spaces
and let f: E — F be a linear map or, more generally, an affine map (that is to say, a
linear map up to an additive constant). Then the image by f of any convex subset of
E is a convex subset of F' and the inverse image by f of any convex subset of F is a
convex subset of E. A non-zero linear form or, more generally, a non-constant affine
form f: E — R defines a hyperplane in E; this is the set of points x in E satisfying
f(x) = 0. Hyperplanes are convex. The linear form f defines two other special closed
(respectively open) convex subsets of E that are bordered by the hyperplane f~!(0);
these are the sets f~!(] — oo, 0]) and f~1([0, oo[) (respectively f~1(] — oo, O[)
and f ~1(10, oo[)). These sets are called the closed (respectively open) half-spaces
bordered by the hyperplane f~'(0). All these sets are convex, as inverse images of
intervals of R by affine maps.

Related to the last example, we mention the following notion, which is of central
importance in convexity theory:

Definition 5.1.7 (Convex polyhedron). A convex polyhedron in a vector space is the
intersection of a finite number of closed half-spaces.

A convex polyhedron is an affinely convex subset, since it is the intersection of
affinely convex subsets.

It is clear from Definition 5.1.7 that a finite intersection of convex polyhedra is a
convex polyhedron.

Example 5.1.8 (Convex polyhedra). Closed half-spaces, cubes and simplices are ex-
amples of convex polyhedra in R”. The standard cube of dimension n of R", denoted
by Cube,,, is the convex polyhedron defined as

Cube, = {(x1,...x,), |x;| < 1foralli =1,...,n}.

The standard co-cube of dimension n in R”, denoted by Co-cube,, is the convex
polyhedron defined as

n
Co-cube, = {(xl, ) Yl < 1}.
i=1

The standard cube and co-cube are the closed unit balls of the £>° and the ¢! norms
respectively on R”, and we shall deal with them below. Let us note right away that the
standard cube and co-cube of dimensions 1 or 2 are isometric, but that in dimension
n > 3, this is not the case. Indeed, for all n > 1, the faces of a standard cube of
dimension n + 1 are cubes, whereas those of a standard co-cube of dimension n + 1
are (regular) n-simplices and n-simplices and cubes of dimension n are combinatorially
different if n > 2.
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Let us review a few operations that preserve convexity of sets.

Intersection. It follows directly from Definition 5.1.2 that the intersection of a family
of convex subsets of E is convex.

Increasing union. Likewise, an increasing union of convex subsets of E is convex.

Homothety. If X is a convex subset of E, then for every real number A, the set A X
defined as
AX = {Ax such that x € X}

is convex.

Vector sum of subsets. If X and Y are two subsets of E, we recall that X + Y is the
subset of E defined as

X+Y={x+ysuchthatx € X andy € Y}.

If X and Y are convex, then X + Y is also convex. To see this, let us take two arbitrary
elements x +yandx’+y' in X +Y, withx andx’in X,and yand y’in Y. If X and Y
are convex, then for all 7 in [0, 1] we have (1 —f)x +ty € X and (1 —t)x' +1y' € Y,
which implies that (1 — £)(x +x") +7(y + y’) isin X + Y. This shows that X + Y is
convex.

The notion of vector sum of subsets is due to Minkowski, and the vector sum of two
convex bodies is sometimes called their Minkowski sum. Equipped with this operation,
the set of nonempty convex subsets of a vector space is an abelian semigroup, whose
identity element is the origin of E. This semigroup, equipped with the extra operation
of homothety, has the structure of a convex cone.

Product. Let E and F be two vector spaces and let X and Y be convex subsets of E
and F respectively. Then the product X x Y is a convex subset of the product space
ExF.

Now, we study some properties of convexity that involve topology.

Any finite-dimensional vector space has a natural topology, which is the topology
associated to an arbitrary norm. The fact that these norms induce the same topol-
ogy follows from the fact that all norms on a finite-dimensional vector space are
commensurable. Thus, the topological results that we collect below are valid in any
finite-dimensional vector space, which we shall always assume to be equipped with
its natural topology, without making reference to any norm.

We also note that even though we restrict ourselves here to finite-dimensional
vector spaces, these results are in general valid in any topological vector space E.

UIn relation to this abelian semigroup structure, we mention the following nice convexity criterion due
to J. M. Borwein and R. C. O’Brien (see [19]) which uses cancellation in this semi-group: a compact subset
X of a finite-dimensional vector space E is convex if and only if for every compact convex subsets ¥ and
Z of E, we have

X+Y=X+Z=Y=7Z.
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We shall denote the closure and the interior of a subset X of E by X and X
respectively. We start with the following:

Proposition 5.1.9 (The closure of a convex set is convex). Let E be atopological vec-
tor space and let X be an affinely convex subset of E. Then the closure of X is also
affinely convex.

Proof. By Proposition 5.1.3, X is convex if and only if for every x in X and for every
t in [0, 1], the homothety of factor ¢ and center x sends X into itself. In a topological
vector space, a homothety is continuous, and if a continuous map sends a subset X
into itself, then it sends its closure X into itself. Thus, any homothety centered at a
point in X and of factor ¢t € [0, 1] sends the space X into itself. By continuity, any
homothety of E centered at a point in X and of factor ¢ € [0, 1] sends X into itself.
This shows that X is convex. This proves Proposition 5.1.9 O

There is a similar result concerning the interior of a convex subset. Before stating
it, we prove a lemma that will be useful in the proof of that result as well as in other
circumstances.

We first introduce a notation. If xg and x; are two points in a vector space E, then
the open affine segment with endpoints xo and x is the set of points in E that are of
the form (1 — #)xg + tx; with 0 < ¢ < 1. We denote this set by ]xo, x1[.

Lemma 5.1.10. Let E be a topological vector space and let X be an affinely convex
subset of E. For every x( in X and for every x1 in X, the open affine segment ]xo, x1[

is contained in X.

Proof. Let B = B(x1, r) be the open ball in E of radius » > 0 and center x|, where
r is small enough so that this ball is contained in X. Since X is convex, then, by
Proposition 5.1.3, for all ¢ in ]0, 1], the homothety centered at xy and of factor ¢ sends
B homeomorphically onto an open ball B, that is contained in X. The open ball B,
has positive radius r¢ and it is centered at x; = (1 — #)xg + tx. Therefore, the point

x; is contained in X. This proves the lemma. O
We deduce the following
Proposition 5.1.11 (The interior of a convex set is convex). Let E be a topological

vector space and let X be an affinely convex subset of E. Then the interior of X is
also affinely convex.

Proof. By Lemma 5.1.10, if xo and x; are in X, then the whole segment [xg, x1] is

in X. O
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5.2 Convex hull

Definition 5.2.1 (Affine convex hull). Let E be a vector space and let X be a subset
of E. The (affine) convex hull of X, denoted by C(X), is the intersection of all the
affinely convex subsets of E that contain X.

The convex hull C(X), being an intersection of convex subsets of E, is convex.
It is the smallest (with respect to inclusion) convex subset of E containing X. The
following properties are easy to check:

If X and Y are two subsets of X, then C(X +Y) = C(X) + C(Y). If E’
is another vector space and if X and Y are respectively subsets of E and E’, then
C(XxY)=C(X)xCY).If f: E— E’is alinear (or, more generally, an affine)
map, then C(f (X)) = f(C(X)).

A polytope in a vector space E is, by definition, the affine convex hull of a finite
subset of E. Examples of polytopes are convex polygons in a plane. Other examples
are the n-simplices, which are affine convex hulls of affinely independent n + 1 points
in E (thatis, n + 1 points that span n-dimensional affine subspaces.)

Proposition 5.2.2. Let E be a vector space and let X be a subset of E. The convex
hull C(X) of X is the set of affine convex combinations of finite subsets of X. In other
words, C(X) is equal to the subset L(X) of E defined by

n
L(X) = {Ztixi withn > 0,x; € X suchthatt; > Oforalli =1,...,n
i=0 andt0+-~-+tn=1}.

(We shall prove in the next proposition that if E has finite dimension d, then we can
taken = d.)

Proof. Let us first prove that L(X) is contained in C(X). It suffices to prove that
if X’ is an arbitrary affinely convex subset of E that contains X, then X’ contains
L(X). Let x be an element in L(X). Then there exists a sequence xg, ..., X, in X
and a sequence of nonnegative real numbers f, ..., t, satisfying to + --- + 1, = 1
such that x = foxg + -+ - + fx,. By Proposition 5.1.4, x is in X’. This shows that
L(X) C C(X).

Now, we prove that C(X) is contained in L(X). It suffices to prove that L(X) is
affinely convex. Let x and y be two elements in L(X). Then there exist nonnegative

real numbers g, ..., t, and 1|, ..., 1, satisfyingto+- - -+1, = land {4 - - 41, = 1
such that x = Y7, #;x; for some xp,...,x, in X, and y = >_/*, t/y; for some
Y0, - - -» Ym in X. We must show that the affine segment [x, y] is contained in L(X).

Let # be a real number in [0, 1]. Then

A =Dx+1ty=(1—0itoxo+ -+ (1 = Dtgxy + 1110 + -+ + 11}, Ym
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and
A=+ 4+ A=ty +1t;+...15, =1 —1)+1=1.

Therefore, the point (1 — #)x + ty is in L(X), which shows that [x, y] C L(X). This
completes the proof of Proposition 5.2.2. O

For example, if x and y are two points in E, then C({x, y}) is the affine segment
[x, ¥] joining these two points. More generally, one can show that if X and Y are two
convex subsets of £, then C(X UY) is the union of all the affine segments of the form
[x,y]withxin X and yin Y.

The following result is usually referred to as Carathéodory’s theorem.

Proposition 5.2.3 (Carathéodory). If E is a vector space of dimension d, then, for
every subset X of E, every element in the convex hull C(X) is an affine convex com-
bination of d + 1 elements in X.

Proof. Let x be in C(X). By Proposition 5.2.2, we can find a nonnegative integer n
such that there exist n + 1 elements xg . . . , x, in X and n + 1 nonnegative real numbers
to, ..., Iy satisfyingro+-- -+, = l and x = foxo+ - - - + 1, x,. Let n be the smallest
such integer. We claim that n < d, and this will prove the proposition.

We prove this claim by contradiction. Suppose thatn > d. Then, the n 4 1 vectors
X0, - . ., Xn are linearly dependent and we can find n 4 1 real numbers Ag, ..., A, that
are not all equal to 0 and such that Agxg + - -- + A,x, = 0. By elementary linear
algebra, we can assume without loss of generality that 19 + - -- + 1, = 0. We then
consider the following subset of R:

K ={t € Rsuchthatti; +1 > Oforalli =0,...,n}

The set K, being the intersection of finitely many closed sets, is closed. It contains 0,
and it is not equal to R, since otherwise we would have A; = O foralli =0, ..., n.
Let L be the least upper bound of K. We have L > 0, again because otherwise we
would have A; = Oforalli =0, ..., n. The real number L belongs to the frontier of
K, which means that for eachi = 0, ..., n, we have LA; + t; > 0, and there exists
Jj €10, ...,n}suchthat LA; +t; = 0. Now we can write

x = (Lio+to)xo + -+ (LA, + ty)xy,
with the coefficient LA; + ¢; equal to 0, which contradicts the minimality in the

definition of the integer n. We conclude that n < d, which completes the proof of
Proposition 5.2.3. O

Proposition 5.2.4. Let E be a topological vector space and let X be an arbitrary
open subset of E. Then the convex hull C(X) of X is open in E.
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Proof. Since X is contained in C(X) and since X is open, X is in the interior CO' (X)
of C(X). Since C(X) is convex, its interior CO‘(X ) is also convex (Proposition 5.1.11).
Since C(X) is contained in any convex set containing X, then C(X) C CO‘(X). Thus,
C(X) = C(X), which shows that C(X) is open. o

Proposition 5.2.5. Let E be a finite-dimensional topological vector space and let X
be a compact subset of E. Then the convex hull C(X) of X is compact.

Proof. Let (x,)n>0 be a sequence in C(X) and let us prove that this sequence has a
convergent subsequence. Let d = dim(E). By Proposition 5.2.3 (Carathéodory), for
everyn =0, 1, ..., we can write

d
Xp = Z I,k Pn.,k
k=0

with p,r € X, tyxy >0andt, 1 +...1,g = 1foreveryk =0, ...,d.

The sequence (p,.0)n>0, being in the compact set X, has a convergent subsequence.
Let (pn,,0)n>0 be such a subsequence. Next, consider the sequence (pp,,1)n>01n X. It
also has a convergent subsequence (py,,1)»>0. Then, consider the sequence (pp,,2)n>0
and so on. Applying this reasoning d + 1 times, we end up with a sequence (n4),>0
of nonnegative integers such that the d + 1 sequences (p,,,0)1n>0, (Png,1)n>0, - - >
(Pny,d)n>0 are convergent.

We consider now the sequence of real numbers (#,,,0),>0. Being in the compact
interval [0, 1], it has a convergent subsequence. Repeating the argument above d + 1
more times, we end up with a sequence (124+1)n>0 of nonnegative integers such
that the d + 1 sequences (puyy,1,0)n205 (Pragir,1)n=0s « -5 (Pnygiy.d)n=0 in X are
convergent and the d + 1 sequences (t4,,,,,00n>05 (tnogs1, 10205 - - - » (tnayyy,d)n>0 0
[0, 1] are convergent. Then (by taking a linear combination) it is easy to see that the
subsequence (Xu,,,,)n>0 Of (X4)n>0 is convergent. O

After Propositions 5.2.4 and 5.2.5, it is good to note that the convex hull of a closed
set is not always closed, as the following example shows:

Example 5.2.6. Let D be a straight line in R?, let P be a point in R? that is not on
D and let X be the subset P U {D} of R%. Then C(X) = R U D U {P} where R is
the open region contained between the line D and the parallel line to D passing by P
(Figure 5.2). Thus, X is a closed subset of R? but its convex hull C(X) is not closed.

Nevertheless, there is another notion of “convex hull” that can be useful and which,
applied to a closed set, gives a closed set. It is defined as follows.

Definition 5.2.7 (Closed convex hull). Let E be a vector space and let X be an ar-
bitrary subset of E. The closed (affine) convex hull of X, denoted by C(X), is the
intersection of all the closed convex subsets of E that contain X.



136 5 Convexity in vector spaces

P
Figure 5.2. The convex hull of the line D and the point P.

As an intersection of convex sets, E(X ) is convex, and as an intersection of closed
sets, C(X) is closed. Furthermore, C(X) contains C(X) since C(X) is contained in
any convex set that contains X, and, in fact, we have the following:

Proposition 5.2.8. The closed convex hull C(X) is equal to the closure C(X) of the
convex hull C(X) of X.

Proof. Since the set C(X ) is a closed set that contains C(X), it contains the closure
C(X). Conversely, the close_d set C(X) is convex iProposition 5.1.9) and it contains
C(X), therefore it contains C(X). Thus, we have C(X) = C(X). |

Definition 5.2.9 (Star-shaped subset). Let E a vector space, let X be a subset of E
and let x be a point in X. We say that X is star-shaped with respect to x if for any y
in X, the affine segment [x, y] is contained in X.

It is plain from the definitions that a subset X of E is convex if and only if it is
star-shaped with respect to any of its points.

Another useful notion is that of convex kernel, which in a certain sense is dual to
that of convex hull. It is defined as follows:

Definition 5.2.10 (Convex kernel). Let E be a vector space and let X be a subset of E.
The convex kernel of X is the set of points in X with respect to which X is star-shaped.
We shall denote the convex kernel of X by Ker(X).

The notion of convex kernel is due to Hermann Brunn [23], and the following
proposition is sometimes referred to as “Brunn’s Theorem”.

Proposition 5.2.11. Let E a vector space. For every subset X of E, its convex kernel
Ker(X) is convex.

Proof. Let x and y be two distinct points in Ker(X). We must prove that [x, y] C
Ker(X). Since X is star-shaped with respect to x, then for every point p in X we
have [x, p] C X. Now, since X is star-shaped with respect to y, then X contains any
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segment joining y to a point on [x, p]. Thus, the triangle xyp is contained in X and
for every u on [x, y], the segment [u, p] is contained in X. Since p is an arbitrary
point in X, u is in Ker(X). |

The following step-by-step construction of the convex hull is analogous to the
construction given in Proposition 2.5.5 in the context of uniquely geodesic metric
spaces; it is usually attributed to Hermann Brunn.

Proposition 5.2.12. Let E be a vector space and let X be a subset of E. We set
Co(X) = X and for every n > 0, we let C,1(X) be the union of all geodesic
segments joining pairs of points in Cy,(X). Then, the convex hull C(X) of X is given
by

C(X) = U Cu(X).

n>0

Proof. The proof is the same as that of Proposition 2.5.5. (We note however that this
proposition is not a special case of Proposition 2.5.5 since a vector space in general is
not a uniquely geodesic space.) O

Related to this construction, one makes the following

Definition 5.2.13 (Brunn’s number). The Brunn number of a subset X in a vector
space E is the least element k in N U oo such that

C(X)= U Cn(X).
0<n<k

In the case where E is finite-dimensional, & is an element of N and in [22], Brunn
gives a lower and an upper bound for k in terms of the dimension of E.

5.3 Convexity in normed vector spaces

We recall the definition of a norm. Of course, we assume that most of our readers
are familiar with this notion, but we need to record its various components in order to
refer to them later on.

Definition 5.3.1 (Norm). A normed vector space E is a vector space equipped with
amap x — ||x|| from E to [0, co[ (called the norm) that satisfies the following three
properties:

e (homogeneity) ||Ax|| = |A|.||x]|| for all x in E and for A in R;
e (triangle inequality) ||x + y|| < ||lx|| + ||y|| for all x and y in E;

o (positive definiteness) [|x|| =0 = x = 0.
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A finite-dimensional normed vector space is called a Minkowski space.

The class of Minkowski spaces gives various interesting examples of metric spaces.
In fact, Minkowski spaces are certainly the first non-Riemannian metric spaces whose
geometry has been thoroughly studied. We should mention that these spaces are also
important because as tangent spaces, they play in some sort the role of local spaces in
Riemannian geometry and more generally in Finsler geometry.

A normed vector space is equipped with a canonical metric, defined by setting
the distance between two points x and y to be equal to [|[x — y||. Equipped with this
metric, a normed vector space is a geodesic metric space. More generally, we have
the following

Proposition 5.3.2. Let X be an affinely convex subset of a normed vector space E.
Then X, equipped with the induced metric, is a geodesic metric space.

Proof. For every x and y in X with x # y, let y: [0, |[x — y|]] — E be the map

defined by
t t
tr—)y(t):(l— )x—i— y.
lx =yl lx = ¥l

Then for every t; and #; in [0, ||x — y||], we have

|y<t1)—y(rz)|E=H((1— n >x+ i y)
TS ARETEE]

(O )|

1
= ——ll—1)x + 1 =)yl

lx =yl
1
= ———|t1 —t2|./lx =yl
lx =yl
=|n — .

This shows that the path y is geodesic. For every ¢ in [0, ||[x — y]||], let us set
t' =1t/||lx—y|. Since X is affinely convex and since ' isin [0, 1], y (t) = (1—t")x+1t'y
is in X. We conclude that the image of y is a geodesic segment in X joining x to y.
This completes the proof of Proposition 5.3.2. O

Corollary 5.3.3. A normed vector space is a geodesic metric space.
Proof. This follows from Proposition 5.3.2 by taking X = E. O
We shall prove a result (Corollary 5.3.6 below) which implies that in principle, the

study of metric spaces can be reduced to the study of complete normed vector spaces
and their subsets. (Of course, this is only theoretical.)
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Let X be an arbitrary metric space and let £°°(X) be the vector space of bounded
real-valued functions on X equipped with the £°° norm, that is, the norm defined by
| flloo = sup,cx | f(x)| for any bounded function f: X — R.

Proposition 5.3.4. The normed vector space £°°(X) is complete.

Proof. Let (f,)n>0 be a Cauchy sequence in £°°(X). We fix a positive real number
€. There exists an integer N = N(€) > 0 such that if m and n are integers that are
> N, then || fix — fulloo < €, thatis, supyex|fin(x) — fu(x)| < €. Thus, for any
fixed x in X, the sequence of real numbers (f,(x)),>0 is a Cauchy sequence, and
therefore it is convergent. Let f(x) be its limit. For a fixed n > N, the sequence
(| finx) = fu(X)Dm=0 converges to | f(x) — fn(x)| as m — oo. Thus, we have
|f(x) — fu(x)| <eforalln > N, thatis, sup,cx | f(x) — fu(x)| < eforalln > N.
This shows that the map f;, — f is in £°°(X), foralln > N. Since f, isin £°(X), we
have f € £°°(X). The last inequality also shows that || f — f,|lcc = 0 asn — oo.
Therefore, f, converges to f as n — oo. This proves that £°°(X) is complete. O

Let E be a normed vector space and let us choose a basepoint x( in X. We define

an embedding i : X — E by taking as the image of each point x in X the map
ix: X—>R
defined by
ix(y) =Ixo — x|x — lx — ylx

for each y in X. Using the triangle inequality, we have |ix (y)| < |xo —x|x. Therefore,
the map i, : X — Risin £°°(X) for all x.
Proposition 5.3.5. The map i : X — £°°(X) is distance-preserving.

Proof. Tf x and x’ are two arbitrary points in X, we have

sup [[x0 — ylx — Ix — ylx — (Ixo — ylx — |x" — y|x)|
yeX

= sup |lx — ylx — |x' — ylx|
yeX

|ix - ix/|E

=|x — x'|x. O

Corollary 5.3.6. Any metric space admits a distance-preserving embedding in a com-
plete vector space.

Proof. This is a consequence of Propositions 5.3.4 and 5.3.5. O

Now we turn back to the study of affine segments in an arbitrary normed vector
space.
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Proposition 5.3.7. Let E be a normed vector space and let x and y be two arbitrary
points in E. Then the affine segment [x, y] is a geodesic segment; in fact, it is the
image of the geodesic path y : [0, |x — y||] = X that joins x and y and that is defined

by the formula
t t
y() = (1 — >x + y.
llx = yll llx = yll

Proof. The proof is contained in that of Proposition 5.3.2. O

Definition 5.3.8 (Affine geodesic). We shall call the geodesic y of Proposition 5.3.7
the affine geodesic joining x and y

In an arbitrary normed vector space, there might exist other geodesic paths than
the affine one, as we shall now see.

Even though in a finite-dimensional vector space all the norms define the same
topology, the metrics associated to these norms can be quite different. For instance,
the metric on R” that is associated to the Euclidean norm, which is defined by || x> =
Qo Ixi 12)172, is uniquely geodesic (the affine segment joining two arbitrary points
is the unique geodesic joining them), but neither the metric associated to the £! norm,
defined by |lx|l; = Y ;_ |xil|, nor the one associated to the £°° norm, defined by
xllooc = sup;—; .., |xil, is uniquely geodesic. Let us see some examples of distinct
geodesic segments joining two points in these spaces. We can limit ourselves to the
case of dimension 2.

Example 5.3.9 (Non-uniquely geodesic Minkowski spaces). Consider the metric on
R? induced by the £°° norm. It is easy to see that any segment that has the form of
an escalator (Figure 2.6 in Chapter 2), or, more generally (by passing to the limit),
any segment that is the image of a monotonous function is a geodesic segment for
that metric. Thus, if two points x and y in R? have distinct first coordinates and
distinct second coordinates, there are infinitely many geodesic segments joining them.
Likewise, consider the metric on R? induced from the ¢! norm. We have represented
in Figure 5.3 two distinct geodesic segments between the origin of R? and the point x
whose coordinates are (1, 1): the affine segment [0, x] and the segment obtained by
concatenating the affine segments [0, y] and [y, x]. In this figure, the square ABC D
is the unit ball of the norm ¢! and the point y can be taken to be any point on the face
AB of that ball.

It should be noted that since there is an automorphism of R? sending the unit ball
of the £' norm onto the unit ball of the £> norm, the two spaces in Example 5.3.9 are
isometric, and therefore showing that one of them is non-uniquely geodesic implies the
same property for the other one. However, R”, for n > 2, equipped with the £! norm
is not isometric to R” equipped with the £°° norm. (We already mentioned that the
standard cube and co-cube in dimension n > 3 are not isomorphic, see Example 5.1.8
above).
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B

D

Figure 5.3. R2 is equipped with the ¢! norm. Two distinct geodesic segments joining O to x.
The square in dotted lines is the unit ball of the £! norm.

The following proposition establishes a relation between affine convexity and
Menger convexity (see Section 5 of Chapter 2).

Proposition 5.3.10. Let E be a Minkowski space and let X be a closed subset of E
equipped with the induced metric. Then X is Menger convex if and only if X is affinely
convex.

Proof. The vector space E, being finite-dimensional, is proper, and X being a closed
subset of a proper space is itself proper for the induced metric. Then, Theorem 2.5.2
says that X is Menger convex if and only if it is a geodesic space, that is, if and only
if two arbitrary points in X can be joined by a geodesic in X. A priori, this geodesic
is not necessarily the affine geodesic in E that joins these two points, but the proof of
Theorem 2.5.2 shows that we can take it to be the affine geodesic. Thus, the space X
is Menger convex if and only if it is an affinely convex subset of E. O

In a normed vector space, there are convex subsets that are particularly interesting.
The open and closed balls in such a space are examples of such sets, but there are several
others.

We recall that for any subset A of a metric space X and for any nonnegative real
number ¢, the closed e-neighborhood of A is the set

N(A,e) = {x € X such that d4(x) < €}.

We now turn back to the special case where X is a normed vector space. It is easy
to see that in this case, if B is an open ball in E of center x and radius » > 0, then, for
any € > 0, N(B, ¢€) is the closed ball in E of center x and radius r + €.

The following description of the closed e-neighborhood of a set is useful:
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Proposition 5.3.11. Let E be a normed vector space and let U denote the closed unit
ball in X. Then for every subset A of X and for every € > 0, we have

N(A,e) = A+ €U.
Proof. The proof follows easily from the definitions. O

Proposition 5.3.12. Let E be a normed vector space. Then, for every convex subset
A of X, the closed e-neighborhood N (A, €) of A is convex.

Proof. We first consider the case where A is a single point x, and therefore N(A, €)
is the open ball B of center x and radius €. For every y and z in B and for every ¢ in
[0, 1], we have

lx = (A =Dy +e2)ll = (A=) (x — y) +1(x = 2)||
=A==+ lt(x =2
= =0Dlx =yl +1llx —zll
<(A—-t+1t)e=c¢€.

Thus, (1 —t)y 4tz is in B, which shows that B is convex. In the case where A is
an arbitrary convex subset of E, we have, by Proposition 5.3.11, N(A,€) = A+ €U
where U is the unit closed ball in E which, by the special case we considered, is
convex. Using the fact that convexity is preserved by homothety and by vector sum
of subsets, we deduce that N (A, €) is convex. O

Let us note two consequences.

We already mentioned the notion of capsule in R" (see Figure 4.1 of Chapter 4).
A capsule in a vector space is an e-neighborhood of some geodesic segment, for some
€ > 0. We shall again encounter this notion in Chapter 9.

We deduce the following from Proposition 5.3.12:

Corollary 5.3.13. Let E be a normed vector space. Then, any capsule in E is convex.

Proposition 5.3.14. Let E be a normed vector space. Then, any closed or open ball
in E is convex.

Proof. The case of a closed ball is contained in Proposition 5.3.12. For an open ball,
the proof is the same as for a closed ball, up to replacing some of the large inequalities
by strict inequalities. O
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5.4 Limits of convex sets

Let E be a normed vector space. We recall that if X and Y are subsets of E, then their
Hausdorff distance is equal to

dy(X,Y) = sup |dx (x) — dy (x)|,

xeE

where dy (x) denotes the distance from the point x to the set X. In Chapter 4, we
studied general properties of Hausdorff distances between subsets of arbitrary metric
spaces. For subsets of vector spaces, the Hausdorff distance satisfies further properties,
for instance, the following one, which says that the Hausdorff distance is translation-
Invariant:

Proposition 5.4.1. Let E be a normed vector space and let X and Y be two subsets
of E. Then, for any vector v in E, we have

dyp(X,Y)=dy(X +v,Y +v).

Proof. Since the distance |x — y| between any two points x and y in E is translation-
invariant, we have

dy(X,Y) = sup |dx(x) — dy(x)|

xeE

sup |dx (x +v) — dy(x + v)]

xeE

=dp(X+v,Y +v) O

Proposition 5.4.2. Let E be a finite-dimensional normed vector space and let X and
Y be two nonempty subsets of E. Then, we have

dx(C(X),C(Y)) <dn(X,Y).

Proof. Let§ = dg(X,Y). Since E is finite-dimensional, it is proper, and by Propo-
sition 4.1.6 , we have
Y C N(X,08) C N(C(X),9).

By Proposition5.3.12, N(C(X), §) is convex. Therefore, we have C(Y) C N (C(X), §).
By symmetry, we have also C(X) C N(C(Y), §). Thisimpliesdz (C(X), C(Y)) < 4.
O

We obtain immediately the following
Corollary 5.4.3. Let E be a finite-dimensional normed vector space, let (Xn)n>0

be a sequence of nonempty subsets of E and A a nonempty subset of E such that
dzp(X,,A) > 0asn — oo. Then, dz(C(X,), C(A)) — 0. O
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We recall that the Hausdorff distance restricted to the set of nonempty closed
bounded subsets of E (which is also the set of compact subsets of E, since E is finite-
dimensional) is a genuine metric (Proposition 4.1.1). Since in a metric space limits of
subsequences are unique, we have the following consequence of Corollary 5.4.3:

Corollary 5.4.4. Let E be a finite-dimensional normed vector space and let (Xp)n>0
be a sequence of nonempty compact convex subsets of E that is convergent with respect
to the Hausdorff metric. Then, the limit of this sequence is convex.

5.5 Minkowski’s construction

We already observed that in any normed vector space, the open and closed unit balls
are affinely convex (Proposition 5.3.13). Conversely, there is a beautiful construction
due to Minkowski (cf. [111]) that associates a norm to any (say closed) convex subset
B of a vector space containing the origin and satisfying certain natural conditions that
we now state. B will be the unit ball for that norm. In this section, we describe this
construction.

First, we recall a few classical definitions.

If B is a subset of a metric space, then the frontier of B is the set B \ B.
Let E be a vector space and let x be a point in E that is distinct from the origin.
Then the (linear) ray in E passing through x is the subset r, of E defined as

ry = {Ax, with A > 0}.
The next proposition follows easily from the definitions:

Proposition 5.5.1. Let E be a vector space with origin O and let B be a subset of
E that is star-shaped with respect to O and that contains O in its interior. Then, for
every x in E that is distinct from O, the intersection of B with the ray ry is an affine
segment of the form [ O, e(x)] where e(x) is a point in the frontier of B and where the

open affine segment 10, e(x)[ is contained in B.

Proof. Since B is star-shaped with respect to O, the intersection of B with the ray r,
is convex. Since B is bounded, this intersection is bounded and therefore it is an affine
segment. Thus, it is of the form [O, e(x)]. By Lemma 5.1.10, any point on the open

segment ]O, e(x)[ is in B. Therefore, the point e(x) is the unique point in B N r, that
is in the frontier of B. a

The notion that we now introduce is due to Minkowski. It is important in convexity
theory, and we shall use it below.
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Definition 5.5.2 (Convex body). Let E be a topological vector space. A convex body
is a convex subset of E that has non-empty interior.

We start with the following result.

Proposition 5.5.3. Let B be a convex body in E. Then B is dense in B.

Proof. Let xg be a point in B and let x be an interior point of B. Without loss of
generality, we can assume that x is distinct from x¢. By convexity, the segment [x, x¢]
1s contained in B and, by Lemma 5.1.10, any point on the open segment ]x, xo[ is in

B Thus, any point in B is a limit of a sequence of points in B This completes the
proof of Proposition 5.5.3. O

In the rest of this section, E is a finite-dimensional vector space, and its origin is
denoted by O.
Given a convex body B in E, we shall consider the following three properties:

e B is closed and bounded. (We note that boundedness of B means that this set
has finite diameter for some norm on E or, equivalently, for any norm on E.)

e B contains the origin O in its interior.

e B is symmetric with respect to O. In other words, for all x in E, we have the
following equivalence: x € B < —x € B.

Definition 5.5.4 (The Minkowski function). Let B be a convex body in E satisfying
the three properties above. The Minkowski function

up: E — [0, 00]
associated to B is defined by

0 ifx=0

() = {A(x) ifx £ 0,

where A(x) is the unique real number satisfying x = A(x)e(x), using the notations of
Proposition 5.5.1.

One can easily see that for every x in E that is distinct from the origin, we have
(5.5.4.1) g (x) = inf |)\ > 0 such that% c B}.

From this, we deduce the following useful property:
For every A > 0 and for every x in X, we have

(5.5.4.2) % €B < up(x)<Ai.
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Theorem 5.5.5. Let B be a convex body in E satisfying the three properties that are
stated after Definition 5.5.3. Then the associated Minkowski function up is a norm
on E. Furthermore, B is the closed unit ball of this norm, the interior of B is its open
unit ball and the frontier of B is its unit sphere.

Proof. We must show that the three properties of Definition 5.3.1 (Norm) are satisfied.

Let us start by showing that the map pp is homogeneous. First of all, it is clear
from the definition of pp that this map is positively homogeneous, that is, that for
all A > 0 and for all x in B, we have up(Ax) = Aup(x). As the convex body B
is symmetric with respect to the origin, we have up(—x) = up(x). From this, we
deduce that up(Ax) = Aup(x) for all x in B and for all A € R, which proves the
homogeneity.

Next, let us prove that p p satisfies the triangle inequality. Let us fix a positive real
number €, let x and y be two points in E and let us choose two real numbers A and @
satisfying

up(x) <A < upx)+e
and
up(y) < p < pup(y) +e.

By (5.5.4.2), the points x /A and y/u are in B. Let

Lo Xty _<L)£+<L>X
A+ At/ A Atu)
The point z belongs to the affine segment [x /A, y/u]. Since B is convex, z is in B.
Therefore, using again (5.5.4.2), we have

up(x +y) <A+ p < upx)+ up(y) + 2e.

Since € is an arbitrary positive number, we conclude that up(x+y) < up(x)+up(y),
which proves the desired property.

Finally, let us show that the map 1 p is positive definite. Let x be a point in E that
is distinct from the origin. Since B is compact, we can find a positive real number
Ao such that for all A in [0, Ao], we have x/A ¢ B, which implies (using 5.5.4.2) that
up(x) > Ag. Therefore, we have pp(x) > 0. Thus, the map up is anormon E.

By (5.5.4.2), we have the equivalence x € B <= pup(x) < 1, which shows that
B is the closed unit ball of the norm.

Let S be the frontier of B and let us show that S is the unit sphere of up, i.e., that
S ={x € E : up(x) = 1}. This will also imply that the interior of B is the open unit
ball of up.

Let x be a point in E such that up(x) = 1. By (5.5.4.1), we can find a sequence
of real positive numbers (A;);>¢ satisfying x/A; € B foralli > 0, with A; — 1 as
i — oo. Since A; — 1, the sequence (x/A;) converges to x, and therefore x is in B.

On the other hand, x is not in B, since the sequence (;x), which is in the complement
of B, also converges to x. Therefore, x isin S.
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Now suppose that for some x in E, we have up(x) < 1. Then we have x €

[0, e(x)[, where e(x) belongs to B. By Lemma 5.1.10, we obtain x € B. This
implies that B is the open unit ball of the norm pp. This completes the proof of
Theorem 5.5.5. O

Thus, all the beautiful convex bodies in IR3 are the unit balls of certain norms on this
space. For instance, the regular octahedron centered at the origin and of radius 1 is the
unit ball for the £! norm, that is, the norm defined by [[(x1, x2, x3)|| = |x1]|+|x2]|+|x3].
In fact, this octahedron is the standard co-cube of R3.

There are several interesting metric characterizations of Minkowski spaces that
are contained in the two books by Busemann [24] and [28]; see also [27]. We note
also that the Minkowski construction gives a Euclidean norm if and only if the convex
body B is an ellipsoid (see [24] p. 58).

As an application of Minkowski’s construction, we give the following proposition
which besides being important in itself, gives a preliminary taste of a general result that
we shall prove later on, that says that any convex metric space convex is contractible
(Proposition 8.1.9). We note by the way that this proposition remains valid without
the hypothesis that A is bounded.

Proposition 5.5.6. Let A be an open nonempty bounded convex subset of E. Then A
is homeomorphic to E.

Proof. By performing a translation, we can assume, without loss of generality, that
the set A contains the origin of E. Let B be the closure of A. Then B is a closed
convex body satisfying the hypotheses of Definition 5.5.4. Let f: E — E be the map
defined by setting, for all x in E,

where wp: E — [0, oo[ is Minkowski’s function that is associated to B. Since up is
homogeneous, we have, for all x in E,

mp(x)

— < 1.
pp(x)+1

up(f(x) =

By Theorem 5.5.5, we obtain f(x) € B = A. Now let us show that any point in A is
in the image of f. Given y in A, we set

y
X = —""-.
1 —up(y)

Then we have

X y/-peG)
up@) +1 (up(/1—up() +1

fx) = Vs
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which shows that y is in the image of f. This formula also shows that as a map from
E to A, f is continuous and possesses an inverse map, defined by

X
X —,
I —pp(x)
which is clearly continuous. Thus, f defines a homeomorphism between E and A.
This completes the proof of Proposition 5.5.6 O

5.6 The Hilbert geometry

In all this section, by a line we mean a Euclidean line.
We start by recalling the definition of the cross ratio.

Definition 5.6.1 (Cross ratio). Consider four ordered points ai, az, by, by in R” sat-
isfying a; # by and ay # b,. Then the cross ratio (a1, a2, by, by] is defined by the

formula
d(az, b1)d(ay, by)

d(ai, b1)d(az, b2)’
where d denotes the Euclidean metric of R”.

lai, a2, by, b1] =

In all that follows, we shall only use the cross ratio for points that are aligned. We
start with a elementary property, which is usually referred to as the “cocycle property”.

To avoid lengthy considerations of special cases, in the rest of this chapter, each
time we prove a property involving the cross ratio of four points, we shall tacitly
assume that these points are pairwise distinct. One can easily deal with the cases
where some of the points coincide, when such considerations are needed.

Proposition 5.6.2 (Cocycle property). Letby, ay, az, az, by befive pointsinR". Then
we have
lai, a2, by, b1] x laz, a3, ba, b1] = a1, a3, b2, b1].

Proof. From the definition of the cross ratio, we have

d(az, b1)d(a1, b)
d(ay, by)d(az, by)

lai, a2, by, b1] =

and

d(az, by)d(az, by)
d(az, by)d(az, b))’

laz, a3, by, b1] =

We then obtain
d(as, by)d(ay, b2)

[a1, a2, by, b1] x [az, a3, b2, b1] = = [a1, a3, by, b1],
d(ay, by)d(az, b2)

which proves Proposition 5.6.2. O
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We shall use an invariance property of the cross ratio, and before stating it we need
to recall the following classical notion:

Definition 5.6.3 (Perspectivity). Let by, aj, a2, b> be four points in R” situated in
that order on a line D, let b}, a, a}, b} be four points in the same space that
are also contained in a line and let O be an arbitrary point in the extended space
R™ U {oo}. We say that the ordered quadruple by, aj, az, by is obtained from the
ordered quadruple b}, a}, a}, b}, by a perspectivity of center O if by, ay, az, b is the
image of b}, a{, a}, b}, by the projection of center O on the line D. The restriction of
this projection to the set {b}, a], a}, b} is called a perspectivity of center O.

In Figures 5.4 and 5.5 respectively, we have represented the effect of a perspectivity
in the case where O is a point in R” and in the case where O is the point co.

b

b /al as by

Figure 5.4. A perspectivity.

Proposition 5.6.4 (Cross ratio is invariant under perspectivities). Let b}, aj, aj, b}
be an ordered quadruple of aligned pairwise distinct points in R" and let by, ay, aa,
by be an ordered quadruple that is obtained from b}, a|, a}, b}, by a perspectivity of
center O € R" U {00}. Then we have [ay, az, ba, bi] = [a}, a}, b3, b}].

Proof. We first consider the case where O # oo. The proof'is based on the computation
of the areas of the triangles Oaxby, Oa1by, Oa1b; and Oasb; in Figure 5.4. Let L
be the distance from the point O to the line D. This distance is a height for each of
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b /
1 a;

b al

Figure 5.5. A perspectivity whose center is the point at infinity.

these triangles and therefore we have:
1 1
Area(Oaxby) = ELd(az’ by) = Ed(O, a2)d(0, by) sin La, Oby,
1 1
Area(Oa1by) = ELd(al, by) = Ed(O, a1)d(0, by) sin La; Oby,

1 1
Area(Oa1by) = ELd(al, b)) = Ed(O, a))d(0, by) sin La; Ob;
and 1 1
Area(Oayby) = ELd(az, by) = Ed(O, a)d (0, by) sin Lay Ob;.
Thus, we obtain
lai, a2, by, b]
_ d(a, b)d(ay, by)
d(ay, b1)d(az, by)
(d(O, a»)d (0, by) sin ZazObl/L)(d(O, a1)d(0, by) sin Lay Obg/L)
(d(0, a1)d(0, by)sin La; 0b/L)(d(0, a2)d(O, by) sin Laz Oby /L)
_ sin Za, Obq sin La; Oby
" sin Za; Ob; sin La, Oby

This shows that the cross ratio [a1, az, b2, b1] depends only on the angles that the
four Euclidean lines Oay, Oas, Ob; and Ob, make at the point O, and therefore it is
equal to [a}, a5, b}, b}].
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In the case where O = oo, the perspectivity of center O is simply a parallel
projection (Figure 5.5), and instead of the above computation, an application of the
theorem of Thales gives the result. O

Let A be a nonempty bounded open convex subset of R". For any pair of distinct
points ap, ap in A, consider the Euclidean line D containing them. This line intersects
the boundary of A in exactly two points (as follows for instance from Lemma 5.1.10).
Let us denote by b and b; these two intersection points, the names being chosen in
such a way that the four points by, aj, az, by are aligned in that order on D (Figure 5.6).
We define the map 24: A X A — R by the formula

In[ay, az, b2, b1] ifa; # az,
ha(ar, az) = .
0 ifa; = as.

Figure 5.6

It follows from the fact that the four points by, ay, az, by are aligned in that order
that we have d(aa, b1)/d (a1, b1) > 1 and d(ay, b2)/d(az, br) > 1, which implies
[a1, a2, b2, b1] > 1. Therefore ha(ai,a;) > 0if a; # a>. We shall prove that
h 4 defines a metric on A. The definition of this metric is due to David Hilbert who
described it in [69], and & 4 is referred to as the Hilbert metric of A.

We first consider the case n = 1. Here, A is an open finite-length interval of R.
Although the next proposition is a special case of Theorem 5.6.6 below, we start by
proving it because we shall use it in the proof of that theorem.

Proposition 5.6.5 (The Hilbert metric of a bounded open interval). Let I be a finite-
length open interval of R. Then the map hy: I x I — [0, oo is a distance function,
and the metric space (I, hy) is a proper geodesic metric space that is isometric to the
real line R equipped with its usual metric.

Proof. We already saw that hj(aj,a;) > 0 for every a; and a; in A and that
hi(ai,az) > 0if and only if a; # a;. To prove symmetry, we call b; and b;, with
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b1 < by, the endpoints of the interval /. We can suppose, without loss of generality,
that a; < a. Then we have

d(ap, by)d(ay, b
hl(al,az)=1n[a1,az,bz,b1]=1n( (@2, bd(ar ”)

d(ay, by)d(az, b)

and

d(ai, by)d(az, b
hl(az,al)=1n[a2,a1,b1,b2]=ln< (@1, br)d(az 1)>.

d(az, by)d(ai, b1)

This shows that h;(a1,az) = hj(az,ar). Finally, for the proof of the triangle in-
equality, we consider three points aj, a; and a3 in A and we suppose without loss of
generality that a; < ay < az. By Proposition 5.6.2 we have

lai, az, ba, b1] X [a2, a3, by, bi] = [a1, a3, b2, b1]
which implies
In[ay, az, by, b1] + In[ay, az, by, b1] = In[ay, a3, by, by ].
Thus, we have the (degenerate) triangle inequality
hi(ai,a3z) = hi(ai, a2) + hy(az, a3).

Thus proves that i; is a metric on /. It is clear from the definition of this metric
that the closed balls are compact and therefore the space (I, iy) is proper. From the
equality hy(ai,a3) = hj(ai, a2) + hy(az, az) for any a; and a> and a3 satisfying
a; < ar < as, it follows that the metric space (I, hy) is a geodesic metric space.
(We can apply the criterion that uses Menger convexity, Theorem 2.5.2.) Finally,
since lim k4 (ay, ap) = oo asa; — by and lim hy(ay, ap) = oo as ap — by, we can
construct, for any point in /, a geodesic line in [ that starts at this point and which
establishes an isometry between R and the space (I, &7). This completes the proof of
Proposition 5.6.5. O

Next, we consider the case where the domain A is the interior of a triangle, and
we prove the following

Proposition 5.6.6 (The case of a triangle).> Let w, u and t be three non-collinear
points in R? and let A be the open region bounded by the triangle wut. Let v be a
point on the segment [w, t], let 7 be a point on the segment [u, w] and let ¢ be the
intersection of the segments [u, v] and [z, t]. Finally, let a and b be two points on the
segments [u, c] and [t, c] respectively. Then we have

ha(a,b) =ha(a,c)+ ha(c, b).

2The Hilbert metric of a triangle has beautiful properties. For instance, B. B. Phadke proved in [118]
that circles in such a space are hexagons. P. de la Harpe showed in [64] that the isometry group of that space
is isometric to R? equipped with a norm whose unit ball is a regular hexagon. The paper [64] contains
other interesting results on the isometry group of a simplex, some of them valid in all dimensions, as well
as several open problems.
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Proof. Leta’ and b’ be the intersection of [a, b] with [u, w] and [#, w] respectively and
let d be the intersection point of [w, ¢] with [a, b] (Figure 5.7). By the invariance of the
cross ratio by perspectivities (Proposition 5.6.4), we have [a, ¢, v, u] = [a,d, b’, a’]
and [c, b, t,z] = [d, b, b', a’]. By the cocycle property (Proposition 5.6.2), we have

la,b,b',a'l =la,d,b',a'l x [d,b,b,d'].
Therefore we obtain
la,b,b',a'l =[a,c,v,u] x [c,b,t,z],

which implies
In[a, b, b', a'l =1In[a, ¢, v, u] + In[c, b, t, 2],

thatis, ha(a, b) = ha(a, c) + ha(c, b). m|
w
v z
C
/
b b - <
t u
Figure 5.7

Theorem 5.6.7 (The Hilbert metric of a bounded open convex body). For each non-
empty bounded open convex subset A of R", the associatedmap hs: Ax A — [0, oo[
is ametric, the metric space (A, h 5) is a proper geodesic space and each affine segment
in A is a geodesic segment for the metric h 4. Furthermore, the metric space (A, hy)
is uniquely geodesic if and only if the (Euclidean) boundary of the convex set A does
not contain any pair of affine segments that span a two-dimensional affine plane.

Proof. All the properties that make 44 a metric are contained in Proposition 5.6.5
(The Hilbert metric of a bounded open interval), except the triangle inequality. For
the proof of this property, we follow Hilbert’s argument contained in [69]. Consider
three distinct points a, b and ¢ in A. By Proposition 5.6.5, if these points are collinear,
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then the three distances between them satisfy (degenerate) triangle inequalities. Thus
we now suppose that these three points are not collinear. We prove that in this case,
the values of the map % 4 on the three pairs of points (a, b), (a, c) and (b, c) satisfy
the triangle inequalities and that these inequalities are strict if the boundary of A does
not contain two affine segments whose span is a two-dimensional affine plane.

By taking the intersection of the convex body A with the affine plane containing
the three points a, b and ¢, we are reduced to the case where A is 2-dimensional. We
use the following notations (see Figure 5.8), which are those used by Hilbert in [69]:

w

Figure 5.8

The points x and y are the intersection points of the segment [a, b] with the
boundary of A and the points x, a, b, y are aligned in that order.

The points u and ¢ are the intersection points of the segment [a, c¢] with the boundary
of A and the points u, a, ¢, v are aligned in that order.

The points z and ¢ are the intersection points of the segment [c, b] with the boundary
of A and the points z, ¢, b, t are aligned in that order.

The point x’ is the intersection point of the segments [u, z] and [x, y].

The point y’ is the intersection point of the segments [, v] and [x, y].

The point w is the intersection point of the lines uz and tv. (It is possible that this
point w is the point co.)

We have

ha(a,b) =Inla, b, y, x],
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ha(a,c) =Inla,c,v,ul,

and

ha(c,b) =1In[c, b, t, z].

Let B denote the interior of the triangle wut. Then B is a bounded open convex
subset of the plane A, and it is equipped with itsownmap hp: B x B — [0, oo[. We
can see directly from the definitions of the maps &4 and A p that we have h4(a, c) =
hp(a,c) and hp(c,b) = hp(c,b). Now let us compare the values h4(a, b) and
hp(a,b). We have

_db,x)d(a,y) _db x)da,y) _

= < = [a, b, y, x].
d(a,x’)d(b,y’) ~ d(a,x)d(b,y)

la, b,y x']

Thus, we obtain
(5.6.7.1) ha(a,b) < hpg(a,b)

By Proposition 5.6.6, we have hp(a,b) = hp(a,c) + hp(c,b). Thus, we obtain
ha(a,b) < ha(a,c)+ ha(c, b), which completes the proof of the fact that 44 is a
metric on A. The closed balls for this metric are clearly compact and therefore this
metric is proper.

Proposition 5.6.5 implies that any affine segment in A is a geodesic segment for
the metric h4. Thus, (A, ha) is a geodesic metric space. Furthermore, the proof
of Inequality (5.6.7.1) shows that this inequality is strict unless we have x’ = x
and y’ = y, that is, unless the affine segments [u, z] and [¢, v] are contained in the
boundary of A. Thus, if there are no affine segments in the boundary of A that span a
2-dimensional plane, the triangle inequality 74 (a, b) < ha(a, c) + ha(c, b) is strict
provided the three points a, b and ¢ are not collinear. We conclude that in this case,
the affine segments in A are the unique geodesic segments for the metric 4 4.

Conversely, suppose that there exist two affine segments in the boundary of A
whose span is an affine plane. Consider the plane spanned by these segments. In that
plane, we can find, using the preceding argument, three non-collinear points a, b and ¢
such that Inequality (5.6.7.1) is an equality, and therefore the distances between these
points satisfy h4(a, b) = ha(a, c) + ha(c, b). This implies that the union of the two
affine segments [a, c] and [c, b] is a geodesic segment joining a and ¢ and therefore
that the affine segment [a, b] is not the unique geodesic segment joining these points.
Thus, in the case considered, the metric space (A, & 4) is not uniquely geodesic. This
completes the proof of Theorem 5.6.7. O
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Notes on Chapter 5

Convexity. Convexity is one of the most beautiful subjects in mathematics. As a field
initself, convexity theory started at the end of the 19th century, but its roots are in Greek
antiquity. For instance, the Pythagoreans of the fifth century B.C. already knew about
the classification of the regular solid convex polyhedra in 3-dimensional space, and
Archimedes, in the third century B.C., did substantial work on the properties of convex
subsets of the plane. In fact, we owe to him the first definition of a convex curve in the
plane and of a convex surface in 3-space. In his work On the sphere and the cylinder
(see [67]), Archimedes studies lines in the plane which he describes as “concave in the
same direction”. He characterizes such a line by the property that “if any two points on
it are taken, then either all the straight lines connecting the points fall on the same side
of the line, or some fall on one and the same side while others fall on the line itself, but
none on the other side”. (This is Heath’s translation, cf. [67] p.2.) Of course, the work
of Archimedes on centers of gravity, in his book “On the equilibrium of planes, or the
centers of gravity of planes” (see [67] p. 189), is also intimately related to convexity
theory. The work on convex curves that was started by Archimedes was pursued
in the 17th century by several eminent mathematicians including Descartes, Fermat
and Huygens, who contributed to convexity theory while working in various different
areas. One also has to mention Johannes Kepler (1571-1630) who worked extensively
on the relations between astronomy, convex polyhedra and music (relations that also
date back to the Pythagoreans). The major writing by Kepler on this subject is his
Harmonices Mundi (see [83]). After the 17th century, research on convexity went on
uninterrupted, and we recall the works of Euler, Cauchy and Legendre on the rigidity
of convex polyhedra in 3-space that we already mentioned in the introduction of this
book.

The first modern definition of a convex set is due to H. Minkowski. Minkowski’s
interest in convex sets was motivated by number theory, and, more precisely, by a
subject that is usually called the “geometry of numbers” (see [110]). To give an idea
of the relation between convexity and number theory, we mention Minkowski’s famous
theorem on convex bodies (1896), which asserts that for any closed convex body A in
R" of volume V that is symmetric with respect to the origin and for any point lattice
in R"” whose determinant is bounded from above by 27"V, there exists a point in the
lattice that is distinct from the origin and that belongs to A. Minkowski later on made
a systematic study of convex sets (see [111])

There is an extensive literature on convexity in vector spaces, and a good intro-
duction to this subject is the book [139] by F. Valentine.

The space of convex subsets. Let E be a finite-dimensional normed vector space
and let CB(E) be the set of compact convex nonempty subsets of £. We know from
Proposition 4.1.11 that CB(E), equipped with the Hausdorff distance, is a metric
space. This is an interesting space to study. There is a natural geodesic segment
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joining any two points A and B in that space, namely, the segment
[A,B]={tA+ (1 —-1)B,t €[0,1]}.

But there may be more than one geodesic segment joining A and B, and in his paper
[78], F. Jongmans analyzed geodesic segments in CB(E). He proved that given any
two points A and B in CB(E), either there are infinitely many geodesic segments
joining them, or there is a unique one (which is the natural geodesic described above).
We know that the first case occurs for instance if E is a non-uniquely geodesic normed
vector space, with A = {x} and B = {y}, where x and y are any two distinct points
in E (we shall see several examples of such spaces in Chapter 7 below). In the same
paper, Jongmans asked for a characterization of pairs of points in a finite-dimensional
normed vector space that are joined by a unique geodesic segment. R. Schneider gave
an answer in [127]. Schneider’s result is formulated in terms of the uniqueness of the
middle point of the two points A and B, that is, of a point C satisfying |B — C| =
|A—C| = (1/2)|A — B| (see Proposition 2.6.2). Schneider proved that A and B have
a unique middle point if and only if one of the following holds:

o there exists some r > O suchthat A = B+ B(O,r)or B = A+ B(O, r), where
B(0O, r) is the closed unit ball in E centered at the origin and of radius 7,

or

e A and B are contained in parallel hyperplanes and A = B + ¢, where ¢ is some
vector in E that is orthogonal to these hyperplanes.

Finally, let us mention a result on the isometries of CB(E). In [57], P. M. Gruber
and G. Lettl show that a map f: CB(E) — CB(E) is an isometry if and only if
there exists a rigid motion i of E and an element D of CB(E) such that f is the map
Cr—i(C)+ D.

Minkowski’s construction. Minkowski’s construction, which is the subject of Sec-
tion 5, can be made in the more general setting of a locally convex topological vector
space E containing a non-empty bounded open set, that is, an open set V such that
for every open neighborhood N of the origin of E, there exists a positive real num-
ber « satisfying S C aN (cf. [139], Part III). Of course, a finite-dimensional vector
space equipped with its natural topology satisfies this property. We have described
Minkowski’s construction only in the case of finite-dimensional vector spaces to avoid
introducing more terminology. This setting of finite-dimensional vector spaces (that
is, of “Minkowski spaces”) is the setting that Minkowski worked in.

The cross ratio and the Hilbert metric. The Hilbert metric is studied by Busemann
in [28] §18 and by Busemann and Kelly in [31]. The most important property of the
cross ratio is certainly the fact that it is invariant under projective transformations of
R" U {00} (considered as the real projective space P"). In fact, this is essentially the
content of Proposition 5.6.4 which says that cross ratio is invariant by perspectivities.
(For the general case, one has to deal with the case where one of the points ay, az, b1, by
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is the point oo, and then study compositions of projectivities.) The definition of the
Hilbert metric of a bounded open convex body in R” can be made without reference to
the Euclidean metric of that space, but using only its affine structure. In the case where
A is the interior of an ellipsoid, then A, equipped with the Hilbert metric, is a model for
hyperbolic space H". In other words, A, equipped with its Hilbert metric, is isometric
to the models that we described in Example 2.1.3 (v). In the special case where A
is the interior of the unit disk, this model of hyperbolic geometry is usually called
the Klein model. Thus, Hilbert metrics on convex bodies constitute in some sense a
non-Riemannian generalization of hyperbolic geometry. Hilbert gave the definition of
this metric in a letter he wrote to F. Klein on August 14, 1894, and he published the part
of the letter containing this definition as a memoir (cf. [69]). Later on, he included
this memoir in the second edition of his major work, the Foundations of Geometry
(Grundlagen der Geometrie, [70]). We also recall that Number IV of the famous
Hilbert problems (see [71]) asks for the characterization of the metrics on subsets of
finite-dimensional projective space P"* for which the geodesic lines are straight lines
in this space. Busemann calls such a space a “Desarguesian” space. Busemann made
a thorough study of these spaces in [28], Chapter II and in [30], Chapter II. From
the definition, it follows that a Desarguesian space is uniquely geodesic. The Hilbert
metric is an example of such a metric space.

30f course, the formulation of Hilbert’s Problem IV for abstract metric spaces is posterior to Hilbert,
but it is clear that Hilbert asked the question for non-Riemannian metrics, since for Riemannian metrics
the problem was already solved by Beltrami in 1865. Indeed, Eugenio Beltrami proved in [12] that any
Riemannian metric on a connected open subset of projective space whose geodesic lines are straight lines
is a metric of constant curvature. In fact, Beltrami only considered the case of the projective plane P2, but
the result for projective space P"* for any n > 2 follows easily from that special case; see also [28] §15.



Chapter 6

Convex functions

Introduction

In this chapter, we collect some general properties of real-valued convex functions
that will be needed in the rest of this book.

A real-valued function defined on a convex subset C of a real vector space is said
to be convex if for every x and y in C and for every ¢ in [0, 1], we have

F(A=Dx+1y) <A =0 f)+1f).

Convexity of functions can also be expressed in terms of affine convexity of subsets:
f is convex if and only if its epigraph (that is, the set of points in C x R that are situated
above the graph of f) is convex.

The definition of a convex function leads very rapidly to non-trivial results. We
shall prove the following properties of convex functions of one real variable: existence
of left and right derivatives at each point (Proposition 6.2.8), continuity on the interior
of the domain (Corollary 6.2.8), existence of a derivative on the complement of a
countable set (Proposition 6.2.7) and the remarkable property that says that if a function
is locally convex, then it is convex (Theorem 6.2.16). The property of having a
derivative is interesting in itself, but the main reason for which we include it here is that
we use it in the proof of the local-implies-global convexity property (Theorem 6.2.16).
This last property is at the basis of many applications of convex functions in geometry.
In particular, it is one of the main ingredients in the proof of the important theorem that
says that a complete geodesic locally compact locally convex metric space is globally
convex, that is, a space that we call a “Busemann space” (Theorem 9.3.4 below).

The outline of this chapter is as follows:

Section 1 contains the definitions and the main basic properties of convex functions.
We establish various conditions under which a function is convex. We study some
examples of convex functions that arise in geometry, namely distance functions and
projections onto closed convex subsets. These examples, that are defined on Euclidean
vector spaces, give a preliminary taste for analogous examples in the more general
context of Busemann metric spaces. In fact, most of the results of this section are
valid in the context of Busemann spaces, as we shall see in Chapter 8.

Section 2 contains additional basic results for the case of convex functions of one
variable that will be useful in the following chapters.

We recall that all the vector spaces considered in these notes are real vector spaces.
We recall also that for all n > 1, E"* denotes the space R" equipped with the Euclidean
norm.



160 6 Convex functions

6.1 Convex functions

We start with the following classical definition:

Definition 6.1.1 (Convex and strictly convex function). Let E be a vector space and
let C C E be an affinely convex subset of E. Then a function f: C — R is said to
be convex if for every x and y in C and for every ¢ in [0, 1], we have

F(A=Dx+1y) < (=0 fx)+1f().

The function f is said to be strictly convex if for every distinct points x and y in C
and for every 7 in ]0, 1[, we have

F(A=Dx+1y) <=0 f(x)+1f ().

Proposition 6.1.2 (Restriction). Let E be a vector space and let C be an affinely
convex subset of E. If f: C — R is convex (respectively strictly convex) and if C' is
an affinely convex subset of C, then the restriction of f to C' is convex (respectively
strictly convex).

Proof. The proof follows clearly from the definitions. |

Proposition 6.1.2 admits a sort of a converse that is non-trivial, which says that a
locally convex function is convex. We shall prove this result in the special case where
E is one-dimensional (Theorem 6.2.16 below). We note that there is an analogous
result that is valid in any dimension.

Now let us give a few examples of convex functions:

Examples 6.1.3 (Convex functions).

(i) Linear, affine and sublinear maps. Let E be a vector space. Any linear map
f: E — Risconvex. More generally, any affine map is convex. We recall that a map
f: E — Ris affine if and only if there exists xo in R and a linear map g: £ — R
such that f(x) = g(x) + xo for all x in E. We also note that an affine map is
never strictly convex. Another generalization of the class of linear maps is that of
sublinear maps. We recall that a map f: R — R is said to be sublinear if it satisfies
fx+y) < f(x)+ f(y)and f(Ax) = Af(x) forevery x and y in E and for every A
in R. It follows easily from the definitions that sublinear maps are convex.

(i) Norm. Let E be a normed vector space. Then the map x +— | x|| defined on E
is convex. Indeed, for all x and y in E and for all 7 in [0, 1], we have, by the triangle
inequality,

1A =0Dx eyl < 11 =)xll + lleyll = X = O)llx ] +zlly]l.
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(iii) Positive linear combinations of (strictly) convex functions. Let C be an
affinely convex subset of a vector space. Foreveryi = 1,...,n,let fi: C — R be
a convex (respectively strictly convex) function and let A; be a positive real number.
Then the function Y i, A; f; is convex (respectively strictly convex). We note that
the result is false if we allow some of the A;’s to be negative.

(iv) Distance to a point. If E is a normed vector space and if xq is a point in E,
then the map x +— ||x — x¢l|, defined on E, is convex. This result is more general than
example (ii) above, and it is a particular case of Proposition 6.1.4 below.

(v) Distance between two lines in E". Lett — x(¢t) and t +— y(t) be two
affinely parametrized lines in n-dimensional Euclidean space E”. Then the map ¢ >
lx() — y(2)] is convex. Indeed, we can write x(¢) = ta + b and y(¢) = tc + d for
some a, b, c and d in E, which gives ||x(t) — y(¢)|| = ||t (a — c¢) + b — d||. The result
then follows from Proposition 6.1.18 below.

Example (v) is at the basis of the general theory of nonpositive curvature in the
sense of Busemann. Indeed, Busemann spaces are defined as metric spaces in which
the distance function between two arbitrary geodesic paths is convex. These spaces
will be our main subject of study in later chapters of this book.

The next proposition provides us with a family of examples of convex functions
defined on a normed vector space. It also establishes a relation between convex
functions and convex subsets of that vector space.

We recall that if X is a metric space and if Y is a subset of X, we have a map
dy: X — R, the “distance map from x to Y, defined by setting, for every x in X,

dy(x) = inf |lx — y||.
yeY

Proposition 6.1.4 (Distance to a convex set). Let E be a normed vector space and let
C be a nonempty closed convex subset of E. Then the map dc: E — R is convex.

Proof. Let € be a positive real number. Given xg and x| in E, let x(’) and xi be two
points in C satisfying |xo — x{ll < dc(xo) + € and |[x; — x{|| < dc(x1) + €. For
every ¢ in [0, 1], let x; = (1 — #)xo + tx1 and let x; = (1 — f)x, + tx]. By convexity
of C, the point x; is in C and we have

llxe —x; 0l = (1 = 1)xo + tx1 — (1 — t)xy — £x] |
= [I[(1 — 1) (xo — x) + £ (x1 — x})|
< (I =0)llxo — xgll +zllxr — xp I
< (I =0dc(xo) +tdc(x1) + €.

Letting € tend to 0, we obtain ||x; — x}|| < (1 —#)dc(x0) + tdc(x1). This implies
that dc(x;) < (1 — t)dc (x0) + tdc(x1), which proves that the map d¢ is convex. O
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Definition 6.1.5 (Projection onto a subset). Let X be a metric space, let Y be a sub-
space of X and let x be a point in X. We say that a point xg of Y is a projection of x
onY if

llx —xoll = inf |lx — y]|.
yeyY

It is easy to construct an example of a space X that contains a nonempty subspace
Y and a point x that has no projection on Y. If Y is nonempty and closed, such a
projection always exists but is not necessarily unique, even in the case where X is a
normed vector space and where Y is a closed convex subset of X. In the case where
the normed vector space is Euclidean space E”, the projection is unique. This will
follow from Corollary 6.1.7 below. We shall see in Chapter 7 necessary and sufficient
conditions on normed vector spaces so that the projection on any closed convex subset
of such a space is unique. These conditions will depend on the geometry of the unit
ball in that space.

Lemma 6.1.6 (Projection onto a convex subset of E"). Let C be a nonempty convex
subset of E", let x be a point in E" \ C and let xo be a projection of x on C. Then for
every point x1 in C that is distinct from xo, the cosine of the angle made by the vectors
x —xgand xy — xg is < 0.

Proof. By convexity of C, we have (1 — t)xg 4+ tx; € C for all ¢ in [0, 1]. We also
have

lx — xoll? < [lx = ((1 = £)x0 + 1x1)||* = l1(x = x0) — 2(x1 — x0)II%.

Letting « be the angle made by the vectors x — xg and x| — xo in E”, we have, for all
tin [0, 1],

2 2 2 2
llx —xoll” < llx —xoll* — 2¢llx — xoll.llx1 — xoll coser 417 |lxo — x1[|”.

For all ¢ €]0, 1], we therefore obtain

X1 — X
cosa < tu.
llx — xoll
Letting ¢ tend to O, we obtain cos @ < 0, which proves Lemma 6.1.6. O

We note the following corollary, which also follows from more general results
that are valid in strictly convex vector spaces (Proposition 7.1.4). We also note that
there are results of this type that are valid in general Busemann metric spaces (cf.
Proposition 8.4.7 below)

Corollary 6.1.7 (Uniqueness of the projection). Let C be a nonempty closed convex
subset of E". For all x in E", there exists a unique projection xo of x on C.
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Proof. If x belongs to C, then xo = x is the unique projection of x on C. Therefore,
we assume that x ¢ C. Then the existence of xy follows from the fact that the set
C is closed. Indeed, we start with any sequence (y,),>0 of points in C satisfying
lx — yull = dc(x) asn — oo. The sequence (y,) is bounded, and up to replacing
it by a subsequence, we can assume that it converges. Let xq be its limit. We have
lx — yull = |lx —x0ll, which gives dc (x) = ||x — xo||. To prove uniqueness, suppose
that there exists a point x; in C that is distinct from xo and that satisfies dc(x) =
lx — x1||. The triangle x, xo, x1 is non-degenerate, and in this triangle, we would
have, by Lemma 6.1.6, two angles whose cosines are < 0, which is a contradiction.
This shows the uniqueness of the projection, and this proves Corollary 6.1.7. O

Proposition 6.1.8 (Projection is 1-Lipschitz). Let C be a closed convex subset of E".
Then the map that assigns to each point in E" its projection on C is 1-Lipschitz.

Proof. Let x and y be two points in E” and let xg and yg be their projections on C.
We assume that the four points x, y, xo and yo are distinct (otherwise, the proof is
simpler). Suppose that the quadrilateral xxoyoy is not contained in a 2-dimensional
affine subspace of E” and let A be the 3-dimensional affine subspace of E” that contains
this quadrilateral. We apply to A a rotation whose axis is xgyo, that transforms the
point y into a point y; contained in the 2-dimensional affine subspace containing the
points x, xo and yp, and such that in that plane, y is on the same side than x with
respect to the axis xgyg. We have ||x — y|| < |lx — y1]|. (In fact, y; is the projection
of x on the closed disk in A that contains y in its frontier, whose center is on the axis
xoYyo and that is orthogonal to this axis.) Furthermore, the cosine of the angle made
by the two vectors y; — yp and xp — yp is equal to the cosine of the angle made by the
two vectors y — yo and xg — yo. Now in the planar quadrilateral xxgyoy1, the angles
at the vertices xo and yq are obtuse, and therefore we have ||xo — yoll < llx — y1ll,
which implies ||xo — yo|| < |lx — y||. This proves Proposition 6.1.8. |

Since we are talking about uniqueness of projections, we mention the following
general result that concerns strictly convex functions:

Proposition 6.1.9 (Uniqueness of the minimum). Let E be a normed vector space
and let C C E be an dffinely convex subset. Let f: C — R be a strictly convex
function. Then there exists at most one point in C where f attains a minimum.

Proof. Suppose that there exist two distinct points x and y in C such that f(x) =

f () =m =inf,ec f(x). Then, by convexity of C, we have (x + y)/2 € C, and, by
strict convexity of f, we obtain

m<f (%) < %(fm b)) =m,

which is a contradiction. This proves Proposition 6.1.9. O
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Now, we give a few more properties of convex functions. Definition 6.1.10 below
and the proposition that follows it say that theoretically, the study of convex functions
is equivalent to the study of convex sets.

Definition 6.1.10 (Epigraph). Let E be a vector space, let C be an affinely convex
subset of E and let f: C — R be a function. The epigraph of f is the set

Ep(f) ={(x,1) e C xR, f(x) <1}

(see Figure 6.1).

Figure 6.1. Epigraph.

We have the following relation between convexity of f and convexity of its epi-
graph.

Proposition 6.1.11 (Epigraph and convexity). Let E be a vector space and let C be
an affinely convex subset of E. A function f: C — R is convex if and only if its
epigraph is an affinely convex subset of E x R.

Proof. Suppose that f is convex, let (x, u) and (y, v) be in Ep(f) and let# be in [0, 1].
By convexity of f, we have

f(A=Dx+1y) <A =0 f(x)+tf(y) <A —Du+1v.

Hence,
(1 = t)x +ty, (1 = Hu + tv) € Ep(f),

that is,
(1 =0(x,u) +1(y,v) € Ep(f).

This shows that Ep(f) is convex.



6.1 Convex functions 165

Conversely, suppose that Ep( f) is convex, let x and y be two points in C and let
t be in [0, 1]. Since (x, f(x)) and (y, f(y)) are in Ep(f), we have

(I =0x 41y, 1 =) f(x) +1f()) € Ep(f),

which means
F(A=Dx+1y) < (L —0)f(x)+1f(y).

Thus, f is convex. O

Remark (Strict epigraph). Let us note that we can also define the strict epigraph of a
function f: C — R by replacing, in Definition 6.1.10, the inequality f(x) < ¢ by the
strict inequality f(x) < t. Likewise, Proposition 6.1.11 remains valid if we replace
in its statement the word “epigraph” by “strict epigraph”. (The proof is the same, up
to replacing some of the inequalities by strict inequalities.)

We can use the notion of epigraph to obtain examples of convex functions that are
not necessarily continuous:

Example 6.1.12 (Non-continuity). Consider the non-continuous function f: [0, 1] —
R defined by

0 if0<x<l,
fx) = 1 -

ifx =1.

Itis clear that the epigraph of f is a convex subset of [0, 1] x R. Thus, the function
f is convex.

The proofs of the following two propositions give another example of how prop-
erties of convex subsets imply properties of convex functions.

Proposition 6.1.13. Let E be a vector space, let C be a convex subset of E and let
f: C — R be afunction. The following two properties are equivalent:

(1) f is convex;

(ii) foreveryintegern > 1, foreveryty, ..., t,in[0, 1]satisfyingti+- - -+t, = land
foreveryxi, ... x,inC,wehave f(tix1+---+tyxn) < t1 f(x1)+- -+, f (xp).

Proof. We have (ii) = (i) by taking n = 2. Let us show that (i) = (ii). Let E(f) be
the epigraph of f,let7y, ..., t, be n points in [0, 1] satisfying t; +--- + ¢, = 1 and
let x1, ...x, ben points in C. Foreveryi = 1, ..., n, we have (x;, f(x;)) € Ep(f).
If f is convex, then Ep(f) is convex, and therefore, we have, by Proposition 5.1.4,
ti(xr, f(x1) + -0+ ta(xn, f(xn)) € Ep(f), which gives f(t1x) + -+ + tyxy) <
tfxn) + -t f (). o
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Proposition 6.1.14 (Upper limit of convex functions). Let E be a vector space, let C
be an dffinely convex subset of E and let {fi}ic;: C — R be a family of convex
Sfunctions. Suppose that we have, for all x in C, sup;e; f; < 0o. Then f = sup;¢; fi
(which is called the upper limit of the family { f;}) is a convex function on C.

Proof. The epigraph of f = sup;.; fi is the intersection of the epigraphs of the f;’s.
Therefore, it is a convex subset of E. O

Proposition 6.1.11, together with its proof, give a “visual” characterization of
convexity (see Figure 6.2), that we state as a proposition:

Figure 6.2. A convex function.

Proposition 6.1.15. Let E be a vector space, let C be an affinely convex subset of E
andlet f: C — R be a map. Then f is convex if and only if for all distinct points x
and y in C, the affine segment joining (x, f(x)) and (y, f(y)) is above (in the large
sense) the graph of the restriction of the map f to the segment [x, y]. O

Proposition 6.1.16 (Pointwise limit of convex functions). Let E be a vector space
and let C be an affinely convex subset of E. If fi: C — R is a sequence of convex

functions that converges pointwise to a function f: I — R, then f is convex.

Proof. The proof follows easily from the definition of convexity. O
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Proposition 6.1.17 (Precomposition of a convex function with an affine function).
Let E be a vector space and let C be an affinely convex subset of E. If f: C — R
is a convex function, if D is an affinely convex subset of a vector space E' and
if: D — C is affine, then f oy: D — R is convex.

Proof. Associated to the affine map v, there is a linear map L: E’ — E and a vector
v in E such that ¥ (x) = L(x) + v for every x in E’. Therefore, we can write, for
every x and y in D and for every ¢ in [0, 1],

Foy (A =0x+1y) = fLA1 = D)x +1y) +v)
= f((l —t)L(x) +tL(y) + tv)
= f((1 =)L) +v) +1(L(y) +v))
= f((1 =D @) + 1y ()
== foy(x)+tfoy(y).

This shows that f o ¥y: D — R is convex. O

The following result, which is a consequence of Proposition 6.1.17, will be useful
for us later on.

Proposition 6.1.18. Let x and y be two points in a normed vector space E. Then the
map t — ||x + ty||, defined on R, is convex.

Proof. For any x and y in E, the map t — x 4 ty defined on R is affine. We
saw in Example 6.1.3 (ii) that the function x > ||x|| is convex on E. Therefore, by
Proposition 6.1.17, the function ¢ — ||x + ty|| is convex. |

Itisnottrue thatif ¢ : C — Risaconvex functionandif f: R — Risan arbitrary
affine map, then the map v o f is always convex. (For instance, take f: R — R
be the map x — x2 and ¥ : R — R the map x — —x.) However, the map ¥ o f
is convex in the case where the affine map i is increasing. This is a special case
of Proposition 6.1.19 below. Likewise, he composition of two convex functions is
not necessarily a convex function. For instance, consider the composition of the two
functions x > x> —3 and x > x? — 4 defined on R. The result is a function that has
more than one local extremum, and therefore it is not convex. Nevertheless, we have
the following result that will be useful for us later on:

Proposition 6.1.19 (Composition of convex functions). Let E be a vector space, let
C be an affinely convex subset of E and let f: C — R be a convex function. If
g: f(C) — R is an increasing convex (respectively strictly convex) function, then
go f: C — Ris convex (respectively strictly convex).
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Proof. First we consider the case where g is convex (in the large sense). For x and y
in C and for ¢ in [0, 1], we have

FA=Dx+1ty) <A =0 f)+1f(),
which implies
g(f(A=Dx+1y)) =g(I=Df@) +1f(») <A —0)go fx)+1g0 f()),

which shows that g o f is convex. In the case where g is strictly convex, then, for all
t ¢ {0, 1}, the last inequality is strict, and this shows that g o f is strictly convex. O

The following consequence of Proposition 6.1.19 is most useful, and we shall use
it in Chapter 8.

Corollary 6.1.20. If f: I — R is a positive convex function, then, for any a > 1,
the function f¢ is strictly convex. O

Proposition 6.1.21. Let E be a vector space, let C be an affinely convex subset of E
and let f: C — R be a continuous function satisfying

1
6.1.21.1) f <x;y> < E(f(x) + f()

forall x and y in 1. Then f is convex.

Proof. Let x and y be points in C and let us first consider a real number ¢ in [0, 1]
that is of the form + = p/29, where p and g are natural numbers. Dividing the
interval [0, 1] into 27 intervals of equal lengths and applying ¢ times (6.1.21.1), we
obtain f((l —tx + ty)) <1 —-1)fx)+tf(y). Now let # be an arbitrary number
in [0, 1]. Then there exists a sequence (#;);>o in [0, 1] that converges to ¢, with
t; = pi/2%, with p; and ¢; natural numbers. Therefore, for all i > 0, we have
f((l —ti)x + tl-y)) < —-t)fx) 4+t f(y). Since f is continuous, we obtain, by
taking the limit as i — oo, f((1 — )x +ty)) < (1 — 1) f(x) + £f(y). This proves
Proposition 6.1.21. O

We shall see another relation between convex functions and convex sets. First we
introduce the following definition:

Definition 6.1.22 (Sublevel set). Given a function f: C — R and given a real num-
ber «, the sublevel set of f of hight « is defined as

fo={xeC, f(x)<a}l

The strict sublevel set of f of hight « is defined as
fo={xeC, f(x)<al.
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We have the following

Proposition 6.1.23. Let E be a vector space, let C be an affinely convex subset of E
and let f: C — R be a convex function. Then, for every real number o, the sublevel
set fo and the strict sublevel set f; are convex subsets of E.

Proof. The proof is straightforward: for every « in R and for every x and y in f,, we
have f(x) < @ and f(y) < «. Therefore, for ¢ in [0, 1], we have, by the convexity
of f,

fd=Dx+1y) <A =0 f(x)+1f(y) = (1 -Da +1a=a.

This shows that f,, is convex. The proof for f is the same, up to replacing some large
inequalities by strict inequalities. O

We note however that it is not always true that if all the sublevel sets f, of a map
f are convex then f is convex. For instance, the map f: [0, oo[— R defined by
f(x) = —x? is not convex, although its sublevel sets are either the empty set or an
interval of R, and therefore they are convex. Of course, this example is somehow
superficial since the map x — —x? is convex up to the minus sign. In fact, the
property for a map of having all of its sublevel sets convex sets is interesting and the
following definition can also be done in the general setting of metric spaces:

Definition 6.1.24 (Sublevel-convex function). Let E be a vector space and let C be
an affinely convex subset of E. Then, amap f: C — Ris said to be sublevel-convex
if for every real number «, the sublevel set f,, is convex.

We end this section by the following relation between general convex functions
and convex functions of one real variable. This will make the link with Section 2
below.

Proposition 6.1.25. Let E be a vector space and let C be an affinely convex subset of
E. Then a function f: C — Ris convex (respectively strictly convex) if and only if for
all x and y in C, the function fy y: [0, 1] — R defined by fx y(t) = f((1 —t)x +ty)
is convex (respectively strictly convex).

Proof. The proof is clear from the definitions. O

Proposition 6.1.25 says in some sense that in the study of convex functions, it
suffices to consider convex functions of one real variable. One can compare this
proposition with the general definition of a convex function on a metric space X: a
function f: X — R is convex if its restriction to geodesic paths in X in convex (see
Chapter 8). In any case, convex functions of one real variable play a prominent role
in convexity theory, and this is one of the reasons for which the rest of this chapter is
devoted to them.
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6.2 Convex functions of one variable

In this section, we collect a few properties of convex functions of one real variable
(that is, convex functions whose domain is an interval of R) that will be useful for
us in the sequel. As we already said, most of the important ideas in convexity theory
can be expressed in this one-dimensional setting, and for our needs in the rest of this
book, it suffices to consider the case of functions of one variable.

In the rest of this chapter, I denotes an arbitrary (finite or infinite) interval of R.

Proposition 6.2.1. Let f: I — R be a map. The following four properties are
equivalent:

(1) the map f is convex (respectively strictly convex);
(i) forall x, y and z in I satisfying x < y < z, we have

f) = fx) - f@)— fx)

y—Xx 7—X

(and the inequality is strict in the case where f is strictly convex);
(iii) forall x, y and z in I satisfying x < y < z, we have

f) — fx) - f@)— fy)
y—x - z—y

(and the inequality is strict in the case where f is strictly convex);

(iv) Forall x, y and z in I satisfying x <y < z, we have

f@O-fx) _f@ - fO)

z—X z—y

(and the inequality is strict in the case where f is strictly convex).

Proof. Let us show that (i) = (ii). For all x < y < z, there exists 7 in ]0, 1[ such that
y = (1 — t)x + tz. (More precisely, we take t = (y — x)/(z — x)).
If f is convex, then f(y) < (1 — 1) f(x) +tf(z), or, equivalently,

FO) = fx) =t(f— f),

that is,

FO) = f) = 2 x; (f@) = F)).

T (z—x

which implies

fO) = f®) _ f@ = [
y—x — z—-x
In the case where f is strictly convex, we have strict inequalities. Thus, we have
(i) = (i1). The proofs of (i) = (iii) and (i) = (iv) can be done in the same way.
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Conversely, each of Properties (ii), (iii) or (iv) implies (i). For instance, to see that
(i) = (i), we can follow backwards the arguments of the proof of (i) = (ii) and we
obtain f((l —x +ty) <{0-tfx)+ztf(y)forall0 <zt < 1. Fort =0orl,
the desired convexity inequality is obviously satisfied. This completes the proof of
Proposition 6.2.1. O

Proposition 6.2.2. Let f: I — R be a convex function and let x, y and z be points
in I satisfying x < y < z. Then the point (z, f(z)) in R? is above (in the large sense)
the line joining (x, f(x)) and (y, f(y)).

Proof. This follows from Property (iv) of Proposition 6.2.1. O

Proposition 6.2.2 is useful for the proof of the following result that will serve us
in Chapters 9 and 10.

Proposition 6.2.3. Let f: R — R be a convex function. If f is bounded from above,
then f is constant.

Proof. Let f: R — R be an non-constant convex function. Then, we can find two
points x and y in R satisfying x < y and f(x) # f(y). Let us first suppose that
f(x) < f(y). In this case, the slope of the straight line in the plane that passes
through the points (x, f(x)) and (y, f(y)) is positive, and, by Proposition 6.2.2, the
graph of the restriction of f to the interval [y, co[ is above the graph of this straight
line. Thus, we have f(x) — oo as x — oo. In the case where f(x) > f(y), an
analogous reasoning gives f(x) — oo as x — —oo. Thus, if f is bounded above, it
is necessarily constant. O

Proposition 6.2.4. Let f: I — R be a convex function, let x and y be two points in
[ satisfying x < y and suppose that there exists t in 10, 1[ satisfying

(A =Dx+1y) =1 =) fx)+1f(y).

Then, this equality is satisfied for all t in [0, 1]. (In other words, the restriction of f
to the interval [x, y] is affine.)

Proof. Let z = (1 —t)x + ty. Then we have x < z < y, and the hypothesis implies
that the point (z, f(z)) is on the line D joining the points (x, f(x)) and (y, f(y)) in
the plane. Consider a point M on the graph of f. By 6.2.2, the point M is above the
line D. By convexity of the map f, the point M is below the line D. Therefore, the
point M is on D. This completes the proof of the proposition. O

Corollary 6.2.5. Let f: I — R be a convex function. Then f is strictly convex if
and only if there exist no points x and y in I satisfying x <y such that the restriction
of f to the interval [x, y] is an affine map O
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Proposition 6.2.6. Let f: I — R be a convex (respectively strictly convex) function.
Then, for all a in I, the function f,: I \ {a} — R defined by

J(&x) = f(a)

X —a

Ja(x) =
is increasing (respectively strictly increasing).
Proof. The proof follows from Property (iv) of Proposition 6.2.1. O

Proposition 6.2.7 (Existence of left and right derivatives). Let f: I — R be a con-

vex function. Then, at each point x in I (the interior of I), [ admits a left derivative
f]/(x) and a right derivative f|(x) that are both finite. Furthermore, for all x and y

in I satisfying x <y, we have

Flx) < flx) < ) < fLO).

Proof. Let us fix a point a in /. For all x in I with x # a, the value f,(x) =
(f(y) — f(a))/(y — a) is the slope of the affine line joining the points (x, f(x)) and
(a, f(a))onthe graphof f. If f isconvex, then, by Condition (iii) of Proposition 6.2.1,
we have f,(x) < f,(y) for all x and y in [ satisfying x < y < a. Thus, f,(x) is an
increasing function of x, for x in the interval /N] — oo, a[. Furthermore, this function
is bounded from above since, for all x and z in [ satisfying x < a < z, we have,
by Condition (iv) of Proposition 6.2.1, f,(x) < f,(z). We conclude that f,(x) has a
finite limit as x tends to a (with x < a). By definition, this limit is the left derivative
f](a) of f atthe pointa. Inthe same manner, we can show that f has a right derivative

f/(a) at every point a in I. Furthermore, we have shown that for all x, y and a in I
satisfying x < a < y, we have

f(x) = f(a)
a

< fl@ = fl) < L1222 @
X — y—a

which implies

fiw = e < TOZTD

< i = K.
This completes the proof of Proposition 6.2.7. O

Corollary 6.2.8 (Continuity of convex functions). Let f: I — R be a convex func-

tion. Then f is continuous on I.

Proof. From Proposition 6.2.7, at each point in /, the map f has a finite right and a
finite left derivative. Therefore, this map has a right and a left limit at each point, and
it is therefore continuous. |
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Proposition 6.2.9 (Existence of a derivative in the complement of a countable set).
Let f: I — R be a convex function. Then the set of points in I where f does not
have a derivative is at most countable.

Proof. Suppose that there exist two points x and y in I, with x < y, at which f
does not have a derivative. By Proposition 6.2.7, the left and right derivatives at
each of these points exist, but they are distinct. Thus, we have, again by Proposi-
tion 6.2.7, f/(x) < f/(x) < f/(y) < f/(y). Therefore, the two open intervals
1/ (x), fi(x)[and ] f/(y), f/ (y)[ are disjoint. Thus, to each point x where f does not
have a derivative, we can associate a rational number in the open nonempty interval
] f/ (x) < f/(x)[, and we obtain in this manner an injection from the set of points at
which f does not have a derivative into the set of rational numbers. This shows that
the set of points in / where f does not have a derivative is at most countable. O

Busemann introduced in [28] (p. 109) a new terminology to describe a certain
property of a real-valued function of a real variable, which is more general than
convexity and which he uses in his theory of geodesics in metric spaces. We recall it
here:

Definition 6.2.10 (Peakless function). A continuous function f: I — R is said to be
peakless if there exists a sub-interval Ip (which may be empty) of I on which f is
constant and such that the complement of Iy in 7 is the union of two sub-intervals
Iy and I,, with f strictly decreasing on I; and strictly increasing on I,. In the case
where [ is nonempty, the interval [; is either empty or situated to the left of Iy, and
the interval I, is either empty or situated to the right of Ip. The function f is said to
be strictly peakless if I is either a single point or empty.

Thus, the graph of a peakless function f has the aspect described in Figure 6.3.

Figure 6.3. A peakless function.

It is easy to see that the three intervals Iy, ; and I, that appear in Definition 6.2.10
are uniquely determined by the property described there.
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Peakless functions share some of the properties of convex functions. For instance,
if a peakless function has a maximum, then it is constant. From Proposition 6.2.7, we
deduce the following

Proposition 6.2.11 (Convex functions are peakless). Let f: I — R be a continuous
convex function. Then f is peakless.

Proof. This follows from the fact that the function x + f/(x) is increasing on [
(Proposition 6.2.7). The interval Iy is the set of points where f; = 0, the interval I is
the set of points where f| < 0 and the interval /, is the set of points where f, > 0. O

In particular, a convex functions (as a peakless functions) has the property that if
it is constant on some interval with nonempty interior, then every point of that interval
is a global minimum point.

The following corollary will also be useful for us:

Corollary 6.2.12. Let [x, y] be a compact interval of R and let f: [x,y] — R be a
nonnegative convex function satisfying f(x) = 0. Then f is increasing.

Proof. This follows directly from the fact that f is continuous on / and from the
description of the variation of f given in Proposition 6.2.11. O

Proposition 6.2.13. Let [xq, x1] be a compact interval of R and let f: [xg, x1] > R
be a convex function. Then, for every x € [xo, x1], we have

J(x) = max{f(xo), f(x1)}.

Furthermore, if for some x in ]xg, x1[ we have

J(x) = max{f(xo), f(x1)},

then f is constant on [xg, x1].

Proof. Let M = max{f(xg), f(x1)}. Every point in [xp, x1] can be written as
x; = (1 —t)xo + x1, with t € [0, 1]. By convexity of f, we have

f) =@ =0)fxo)+tf(x) =A—-M+1M =M.

The second part of the statement follows from the fact that f is continuous on ]xg, x1[
and from the fact that a continuous convex function is peakless. O

Proposition 6.2.14 (Characterization of convex functions). Let f: I — R be a map.
Then the following conditions are equivalent:

(1) f is convex (respectively strictly convex),
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(ii) f is continuous on I, there is a countable set in I on the complement of which
[ has a derivative, and the derivative of f, as a map defined on the set of points
where this derivative exists, is increasing (respectively strictly increasing).

Proof. We have (i) = (ii) by Propositions 6.2.8, 6.2.9 and 6.2.7. Let us prove (ii) = (i).
Suppose that Condition (ii) holds and let £ be the set of points where f has a derivative.
We reason by contradiction. If f were not convex, then by Proposition 6.2.1, we can
find points x, y and z in / such that x < y < z and such that

f@—=f» <f(y)—f(x)
Z—y y—x

By the mean value theorem, we obtain

y—Xx ueDN]x,y[
nd fO) = )
. / y) — X
ueﬁ%%gy,z[f (u) = y—x '

Thus, we have
inf  f'u) < sup  f'(w),
ueDN]y,z| ueDN]x,y[
which contradicts the fact that f” is increasing on D. O

Corollary 6.2.15. Let f: I — Rbea C*-map. Then f is convex (respectively strictly
convex) if and only if f” > 0 (respectively " > 0). |

Finally, we have the following
Theorem 6.2.16 (Locally convex implies convex). Let f: I — Rbealocally convex
function. (In other words, suppose that for all x in I, there is an open interval I, C |

containing x such that the restriction of f to I is a convex function.) Then f is convex.

Proof. This follows directly from the characterization of convex functions that is given
in Proposition 6.2.14. O

Notes on Chapter 6

Convex functions. Convex functions have remarkable properties, and they have
applications in several branches of mathematics, including functional analysis, control
theory, economics, optimisation and, of course, geometry.
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The idea of studying a convex functions is already contained in [59], which is
one of the early papers by Hadamard. In this paper, Hadamard, studies Riemann’s
zeta function and he introduces a class of real-valued functions of one real variable
that have a derivative except at some finite set, and whose derivative is an increasing
function, a property which of course is very close to the definition of a convex function.

Several of the results in this chapter will be proved in the more general context of
convex functions defined on geodesically convex subspaces of Busemann spaces. For
instance, Corollary 6.1.7 is a special case of Proposition 8.4.8 of Chapter 8.

Inequality (ii) of Proposition 6.1.13 is generally referred to as Jensen’s inequality.
J. L. Jensen is considered generally as being the first mathematician who studied
convex functions in a systematic way. His foundational papers on the subject are [76]
and [77]." In these papers, Jensen defines a convex function as a function f on a
compact interval [a, b] C R satisfying inequality

1
() f (x ; 4 ) =s(f@+rm)

for all x and y in [a, b] (without a continuity hypothesis). He proved that if such a
function is bounded above, then it is continuous on the open interval ]a, b[, and it
possesses at every point of ]a, b[ a left and a right derivative. It is now a classical
result that if a function f defined on a convex subset C of a vector space satisfies ()
and if f is bounded on some open subset of C, then f is convex.

Another result of Jensen says that inequality (x) holds for all x and y in [a, b] if
and only if the following inequality

(k%) fixyr+- -+ tyxy) <t1 f(x) + -+ 1, f(x0)

(that is, inequality (ii) of Proposition 6.1.13) holds for every integer n > 1, for all
f1,...,ty €[0, 1] satisfying t; +- - - +1, = l and forall x1, ... x;, € I. Inequality (x)
is inequality 6.1.21.1 of Proposition 6.1.21, in which we suppose that f is continuous.
In [77], Jensen attributes Inequality () to Otto Holder (1859—1937) who, in his paper
[72], establishes it for a @2-map f whose second derivative is nonnegative.

Otto Stolz (1842-1905) proved in [129] that if f: [a, b] — R is continuous and
if it satisfies (x) for all x and y in [a, b], then f has aright and a left derivative at each
point of the open interval [a, b].

Peakless functions. Peakless functions (Definition 6.2.10) were defined by Busemann
in [28] p. 109. According to that definition, a continuous function f: I — X is
peakless if for every x1, x2 and x3 in [ satisfying x| < x2 < x3, we have

J(x2) = max{f(x1), f(x3)},

I'We mention that the Danish mathematician Johann Ludwig Jensen was as an engineer doing research
in mathematics at his spare time. Furthermore, he was completely self-taught for what concerns higher
mathematics.
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and equality implies that f(x1) = f(x3). (This is equivalent to Definition 6.2.10
above.) Thus, Proposition 6.2.13 is equivalent to the fact that the function f in that
statement is peakless on the interval ]xg, yol.

Busemann introduced peakless functions to define a notion of a “metric space
in which the distance function is peakless”. Such spaces generalize his “negatively
curved spaces” that is, the spaces we call Busemann spaces, which are characterized
by the fact that the distance function between two geodesics is convex. We refer the
reader to the notes on Chapter 9 below for a more precise statement.



Chapter 7

Strictly convex normed vector spaces

Introduction

In this chapter, we study strictly convex normed vector spaces as examples of geodesic
spaces.

A normed vector space E is strictly convex if for all distinct xo and x; in E
satisfying [|xo|l = ||x1]| = 1 and for all # in ]0, 1[, we have

(A —Hxo +tx1] < 1.

Strictly convex normed vector spaces are uniquely geodesic. We note right away
that strictly convex normed vector spaces are also examples of Busemann spaces, that
we shall study in Chapter 8.

The outline of this chapter is as follows.

In Section 1, we give the definition and various characterizations of strictly convex
normed vector spaces. Some of these characterizations can be formulated as follows
(we shall give precise statements below):

e the spheres are strictly convex;
o the distance function to any point is strictly convex;
e any projection map onto a closed affinely convex subset is strictly convex.

In Section 2, we show that a normed vector space is strictly convex if and only
if it is uniquely geodesic, and we give several other metric characterizations of strict
convexity of normed vector spaces in terms of inequalities involving distances between
a finite number of points in such a space.

In Section 3, we study the strict convexity of vector spaces equipped with norms
arising from inner products and with the familiar £7 norms.

7.1 Strictly convex normed vector spaces

We saw in Chapter 5 that normed vector spaces are examples of geodesic metric
spaces. Not all these vector spaces are uniquely geodesic. The property of being
uniquely geodesic is related to the geometry of the unit ball of the space. We already
saw that the (closed or open) unit ball in a normed vector space is affinely convex
(Proposition 5.3.14). We shall prove below that a normed vector space is uniquely
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geodesic if and only if it satisfies the following property, which in some sense expresses
the fact that the closed unit ball is strictly convex:

Definition 7.1.1 (Strictly convex normed vector space). A normed vector space E is
said to be strictly convex if for all distinct xo and x; in E satisfying ||xp|| = [|x1]| = 1
and for all 7 in ]0, 1[, we have ||(1 — )xo + tx1|| < 1.

The next proposition is merely a reformulation of this definition, but it expresses
more clearly strict convexity of a normed vector space in terms of an affine property
of its unit sphere (or of any sphere) in that space.

Proposition 7.1.2 (Strict convexity of spheres). A normed vector space E is strictly
convex if and only if its unit sphere (or equivalently, any sphere of positive radius) in
E does not contain any affine segment that is not reduced to a point.

Proof. The proof in the case of the unit sphere follows trivially from Definition 7.1.1.
The case of an arbitrary sphere of positive radius follows by applying to that sphere a
translation followed by a homothety of E, that send this sphere onto the unit sphere,
and using the fact that these transformations preserve the affine properties. O

Thus, by looking at the pictures of the unit spheres (Figure 7.1), we can see that
the vector space R? equipped with the ¢£2 norm is strictly convex, whereas the same
vector space equipped with the £! or with the £>° norm is not strictly convex.

Z\
N7

Figure 7.1. The outer square is the unit sphere for the £°° norm, the inner square is the unit
sphere for the ot norm, and the circle in between is the unit sphere for the 22 norm.

Proposition 7.1.3 (Strict convexity of the distance function). A normed vector space
E is strictly convex if and only if for every point x in E and for every distinct points
xo and x1 in E satisfying ||x — xol| = ||x — x1||, the distance from x to the point
xr = (1 — t)xo + tx1 is a strictly convex function of t in [0, 1]. In other words, the
map

t = |lx — (1 =1)xo — tx1]],

defined on [0, 1], is strictly convex.
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Proof. We reason by contradiction. Suppose that there exist three points x, x¢ and
x1 in E, with xo and x; distinct and satisfying ||x — xo|| = ||x — x1l|, and such that
the distance function ¢ — || x — x;|| is not strictly convex. Performing, if necessary, a
translation followed by a homothety of E, we can assume that x is the origin of E of
and that xo and x| are at distance 1 from the origin. Thus, from Definition 7.1.1, E is
not strictly convex.

Conversely, suppose that for any x in E and for any distinct points x¢ and xj in E
satisfying ||x — xg|| = [|x — x1]|, the map # — ||x — x;|| is strictly convex. Taking x to
be the origin of E and taking x( and x to be any points at distance 1 from this origin,
we see from Definition 7.1.1 that E is strictly convex. This completes the proof of
Proposition 7.1.3. O

Proposition 7.1.4 (Projection onto a closed convex subset). A normed vector space
E is strictly convex if and only if for every x in E and for every affinely convex closed
subset C of E, there is a unique projection of x on C.

Proof. Suppose that E is strictly convex, let C be an affinely convex closed subset
of E, let x be a point in E and suppose that x has two distinct projections xp and x
on C. Since C is convex, the affine segment [xq, x1] is contained in C. For every ¢
in [0, 1], let x;, = (1 — #)xp + tx1. We have ||x — xg|| = [|lx — x1||. Therefore, by
Proposition 7.1.3, the map ¢t — ||x — x;|| is strictly convex, which gives, for all ¢ in
10, 1,

Ix —xell < llx = xoll = [lx — x1l.

This contradicts the fact that xg and x| are projections of x on C. Thus, the projection
of x on C is unique.

Conversely, suppose that for every x in E and for every affinely convex closed
subset C of E, there is a unique projection of x on C. Suppose that the unit sphere
of E contains an affine segment. This segment is a closed convex subset of E, and
we call it C. The distance from the origin O to any point in C is equal to 1, and each
point in C is therefore a projection of O on C. By the uniqueness of the projection,
the segment C must be reduced to a point. Proposition 7.1.2 then implies that E is
strictly convex. This completes the proof of Proposition 7.1.4. O

7.2 Uniquely geodesic spaces

The next proposition gives several characterizations of strict convexity for normed
vector spaces.

Proposition 7.2.1. Let E be a normed vector space and let O denote its origin. The
following nine properties are equivalent:

(1) as a metric space, E is uniquely geodesic;
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(i) for every x in E, there exists a unique geodesic segment joining O to x;

(iii) if x and y are two points in E satisfying ||x|| + ||yl = ||x + y||, then either
y = O or there exists a nonnegative real number A such that x = Ay;

(iv) ifx, y and z are three points in E satisfying |x — y|| + |y — zll = ||x — z||, then
there exists t in [0, 1] such that y = (1 —t)x + tz;

(v) the normed vector space E is strictly convex;

(vi) for all distinct x and y in E satisfying ||x|| = ||yl = 1, we have ||x + y|| < 2;
(vii) for every x and y in E that are not collinear, we have ||x + y|| < ||x| + |y,
(viii) for every x and y in E with x # y and for every p in ]1, oo[, we have

xX+y
2

LS|
< 5(|IXII”+ IyI17);

(ix) for every x and y in E with x # y and for every p in |1, oo, the map on E
defined by x +— ||x||? is strictly convex.

Proof. Implication (i) = (ii) is trivial and (v) = (vi) follows from Definition 7.1.1 by
taking r = 1/2.

We begin by proving (ii) = (iii). Let x and y be two points in E. If x = O, then
we have x = Ay with A = 0 and the conclusion of (iii) is satisfied. Therefore we can
assume that x # O. Consider the path y: [0, ||x|| + ||y||]] — E defined by

T if 0<r <,
YO =101 = i~ lx] :

(1= G5 x+ e+ Ikl < < hal+ il
(Of course, the second case is useful in this definition if and only if ||y|| # O.)

The path y is obtained by concatenating two affine geodesics, namely the affine
geodesic joining O to x and the affine geodesic joining x to x + y. These two affine
geodesics are parametrized by arclength. Therefore, by Proposition 1.2.7, y is also
parametrized by arclength. Thus, y joins O to x 4 y, it is parametrized by arclength
and it satisfies L(y) = [lx|| + [[y[l. If [lx]| + [yl = llx + yll, then L(y) = [lx + ylI
and Proposition 2.2.7 implies that y is geodesic. Now if Condition (ii) is satisfied,
then any point on the image of y is on the image of the affine geodesic joining O to
x + y. In particular, there exists a real number A’ in [0, 1] such that x = A/(x + y).
Hence, (1 — A)x = Ay, and if y # O we have A" # 1, which implies x = Ay with
A =A"/(1 —L"). This proves (ii) = (iii).

Now let us prove that (iii) = (iv). Let x and y be two points in E satisfying
lx — vl + Iy — zll = |lx — z||. If (iii) is satisfied, then either y = z or there exists
A > 0 such that x — y = A(y — 2), or, equivalently,

y=x/(0+A)+Arz/(1+1).
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Therefore Property (iv) is satisfied with r = A /(1 + A).

Let us show that (iv) = (i). Let x and z be two arbitrary points in X. The affine
segment {(1 —#)x +1z,¢ € [0, 1]} is a geodesic segment joining x to z. Suppose that
y is a point on a geodesic segment joining x and z. Then by Proposition 2.2.7, we
have ||x — y|| + ||y — zl| = |lx — z|| . Therefore Property (iv) implies that y is on the
affine segment {(1 — ¢)x + ¢z, t € [0, 1]}. Thus, this segment is the unique geodesic
segment joining x and z.

Let us show that (iii) = (v). Let x and y be two distinct vectors of norm one and
let # be in JO, 1[. We claim that there does not exist any nonnegative real number A
satisfying tx = (1 —t)Ly. Indeed, this equality would imply that x and y are situated
on the same line through the origin, and since both vectors have norm 1, this would
imply x = £y. Then x = y using again the equality tx = (1 — t)ALy. Thus, if
Condition (iii) is satisfied, then

ltx + (A =yl <tlxl + A =Dyl =r+1A=-1) =1,

which implies that Condition (v) is satisfied.

Let us show that (v) = (iii). Suppose that Condition (v) is satisfied and let x
and y be two non-zero vectors in E. Letus setu = x/||x|, v = y/|ly| and t =
lxIl/(lx]l + lIy]l). Then we have |lul| = |lv]l = 1,0 <t < land tu + (1 —t)v =
(x 4+ y)/lx]l + Iyl If no nonnegative real number A exists such that x = Ay, then
u # v, and therefore we obtain, from Condition (v), ||t + (1 — f)v| < 1. Hence,
lx + ¥|l < llx|l + |l¥]l. Therefore Condition (iii) is satisfied.

We prove that (vi) = (vii) by contradiction. Suppose that x and y are not collinear
and that

(7.2.1.1) lx + vl =lxll + Iyl

and let us show that (vi) cannot hold. Dividing the two members of (7.2.1.1) by
max{||x||, [|y]l}, we can suppose, up to interchanging the names of x and y, that
|yl = 1 and ||x|| < 1. The map ¢t — |[tx + y||, defined on [0, oo, is convex
(Proposition 6.1.18), and it is bounded above by the linear map ¢ — ¢|x|| + |||,
defined on the same interval. Furthermore, the two maps coincide for t+ = 0 and for
t = 1. By Proposition 6.2.4, these two maps coincide on [1, oo[. Thus, we have
|ltx + y| = tllxl + lly|l forall # > 1. Taking ¢ = 1/||x||, we obtain

which shows that (vi) is not satisfied. Thus, we have (vi) = (vii).
Now we prove that (vii) = (viii). If (vii) is satisfied, then if x and y are not
collinear, we have, ||x + y|| < [lx|| + ||yl which implies, for all p in ]1, ocol,

P (IIXII + IIyII)p

= —+Iyl=2,
[lxl

[lxl

X H _ il
+y

r+y
2
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By convexity of the map ¢ +— t”, we have

P 1
<”X”2M> < 3 Ux1” + Iy17).

Thus, we obtain

x+y|?

2

1
< E(IIXIIP + Iv1I7),

which is the desired inequality.
Now suppose that x and y are collinear and let us write y = ¢x for some ¢ in R.

Then we have
p

p
= [lxl

X +tx
2

xX+y
2

P4
2

and

1 1 1
E(IIXII” + IylIl?) = E(lell” + [P llx)|P) = S+ [ 17) 111

By elementary calculus, one can see that

1+6\? 1
- _1 tp
<2><2(+II)

forallr # 1 and for all p > 1.
Thus, we obtain again, in the case where x and y are collinear,

x+y|?

2

1
< E(IIXII”Jr IyI17).

This proves (vii) = (viii).

Now we prove that (viii) = (ix), that is, we prove that if (viii) is satisfied, then, for
any two distinct vectors x and y in X, for any p in ]1, oo[ and for any ¢ in ]0, 1[, we
have

(A =0x +eyl|? < A =0)llx||P +2]yll”.

First, suppose that 0 < ¢ < 1/2. We claim that the map x — ||x]||? is convex for
all p in ]1, oo[. Indeed, since the map x +—> ||x|| is convex on E and the map ¢ +— 7,
is convex and increasing on [0, oo, for all p in ]1, oo[, then, by Proposition 6.1.19,
x > ||x||? is convex. Thus, we have

2(1 =20)x +2t(x + y) ||P

2

(1= )x +1yll? = H

p

< (1 =20)|x|I” + 2¢

xX+y
2
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Now if Condition (viii) is satisfied, then

p
< @ =200xI” +e(llxI” + Iy 17

(1 —20)x||” + 21 x;y

= AP +lyl.
Thus, we obtain
(1 —)x +tyll? < (1 =20 x[|” + ¢yl

which is the desired inequality. The case where 1/2 <t < 1 is handled in the same
way. This shows that (viii) = (ix).

Finally, let us prove that (ix) = (v). If (ix) is satisfied, then for any two distinct
points x and y in X, for any p in ]1, oo[ and for any ¢ in ]0, 1[, we have

(1 —x +ey? < A =)llx|I” +llyll”.

In particular, for ||x|| = |yl = 1, we obtain [|[(1 — t)x + ty||? < 1, that is,
I(1 — t)x + ty|| < 1. Thus, (v) is satisfied. This completes the proof of Propo-
sition 7.2.1. O

We end this section with another characterization of strict convexity of a normed
vector space in terms of the geometry of its unit ball. Before stating it, we need to
recall the following classical notion in convexity theory. It is important for us because
it makes sense in an arbitrary geodesic metric space.

Definition 7.2.2 (Extreme point). Let E be a normed vector space and let X be an
affinely convex subset of E. Then a point x in X is said to be an extreme point of X
if the set X \ {x} is convex.

Equivalently, a point x in X is an extreme point of X if for any xp and x; in X
satisfying x = (1 — #)xo + ¢tx1 with ¢ in ]O, 1[, we have xg = x1 = x.

We already know that the closed unit ball in a normed vector space is convex. The
following characterization of strictly convex normed vector spaces says that in such a
space, the closed unit ball is strictly convex.

Proposition 7.2.3. A normed vector space E is strictly convex if and only if every
point on the unit sphere of E is an extreme point of the closed unit ball.

Proof. Suppose that E is strictly convex and let B be the closed unit ball of E. Let x;
be a point on the unit sphere of E such that there exist two points xop and x1 in B and a
real number ¢ in ]0, 1[ satisfying x; = (1 — #)xo 4 tx;. By the triangle inequality, we
have ||x/|| < (1 — t)||xoll + t]lx1]|, and if any one of the two quantities ||xg|| or ||x1||
is < 1, then ||x;|| < 1. This contradicts the fact that x; is on the unit sphere. Thus, we
have [lxol| = [lxi]| = 1.
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Now we claim that ||xg + x1|| = 2. Indeed, if this were not the case, then we
would have ||xg + x1]| < 2, which implies

L= lx |l = I = 0)x; + 1xe |l

= (1 =) (1 = t)xo + 1x1) + 1((1 = 1)xo + 1x1) |

= (1 = )°x0 + 1(1 = ) (xo + x1) + 7x1 |

< (1= 0?lIxoll + 11 = D)llxo + x| + 2 1|

=1 =02+t —1)+1?

<(1=024210=1)+1> =1,
which is a contradiction. Thus, we have |xo + x1|| = 2. Since E is strictly convex,
this implies, by Property (vi) of Proposition 7.2.1, that x9 = x; and therefore that
Xy = xo = x1. Thus, x; is an extreme point of B.

To prove the converse, suppose that every point on the unit sphere of E is an

extreme point of B and let us show that Property (vi) of Proposition 7.2.1 is satisfied.
Let x and y be two distinct points in B satisfying ||x|| = ||y|| = 1. If [[(x+y)/2|| = 1,

then (x 4+ y)/2 would be a point on the unit sphere that is not an extreme point of B.
Thus, we have ||(x + y)/2|| < 1, and Property (vi) is satisfied. |

7.3 Inner products and £” norms

In this section, we give a few examples of strictly convex normed vector spaces among
the classical spaces. We start by spaces whose norms are defined by inner products.

We recall that an inner product on a real vector space E is a bilinear form E x
E — R, that we shall denote by (x, y) — (x|y) and that satisfies the following two
properties:

o the form is symmetric, that is, (x|y) = (y|x) for all x and y in E;
o the form is positive definite, that is, (x|x) > O for all x # 0.

We recall also that any inner product satisfies the following inequality, which is
usually referred to as Minkowski’s inequality:

(7.3.1.1) Ve +ylx+y) < V@) +Voly)

for all x and y in E, with equality if and only if either y = 0 or y = Ax for some
nonnegative real number A.

The norm on E associated to this inner product is defined by setting || x || = +/(x]x)
for every x in X.

Proposition 7.3.1. Let E be a vector space equipped with a norm arising from an
inner product. Then E is strictly convex.
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Proof. 1t suffices to see that Property (vii) of Proposition 7.2.1 is satisfied; this follows
from Minkowski’s inequality (7.3.1.1) and from its equality case, that we recalled
above. O

For every integer n > 1 and for every p in [1, co] = [1, co[U{oco}, we recall that
the £7 norm on R”, denoted by || |, is defined by

o llxll, = QP |x:17)!/P for pin[1, oo[;

® |Ixlloo = sup;—y ., (Ix1l, ..., |xu]) for p = oo.

Proposition 7.3.2. Given any integer n > 2 and given p in [1, 0o], consider the
vector space R" equipped with the £P norm. Then, for p €]1, oo[, this normed vector
space is strictly convex. For p = 1 or p = 00, this normed vector space is not strictly
convex.

Proof. For p = 1 and p = oo, we saw that the unit sphere of £” contains a non-trivial
affine segment (Figure 7.1). Therefore, by Proposition 7.1.2, this space is not strictly
convex. (In fact, we already saw in Example 5.3.9 that such a space is not uniquely
geodesic, and therefore the result also follows from Proposition 7.2.1) For p in |1, oo[,
we use the criterion for equality in Minkowski’s inequality in Proposition 2.6.4, which
says that for all x and y in R”, if x and y are not collinear, and if p is in ]1, co[, then
lx + yll, < llxll, + lI¥llp. Proposition 7.2.1 implies that in that case (R", £7) is not
strictly convex. O

Notes on Chapter 7

There is an extensive literature on the subject of strict convexity in normed vector
spaces. Most of the criteria of Proposition 7.2.1 are contained in the textbooks [16]
and [75], and there are other criteria. For instance, a result of M. A. Khamsi says that a
Banach space E is strictly convex if and only if for every nonexpansive map f defined
on a convex subset C of E, the fixed point set of f is convex (Theorem 4 of [87]).



Chapter 8

Busemann spaces

Introduction

A Busemann space is a geodesic metric space X such that for any two geodesics
y:la,b] — X and y’: [a’, b'] — X, the map from [a, b] x [a’, '] to R defined by

(t, 1) = |y —y' @)

is convex.

In this chapter, we study the basic properties of Busemann spaces. The outline is
the following:

In Section 1, we give several characterizations of Busemann spaces. Then we give
examples that include Euclidean and hyperbolic spaces, R-trees and strictly convex
normed vector spaces. We prove that Busemann spaces are uniquely geodesic and
contractible.

In Section 2, we study local geodesics in Busemann spaces. We prove that any
local geodesic in a Busemann space is a geodesic.

In Section 3, we collect some facts about geodesically convex subsets in a Buse-
mann space and we prove another “local-implies-global” property, which concerns
geodesically convex subsets in Busemann spaces.

In Section 4, we study convex functions defined on a geodesic metric space and
then we specialize to the case of a Busemann space.

In the notes at the end of this chapter, we discuss convexity properties of Teich-
miiller space, equipped with its Teichmiiller metric and with its Weil-Petersson metric.

Notation. In all this chapter, if a geodesic is denoted by y, y: [a, b] — X, then it is
implicitly assumed that y (@) = x and y (b) = y.

8.1 Busemann spaces

Definition 8.1.1 (Busemann spaces). A metric space X is said to be a Busemann space
if X is a geodesic metric space and if for any two affinely reparametrized geodesics
y:la,bl - X and y': [@',b'] — X, the map D,, ,: [a, b] x [a’, b'] — R defined
by

8.1.1.1) D, (t,t)=ly@)—y' )]

1S convex.
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Proposition 8.1.2 (Characterization of Busemann spaces). Let X be a geodesic met-
ric space. Then properties (i) to (xi) that follow are equivalent:

(1) X is a Busemann space.

(i1) Let [xq, x1] and [x('), x{] be two arbitrary geodesic segments in X. For every t
in [0, 1], let x; be the point on [xg, x1] satisfying |xo — x;| = t|xo — x1| and let
x; be the point on [x(, x|] satisfying |x; — x{| = t|x{, — x{|. Then we have

e — x| < (1= D)lxo — x| + tlxg — x{l.

(iii) For all affinely reparametrized geodesics y : [a,b] — X andy': [d',b'] — X,
themap d,, ., : [0, 1] — X defined by

(8.1.2.1) dy (@) =y ((1 = Da+1b) — y(( = a’ +1b)]

s convex.

(iv) Let y: [a,b] — X and y’: [d',b'] — X be two arbitrary affinely reparame-
trized geodesics in X and let d,, ' [0, 1] — X be the map defined by formula
(8.1.2.1) Then we have, for all t and t' in [0, 1],

t+1t 1
dy ( 5 ) < 5(dw,(t) +d, ., ()).
(v) Let [xg, x1] and [x(’), xi] be two arbitrary geodesic segments in X and let m and
m'’ be their respective midpoints. Then we have

1
|m —m'| < §(|xo —x1| + |x(’) —xﬂ).

(vi) Let [xg, x1] and [xo, xi] be two geodesic segments in X having a point xo as
a common initial point. For all t in [0, 1], let x; and x| be the points situated
respectively on [xg, x1] and [xo, xi] and satisfying |xo — x;| = t|xo — x1| and
|xo — x{| = tlxo — x{|. Then, for all t in [0, 1], we have

Ix; — x;] < tlx; — x|

(vii) Let[xg, x1] and [xo, xi] be two geodesic segments in X having a common initial
point xq, and let m and m’ be their respective midpoints. Then we have

1
Im —m'| < 5 - xql.

(viii) For all affinely reparametrized geodesics y : [0,1] = X and y': [0, 1] — X,
we have, for all t in [0, 1],

ly (@) =y (O] < (1 =Dy ©) —y' O] +tly (1) — y' (D).
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(ix) For all affinely reparametrized geodesics y : [0,11 — X and y’: [0,1] — X
satisfying v (0) = y’(0), we have, for all t in [0, 1],

ly (@ —y' O < tly(D) =y DI.

(x) For all affinely reparametrized geodesics y : [0,1] = X and y': [0,1] - X
satisfying y (0) = y'(0), we have

ly(1/2) —y'(1/2)] = (1/2)ly (1) = y"(DI.

(xi) For all affinely reparametrized geodesics y : [0, 11 — X and y': [0, 1] — X,
we have

ly(1/2) = y'(1/2)] = (1/2)|y (0) = y'O)| + (1/2)|y (1) = y' (D).

Proof. We have (ii) <= (iii) <= (viii), since convexity of functions is preserved
under precomposition by an affine map. The following equivalences also follow clearly
from the definitions: (iv) <= (v) <= (xi), (vi) <= (ix) and (vii) <= (x). We
have (iii) <= (iv) and (vi) <= (vii) by Proposition 6.1.21 (or by the same proof).
Implication (v) = (vii) is also clear. Therefore, it suffices to prove that (i) <= (ii)
and that (vii) = (v).

We start by proving that (i) = (ii). Let [xg, x1] and [x(’), xi] be two arbitrary
geodesic segments in X andlety : [a, b] — X andy’: [@’, b'] — X be two geodesics
whose images are respectively [xo, x1] and [yo, y1]. Let D, ,: [a, b] x [a’,b'] = R
be the map defined in (8.1.1.1). Since X is a Busemann space, we have, for all # and
u'in [a, b] x [a’, '] and for all ¢ in [0, 1],

(8.1.2.2) Dy, ((1=tu+1u') <A =1)D, u)+1D,y, ).
Letting v and w denote respectively the pairs (a, a’) and (b, b’), we have

D, ,(v) =|y(a) —y' (@) = |x —x'l,
Dy (w) =y®) —y' B =1y -y
and

Dy, ((1 =t +1w)) = Dy ((1 = a + b, (1 — )a’ + 1))
= ly(( = a+1tb) —y'((1 — )a' +tb)]

= |x; — x,’|.
Thus, we obtain, from (8.1.2.2):
Ixr — x/| < (1 = 1)|xo — x| + tlx1, X1,

which proves that (i) = (ii).
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Now we prove that (ii) = (i). Let us consider two geodesics y: [a,b] — X
and y’: [d’, b'] — X and let us take two arbitrary points in [a, b] x [a’, b'], whose
coordinates are respectively (v, v’) and (w, w’). We set x = y(v), y = y(w),
[x, y1 =y (v, wD), x" = y'(v'), y’ = y'(w') and [x", y'] = y"([v', w']).

Then we have

(8.1.2.3) Dy, (v, V) =y —y' )] = |x —x
and
(8.1.2.4) Dy (w,w) =lyw)—y' ) =1ly—yl

For all ¢ in [0, 1], let x; be the point on [x, y] satisfying |x; — x| = t|x — y| and
let x; be the point on [x’, y'] satisfying |x; — x’| = ¢|x’ — y’|. Then,

(8.1.2.5) D},,y/((l — (v, V) +t(w, w/)) = |x; — x;].

By property (ii), we have
(8.1.2.6) lx, —x;| < (L —10)|x —x'| +tly — ']
Inserting (8.1.2.3), (8.1.2.4) and (8.1.2.5) in (8.1.2.6), we obtain

Dy ((1 =), v") +t(w, w")) < (1 =)Dy (v, V') + 1Dy o (w, w'),

which shows that (ii) = ().

Finally, let us prove that (vii)= (v). Let [xo, x1] and [x, x{] be two arbitrary
geodesic segments in X. Since X is a geodesic space, there exists a geodesic segment
[x0, x{] joining xo and x{. Let m, m" and m” be the midpoints of [x¢, x1], [x(, x]] and

[x0, xi] respectively. Applying property (vii) to the segments [x¢, x1] and [xg, xi], we
obtain

=1 = 3 (b = )

Applying the same property to the segments [x{, xo] and [x], x], we find
m' — | = 5 (1x0 — )

By the triangle inequality, we then obtain

1
Im—m'| <|m—m"|+|m" —m'| < E('“ — x|+ Ix0 — xg),

which shows that (vii) = (v). This completes the proof of Proposition 8.1.2. O
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Examples 8.1.3 (Busemann spaces).

(i) Euclidean space E*. If [x, y] and [x, z] are two geodesic segments in E” and
if m and m’ are their respective midpoints, then, by the theorem of Thales, |m —m'| =
(1/2)]y — z|. Property (vii) of Proposition 8.1.2 is therefore satisfied. (In fact, the
equality instead of the large inequality for all geodesic segments [x, y] and [x, z] in
E" means that the space has zero curvature in the sense of Busemann.)

(ii) Hyperbolic space H". Let us prove that for all n > 2, hyperbolic space H"
is a Busemann space. We prove that criterion (vii) of Proposition 8.1.2 is satisfied,
using a well-known property of hyperbolic isometries of H?. Let [x, y] and [x, z] be
two geodesic segments in H" with a common initial point x. These two segments are
contained in a plane (that is, a two-dimensional totally geodesic subspace) of H". Such
a plane is isometric to the space H2. Therefore, it suffices to prove the desired property
in H?. We may assume that the points x, y and z are pairwise distinct (otherwise the
result is trivial). Let m and m’ be the midpoints of [x, y] and [x, z] respectively and
let us call s,, and s, the central symmetries of H? with respect to the points 7 and
m’. Then, the composed map s, o sy, is an isometry of hyperbolic type whose axis is
the hyperbolic line containing m and m’, and whose minimal displacement is equal to
2|m — m’|. On the other hand, we have s,,’ o s,,(y) = z. Since y is not on the axis of
the isometry s, o s,,,, we have |y — z| > 2|m — m/'|, which is the required inequality.
(In fact, the last inequality is strict, and the strict inequality means, in the language of
Busemann, that this space has negative curvature.)

(iii) The Hilbert metric. Let A be abounded open convex subset of R”. In Section 6
of Chapter 5, we recalled the construction of the Hilbert metric of A. We saw that A,
equipped with this metric, is a geodesic metric space for which the Euclidean segments
are geodesic. We also saw that this metric space is uniquely geodesic if and only if the
boundary of A does not contain two Euclidean segments that span a 2-dimensional
affine subspace of R”. In his book [28], Busemann asked the following question: “Is a
Hilbert geometry with negative curvature hyperbolic?” (this is Problem 34, p. 406 of
[28]). P.J. Kelly and E. G. Straus answered this question in [81] and [82], where they
proved that the convex set A equipped with its Hilbert metric is a Busemann space if
and only if A is an ellipsoid. It was already known that an ellipsoid equipped with its
Hilbert metric is (up to a constant multiplicative factor) a model of hyperbolic space

H'". The open ball
n
i(xl,...,xn) : Zx? < 1}
i=0

of R”, equipped with its Hilbert metric is called the Klein model of hyperbolic geom-
etry.1

(iv) R-trees. Let T be an R-tree and let us prove that T is a Busemann space.
Again, we shall use Criterion (vii) of Proposition 8.1.2.

IThis result of Kelly and Straus should be put into parallel with the fact that the Minkowski metric
associated to a convex body B is Euclidean if and only if B is an ellipsoid (cf. Section 6 of Chapter 5).
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Let [x, y] and [x, z] be two geodesic segments in 7. From the uniqueness of the
topological segment joining two arbitrary points in an R-tree, one can easily see that
the intersection of the geodesic segments [x, y] and [x, z] is necessarily a segment
(which could consist of a single point). One of the vertices of this segment is x. Let
us call s the other vertex. The union [x, y] U [x, z], equipped with the metric induced
from that of 7', is a space that is homeomorphic to a tripod equipped with a simplicial
metric, that is, a graph formed by three edges having one vertex in common, the other
vertices being monovalent (Figure 8.1). Each of these three edges is isometric to a
compact interval of R and the induced metric on the tripod is a length metric. There
are also degenerate cases, where one or two of the edges of the graph [x, y]U[x, z] are
reduced to a point; these cases can be treated as limiting cases of the non-degenerate
case.

Figure 8.1. A tripod.

Thus, we shall reason in this metric tripod, whose monovalent vertices are naturally
called x, y and z (we use for these points the same names as for their images in the
space X). Likewise, the trivalent vertex of the tripod is called s. Let m and m’ be
respectively the midpoints of the segments [x, y] and [x, z] in this tripod. Then we
have

ly =zl =|x =yl +|x —z| = 2|x =],
|x =yl =2lx —m|
and
lx —z] = 2|x — m/].

We break the argument into cases. Up to symmetries, there are only three cases to

consider:

Case 1. The point m is on [s, y] and the point m’ is on [s, z] (Figure 8.2 (a)). Then
we have

m—m'|=|x —m|+ |x —m'| =2|x — 5|

and
ly =zl =Ix =yl +|x —z| = 2|x — 5],
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whence
ly —z| = 2|m —m/| =2|x — 5] > 0,
which implies |m — m'| < (1/2)|y — z|.

Case 2. The point m is on [x, s] and the point m’ is on [s, z] (Figure 8.2 (b)). Then
we have:

Im —m'| =|m —s| +|s —m'|

=|x—s|—|x—=m|+|x —m| —|x —s|,
whence

ly =2l = 2lm —m'| = (Ix = y| = |x = s) + (|x —m]| — |x = s])
=2ls — | >0,

which implies [m — m’| < (1/2)|y — z|.

() (b) (©

Figure 8.2. The three cases in Example 8.1.3 (iv).

Case 3. The points m and m’ are on [x, s], and the four points x, m, m’, s are in this
order on that segment (Figure 8.2 (c)). In this case, we have

m—m'| = |x —m'| — |x —m|
and

ly =zl =2lm —m'| = |x = y|+ |x —z| = 2|x —s| = 2|x —m/[ +2|x —m
=(x—yl—Ix—s)+ Clx —m| — |x —s])

+ (Jx — z| = 2|x —m'])
=(x—yl=Ilx—=s))+2]x —m|— |x —s]
=(x=yl=lx=sD+(x =yl —lx —s]
=2ls -yl =0,
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which also implies |m — m'| < (1/2)]y — z|.
The remaining cases can be deduced by symmetry from the cases considered.
Thus, the convexity inequality is valid in any case, and the R-tree T is a Busemann
space.

Proposition 8.1.4. A Busemann space is uniquely geodesic.

Proof. Let X be a Busemann space and let x and y be two arbitrary points in X.
From the definition, a Busemann space is geodesic, therefore there exists a geodesic
segment joining x and y. Suppose that there exist two geodesics joining these two
points, yy y: [a,b] — X and )/;’y: [a’,b'] — X. Thenthe map d,, ,: [0,1] - X
defined by

dy (@) =y((d = ta+1tb) —y((1 — )a’ +tb')]

is a nonnegative convex map and it satisfies d,, ,,/(0) = d, ,/(1) = 0. Therefore, by
Corollary 6.2.12, this map is the constant zero map, and this shows that the images of
Vx,y and y)g’ y coincide. This proves Proposition 8.1.4. O

Proposition 8.1.5 (Subspaces). Let X be a Busemann space and let X' be a subset
of X which, equipped with the induced metric, is a geodesic space. Then X' is also a
Busemann space.

Proof. The proof is clear from the definitions. O

The next proposition and its corollary will provide us with other examples of
Busemann spaces.

Proposition 8.1.6 (Normed vector spaces). Let E be a normed vector space. The
following three properties are equivalent:

(1) as a metric space, E is a Busemann space;
(ii) as a metric space, E is uniquely geodesic;

(iii) E is a strictly convex vector space.

Proof. Implication (i) = (ii) follows from Proposition 8.1.4. Let us prove (ii) = (i).
We use criterion (vii) of Proposition 8.1.2. Let [xg, x1] and [xg, xi] be two geodesic
segments in E and let m and m’ be their respective midpoints. If the space E is uniquely
geodesic, then [xg, x1] and [xg, xi] are the images of affinely reparametrized geodesics
joining respectively xq to x1 and xg to x{. Therefore, we have ||m—m’|| = 1/2(xo—x1)
and m’ = 1/2(xo — x1). Thus, we obtain:

1 1 1 1
llm —m'|| = Piat —xil = HE()C0+X1) - E(Xo-i-X{)‘ = 5l —xi
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that is,
/ 1 /
lm —m'| = Elm —xql,

which proves (ii) = (i). Finally, we have (ii) <= (iii) since a normed vector space is
strictly convex if and only if it is uniquely geodesic (Corollary 7.2.1). O

Example 8.1.7 (Norms on R"). We already saw that R”, equipped with the Euclidean
norm, is a Busemann space. However, R" equipped with the norm ¢! or with the
norm £* is not a Busemann space. Indeed, we already saw that this space is not
strictly convex. Therefore, by Proposition 8.1.6, this space is not a Busemann space
(Proposition 7.3.2).

Recall that a topological space E is said to be contractible if there exists a point
Xxo in E and a continuous map H: [0, 1] x E — E satisfying H(0, x) = xo and
H(1, x) = x for all x in E. We have the following

Proposition 8.1.8. A Busemann space is contractible.

Proof. Let X be a Busemann space and let us fix a basepoint xo in X. For every x
in X, there exists, by Proposition 8.1.4, a unique geodesic yy, x: [0, |x — xo|] — X
(uniqueness is up to a translation of the domain). Then we define the map H : [0, 1] x
X — X by setting

H(t, x) = yxox(t]x — x0l)

for all x in X and for all ¢ in [0, 1]. In particular, we have H(0,x) = xo and
H(l,x) = x for all x in X. We prove that H is continuous. If x and x’ are two
arbitrary points in X, we have, for all # and ¢ in [0, 1],

|H(t,x) — H({t', x")| = [Yxo.x (t1x — X0]) — Yox (¢|x" — x0])]
< Wagux (11X — x0]) = Yao.x (¢/[x = x0))|
+ |Vx0,x(t/|-x - X()|) - on,x’(t/|x/ - x0|)|'

Since the path y, ,, is geodesic, we have
[Vxo.x (t1x = X01) — Vg (1% = x01)| = |1 — 1] |x — xol.
Since X is a Busemann space, the map
= |Vx0,x(t|x — xol) — J/x(),x/(”x/ —xoDI,

defined on [0, 1], is convex. This maps takes the value 0 at = 0 and the value |x — x’|
at t = 1. Therefore, we have, for all ¢’ in [0, 1],

|yxo,x(t/|x — xol) — yxo,x’(t/|x/ — x| < t/|x —x'I.
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Finally, we obtain
|H(t,x) — H{', x| < |t = 1| . |x — x| +1'|x — x|,

which implies the continuity of H. This completes the proof of Proposition 8.1.8. O

Thus, by Proposition 8.1.8, there is no Busemann space structure on any space
whose fundamental group is non-trivial. By the same proposition, there is no Buse-
mann metric space structure on a sphere s2.

8.2 Local geodesics in Busemann spaces

Notation. In the same manner as for geodesics, we make the following convention:
if we denote by yy y: [a, b] — X an affinely reparametrized local geodesic, then we
assume implicitly that we have yx y(a) = x and yx ,(b) = y.

Proposition 8.2.1. Let X be a Busemann space and let y: [a,b] — X and
y':[a,b'] = X be two affinely reparametrized local geodesics in X. Then the
map t — |y((1 —Ha + tb) - y/((l — t)a’ + tb")|, defined on [0, 1], is convex.

Proof. 1tis clear that this map is locally convex. Therefore, the proof of the proposition
follows from Theorem 6.2.16. O

Let us note a few useful corollaries. The first corollary is a result that is stronger
than Proposition 8.1.4 above.

Corollary 8.2.2. Let X be a Busemann space and let x and y be two arbitrary points in
X. Then there exists a unique affinely reparametrized local geodesic yy y: [0, 1] — X
Jjoining these points.

Proof. The existence of a local geodesic follows from the existence of a geodesic,
since X is a geodesic space. Now let y, y: [0,1] — X and y)g’y: [0,1] — X be
two local geodesics. The map ¢ — |y, ,(f) — y)g’y(t)|, defined on [0, 1], is convex
(Proposition 8.2.1), and it takes only nonnegative values. Furthermore, the value of
this map is zero fort = O and r = 1. By Corollary 6.2.12, this map is the zero constant
map, which implies that y, ,(t) = y);,y(t) for all # in [0, 1]. |

We already saw that the sphere S? equipped with its canonical length metric is
not a Busemann space. Another way to see this fact is to note that there exist at least
two local geodesics joining any two distinct points in this space (there are at least two
distinct arcs of a great circle joining these two points).

Corollary 8.2.3 (In a Busemann space, local geodesics are geodesics). In a Buse-
mann space X, every local geodesic is a geodesic.
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Proof. Let y be a local geodesic and let x and y be its endpoints. Since the space X
is geodesic, there exists a geodesic path y’ joining x and y. By Corollary 8.2.2, the
images of ¥ and y’ coincide. Thus, the image of y is a geodesic segment. It follows
easily that y is a geodesic path. O

The following proposition will also be useful:

Proposition 8.2.4 (Betweenness in Busemann spaces). Let X be a Busemann space
and let x, y, z and t be four points in X that are pairwise distinct. Then we have the
following

(8.2.4.1) v lies between x and z and z lies between y and t
U
(8.2.4.2) y and z both lie between x and t

Proof. Suppose that (8.2.4.1) holds. If y lies between x and z, then y is on the unique
geodesic segment joining x and z. Likewise, if z lies between y and ¢, then z is on the
unique geodesic segment joining y and ¢. The union of these two geodesic segments
is the image of a local geodesic path joining x and ¢ and containing the points y and z.
By Corollary 8.2.3, this path is geodesic. This implies that y and z both lie between
x and 7. O

We note that Proposition 8.2.4 is false without the hypothesis that X is a Busemann
space, as one can see by considering the case where X is the two-dimensional sphere
$? equipped with its canonical length metric, x and  the endpoints of an arc of a great
circle in S whose length is strictly larger than 77, and y and z two distinct points on
that arc satisfying |x —z| < w and |y — ¢| < 7.

Proposition 8.2.5. Let X be a Busemann space, let y: [0,1] — X be an affinely
reparametrized geodesic and let x be a point in X such that there is no geodesic segment
in X containing the three points x, y(0) and y(1). Then, the map f:[0,1] — X
defined by t — |x — y (¢)| is strictly convex.

Proof. That the map f is convex is part of the definition of a Busemann space. Let
us show that it is strictly convex. For all ¢ in [0, 1], let x; = (1 — #)y(0) + ¢y (1) and
let y; = (1 — t)y(0) + tx (we are using the natural parametrization of the geodesic
segments [y (0), ¥y (1)] and [y (0), x]). Suppose that the map f is not strictly convex.
Then, there exists a point ¢ in ]0, 1[ satisfying
Ix —x| =1 =0)x —yO)] +1tlx — y(b)]
=[x =yl +tlx =y (D)
> x = yel + 1ye — x|

=[x — x|
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Thus, the two large inequalities in the last sequence are equalities, which implies that
the union [x, y:]U [y, x;] is a geodesic segment. Since [y (0), y (1)]is also a geodesic
segment, the three points x, ¢ (0) and y (1) are contained in a geodesic segment (use the
fact that in a Busemann space, a local geodesic is a geodesic), which is a contradiction.
This completes the proof of Proposition 8.2.5. O

Corollary 8.2.6. If X, y and x are as in Proposition 8.2.5, there is a unique projection
of x on the segment y ([a, b]).

Proof. A strictly convex function has a unique minimum. O

Corollary 8.2.6 will be generalized below (Proposition 8.4.10).

8.3 Geodesic convexity in Busemann spaces

In Chapter 2, we introduced the notion of geodesically convex set in an arbitrary
uniquely geodesic metric space (Definition 2.5.1). Of course, the results that we
proved there are valid for Busemann spaces.

It follows immediately from the definitions thatif A is a geodesically convex subset
of a Busemann space, then A, equipped with the induced metric, is itself a Busemann
space. (In fact, this is Proposition 8.1.5 above). Balls are examples of such subsets:

Proposition 8.3.1. Let X be a Busemann space. The open balls and the closed balls
in X are geodesically convex.

Proof. Let B be an open ball in X, of center x and radius . For xo and x; in B,
let [xp, x1] be the unique geodesic segment joining these points. By property (ii) in
Proposition 8.1.2, for every ¢ in [0, 1], the point x; (using the natural parametrization
of the segment [xg, x1]) satisfies

(8.3.1.1) Ix—x] <(1=Dx —xo| +tlx —x1] < 1 =) +tr =r.

This shows that [xg, x1] C B. Thus, B is geodesically convex. In the case where B is
a closed ball, the proof is the same up to replacing the strict inequality in (8.3.1.1) by
a large one. O

Thus, we have the following

Corollary 8.3.2. An open ball or a closed ball in a Busemann space, equipped with
the induced metric, is itself a Busemann space.

The following proposition gives an example of a “local-implies-global” property
for geodesically convex subsets in a Busemann space.
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Proposition 8.3.3 (Geodesic convexity implied by a local condition). Let X be a
proper Busemann space that is proper and let A be a closed subset of X which,
equipped with the metric induced by that of X, is connected by rectifiable arcs. Sup-
pose that every point x in A has an open neighborhood V (x) in X such that for all y
and z in V (x), the geodesic segment (for the metric of X) that joins them is contained
in A. Then A is convex.

Proof. Let y and z be two points in A. By Proposition 1.4.12, there exists a path
y: la, b] — A of minimal length (with respect to the induced metric on A) joining
y to z. We show that y is a geodesic path (with respect to the metric of X.) By
Corollary 8.2.3, it suffices to show that y is a local geodesic. Let ¢ be in ]a, b[ and
let x = y(¢). Let us choose an open neighborhood V (x) of x with the property that
for all y and z in V (x), the geodesic segment (for the metric of X) that joins them
is contained in A. Let [c, d] be a closed sub-interval of ]a, b[ that is contained in
y ! (V(x)) and that contains the point ¢ in its interior. Since y(a) and y (b) are in
V (x), the unique geodesic segment [y (a), y (b)] (for the metric of X) joining y (a) and
y (b) is contained in A. Therefore, this geodesic segment is the image of the minimal
length path in A joining y(a) and y (b). (In particular, such a minimal segment is
unique.) Thus, the image of y|[4,] IS a geodesic segment. This proves that y is a local
geodesic and therefore it is a geodesic. This completes the proof of Proposition 8.3.3.

O

We note that the hypotheses of Proposition 8.3.3 do not imply that A is an open
subset of X, as one can see by taking X to be a simplicial tree and A a geodesic
segment having a vertex of valency > 3 in its interior.

8.4 Convex functions on Busemann spaces

We start by introducing a notion that is useful in an arbitrary geodesic metric space.

Definition 8.4.1 (Convex function). Let X be a geodesic metric space and let
f:X — R be amap. We say that f is convex (respectively strictly convex ) if
for every geodesic path y: [a, b] — X, the map f o y: [a, b] — R is convex (re-
spectively strictly convex).

For later use, we record a few properties of convex functions.

Proposition 8.4.2 (Limits convex functions). Let X be a geodesic metric space and
let f,: X — R (n > 0) be a sequence of convex functions on X converging pointwise
to a function f. Then f is convex.

Proof. The proof is clear from the definitions. O
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The proof of the following proposition is analogous to that of Proposition 6.1.19,
and we omit it here.

Proposition 8.4.3 (Composition of convex functions). X be a geodesic metric space,
let f: X — R be a convex function and let g: f(X) — R be an increasing convex
(respectively strictly convex) function. Then g o f: X — R is convex (respectively
strictly convex). |

For any map f: X — R, we say that a point xg in X is a minimum for f if
f(x0) = minyex f(x).

Proposition 8.4.4. Let X be a geodesic metric space and let f: X — R be a convex
function. If xo and x1 are two minima of f and if y : [a, b] — R is a geodesic path
Jjoining these points, then f is constant on the image of y .

Proof. Letm = f(x9) = f(x1) = minse[q,p) f © y(t). Since f is convex, the map
foy:la,b] - Risconvex on [a, b], and it satisfies, for all  in [a, b],

fO<A—=0foy@+tfoyb)y=0—1)m+tm=m.

On the other hand, since xo and x| are minima, we have f oy (¢) > m. Thus, we have
foy() =mforeveryt € [a, b]. a

Proposition 8.4.5. Let X be a geodesic metric space and let f: X — R be a strictly
convex function. Then f has at most one minimum in X.

Proof. Suppose that xo and x; are two distinct minima of f,letm = f(xg) = f(x1) =
minsepq,p) f oy (t) andlet y: [a, b] — R be a geodesic path joining xo and x1. Then

we have
atb fr@)  fr@) _m m
f(”( 2 ))< 2 T TatpEr
which contradicts the fact that xp and x; are minima of f. O

We introduced the notion of geodesically convex subsets in uniquely geodesic
spaces. The following proposition, which is analogous to Proposition 6.1.23, estab-
lishes a relation between convex functions and convex subsets.

Proposition 8.4.6 (Sublevels are geodesically convex). Let X be a uniquely geodesic
space. Then, for every convex function f: X — R and for every real number «, the
sublevel set

Jo={x € X, f(x) <o}
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and the strict sublevel set

fo=xeX fx) <o}

are geodesically convex.

Proof. Let xp and x1 be two pointsin f, and forevery ¢ in [0, 1], letx; = (1—¢)xo+1x]
(using the natural parametrization of the unique geodesic segment [xq, x1] joining xo
and x1). By convexity of f, we have

fG)=d=0xo+tx1 = (1 -ta+ta=a.

This shows that f, is convex. For the strict sublevel set, the proof is the same up to
replacing the last large inequality by a strict inequality. O

Examples 8.4.7 (Convex functions). In all the following examples, X is a Busemann
space.

(i) Distance function. For every xo in X, the map x — |x — x| is convex. This
follows directly from the definition of a Busemann space (see Definition 8.1.1 in which
we take y : [a, b] — X to be the constant map = xg.) Furthermore, for every o > 1
the map x > |x — xg|® is strictly convex. Indeed, this map is the composition of the
convex map x — |x —xo| with the map ¢t — ¢“ defined on [0, oo[, which is increasing
and strictly convex if & > 1. Thus, the result follows from Proposition 8.4.3.

We note that if X is an arbitrary metric space, the convexity of the distance function
X > |x — xq| for all xg in X does not imply that X is a Busemann space, since as we
saw, any normed vector space satisfies this property, and some of these normed spaces
are not Busemann spaces.

(ii) Distance function defined on a convex subset. This is slightly more general
than Example (i). Let A be a geodesically convex subset of X. By Proposition 8.1.5,
A is itself a Busemann space. For any xp in X, the map dy, 4: A — R defined by
X > |x — x| is convex. The reason is the same as for Example (i). Furthermore, for
any o > 1, themapdy, ,: A — Rdefined by x — |x — x| is strictly convex. This
follows also from Proposition 8.4.3 or from Proposition 6.1.19.

(iii) Distance to a convex subset. Let A be a nonempty convex subset of X. Then,
the distance function d4: X — R is convex. The proof can be done as a slight
variation of the proof of Proposition 6.1.4. Important examples of distance functions
are distances to a point (Example (i) above) or distances to a geodesic segment or to
a geodesic ray (we shall use these functions in Chapter 10).

(iv) Displacement function. For every isometry f: X — X, the displacement
function dy: X — R is convex. Indeed, let y: [a,b] — X be a geodesic path.
Since f is an isometry, f o y: [a, b] — X is also a geodesic path. Thus, the map
t — |y (t) — f o y(¢)| defined on [a, b] is convex. But this map is precisely the map
dy o y. This shows that the map dy: X — R s convex.
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(v) Positive linear combinations of (strictly) convex functions Let n be an integer
> 1. Foreveryi = 1,...,n,let fi: X — R be a (strictly) convex function and let
i be a positive real number. Then the function Y+, A; f; is (strictly) convex. This
follows from the analogous property for convex functions defined on convex subsets
of an affine space (Example 6.1.3 (iii).)

Proposition 8.4.8 (Projections). Let X be a Busemann space and let A be a nonempty
closed convex subset of X. Then each point x in X has a unique projection on A.

Proof. The existence of the projection follows the fact that A is nonempty and closed.
For the uniqueness, consider the map dy 4: A — R defined by y — |x — y|forall y
in A. We already know that this function is convex (Example 8.4.7 (ii) above). Let us
fix areal number & > 1. Then, using Proposition 8.4.3 or Example 8.4.7 (ii), the map
on A defined by y — |x — y|* is strictly convex. Therefore, by Proposition 8.4.5, this
map has a unique minimum. A projection of x on A is a minimum of this function.
Therefore, the projection is unique. O

A weighted point in a space X is a pair (p, m) where p is a point in X and m a
positive real number.

We now consider the notion of center of mass of a finite collection of weighted
points in a Busemann space. This notion generalizes the classical notion of barycenter
in R". We start with the following

Proposition 8.4.9. Let X be a Busemann space and let

D = {(p1,m1),...(pn, my)}

be a nonempty set of weighted points in X. Then, for every a > 1, the map on X
defined by x — |x — p;|% has a unique minimum.

Proof. From Example 8.4.7 (i) and from the fact that a positive linear combination
of strictly convex functions is strictly convex, the map x +— m;|x — p;|® is strictly
convex. Furthermore, this map is proper and therefore it attains a minimum. By
Proposition 8.4.5, this minimum is unique. O

Definition 8.4.10. Let X be a Busemann space, let D = {(p1, m1), ... (pn, m,)} bea
nonempty set of n weighted points in X. The barycenter of D is the unique minimum
of the map x +— m;d(x, p,-)z. We shall denote by B (D) the barycenter of the set D.

The barycenter depends continuously on points and weights. It is also clear that
if the set D is reduced to a single weighted point, (p, m), then B(D) = p.

Corollary 8.4.11 (Cartan). Let X be a Busemann space and let G be a finite group of
isometries of X. Then, there exists a point p in X that is fixed by every element of G.
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Proof. Take an arbitrary point in X and let {py, ..., p,} be its orbit under the group
G. Let D be this collection of points, each of them equipped with the weight 1 and let
p = B(D) the corresponding barycenter. The set D is invariant by G and therefore
the point p is fixed by this group. O

Corollary 8.4.11 is usually called Cartan’s Theorem because, in [36] p. 354, Elie
Cartan uses the same arguments (uniqueness of the minimum of the sum of the square of
the distance functions) to prove an analogous result in the setting of simply connected
Riemannian manifolds of nonpositive curvature.

A more general statement is the following (also classical) result:

Proposition 8.4.12. Let X be a Busemann space and let G be a compact topological
group acting by isometries on X. Then there exists a point p in X that is fixed by the
whole group G.

Proof. The compact group G has a Haar measure p, that is, a nonnegative measure of
finite non-zero total mass that is invariant by left and right translations>. We choose
an arbitrary point x in X and we let ; be the measure on the orbit Gx induced from
the Haar measure of x. We consider this measure  as a measure on X. Then the
function D: X — R defined by

D(p) = /X & (p. x) du(x)

is proper and strictly convex, as a mean of squares of distance functions, and therefore
it has a unique minimum. This minimum is a fixed point for the group G. O

We note finally that there is a useful notion of center of mass of a measure defined
on an arbitrary metric space that generalizes the notion of barycenter that we consider
here; see [80].

We conclude this chapter with the following result, which is due to Cartan in the
case where X is a Riemannian manifold of nonpositive curvature (cf. [36] p. 354).

Theorem 8.4.13 (Cartan). Let X be a complete locally compact and locally convex
length space. Then, the fundamental group of X contains no element of finite order
except the identity. As a consequence, either X is simply connected or the fundamental
group of X is infinite.

Proof. Let X be the universal covering of X. We equip X with its canonical length
metric (Proposition 3.5.1). Since X is locally isometric to X, it is also locally compact

2The existence and uniqueness (up to a multiplication by a scalar factor) of Haar measures on compact
groups (and more generally on locally compact groups) was proved by R. Haar (see [58]) with the additional
assumption that the group G is separable. For a proof of existence and uniqueness without this assumption,
we refer the reader to [143].
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and locally convex. Furthermore, by Proposition 3.5.5, X is complete. By the theorem
of Hopf-Rinow (Theorem 2.4.6), X is geodesic. Now the fundamental group of X
is canonically isomorphic to the group G of deck transformations of the covering
X - X. Suppose G contains an element g of finite order. Then, by Corollary 8.4.11,
there exists a point p in X that is fixed by g. But any element of G, acting as a
deck transformation, has no fixed point, unless it is the identity. Therefore, G has no
element of finite order. Finally, if X is not simply connected, then its fundamental
group contains an element that is distinct from the identity, and which therefore is of
infinite order. |

Notes on Chapter 8

Busemann’s definition of nonpositive, of zero and of negative curvatures. Buse-
mann calls a “nonpositively curved space” a G-space in which each point has a neigh-
borhood that is a Busemann space in our sense. We shall call such a space a “locally
convex space” and we shall study these spaces in Chapter 9. Condition (vii) of Proposi-
tion 8.1.2 is the one that Busemann uses in [26] p. 237 to define nonpositive curvature.
In the case where the space satisfies locally Condition (vii) with the large inequality
sign < replaced by an equality sign, Busemann calls this space a “space of curva-
ture 0”. If the condition is locally satisfied with a strict inequality sign < instead of
the large inequality sign, for all triples of points xo, x| and x| that are not contained
in a geodesic segment, then Busemann says that the space is “negatively curved”.

Convex functions on simply connected nonpositively curved Riemannian man-
ifolds. The classical examples of Busemann spaces are the simply connected Rie-
mannian manifolds of nonpositive sectional curvature. A theory of convex functions
defined on such spaces is developed in the paper [17] by R. Bishop and B. O’Neill.
In this paper, the authors give several methods of constructing convex functions and
strictly convex functions on Riemannian manifolds of nonpositive sectional curvature
or of negative curvature. Some of these examples are in the spirit of the examples in
8.4.7 above. For instance, they prove the following (Theorem 4.1 of [17], p. 12): if M
is a complete simply connected Riemannian manifold of nonpositive sectional curva-
ture, then, for every closed convex submanifold S of M, the square of the “distance
function to S”, that is, the function df : M — R defined by

x> (d(x, )

is convex. Furthermore, if the sectional curvature of M is negative, then dg is strictly
convex on M \ S.

We note that in the context of Riemannian manifolds, the square of the distance
function has the advantage (over the distance function) of being smooth (in fact, it is
C), so that convexity boils down to having positive Hessian, and the techniques of
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classical differential geometry can be applied to this function. (Distance functions are
only continuous in the general case.)

Let us also note that several theorems in the paper [17] have been generalized
by Busemann and Phadke in [32] to the context of peakless functions defined on G-
spaces. For instance, Busemann and Phadke gave in that paper an example of a surface
of revolution in R? that does not carry nonconstant peakless functions.

Cartan’s Theorem and the barycenter of a measure. There is a useful notion of
barycenter of a measure, which generalizes the notion of barycenter of a collection of
weighted points thatis used in Cartan’s Theorem (Corollary 8.4.11 above). The idea for
the definition of the barycenter of a measure is used in the proof of Proposition 8.4.12.
In the paper [17] by Bishop and O’Neill, the authors prove that if M is a complete
simply-connected Riemannian manifold of nonpositive sectional curvature, then for
any finite positive measure x on M with compact support, the map

fu:pr> / d*(p. x) dpu(x)
M

is strictly convex, and therefore it has aunique minimum pointin M. This resultimplies
Cartan’s theorem and its generalization (Proposition 8.4.12) for simply connected
complete Riemannian manifolds of nonpositive curvature.

For a notion of barycenter of a measure defined on an arbitrary metric space, we
refer the reader to [80].

Convex functions and nonnegative curvature. The global study of manifolds of
nonnegative sectional curvature (that is, the large-scale behaviour of geodesics, the
structure of the isometry group and so on) is also an active field since many decades,
and the theory of convex subsets and convex functions intervenes as well in that study.
In fact, important geometrical and topological information on such manifolds have
been deduced from the existence of non-constant convex functions. Let us give a
few examples. In the 1930s, Cohn-Vossen obtained a famous result that states that
a noncompact complete 2-dimensional manifold of nonnegative curvature is either
diffeomorphic to R? or is flat (see [40]). Gromoll and Meyer, generalizing Cohn-
Vossen’s techniques and results to higher dimensions, proved that each noncompact
complete manifold of positive sectional curvature is diffeomorphic to R”. Their proof
relies on considering compact convex subsets in such a manifold and proving the
existence of (not necessarily smooth) convex functions (see [54]). L. Greene and
H. Wu gave a proof of the theorem of Gromoll and Meyer by constructing, on each
complete noncompact manifold of positive sectional curvature, a C*° strictly convex
function with compact sublevel sets, which allowed the use of Morse theory (see [52]
and [53]). Cheeger and Gromoll generalized these convexity techniques so as to be
useful in the study of manifolds of nonnegative (and not only positive) curvature (see
[38]). For example, they proved that one can define a nonconstant convex function on
any complete noncompact manifold with nonnegative sectional curvature. S.-T. Yau
proved in [147] that if a complete manifold admits a nonconstant convex function,
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then its volume is infinite. The last two results combined imply that any complete
noncompact manifold with nonnegative sectional curvature has infinite volume.

The Nielsen realization problem and convexity in Teichmiiller space. S. Kerckhoff
proved in [85] that any finite subgroup of the mapping class group Mg of a closed
oriented surface S = S, of genus g > 2, acting on the Teichmiiller space Jg, has
a fixed point. This result gave a positive answer to the famous Nielsen realization
problem. We mention here this fact because Kerckhoff’s proof is based on a convexity
argument that generalizes, in a highly nontrivial manner, the case of genus one (the
case where the surface is the two-dimensional torus). The genus one case boils down
to the fact that every finite subgroup of SL(2, Z), acting by isometries on hyperbolic
2-space, has a fixed point, and this result can be proved using Cartan’s theorem, cf.
Corollary 8.4.11 above. It is interesting to recall here that for some time, it was
believed that the Nielsen realization problem was settled, as a consequence of a paper
by S. Kravetz [93], in which this author wrongly claimed that the Teichmiiller space
of a surface of any genus is a Busemann space, and therefore that the solution of the
Nielsen problem in any genus followed immediately from Cartan’s theorem. After the
discovery by M. Linch (see [94]) of a flaw in Kravetz’s paper, the Nielsen problem
became again an open problem.

Kerckhoff’s solution of the Nielsen realization problem, instead of using the con-
vexity of the Teichmiiller distance function (which, by a result of Masur [99], is known
to be false), uses the convexity of the geodesic length functions l,: T, — R along
certain paths in Teichmiiller space. These paths are associated to measured geodesic
laminations and they generalize the Fenchel-Nielsen twists associated to simple closed
curves. They were introduced by Thurston who called them earthquake paths. In the
case where the surface is the two-torus, the earthquake paths are the horocycles of H?Z.
To describe briefly Kerckhoff’s arguments, we recall that if « is a homotopy class of
simple closed curves in the surface S equipped with a hyperbolic structure and con-
sidered as an element of Teichmiiller space, one defines [, (S) to be the length of the
unique closed geodesic on § that is in the homotopy class «. In this way, one obtains
a function I, : 7, — R. Kerckhoff proved that for any earthquake path y: R — §
along a measured geodesic lamination ., we have

d(ly oy (1))

0) = 0d
7 0) [Mcos 1z

where 6 is the angle that the simple closed curve « that makes with the lamination u.
To understand this formula, it is useful to first consider the case where the lamination
u is a simple closed curve $. In this case, the formula becomes

dlooy(®)
T(0)_]§cos9k

where 01, ..., 6, are the angles (from B to «) at the points where « and B intersect
transversely. The quantity [ 1 €08 6 d v can be seen as a limit of sequences of weighted



8.4 Convex functions on Busemann spaces 207

quantities of the form ) _;_, cos 6 associated to a sequence of weighted closed curves
converging to . The convexity of the length function follows from the fact that a
quantity such as cos 6y or fu cos @ du is increasing along any earthquake path.

Once the setting and the (extremely interesting) basic results have been established,
Kerckhoff’s proof is much in the spirit of Cartan’s theorem. First, one needs strict
convexity instead of convexity and for that purpose, rather than considering a unique
length function associated to a homotopy class «, Kerckhoff considers a finite sum
of length functions Z?:l lo;: Ty — R, where {aq, ..., a,} is a set of homotopy
classes of simple closed curves that fills up the surface S. This means that any set
of curves representing these homotopy classes has nonempty intersection with any
homotopically nontrivial simple closed curve on S, and this property implies that the
function Y _7_, lo, : T — Ris strictly convex along any earthquake path. Then, given
any finite subgroup G of Mg, by replacing the set of homotopy classes by the set
of its iterates under G, one can assume that the collection {«q, ..., «,} is invariant
by the action of G. Finally, a result of Thurston that says that each pair of points in
T, can be joined by an earthquake path, together with the invariance of the function
> i_1 ly;» show that this function has a unique minimum in 7, and this minimum is
a G-invariant point. This is the fixed point that we seek.

We note that the result on the convexity of length functions associated to simple
closed curves on the surface has been extended by Kerckhoff to the convexity of length
functions associated to geodesic laminations (see [86].)

Let us also note that S. Wolpert, in his paper [144], gives an explicit formula for
the second derivative of the length function along Fenchel-Nielsen twist paths, and
observing the sign of this second derivative gives another way of seeing the convexity
of the length function.

Convexity and the Weil-Petersson metric. In his paper [146], Wolpert worked out
a theory of the convexity of the geodesic length functions on Teichmiiller space 7,
equipped with its Weil-Petersson metric instead of the Teichmiiller metric. We recall
that Teichmiiller space has a natural complex structure on which the mapping class
group acts as a group of biholomorphic mappings, and the Weil-Petersson metric is
closely related to that structure. If S is a Riemann surface representing an element
of Teichmiiller space, then the Weil-Petersson metric is induced by an inner product
defined on the space Q(S) of holomorphic quadratic differentials on S, this space
Q(S) being naturally identified with the holomorphic cotangent space to Teichmiiller
space at the point S. Explicitly, a holomorphic quadratic differential on S is an
invariant object that has the form ¢ (z)dz> where z is a holomorphic local coordinate
and ¢ a holomorphic function in z. Invariance means here invariance under change
of coordinates, that is, if w is another holomorphic local coordinate, and if in this
local coordinate the holomorphic quadratic differential is written as ¥ (w)dw?, then
at the overlap between the two charts we have ¢ (z)(dz/d w)2 = ¥ (2). Now given
two quadratic differentials ¢ and v on the Riemann surface S, if p(z)|dz| denotes the
hyperbolic line element on the surface S equipped with its canonical Poincaré metric,
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then the Weil-Petersson inner product of ¢ and v is defined by

V() ,
— " dzdz.
s (pn?

There is a natural duality between the tangent and cotangent spaces at S of Teichmiiller
space, which is defined by the pairing

(9. v) =

(1. §) > fS ()6 () d2dF,

where ¢ is an element of Q(S) and where u is a measurable Beltrami differential
representing a tangent vector to Teichmiiller space at S. We recall that a measurable
Beltrami differential on S is an object which is given in local coordinates as u(z)dz /dz,
where u is a measurable function defined on the range of the coordinate z, with the
following invariance property: if w is another local coordinate and if this Beltrami
differential is given in this local coordinate as v(w)dw, then we have, at the overlap
between the two charts z and w, u(z)dz/dw = v(w)dz/dw. We note by the way that
this implies that the function | (z)| is well-defined on the whole surface S.

A measurable Beltrami differential on a Riemann surface describes an infinitesimal
change in the conformal structure. Using this duality, the Weil-Petersson inner product
defines an inner product on the tangent space of Teichmiiller space, which gives in
particular a Riemannian metric, which is the Weil-Petersson metric. (In fact, we have
a Kihler metric.) We note by the way that the Teichmiiller metric, as a Finsler metric,
is associated to the following norm on cotangent space to 7:

ol =/S|¢(z)|dzd2,

for any holomorphic quadratic differential ¢. Here, the norm on tangent space to
Teichmiiller space is defined using the pairing

(. @) = (. ¢) = Refsu(z)qﬁ(z) dzdz.

In fact, the tangent space at S of Teichmiiller space is identified with the space of
measurable Beltrami differentials quotiented by the subspace of Beltrami differentials
w satisfying (i, ¢) = 0 for every quadratic differential ¢. In this way, the pairing
(u, @) — (u, @) induces an isomorphism between tangent and cotangent space to
Teichmiiller space at S.

‘We now return to the Weil-Petersson Riemannian metric. This metric has negative
sectional curvature, but it is not complete, and therefore the techniques of global
geometry do not all apply to it a priori. However, results of Wolpert show that 7,
equipped with the Weil-Petersson metric, behaves fairly like a complete metric space
of negative curvature. In fact, the failure of completeness is due to the fact that
some geodesics leave the space in finite time, and there are no non-completeness
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phenomena comparable to the fact that the space Q of rationals, equipped with its
usual metric, is not complete. Wolpert showed that 7 is a uniquely geodesic space,
that the exponential map at each point is distance-increasing and then, that any finite
group of isometries has a fixed point. Using these results, he gave a new version of the
solution of the Nielsen realization problem. Another interesting result due to Wolpert
that is related to our subject here is that the geodesic length functions are convex along
Weil-Petersson geodesics. Wolpert also showed that the sublevel sets for the geodesic
length functions, that is, the sets of the form

{h e Tgla(h) < M},

where M is any positive constant and « any homotopy class of simple closed curves,
are convex (with Teichmiiller space being again equipped with the Weil-Petersson
metric). This result is an analog of a result that was obtained by Kerckhoff in [86],
that concerns the Teichmiiller metric. (We note by the way that although Kerckhoff’s
paper appeared in print in 1992, a preliminary version was already circulated in 1983).

Thus, the works of Kerckhoff and Wolpert are the bases of two parallel theories
of convexity in Teichmiiller space.



Chapter 9

Locally convex spaces

Introduction

Alocally convex metric space is a metric space in which every point has a neighborhood
which, equipped with the induced metric, is a Busemann space. In other words, each
point has a neighborhood in which the distance function associated to two geodesic
segments contained in that neighborhood is convex.

In each geodesic metric space X and to each point x in X, we consider the space
G, of affinely reparametrized local geodesics y: [0, 1] — X satisfying y(0) = x.
The space G is called the fangent space of X at x and it is equipped with the topology
of uniform convergence. There is a natural map exp, : G, — X that associates to
each affinely reparametrized local geodesic y : [0, 1] — X starting at x its endpoint
y (1). This map is called the exponential map at x.

In this chapter, we prove the following result of S. B. Alexander and R. L. Bishop:

Theorem. Let X be a geodesic complete locally compact and locally convex metric
space. Then for every x in X, the exponential map exp,: Gy — X is a universal
covering map of X.

This result generalizes a classical theorem which is usually referred to as the
“Cartan—-Hadamard Theorem” and which gives an analogous description of the tangent
space at x in the case where X is a Riemannian manifold of nonpositive curvature (see
Cartan’s Lecons sur la géométrie des espaces de Riemann [36], p. 347).

We also prove the following local-implies-global property:

Theorem. Every complete geodesic locally compact, locally convex and simply con-
nected metric space is a Busemann space.

This result is due to M. Gromov (see [55] p. 187, where a first general version is
also stated under the name “Cartan—-Hadamard Theorem™). The proof that we give
here is again due to Alexander and Bishop.

We recall that by the result of Hopf and Rinow (Theorems 1.1.16 and 2.4.6), the
assumption that X is geodesic is automatically satisfied if we assume that X, besides
being locally compact, is a complete length space.

The plan of this chapter is the following:

Section 1 contains definitions and examples of locally convex metric spaces. We
shall linger over the description of surfaces equipped with flat metrics with cone type
singularities, with cone angle > 2 at each singularity.
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In Section 2, we prove the existence and the uniqueness, in a complete locally
convex metric space, of an affinely reparametrized local geodesic joining any two
points that are close enough to the image of an affinely reparametrized local geodesic,
and that the affinely reparametrized local geodesic joining these two points varies
continuously with respect to its endpoints.

Section 3 contains the proofs of the two theorems stated above.

9.1 Locally convex spaces

Definition 9.1.1 (Locally convex metric space). A metric space X is said to be locally
convex! if every point x in X possesses a neighborhood V (x) which, equipped with
the induced metric, is a Busemann space.

We shall say that such a neighborhood V (x) is a Busemann neighborhood of the
point x.> We recall that from the definition of a Busemann space, it follows that V (x)
is a geodesic metric space and that the geodesic segment joining any two points in
V(X) is unique.

Examples 9.1.2 (Euclidean and hyperbolic manifolds). A Euclidean or a hyperbolic
manifold of any dimension n > 1 is a locally convex metric space. Indeed, each point
x in such a manifold possesses a neighborhood that is isometric to an open ball in
Euclidean space E" or in hyperbolic space H" and, therefore, such a neighborhood is
a Busemann neighborhood of x.

Example 9.1.3 (Simplicial graph). A simplicial graph equipped with a simplicial met-
ric is a locally convex metric space, since every point in such a graph has a neigh-
borhood which, equipped with the induced metric, is isometric to a simplicial tree
equipped with a simplicial metric, which is a Busemann space (Example 8.1.3 (iii)).

Now, we describe another interesting class of locally convex spaces.

First, we recall the notion of 2-dimensional Euclidean cone. We start with Eu-
clidean cones with cone angle < 2. (We already encountered such objects in Exam-
ple 2.4.16 (ii).) To obtain such a cone, one can start with a sector A O B in a Euclidean
disk of center O that is bounded by two rays O A and O B, as in Figure 2.7 of Chap-
ter 2. (The angle ZAO B can take any value in ]0, 27r[.) Such a sector will be a
“fundamental region” for the cone. Gluing together the two sides OA and OB of
this sector by an isometry, we obtain a surface V homeomorphic to a closed disk,
equipped with a metric that is locally Euclidean except at the image of the point O
in V. The space V, or, any (closed or open) ball centered at the image of O in V, is,

n the terminology used by Busemann, such a space would be called a nonpositively curved space.

2]t would have been natural to call V (x) a “convex neighborhood” of x, but we prefer the term “Busemann
neighborhood” since we already used the term “convex neighborhood” to denote a neighborhood of a point
in a metric space which, equipped with the induced metric, is a geodesic metric space.
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by definition, a Euclidean cone whose cone angle is /A O B. To obtain a Euclidean
cone with cone angle > 27, we take several sectors such as AO B and glue them side
by side in such a way as the result of the gluing is a connected surface. This surface,
or any (closed or open) ball centered at the image of the point O in this surface, is a
Euclidean cone whose cone angle is the sum of the angles of the various sectors. For
instance, gluing four sectors whose angles are equal to 7 /2 gives a Euclidean cone
whose cone angle is equal to 2. Thus, in this case, the resulting cone is isometric to
a disk in the Euclidean plane, and the vertex is in fact a regular point. Gluing three
sectors whose angles at the vertices are all equal to 7 gives a Euclidean cone isometric
to a ball centered at the armpit of a T-shirt (Figure 9.1).

Figure 9.1. At the point A the cone angle is 37.

Let us consider a surface S equipped with a metric that is locally Euclidean except
for an isolated set of points that are called the singularities, such that each of these
singularities has a neighborhood that is isometric to a Euclidean cone whose vertex
corresponds to that singular point. We say that such a point is a conical point of total
angle o if « is the angle at the vertex of the corresponding Euclidean cone.

We shall call such a structure a singular flat metric on the surface S. Such struc-
tures appear in several contexts in the geometry of surfaces. For instance, surfaces
equipped with singular flat metrics can be obtained by gluing a collection of Euclidean
triangles by isometries along edges of equal lengths, and taking the length metric on
the resulting surface. Another context where such metrics appear is the geometric the-
ory of holomorphic quadratic differentials on Riemann surfaces. Equivalently, these
surfaces appear as metric structures defined by two transverse measured foliations
on the topological underlying surface (see for instance [74]). In Chapter 2 (Exam-
ple 2.4.3 (ii)), we already saw that pairs of transverse measured foliations are useful
for describing conformal structures and Teichmiiller geodesics on a surface. Let us
say a few words on how two transverse measured foliations determine a singular flat
metric on a surface. In the complement of the singular points, the two transverse mea-
sured foliations define local charts whose range is a subset of the Euclidean plane E2
and for which the coordinate changes are local Euclidean isometries. This provides
a Euclidean structure on the complement of the singular points, and it is easy to see,
from the local models of the singular points of the foliations considered (Figure 2.8
of Chapter 2) that in a neighborhood of each singular point, this structure extends as
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a singular Euclidean structure with a cone type singularity at that point. Thus, the
Euclidean structure defined on the complement of the singular points extends to the
whole surface as a singular flat metric. In these examples, every cone angle at each
singular point is an integer multiple of 7.

Now the important fact for us here is the following

Proposition 9.1.4 (Singular flat metric). Let S be a surface equipped with a singular
flat metric such that at each singular point, the cone angle is > 2. Then S is a locally
convex metric space.

Proof. Each non-singular point in S possesses a neighborhood that is isometric to an
open disk in the Euclidean E? and such a neighborhood, equipped with the induced
metric, is a Busemann space. Therefore, the only problem is to prove the local con-
vexity at the singular points. Let s be a singular point and let V be a (closed or open)
disk centered at s of positive radius, this radius being small enough in order for V
to be injectively embedded in S. The disk V' is isometric to a Euclidean cone whose
angle at the vertex is « > 2m. Let us show that V is a Busemann neighborhood of s.

We start by proving that V' is a geodesic space.

Let x and y be two arbitrary points in V. If one of these two points (say x) is
the point s, then the Euclidean segment [y, s] is a geodesic segment that is contained
in V. If x and y are both distinct from s, we consider the Euclidean segments [s, x]
and [s, y]. Atthe point s, the two segments [s, x] and [s, y] define two angles opposite
to each other but whose sum is greater than 27 (the sum is equal to the cone angle
at s). We break up the argument into two cases.

First case. One of the angles formed by the two segments [s, x] and [s, y] at the
point s is < . Then these two segments are two sides of a Euclidean triangle sxy that
is isometrically embedded in V. (We note that this triangle is degenerate if the angle
that we are considering that is made by [s, x] and [s, y] at the point s is = 7.) In this
case, the side [x, y] of this triangle is a geodesic segment in V' that joins x and y.

Second case. The two angles formed by the two segments [s, x] and [s, y] at the
point s are > 7. Then the concatenation of the segments [x, s] and [s, y] is a geodesic
segment in S that joins x to y and is contained in V.

Thus, in both cases, the disk V, equipped with the induced metric, is a geodesic
metric space. Therefore, V is a convex neighborhood of s.

To show that V is a Busemann neighborhood of s, we prove that Property (vii)
of Proposition 8.1.2 is satisfied for any two geodesic segments [x, y] and [x, z] in V.
We shall assume for the proof that we are in the generic case where the three points
x, y and z are distinct from the singular point s. (In the non-generic cases, the proof
is simpler, and, in fact, we can treat these cases as limiting cases of the generic case.)

The arguments that we use are a combination of techniques of proofs for analogous
properties in the case of a simplicial tree and in the case of the Euclidean plane. We
consider the three Euclidean geodesic segments [s, x], [s, y] and [s, z]. Itis clear from
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the description above that each of these segments is the unique segment in V joining
its endpoints. We call m and m’ the midpoints of [x, y] and [x, z] respectively. The
three segments [s, x], [s, y] and [s, z] define naturally three angles at s, whose sum is
equal to the cone angle at this point. We distinguish five cases:

First case. The three angles that the three segments [s, x], [s, y] and [s, z] make at
the point s are > . In this case, the concatenation of any two of these segments
is a geodesic segment in S that is contained in V: the concatenation of [x, s] and
[s, y] is a geodesic segment joining x and y, the concatenation of [x, s] and [s, z] is a
geodesic segment joining x and z and the concatenation of [y, s]and [s, z] is a geodesic
segment joining y and z. Then the tripod [s, x] U [s, y] U [s, z] is a convex subset of
S (any geodesic segment joining two points on this tripod is contained in the tripod).
Thus, in this case, all the computations are made in the tripod [s, x] U [s, y] U [s, z]
equipped with the metric induced from that of S (which is the length metric of the
tripod), and the proof of the required property can be done in the same way as that of
Example 8.1.3 (iii) that concerns the case of a metric tree.

Second case. The angle that the segments [s, x] and [s, y] make at s is > 7, the angle
that the segments [s, x] and [s, z] make at s is > 7 and the angle that the segments
[s, y] and [s, z] make at s is < 7. In this case, the three points s, y and z are the
vertices of a Euclidean triangle that is isometrically embedded in V. Furthermore,
the union of [x, s] and [s, y] is a geodesic segment joining x and y and the union of
[x, s] and [s, z] is a geodesic segment joining x and z. The points m and m’ are on
the tripod [s, x] U [s, y] U [s, z]. Up to interchanging the names of y and z, we have
three subcases:

First subcase. The point m is on [s, y] and the point m’ is on [s, z]. In this case, the
three points s, y and z are the vertices of a Euclidean triangle that is embedded in S,
and the distances |m — m’| and |y — z| are measured in the Euclidean triangle syz.
Let I (respectively J) be the midpoint of the side [s, y] (respectively [s, z]) of this
triangle. Then I is on the segment my and J is on the segment m’z (Figure 9.2 (a)).
We have |I — J| = (1/2)|y — z|. We also have |m — m’| < |I — J|. To see this,
we can first consider the special case where |s — y| = |s — z|. In this case, in the
triangle syz, mm’ is parallel to /J and therefore the required inequality is satisfied.
For the general case, we can suppose without loss of generality that |s — y| > |s — z|.
Then, observing the variation of the distance |m — m’| when |s — y| increases from
a value where it is equal to |s — z| until it reaches its actual value, it is easy to see
in that case that |m — m'| is always bounded by |I — J|. Thus, in any case, we have
Im —m'| < (1/2)|y — z|, as required.

Second subcase. The points m and m’ are on [s, x], and we have, on this segment, the
following ordered sequence of points: x, m, m’, s (Figure 9.2 (b)). In this case, we
have

lx —m| = 1/2)(|x —s|+ s — yD

and
Ix —m'| = (1/2)(Ix —s| + |s — z]),
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(a) (b) ©

Figure 9.2. The three subcases of Case 2 in the proof of Proposition 9.1.4.

therefore
Im —m'| = |x —m'| — |x —m| = (1/2)(Is — z| = Is = y]).
From the triangle inequality, we deduce

ly—zl=2lm—m'|=|y—z|—(s—z|—Is — y]
=ly—zl—-Ils—z|+I[s—y[=0.

Thus, we obtain |m — m’| < (1/2)|y — z| which again is the required inequality.

Third subcase. The point m is on [s, x] and the point m’ is on [s, z] (Figure 9.2 (c)).
Here, we note that if we bring the point x closer to the point s by a distance a that is
small enough (and let us denote by x, the new position of x), then the new position
of m (which is now the midpoint of the segment [x,, y], and which we denote by m,,)
will be closer from s by a distance of a/2, and the new position of m’ (which is the
midpoint of the segment [x,, z] and which we denote by m/,) will be closer from z by
a distance that is also equal to a/2. Thus, for a small enough, we are always in the
configuration of the third subcase, and the distance |m/, — m,| is equal to |m" —m|. In
fact, this holds until the value a reaches the limiting value 2|s —m|, for which the point
m, attains a limiting position (where this point becomes equal to the point s). But
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this limiting position is also a limiting position for the first subcase, and the equality
|m —m’| < (1/2)|y — z| is therefore also satisfied in this case.

Third case. The angle that the segments [s, x] and [s, y] make at s is < 7, the angle
that the segments [s, x] and [s, z] make at s is > 7 and the angle that the segments
[s, y] and [s, z] make at s is > . In this case, the union of segments [x, s]U[s, z] and
[y, sTU [s, z] are geodesic segments, and the three points x, s and y are the vertices
of a Euclidean triangle xsy that is embedded in S. The point m is on the side [x, y]
of the triangle xsy whereas the point m’ is on the union [x, s]U [s, z]. We distinguish
two subcases :

First subcase. The point m’ is on [x, s] (Figure 9.3 (a)). Let I be the midpoint of
[x, s]. We have, on that segment, the sequence of four points x, I, m’, s in that order.

(a) (b)

Figure 9.3. The two subcases of Case 3 in the proof of Proposition 9.1.4.

From the triangle inequality, we obtain
im —m'| < lm —1I|+|I —m'|.
Furthermore, we have
i —m'| < |x —m'| = (1/2)|s — zl,
and in the triangle xys, we have the relation
lm — 1 = (1/2)]y —s|.
Therefore, we obtain
Im —m'| < (1/2)(|ly = s| +1s — z]) = (1/2)]y —zl.
Second subcase. The point m’ is on [s, z] (Figure 9.3 (b)). In this case, we have

m—m'| = |s —m|+|s —m|.
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In the Euclidean triangle xys, we have the relation |s —m| < (1/2)(|s — y|+ |s — x]).
Therefore, we obtain

Im —m'| < (1/2)(Is =yl + s —x]) +|s —m'|
= (1/2)(Is =yl +Is —=m']) + (1/2)(Is — x| + |s —m'])
= (1/2)(Is =yl + s =m']) + (1/2)|z — m|
= (1/2)(|y — sl + s —m'| + |m" — z])
= (1/2)[y — z|.

Fourth case. The angle that the segments [s, x] and [s, y] make at s is < 7, the angle
that the segments [s, x] and [s, z] make at s is < 7 and the angle that the segments
[s, y] and [s, z] make at s is > 7. In this case, the union [y, s] U [s, z] is a geodesic
segment and we have |y — z| = |y — s| 4+ |s — z|. The points x, s and y (respectively
x, s and z) are the vertices of a Euclidean triangle that is embedded in S. The point
m’ (respectively m) is on the side [x, y] (respectively [x, z]) of that triangle. Let m”
be the midpoint of [x, s]. Then we have

m—m'| <|\m—m"|+m" —m'|=1Q/2)|y —s|+ 1/2)|s —z| = (1/2)|y — z|.

Fifth case. The angle that the segments [s, x] and [s, y] make at s is > 7, the angle
that the segments [s, x] and [s, z] make at s is < 7 and the angle that the segments
[s, y] and [s, z] make at s is < 7. In this case, the figure formed by the union of the
two Euclidean triangles xsz and ysz having the side sz in common is isometrically
embedded in S. Here, we distinguish two subcases:

First subcase. The sum of the two angles Zysz and Zzsx is < w. We can assume
without loss of generality that x, y and z are close enough to s so that there is a
Euclidean triangle with vertices x, y and z that is embedded in S (Figure 9.4). The
points m and m’ are respectively the midpoints of the sides [y, x] and [z, x] of that
triangle, and we have |m — m’| = (1/2)|y — z|.

Figure 9.4. The first subcase of Case 5 in the proof of Proposition 9.1.4.
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Second subcase. The sum of the two angles Zysz and Zzsx is > w. (We recall that
since we are in the fifth case, this sum is < 27.) Then the union [x, s]U [s, y] is a
geodesic segment. We can assume without loss of generality that the distance |y — z|
is small enough so that the closed ball of center s and of radius |s — y| contains no
other singular point than the point s. Now let us consider the point y’ such that the
three points x, s and y’ are contained in that order on a Euclidean segment and such
that |s — y’'| = |s — y|. Figures 9.5 (a) and 9.5 (b) represent respectively the case
where m’ is on the segment [s, x] and the case where m is on the segment [s, y]. We

(@) (b)

Figure 9.5. The second subcase of Case 5 in the proof of Proposition 9.1.4.

deal with the first case. The other case can be dealt with in a similar manner. In the
Euclidean triangle y’zx, the points m and m’ are the midpoints of the sides [y’, x] and
[z, x] respectively. Therefore we have

Im —m'| = (1/2)]y" —zl.

Now let us compare the lengths of the sides y’z and yz in the triangles y’sz and ysz
respectively. The value of the angle /y’sz is smaller than that of the angle /ysz, and
these angles are adjacent to two congruent sides. We deduce that |y’ — z| < |y — z|.
Therefore, we obtain

Im —m'| < (1/2)]y —zl,

which is the desired inequality. This completes the proof of Proposition 9.1.4. O

9.2 Variation of local geodesics

In a locally convex space, it is often useful to work with a Busemann neighborhood
that is a closed ball rather than with an arbitrary Busemann neighborhood, and for that
purpose we record the following three lemmas:
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Lemma 9.2.1. Ler X be a locally convex metric space. For every x in X, there exists
a positive real number rq such that for all v < ry, the (open or closed) ball centered
at x and of radius r is a Busemann neighborhood of x.

Proof. Let V(x) be a Busemann neighborhood of x. If r is small enough, then the
(open or closed) ball of center x and radius r is contained in V (x), and therefore the
result follows from Corollary 8.3.2. O

Lemma 9.2.2. Let X be a locally convex metric space. For every x in X, let
ry = sup{r €]0, oo] such that B(x, r) is a Busemann space}.

Then the map x +— ry is continuous, and we have either ry = 00 for all x in X or
ry < 0o forall x in X.

Proof. 1f ry, = oo for some xp in X, then X is a Busemann space and therefore
ry = oo for all x in X. Thus, let us suppose that r, is finite for all x in X and let us
prove that the map x +— r, is continuous in this case. For every x and y in X and for
every r in ]0, oo[, we have, by the triangle inequality, B(y,r — |x — y|) C B(x,r),
which implies |ry —7y| < |x — y|. Thus, the map x +> r, is 1-Lipschitz and therefore
continuous. |

Lemma 9.2.3. Let X be a locally convex metric space and let y: [0, 1] — X be a
path. Then there exists a positive real number r such that for all t in [0, 1], the closed
ball B(y(t), r) of radius r centered at y (t) is a Busemann neighborhood of y (t).

Proof. We use the compactness of the geodesic segment y ([0, 1]) and we apply
Lemma 9.2.2. o

The following theorem is due to Alexander and Bishop ([1]). All the important
results in the next section follow from it.

We recall that if we denote a local geodesic by yy.y, then we mean that this local
geodesic joins the points x and y.

Theorem 9.2.4 (Variation of affinely reparametrized local geodesics). Let X be a
complete locally convex metric space and let y = yy y: [0, 1] — X be an affinely
reparametrized local geodesic in X. Let r be a positive real number such that for
each t in [0, 1], the closed ball B(y (t), r) of radius r centered at v (t) is a Busemann
neighborhoodfory (t). Then forall p and q in X satisfying |p—x| <r/2and|qg—y| <
/2, there exists a unique affinely reparametrized local geodesic yp 4: [0,1] — X
satisfying |yp,q(t) —y ()| <r/2 forallt in [0, 1. Furthermore, if p" and q" are two
other points in X satisfying |p'—x| < r/2and|q'—y| < r/2andify, 4:[0,1] = X
is the unique dffinely reparametrized local geodesic satisfying |y o () —y ()| < r/2
foralltin|0, 1], thenthe map t > |yp 4(t) — v 4 (t)|, defined on the interval [0, 1],
is convex.
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In fact, we shall prove the following theorem, which is easily seen to be equivalent
to Theorem 9.2.4:

Theorem 9.2.4' (Equivalent version). Let X be a complete locally convex metric
space, let y = yy y:[0,1] — X be an affinely reparametrized local geodesic in
X and let r be a positive real number such that for each t in [0, 1], the closed ball
B(y(t), r) of radius r centered at y(t) is a Busemann neighborhood of y (t). Then
the following property, which we call 5 (L), is true for all L > 0.

P (L): Let p and q be two points on y (|0, 1]) and let y57: [0,1] — X
be an dffinely reparametrized local geodesic whose image is contained in
y ([0, 11) and whose length is < L. Then for all p and q in X satisfying
|p—p| <r/2and|q—q| < r/2, there exists a unique affinely reparametrized
local geodesic yp 4 : [0, 11 — X satisfying |vp4(t) — vp,g(0)| < r/2 for all
t in [0, 1]. Furthermore, if p' and q' are two other points in X that satisfy
|p' =Pl <r/2and|q’" —q| <r/2, and if yy 4 : [0, 1] — X is the unique
affinely reparametrized local geodesic satisfying |y, o (t) — y5,3(t)| < r/2
foralltin [0, 1], then the map t > |yp 4(t) — Vp 4 (t)| is convex.

Proof. We follow the proof of Alexander and Bishop. First, we note that the second
part in Property & (L) follows from the first one. Indeed, since for all ¢ in [0, 1] the
points y, 4(¢) and y, ,(¢) are both at distance < r/2 from y 7(¢), then they are in
the interior of the closed ball B(y5,7(¢), r), which is a Busemann neighborhood of the
point y5 (). Thus, the map t > |yp 4(t) — vy 4 (2)| is locally convex. Therefore,
by Theorem 6.2.16, this map is convex.

Now we prove the first part of Property (L). We break up this proof into two
steps. In Step 1, we prove that Property & (r) (that is, Property & (L) with L = r)
is satisfied. In Step 2, we prove that if Property & (L) is satisfied for some positive
L, then £ (3L/2) is also satisfied. It is clear that this will prove Theorem 9.2.4’, and
consequently, Theorem 9.2.4.

Step 1. Letus consider two points p and g in y ([0, 1]), and let y5 7 : [0, 1] — X be the
affinely reparametrized local geodesic whose image is contained in y ([0, 1]). Suppose
that L(yp3) < r and let z = y5 5(1/2). Thus, we have in particular [p — q| < r,
P —zl <r/2and |z —q| < r/2. Let B = B(z, r) be the closed ball of radius r
centered at z. If p and ¢ satisfy |p — p| <r/2 and |g — ¢q| < r/2, then we have

lp—zl<|lp=DPl+Ip—zl <r/2+r/2=r,

and
lg—zl<lg—ql+Ilg—zl<r/2+r/2=r.

Therefore, the points p and ¢ are contained in B. This ball, equipped with the metric
induced from that of X, is a geodesic metric space. Let [p, g] be a geodesic segment in
B joining p and g. Using Corollary 8.2.2, there exists a unique affinely reparametrized
local geodesic yp 4: [0, 1] — X joining p and g and this implies in particular that
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the image y, 4 ([0, 1]) is the geodesic segment [p, g]. The images of the two affinely
reparametrized local geodesics y5 7 and y,, 4 are contained in B, which is a Busemann
space, and we have |y57(0) — v, 4(0)| < r/2 and |y57(1) — yp (D] < r/2. By
Theorem 6.2.16 (Locally convex functions are convex), the map ¢t — |yp(t) —
Yp,q )] is convex. Thus, by Proposition 6.2.14, we have |y55() — vpq ()| < r/2
for all ¢ in [0, 1]. This completes the proof of the Step 1.

Step 2. We assume that Property J (L) is satisfied for some positive L. Let p and g
be two points on y ([0, 1]), let y57: [0, 1] — X be the affinely reparametrized local
geodesic satisfying y5 7 ([0, 11) C y ([0, 1]) and suppose that L(y537) < 3L/2. Let
p and g be two points in X satisfying |p — p| < r/2 and |g — ¢q| < r/2 and let pg
and go be the points on y ([0, 1]) defined by g0 = y5,7(1/3) and py = v5.7(2/3).
Finally, let y5, p,: [0, 1] — X be the affinely reparametrized local geodesic satisfying
Y5, po ([0, 1) C v ([0, 1]) and let y,, 7: [0, 1] — X be the affinely reparametrized
local geodesic satisfying y,,,7([0, 11) C y ([0, 1]).

We define, by induction, two sequences (p;);>0 and (g;)i>o in X ) such that for
alli > 1, Conditions (9.2.4.1) to (9.2.4.3) below are satisfied:

(9.2.4.1) There exists a unique affinely reparametrized local geodesic yp p,_, : [0, 1] —
X such that the map t > |yp p;_, (t) — V5, po (t)| is convex and satisfies |y, p,_, (£) —
Yp.po(t)| < r/2 for all ¢ in [0, 1], and there exists a unique affinely reparametrized
local geodesic yy;_,,4: [0, 1] — X such that the map t = |yy;_, 4 () — V40,7 is
convex and satisfies |yy,_; 4(t) — v4o,g(1)| < r/2forallzin [0, 1].

9242) pi=7v4 ,q4(1/2) and g = yp ., (1/2).
(9.24.3) |pi — pol <r/2and |g; — qol <r/2.

The points pg and gq are already defined. Let us define the points p; and q;.

The lengths of the two paths y5 ,,: [0, 1] — X and y,,7: [0, 1] — X are < L.
Therefore, property & (L) implies that there exists a unique affinely reparametrized lo-
cal geodesic y,, », and a unique affinely reparametrized local geodesic yy,,4 satisfying,
for all ¢ in [0, 1],

(9.24.4) 1Vp.po (1) = Vp,po (O] = r/2 and [ygg.4(t) — Vgo,q(] < 1/2.

We set p1 = Y40,4(1/2) and q1 = yp, p,(1/2) (Figure 9.6). Relations (9.2.4.1)
and (9.2.4.2) are therefore satisfied for i = 1. The convexity of the functions
4 q
q1 p1
q0 Po

Figure 9.6
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t = Yp.po®) — v, po(®)| and t = |Vg.q(t) — Vgo,5(t), together with (9.2.4.4),
imply that (9.2.4.3) is satisfied for i = 1. Thus, the points p; and g satisfy the three
required conditions.

Now suppose that the points p;_ and ¢;_1 have been defined for some integeri > 2
and let us define the points p; and g;. Weset p; = v,,_,.4(1/2) and q; = yp p,_,(1/2).
Since po = yy4,,7(1/2), we have, by convexity, | p; — po| < r/2. In the same way, we
have |q; —qo| < r/2. By Property & (L), there exists a unique affinely reparametrized
local geodesic yp p, : [0,1] — X such that the map ¢ — |y, p; (1) — ¥p,p, (D] is
convex and satisfies |y, p; (1) — ¥p,po ()| < r/2 for all ¢ in [0, 1], and there exists a
unique affinely reparametrized local geodesic vy, 4: [0, 1] — X such that the map
t = |Vgi.q (1) — Vgo,7(t)] is convex and satisfies |yy, 4 (t) — V40,7 ()| < r/2 forall ¢ in
[0, 1].

This completes the induction for the existence of the sequences (p;)i>0 and (¢;)i>o.

To continue Step 2 of the proof of Theorem 9.2.4, we need the following

Lemma 9.2.5. For every integeri > 1 and for every t in [0, 1], we have

r r
9.2.5.1) |Vp,p,~,1 ) — Yp,pi =< 5 and |Vq,-,1,q(t) - ti,q(t)| = 5
Proof. We prove this lemma by induction. We start with the case i = 1. We have

1Yp.po (0 = ¥p.p Ol =1p—pl=0

and
|Vp,po(1) - Vp,p1(1)| =|po—pil <r/2.

Therefore, by convexity of the map ¢ — |yp, po(t) — ¥p,p, (t)], we have

[Vp.po@®) — Yp.p (D] <r/2

for all ¢ in [0, 1].
An analogous reasoning shows that

1Ya0.4 (1) — V1,4 =7/2

for all ¢ in [O, 1].

This proves (9.2.5.1) fori = 1.

Now, let us suppose, as an induction hypothesis, that (9.2.5.1) is satisfied for
some integer i > 1. From (9.2.4.2), we have, for all i > 1, y, p,_,(1/2) = g;.
The induction hypothesis (applied with # = 1) and the convexity of the map ¢t —
[Vp,pi_y (&) — ¥p,p; ()| imply therefore (by taking t = 1/2)

1r r
lgi — gi+1l < 550 = S
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In the same manner, we obtain

1r r
|pi — pi+1l < 550 = S

Now using the convexity of the map 1 > |y, 4 () — ¥4;,,.4 ()], We obtain

-
Vai.a(®) — Vgir.g (O] < i+l

for all ¢ in [0, 1].
In the same way, we have

p
|Vp,p,- () — Yp.pis1 0l = 2i+1

for all ¢ in [O, 1].
This completes the induction step for (9.2.5.1), and the proof of Lemma 9.2.5. O

Now we continue the proof of Theorem 9.2.4’.

Relations (9.2.5.1) show that the sequences (Vp,pi (t))l.>0 and (ti,q(t))po are
Cauchy sequences, uniformly in ¢. Therefore, the sequence of paths (y, ,,)i>1 con-
verges uniformly to a path y, ;. , where po, = lim;_, o p;. In the same way, the
sequence of paths (y,; 4)i>1 converges uniformly to a path y,_ ,, where goo =
lim; o0 gi -

By taking limits, we see that the paths y,, ., and y,, 4 are affinely reparametrized
local geodesics, and that they satisfy respectively

[V, poo (1) — V5, po ()] < 7/2

and
|quo,q(t) - qu,ﬁ(t” <r/2.

Again, by taking limits, we obtain y) , . (1/2) = g and vy, (1/2) = peo.
The map t +— |yp p;_ (1/2 4+ 1) — yy4;_;,4@)], defined on [1/2, 1], is convex. Its
values for t = 1/2 and t = 1 are bounded above by r/2'. Thus, we have, for all 7 in
[1/2, 11, _
|Vp,p,-,1 (1/2+1) — Vql;l,q(t” < r/zl-

Hence, for every 7 in [1/2, 1], the sequences (v, p,_, (1/2+1)),, and (v4,_, ¢ ().,
in X converge to the same point as i — oco. We deduce that the images of the two
affinely reparametrized local geodesics yp, p,, and v, 4 have in common the image
of the unique affinely reparametrized local geodesic y,_ 4. : [0, 1] — X satisfying
1V poosgoo ) = Yao,po ()| < r/2 for all ¢ in [0, 1]. Therefore, the union of these two
images is the image of an affinely reparametrized local geodesic joining p and g
satisfying the required properties. This completes the proof of Theorem 9.2.4, and

therefore that of Theorem 9.2.4. O
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We deduce from Theorem 9.2.4 a result on the convexity of neighborhoods of
geodesic segments in Busemann spaces. To state this result, we recall the following
definition of Busemann’s ([28] p. 243) that we already used in special cases (Chapter 5).

Definition 9.2.6 (Capsule). Let X be ametric space, letr be anonnegative real number
and let [x, y] be a geodesic segment in X. Then, the capsule of radius r and axis [x, y]
is the set

C(x,yl,r)={z € X,d(z, [x,y]) <r}.

The notion of capsule generalizes the notion of closed ball, since when the segment
[x, ¥] is reduced to a point, the capsule C([x, y], r) is the closed ball of center x and
radius r. Thus, the following proposition generalizes Proposition 8.3.2 which says
that in a Busemann space, closed balls are convex.

Proposition 9.2.7 (Capsules in Busemann spaces are convex). Let X be a complete
Busemann space. Then, for every geodesic segment [x, y] and for every nonnegative
real number r, the capsule C([x, y], r) is convex.

Proof. Let yx y: [0, 1] — X be an affinely reparametrized geodesic whose image is
the segment [x, y]. Forevery ¢ in [0, 1] and for every r > 0, the open ball B(y(¢), 2r)
is a Busemann neighborhood of the point y (¢) (we use Corollary 8.3.2 which says that
any open ball in a Busemann space, equipped with the induced metric, is a Busemann
space). By applying Theorem 9.2.4 to any subsegment of [x, y], we see that for every p
and g in the capsule C ([x, y], r), there exists an affinely reparametrized local geodesic
Yp.q- [0, 1] — X whose image is contained in this capsule. By the existence of
geodesics and uniqueness (up to parametrization) of local geodesics joining two points
in a Busemann space (Corollary 8.2.2), the path y, 4 is an affinely reparametrized
geodesic. Therefore, its image is a geodesic segment contained in the capsule. This
proves Proposition 9.2.7. O

9.3 The universal covering of a locally convex metric space

The following definition is due to Alexander and Bishop (see [1]). It generalizes the
notion of exponential map in the context of Riemannian geometry, whose domain of
definition is the tangent space, at each point of a Riemannian manifold.

Definition 9.3.1 (Tangent space and exponential map).> Let X be a geodesic metric
space and let x be a point in X. The fangent space at x is the set G, of affinely
reparametrized local geodesics y: [0, 1] — X that start at x (that is, satisfying
y(0) = x). The exponential map at x, exp,: Gy — X, is then defined by setting
exp,(y) = y(1) forall y in G,.

3This definition makes sense in any metric space, but of course, if the space is not locally geodesic, the
definition should be replaced by a discrete version.
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For every x in X, we equip G, with the metric d defined by

d(y1,v2) = sup |y1(@®) — 2(0)lx
1€[0,1]

forall y; and y, in G. We shall refer to this metric as the metric of uniform convergence
on Gy.

Notice that if X is a locally convex metric space, then X is connected, locally
arcwise connected and semi-locally simply connected, and therefore it makes sense
to talk about the universal covering of X. We now prove the following

Theorem 9.3.2 (Gromov—-Alexander—Bishop: The exponential map is the universal
covering map). Let X be a geodesic, complete, locally compact and locally convex
metric space. Then for every x in X, the exponential map exp,: Gy — X is a
universal covering map.

Proof. Let x be a point in X. We first prove that the exponential map exp, is a local
isometry. Let y be an element of G and let us prove that there exists a neighborhood
V(y) of y in G such that the restriction of exp, to V(y) sends this neighborhood
isometrically onto a neighborhood of the point exp, (y) in X.

Let r be a positive real number such that for every ¢ in [0, 1], the closed ball
B(y(t), r) of radius r centered at y (¢) is a Busemann neighborhood for y (t) (Lemma
9.2.3)and let V (y) be the set of elements n: [0, 1] — X in G, satisfying |[n —y |G, <
r/2. Then V(y) is a neighborhood of y in G,. For every 11 and 1y in V(y), let
dy, my 2 10, 11 = Rbethemap t — |51 () —n2(¢)|. This map is convex, and it satisfies
dy;.,(0) = 0and dy, ,(t) > 0forall ¢ in [0, 1]. Therefore, by Corollary 6.2.12, it is
increasing. This implies

I —m2lg, = sup [n1(®) —m()|x
1€[0,1]

[n1(1) —n2(Dx
= |expx(r)1) - epr(n2)|X-

Thus, the exponential map restricted to V (y) is distance-preserving. In particular, it
is continuous and injective. It is also surjective, since X is a geodesic metric space.
Furthermore, Theorem 9.2.4 implies that the set exp, (V(y)) is a neighborhood of
exp(y) in Gx. Thus, the map exp, is a local isometry.

Now, let us prove that the map exp, : Gy — X is a covering map.

The space X, being locally convex, is locally uniquely geodesic. We have seen that
the map exp, is a local isometry. We would like to apply Theorem 3.5.4 but we cannot
do so because the space G, equipped with the metric d of uniform convergence, is not
necessarily a length space. (As Alexander and Bishop note in [1], p. 317, an example
of a space X that satisfies the hypotheses of Theorem 9.3.2 but for which d is not a
length metric, is obtained by taking X to be a circle in the Euclidean plane.) Instead,
we apply Theorem 3.5.4 to the metric space (G, d¢) where dy is the length metric
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associated to d (Definition 2.1.6). To see that this is possible, we show that the metric
dy satisfies Properties (9.3.2.1) and (9.3.2.2) below:

(9.3.2.1) The metric d; is complete.

Indeed, the metric d (which is the metric of uniform convergence) is complete, and
we have d; > d. (This follows immediately from the definition of the length metric
associated to a metric). Thus, a Cauchy sequence for dy is also a Cauchy sequence
for d. A Cauchy sequence for the metric d is convergent. Therefore, this sequence
converges also for dy.

(9.3.2.2) The map exp,: (Gx,d¢) — X is a local isometry.

Indeed, since X is locally convex, (G, d) is also locally convex. In particular,
(Gy, d) is locally a length space. Therefore, the metric dy coincides locally with d.
(In the example we mentioned above where X is a circle, d and d; do not coincide
globally.) In particular, (G, dy) is locally compact and locally uniquely geodesic,
and the map exp, : (G, dp) is, like the map exp, : (Gx, d) — X, alocal isometry.

Therefore, by Theorem 3.5.4, the map exp, : Gy — X is a covering map.

Finally we prove that for all x in X, the space Gy is simply connected. This will
imply that the map exp, : Gy — X is the universal covering map.

We show that the space G, is contractible. To see this, we use the map H : [0, 1] x
Gy — Gy whereforalluin[0, 1], H (u, y)istheelementof G, definedby t +— y (ut).
We have, for all y in G, H(0, y) = yp where yo(¢) = x for all ¢ in [0, 1], and
H(1, y) = y. Theorem 9.2.4 implies that any element yy , in G varies continuously
as a function of y, with respect to the topology of uniform convergence on G, and
this proves that the map H is continuous. Therefore, H is aretraction. This completes
the proof of Theorem 9.3.2. O

From Theorem 9.3.2, we deduce the following

Corollary 9.3.3. Let X be a complete geodesic locally convex and locally compact
metric space. In each homotopy class of paths in X with fixed endpoints that contains
a rectifiable path, there exists a local geodesic, and this local geodesic is unique up
to reparametrization.

Proof. The existence of the local geodesic follows from Proposition 2.4.11. The
uniqueness follows from the fact that the exponential map is a universal covering map
(Theorem 9.3.2). |

We end this chapter with the following theorem (cf. [1], p. 309 where this theorem
is attributed to Gromov).

Theorem 9.3.4 (Gromov). Let X be a simply connected geodesic, complete, locally
compact and locally convex length space. Then X is a Busemann space.
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Proof. Let x be apointin X. Since X is simply connected, Theorem 9.3.2 implies that
the covering map exp,. : G, — X is a homeomorphism, for all x in X. In particular,
for any two points in X, there exists an affinely reparametrized local geodesic that
joins them that is unique up to reparametrization. Since the space X is geodesic
(Theorems 2.1.15 and 2.4.6), this affinely reparametrized local geodesic is an affinely
reparametrized geodesic. Thus, given two arbitrary points in X, there exists an affinely
reparametrized geodesic that joins them, and this affinely reparametrized geodesic is
unique up to reparametrization.

Now let us consider three geodesic segments [x, y], [x, z] and [y, z] in X and let
m and m’ be respectively the midpoints of [x, y] and [x, z]. For each ¢ in [0, 1], let
y (t) be the point on [y, z] defined by y (¢) = (1 — t)y + tz (we are using the natural
parametrization of a geodesic segment), and let ; : [0, 1] — X be the unique affinely
reparametrized geodesic satisfying 7;(0) = x and n;(1) = y(¢). In particular, the
image of 1 is the geodesic segment [x, y] and the image of 7 is the geodesic segment
[x, z].

Let R = max{|x — y|, |x — z|}. For every ¢ in [0, 1], the image of », is contained
in the closed ball B(x, R).

Let us consider again the map on X defined by

x = ry = sup{r €]0, oo] such that B(x, r) is convex}.

By Lemma 9.2.2, this map is continuous. Since the closed ball B(x, r) is compact
(Theorem 2.1.15), there exists a real number » > 0 such that for all x € B(x, R), we
have ry > r.

Let (#)i=o,....n be a subdivision of [0, 1] such that foralli = 0, ..., n, we have
ly(t;) — vy (ti+1)| < r/2. By Theorem 9.2.4, foralli = 0,1,...,n — 1, the map
t = |n, (&) — 1y, (0)] is convex. Thus, we have

11 (1/2) = 15, (1/2)| = (1/2) [0, (1) — ng, (D]
= 1/Dly @) — ytiv)l.

Applying n times the triangle inequality, we obtain:

Im —m'l = 1no(1/2) = n1(1/2)]

n—1
<Y 1 (1/2) = 0, (1/2)]
i=0
n—1
< (1/2) ) I (1) = 14, (D)
i=0
=1/Dly -zl

This completes the proof of Theorem 9.3.4. O
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Notes on Chapter 9

Theorem 9.2.4 and its proof follow Theorem 2 of [1]. An early version of Corol-
lary 9.3.3 is due to Busemann ([28] p. 288), where the setting is that of straight
G-spaces. This result generalizes a result of Hadamard for surfaces equipped with a
metric of nonpositive curvature that we mentioned in the introduction (cf. [62], Part
III, Theorem 31). Theorem 9.3.2 is Theorem 1 in [1], where this result is attributed to
Gromoyv, and where it is proved without the assumption that X is locally compact. In
the proof that we give here, we rely on Theorem 3.5.4, which requires local compact-
ness. A proof of Theorem 9.3.2, without the local compactness condition is contained
in [20] (Theorem 3.4 p. 193). Another version of this result is contained in [7].

Convexity of capsules. Busemann introduced in [28] a notion of a “space in which
capsules with a small radius are convex”. Such a property is satisfied by complete
Busemann spaces, and in fact, in a complete Busemann space, all capsules are convex
(Proposition 9.2.7 above). In [28], Theorem 41.6, Busemann shows that a Riemannian
manifold has nonpositive curvature if and only if in that space capsules of small radii
are convex. Busemann shows in [28] §36.16 that in a G-space, this property on
capsules is equivalent to the fact that each point has a neighborhood such that for each
geodesic segment 7 and for each geodesic segment [x(, x1] in that neighborhood, the
function fr(t) = dist(x;, T) defined on [0, 1], is peakless. Here, for all ¢ in [0, 1], x;
is as usual the point on [xg, x1] satisfying |xo — x;| = f|xg — x1|. Of course, in the
case where X is a Busemann space, the function fr is convex. For the definition of a
peekless function, see Definition 6.2.10.

The Cartan-Hadamard Theorem. In [36], Notes III & IV, Cartan proves that if M
is a proper Riemannian manifold of dimension n, then the set & of local geodesics
starting at some fixed point xq of M is a simply connected covering of M (and therefore
it is the universal covering of M), the covering map from & to M being the one that
assigns to each local geodesic starting at xg its endpoint. The main point in Cartan’s
argument is the fact that each point in M can be joined to x( by a local geodesic (that
is, that the map & — M is surjective); cf. [36] p. 346. On p. 360 of the same book,
Cartan has another proof of this fact, based on the theorem of Hopf—Rinow (for which
he gives a proof), that is, the fact that for any two points in the Riemannian manifold M,
there is a geodesic segment joining them whose length is equal to the distance between
these points. Cartan also proves that in the case where M is nonpositively curved,
& is homeomorphic to R". His arguments are based on Hadamard’s ideas contained
in [62], which justifies the name “Cartan—-Hadamard Theorem”. As an application of
that result, Cartan considers the case of a manifold X homeomorphic to $2x10, 1].
This space cannot be equipped with a Riemannian metric of nonpositive curvature
that is proper (that is, where the two ends are at infinity), since this space is simply
connected but not contractible ([36] p. 348).



Chapter 10

Asymptotic rays and the visual boundary

Introduction

Given two geodesic rays r1: [0, co[— X and r;: [0, oo[— X in a metric space X,
we say that they are asymprotic if there exists a real number « such that for all ¢ > 0,
we have

lri(@) —ra(@)] < a.

Equivalently, two geodesic rays in a metric space X are asymptotic if and only if
their images are at finite Hausdorff distance.

Asymptoticity of geodesic rays is one possible (and may be the most useful)
generalization to arbitrary metric spaces of parallelism of geodesic rays in Euclidean
space.

A first version of this notion of asymptoticity, in the setting of surfaces of nonposi-
tive curvature, has been considered by Hadamard in his paper [62]. If X is a Busemann
space, two geodesic rays starting at the same point are asymptotic if and only if they
are equal.

In this chapter, for each geodesic metric space X and for each point p in X, we
consider the set R, X of geodesic rays in X starting at p, and we equip it with the
topology of uniform convergence on compact sets. We then associate to the point p a
space d, X, which is better adapted to play the role of a “boundary” of X than the space
R pX. This is the quotient space of R ,(X) by the equivalence relation that identifies
two geodesic rays starting at p whenever these rays are asymptotic. The space 9, X
is equipped with the quotient topology induced from that of R, (X) and it is called
the visual boundary of X at p. One can try to make the relations between the families
(RpX)pex and (3, X) pex and the family of tangent spaces associated to a geodesic
metric space, which we encountered in Chapter 9.

In the case where X is a Busemann space, each equivalence class of geodesic
rays starting at any given point is reduced to one element, and therefore there is a
canonical identification R, X =~ 0,X, for every p in X. In the case where X is a
proper Busemann space, 9, X is compact and there is a canonical bijection between
the spaces d,X and d,X, for any p and g in X. A study of the boundary spaces
0, X has been started by P. Hotchkiss in [65], where he proves that the canonical map
0pX — 94X is a homeomorphism.

The outline of this chapter is as follows.

In Section 1, we consider asymptotic geodesic rays in metric spaces and we study
in some detail the case of Busemann spaces.
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In Section 2, we consider the space R, X of geodesic rays in a metric space X
starting at a point p and we define the visual boundary 0, X at p. In the case where
X is a Busemann space, we show that 9, X ~ R, X and that for any p and ¢ in X,
there is a natural bijection ®, ,: 3,X — 9d,X. We define a topology on the union
X Ud,X . We end this section with a few remarks on the topology of the spaces R , X
and 9, X.

10.1 Asymptotic rays

Let us start by recalling that a geodesic ray in a metric space X is a distance-preserving
map 7: [0, co[— X. We say that r(0) is the origin of r, and that r starts at r(0).
We also recall that the diameter of a metric space X is the element of [0, co[U{oo}
defined as
diam(X) = sup{|x — y|, xiny € X}.

It is clear that if X has finite diameter, then there is no geodesic ray in X. Con-
versely, we have the following

Proposition 10.1.1. Let X be a complete geodesic metric space of infinite diameter.
Then every point in X is the origin of some geodesic ray.

Proof. Since diam(X) = oo, we can find, for every nonnegative integer n, two points
yn and z, in X satisfying |y, — z,| = n. Let x be any point in X. From the triangle
inequality, we have either |[x — y,| > n/2 or |[x — z,| > n/2. Let us set, for each
nonnegative integer n,

o Yn if |x_yn|2”/2a
"z if I =yl < nj2.

We have |x — x,| — oo as n — oo. Since X is geodesic, we can find, for each
n > 0, a geodesic path y,*: [0, [x — x,|] = X joining x and x,,. We extend y," to a
map v, : [0, oo[— X by setting

Yi@) if 0 <t <|x —x,l,
@) =" "
Xn if |x —x,| <t < o0.

The sequence of maps (y,) is equicontinuous, since each of these maps is
1-Lipschitz. Furthermore, for each ¢+ > 0, the set {y,, (), n > 0} is contained in
the closed ball of center x and radius ¢, and therefore it is bounded. Since R is sep-
arable and X complete, Ascoli’s theorem (Theorem 1.4.9) implies that the sequence
(y») has a subsequence that converges uniformly on compact subsets of R. From the
continuity of the distance function, it is easy to see, as in the proof of Proposition 2.3.1,
that the limit of this subsequence is a geodesic ray starting at x. O
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Definition 10.1.2 (Asymptotic geodesic rays). Let X be a metric space and let
r1: [0, 00[— X and ry: [0, oo[— X be two geodesic rays. We say that ry is asymp-
totic to ry if there exists a real number « such that |r| () — r2(¢)| < « forall > 0.

It is clear that the relation of being asymptotic is an equivalence relation on the set
of geodesic rays.

If r: [0, 00o[— X and r’: [0, co[— X are two geodesic rays in X, than we say
that 7" is a subray of r if there exists a real number # such that ' (t) = r(tp + t) for
all # > 0. It is clear that if r’ is a subray of r, then r and r’ are asymptotic.

Examples 10.1.3 (Asymptotic geodesic rays).

(1) Let us first give an example of a space in which there are several asymptotic
rays starting at some point. Consider the space E> equipped with a coordinate system
x,y,zand let X C 3 be the subset obtained by rotating around the z-axis the subset
of the xz-plane defined as the union of the half-line {x = —1, z > 0} with the affine
segment joining the point (0, —1) to the point (—1, 0) (see Figure 10.1). We equip
X with the length metric associated to the metric induced from its inclusion in E3.
In this length space, the union of the half-line {x = —1, z > 0} with the segment
joining the point (0, —1) to the points (—1, 0) is the image of a geodesic ray r starting
at (0, —1), and any ray obtained by composing the ray r with a rotation around the
z-axis is asymptotic to r.

Figure 10.1. The surface X in E3 referred to in Example 10.1.3 (i) is obtained by rotating
around the vertical axis the curve drawn here.

(i) If X = R, then each point in X is the origin of exactly two geodesic rays, and
these two rays are not asymptotic
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(iii) The same property holds if X is the Euclidean cylindre S! x R: each point in
X is the origin of exactly two geodesic rays, and these rays are not asymptotic.

(iv) Euclidean space. 1f ry: [0, co[— E" and r,: [0, co[— E" are two geodesic
rays in Euclidean n-space E”, then r and r, are asymptotic if and only if one of the
following two properties holds:

e 17 is a subray of r| or ry is a subray of r;

e r1 and rp have disjoint images, these images are contained in a 2-dimensional
affine plane, and in that plane, the images are contained in images of parallel Euclidean
straight lines and have the same direction.

(v) Hyperbolic space. In hyperbolic space H", two geodesic rays r; : [0, co[— H"
and rp: [0, co[— H" are asymptotic if and only if the limits | (co) and r(co) are
equal as points of the boundary S"~!. (This is best visualized in the open ball model
B" of H".)

(vi) R-tree. Let T be an R-tree. Then, two geodesic rays ry: [0, oco[— T and
ro: [0, co[— T are asymptotic if and only if their images coincide up to a compact
segment, that is, if and only if there exists #; > 0 and #; > 0 such that r1([#1, oo[) =
r2([2, 0o[).

On the set of geodesic rays, we can compare the relation of being asymptotic to
the relation of having images at finite Hausdorff distance. We start with a few general
observations on subsets that are at finite Hausdorff distance.

From the definition of the Hausdorff distance dg (cf. Chapter 4), it follows that
if A and B are subsets of a metric space X, then dz (A, B) < oo if and only if there
exists € > O such that B C N(A,¢€) and A C N(B, ¢€). It is clear that the relation
dy (A, B) < oo is an equivalence relation between subsets of X, and that any two
bounded subsets of X are equivalent with respect to this relation.

Proposition 10.1.4. Let X be a metric space and let ri: [0,00[— X and
ry: [0, oco[— X be two geodesic rays in X. Then, r1 and ry are asymptotic if and only
if their images are at finite Hausdorff distance.

Proof. We prove the nontrivial part of the statement, i.e., if the images are at finite Haus-
dorff distance, then the geodesic rays are asymptotic. Let k = dg (Im(ry), Im(rp))
and let us show that if k < oo, then |r1(t) —r2 ()| < 2« +|r1(0) —r2(0)| forall ¢ > 0.

For each t > 0, consider the projection pim(r,)(r1(¢)) of r1(¢) on the closed set
Im(r). Then, prmr) (1)) = r2(¢’) for some ¢ > 0 and we have

i =1r@") — ) < |r@") — ri@)| + Iri @) — ri(0)| + [r1(0) — r2(0)]
<k +t+1r1(0) —r200)].
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On the other hand, we have

t =|ri(t) — r1(0)]
< |ri(t) = ra(H + Ir2(t") = r2(0)| + |r2(0) — r1(0)]
<k 41 +1[r200) — ri(0)],

which gives t’ > t — k — |r2(0) — r1(0)].
Thus, we obtain

—k — |r1(0) = (0)] <t —t <k + |r1(0) — r2(0)]
or, equivalently,
|t —t] <k + |r1(0) — r2(0)].

Therefore we have, for all > 0,

Iri(@) — ()] < |ri@@) — ra(t)| + [r2(t") — ra(1)]
<k+|t'—t|
<2k +|r1(0) — r2(0)|.

This completes the proof of Proposition 10.1.4. O

We are particularly interested in images of geodesic rays in Busemann spaces, and
concerning such rays we need the following:

Proposition 10.1.5. Let X be a Busemann space, let p be a point in X and let
r1: [0,00[— X and ry: [0, 00[— X be two distinct geodesic rays starting at p.
Then, the map dy, ,,: [0, oo[— R defined by

dry,r, (1) = |r1(t) — r2(0)]

is increasing and satisfies im; oo dy, , (t) = 00.

Proof. Since X is a Busemann space, for any fixed T > 0, the restriction of d,, ,, to
the interval [0, T'] is convex. Furthermore, this map takes only nonnegative values,
and it takes the value 0 at t = 0. Therefore, it is increasing (Corollary 6.2.12). This
implies that the map d,, ,, is also increasing and convex. Since the geodesic rays rq
and r; are distinct and since they start at the same point, the map d,, ,, is not constant.
Therefore, by Proposition 6.2.3, we have lim;_, o d;, -, (t) = 00. a

From the preceding results, we deduce the following
Proposition 10.1.6. Let X be a Busemann space and let ri: [0, 00[— X and

r2: [0, co[— X be two geodesic rays starting at the same point. Then, the following
three properties are equivalent:
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i) r1=r2y
(ii) r1 and ry are asymptotic;

(iii) dg(Im(ry), Im(rp)) < oo.

Proof. Implication (i) = (ii) is trivial. By Proposition 10.1.4, we have (ii) <= (iii).
Finally, (ii) = (i) follows from Proposition 10.1.5. m|

We already mentioned that the relation of being asymptotic (or, equivalently, the
relation of having their images at finite Hausdorff distance) on the set of geodesic
rays is a possible generalization the relation of being parallel between geodesic rays
in Euclidean space. Therefore, the next proposition shows that, in some sense, for any
geodesic ray in a proper Busemann space, there exists a unique “parallel” geodesic
ray starting at any point.

Proposition 10.1.7. Let X be a proper Busemann space, let q be a point in X and let
r: [0, oo[— X be a geodesic ray. Then, there exists a unique geodesic ray r' starting
at q that is asymptotic to r (or, equivalently, whose image is at finite Hausdorff distance
from that of r).

Proof. Uniqueness follows from Proposition 10.1.6 and from the transitivity of the
relation of being at finite Hausdorff distance. For existence, we use the same construc-
tion as in the proof of Proposition 10.1.1. Foralln > 0, welety,: [0, |g—r(n)|]] > X
be the geodesic path joining g to r(n) and r;, : [0, co[— X the map defined by

Yu (1) if 0<t=<|g—rm)|,

ra(t) = .
yallg —rm) if ¢ = g —r(w)l.

Since the map r,, is 1-Lipschitz, the sequence (r,),>0 is equicontinuous. Further-
more, forall ¢ > 0, we have |¢g —r, (t)| < t, therefore the set {r,, (¢)|n > 0} is bounded.
Since X is geodesic and proper, it is complete and we can use Ascoli’s theorem to con-
clude that the sequence (7,),>0 has a subsequence (r,,);>¢ that converges uniformly
on compact subsets to a map r’: [0, co[— X which is a geodesic ray starting at g.

We now prove that Im(r' ([0, oo[)) is at finite Hausdorff distance from the set
Im(r ([0, ool)).

Let p = r(0) and let us consider the two geodesic segments [ p, r(n)] and [g, r (n)].
These are the images of 7|9, and 7y[0,|q—r(n)|] TESPECctively. Using the natural pa-
rameters associated to these two segments (cf. Chapter 2, §3), we set, for all 7 in
[0, 1],

xy=0-=0)p+tr(n)

and
yr =1 =0g+1rn).
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Since X is a Busemann space, we have
lx¢ — ye|l < Ix0o — yol = Ip —ql.

Thus, for every point x; on [p, r(n)], there exists a point y, on [gq, r(n)] satisfying
Ixe =yl < lp —ql.

Assume that m and n are positive integers satisfying m > n, and let x; be a point
on [p, r(n)]. Since [p, r(n)] C [p, r(m)], we can find a point y; ,, on [g, r(m)] =
rm ([0, |g — r(m)|]) satistying |x; — yr.m| < |p — gl. Thus, x; is in N (ry, |p — ql)
for all m > n. As ry, converges to r’ uniformly on compact sets, we obtain x; €
N(Im(), [p — ¢l). Thus, Im(r) C N(Im('), |p — gl). An analogous argument
shows that Im(r’) C N(Im(r), lp — q|). Finally, we obtain d}g(lm(r), Im(r/)) <
|p — g|, which completes the proof of Proposition 10.1.7. O

The idea for the construction of the geodesic ray r’ asymptotic to r is already
contained in the paper [62] by Hadamard.

10.2 The visual boundary

Let X be a metric space and for each p in X, let R, (X) be the set of geodesic rays
starting at p, equipped with the topology of uniform convergence on compact sets.

Definition 10.2.1 (Visual boundary). Let p be a point in X. The visual boundary at
p of X, denoted by 9, X, is the set of equivalence classes of asymptotic geodesic rays
starting at p. The space ), X is equipped with the quotient of the topology of uniform
convergence on compact sets.

Of course, if X is a bounded space (that is, if diam(X) < oo), then R, (X) ~
X =0.

Example 10.2.2 (Visual boundary).

(i) Euclidean and hyperbolic space. If X = E", then for every p in X, the visual
boundary 9, X coincides with the space of geodesic rays R, (X) and is homeomorphic
to the sphere $”~!. The same holds in the case where X = H" (this is best visualized
in the conformal model B"). More generally, for complete metric spaces satisfying
the existence and uniqueness of prolongation of geodesics at each point, the visual
boundary at any point is homeomorphic to a metric sphere around that point.

(i) Homogeneous tree. If X is a homogeneous simplicial metric tree of degree
n > 2, then for each p in X, we have R,(X) ~ 9,X and this space is totally
disconnected. For all n > 3, it is a Cantor set.

(iii) Euclidean cone. Let X be a singular two-dimensional Euclidean plane, with
the singular set reduced to a single point s that is a cone point of angle o €]0, oo[. (To
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avoid taking subcases, we also include the case « = 2, where X is non-singular.)
More precisely, let us consider the following:

e for @ < 27, the space X is obtained from the Euclidean plane X = E? by
starting with the region V,, C E? defined in polar coordinates by

Vo ={(r,0)|r € [0,00[and 0 < 0 < «},

gluing the two boundary rays {# = 0} and {# = «} by a Euclidean isometry and taking
the length metric on the resulting quotient space;

e for « = 2m, the space X is the Euclidean plane;

e for « > 2m, the space X is obtained by gluing as many regions of the form
V, (defined as above for &’ < 27) as needed, in the way we did it in the description
before Proposition 9.1.4 where we defined the local model for a Euclidean cone point
of angle & > 2, and taking again the length metric on the resulting space.

It is easy to see that for any o €]0, oo[, the visual boundary d; X at the singular
point s is homeomorphic to a circle. However, for a point p distinct from s, a quick
analysis of the behaviour of the geodesic rays starting at p shows that there are two
cases:

o fora > 27, R, (X) =~ 9, X is homeomorphic to a circle;
o fora < 27, Rp(X) = 9, X is homeomorphic to an open interval.

One can see the property stated for ¢ < 2w by looking at Figure 10.2: there is no
geodesic ray starting at the point p and whose tangent vector at p is directed upwards.

Figure 10.2. There is no geodesic ray based at the vector drawn if the vector direction is upwards
(Example 10.2.2 (iii)).

Thus, in particular, we have here an example of a complete geodesic metric space
X in which the spaces 9, X and 9; X are not homeomorphic for some p and s in X.
However, in the case where X is a Busemann space (for instance, in the case where X
is the Euclidean cone considered above with cone angle > 2), the visual boundaries
0, X for various p € X are pairwise homeomorphic (see [65]).

(iv) Euclidean cylindre. If X = S' x R is a Euclidean cylindre, then for each
point p, d, X consists in two points (cf. Example 10.1.3 (ii)).
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(v) Funnel-cusp. Let X be a “funnel-cusp” in hyperbolic two-space, that is, the
surface homeomorphic to a cylindre that is obtained as the quotient of the upper
half-space model H? of hyperbolic plane H? by a map of the form z — z + ¢ with
¢ € R (Figure 10.3). Then, for any x in X, we have d,X >~ &R, and this space is
disconnected. It consists in the union of a point (corresponding to the unique geodesic
ray starting at x and that tends to the cusp) with an open interval (corresponding to
geodesics that converge to points on the boundary of the funnel.)

Figure 10.3. A funnel-cusp. Ateach point, there is one geodesic ray starting there and converging
to the cusp, and a continuum of geodesic rays converging to points on the boundary of the funnel
(Example 10.2.2 (v)).

(vi)Forn > 2,1let X = E" orH", let p be apointin X andlet X’ = X\{p}equipped
with the subspace metric (which is also the intrinsic metric of the subspace). Then,
the visual boundary at any point of X" is homeomorphic to an (n — 1)-dimensional
sphere with a point removed.

Proposition 10.2.3. Let X be a proper Busemann space. Then, the visual boundary
at any point is compact and for all p and q in X, there exists a natural one-to-one
correspondence ®p 4: 0, X — 04 X.

Proof. The compactness of the visual boundary follows from Ascoli’s Theorem (The-
orem 1.4.9). Of course, ®, , is the map provided by Proposition 10.1.7, which
assigns to each geodesic ray r: [0, oo[— X starting at p the unique geodesic ray
r’: [0, co[— X starting at ¢ and satisfying dg(r, r’) < oo. This map is bijective
since it has an inverse map, which is the map &, ,: 9,X — 0,X m]

We recall thatif X is a Busemann space, then, foreach p in X, the space d, X ~ R,
is equipped with the topology of uniform convergence on compact sets. This means
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that a sequence of geodesic rays (r,) in X converges to a geodesic ray r if and only if
for every compact subset K of [0, oo[, the restriction of r,, to K converges uniformly
to the restriction of r to K.

For each point p in a Busemann space X, we now describe a natural topology on
the union Yp =XU9,X.

Consider first the set X, of maps r : [0, co[— X such that there exists 7, € [0, oo[
satisfying the following two properties:

o the restriction r|[o,,,] is a geodesic path starting at p
and

® 7|[1,,00] 1S @ constant map.

The map X, — X which sends each element r: [0, co[— X of X, to the point
r(t,) is one-to-one. (This foll_ows from the fact that X is uniquely geodesic.)

We now define the space X, to be the set of maps r: [0, oo[— X which are either

elements of X, or geodesic rays starting at p. We equip Yp with the topology of
uniform convergence on compact sets.

Proposition 10.2.4 (Topology on the union X U 3, X). Let X be a proper Busemann
space. Then, the space Yp = X U d,X, equipped with the topology of uniform
convergence on compact sets, is compact. This topology on the union Yp =XUdpX
is obtained by putting a point in 0,X as an endpoint to each geodesic ray r in X
starting at p; this endpoint is the ray r itself.

Proof. Compactness follows from Ascoli’s Theorem. The two natural inclusions
X ~ X, C Xpandd,X C X, are homeomorphisms onto their images, and therefore
the space X p has atopology that is compatible with the topologies of its two constituent
subspaces. It is clear from the definition of this topology that for every geodesic ray
r: [0, oo[— X starting at x, the point 7 € 3, X is the limit of the family of points r ()
ast — oo. O

If f: X — X isanisometry, then f sends any geodesic ray starting at a point p in
X to a geodesic ray starting at f(p). Therefore, there is a well-defined induced map
8fp2 BpX — 8/'(p)X.
Likewise, f induces a well-defined map X, — X 7(p), and an extension
Ir: Xp = X5y

which is bijective.

Letusrecall a few facts about the topology of uniform convergence on compact sets
and its relation to other topologies. For the details, we refer the reader to Munkres’s
book [114], §46. To avoid unnecessary notations, we limit ourselves to spaces of maps
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from [0, oo[ to a metric space X instead of considering maps between two arbitrary
spaces.

Rather than on the set 9, X itself, the topology of uniform convergence on compact
sets is initially defined on the set X[%->° of all maps from [0, oo[ to X. A basis for this
topology consists of the family {B(K, €, f)}, where K is an arbitrary compact subset
of [0, ocol, € an arbitrary positive real number and f: [0, co[— X an arbitrary map,
and where

B(K,e€, f) ={g: [0, co[— X suchthat sup |f(x) — g(x)| < €}.
xek

The topology of uniform convergence of compact sets on 9, X is the restriction of
the topology of X%l to the subset X C X 1000,

We now recall another useful topology, the compact-open topology, which is de-
fined on the set of all maps between two topological spaces (no metric is involved).
Again, to save notations, we restrict the exposition to the space of maps from [0, oo[
to X rather than to maps between arbitrary spaces.

For each compact subset K of [0, oo[ and for each open subset U of X, we set

N(K,U) ={r: [0, co[— X suchthatr(K) C U}.

The family {N (K, U)}, where K varies over the set of compact subsets of [0, co[
and U varies over the set of open subsets of X, is a sub-basis for the compact-open
topology on the set of maps X%l

Again, the compact-open topology on d,, X is the restriction to this subspace of the
compact-open topology on the space X [0l

There is a general result which says that the topology of uniform convergence
on compact sets and the compact-open topology have the same restriction on the set
C([0, oo[, X) of continuous maps from [0, oo to X. We refer the reader to [114],
Theorem 4.6.8, p. 285. Since 0, X is a subspace of C([0, oo[, X), the two topologies
that we consider here on 9, X coincide. We record this fact as a proposition:

Proposition 10.2.5. The topology of uniform convergence on compact sets on 9, X
coincides with the compact-open topology on this space.

In the paper [65], P. Hotchkiss proves that for any proper Busemann space X
and for any p and ¢ in X, the map ®, ,: 3,X — 9,X of Proposition 10.2.4 is a
homeomorphism.

Notes on Chapter 10

Asymptotic geodesic rays. Asymptoticity relations on the sets of geodesic lines
and of geodesic rays in metric spaces are studied by Busemann in [28], §23. We
already mentioned that such ideas can be traced back to work by Hadamard, who
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studied asymptotic geodesic lines in surfaces of nonpositive curvature. Elie Cartan, in
[36], Note III, studied asymptotic geodesics in Riemannian manifolds of nonpositive
curvature, using the fact that in such spaces, the distance function from a variable point
on the image of a geodesic to the image of another geodesic is convex. Asymptoticity
is studied extensively in the paper [45] by Eberlein and O’Neill.

Visual boundary. The definition of the visual boundary can be made in the setting of
an arbitrary geodesic metric space. The first general such definition is due to Eberlein
and O’Neill (cf. [45]). One can define versions of that boundary for non-geodesic
metric spaces by studying discrete geodesics.

The visual boundary of Teichmiiller space. In [84], Kerckhoff showed that a com-
pactification of the Teichmiiller space 7 (equipped with the Teichmiiller metric) of
a closed surface of genus g > 2 by a visual boundary, obtained by choosing a point
p in T, and attaching to each geodesic ray starting at p its endpoint, depends on the
choice of the point p. More precisely, Kerckhoff proved that the natural map which
one obtains between the compactified spaces 7, U d, X and 7, U 9, X is discontinuous
for certain points p and ¢ in 7. The study of the visual boundary of Teichmiiller
space is a fascinating subject. In the paper [96], J. McCarthy and the author proved
that for any g > 2 and for any p in T, the visual boundary 9,7, is a non-Hausdorff
space. In genus one, Teichmiiller space is isometric to Hyperbolic space H? and the
compactification of H? by the visual boundary does not depend on the choice of the
basepoint.



Chapter 11

Isometries

Introduction

Let X be a metric space and let f: X — X be a map. The minimal displacement of
f is defined as

A(f) = inf |x — f(x)I,
xeX
and the minimal set of f is defined as

Min(f) = {x € X, |x — f(x)| = A(f)}.

From these definitions, we see that if the fixed point set Fix(f) is not empty, then
Min(f) = Fix(f). Thus, in some sense, information on the minimal set is comple-
mentary to that provided by the fixed point set.

The minimal displacement and the minimal set of an isometry are basic tools for
analyzing its global behaviour. In particular, they are used in the classification of
isometries f: X — X into the following three types:

e f is parabolic if Min(f) = ¢,
o fisellipticif Min(f) # @ and A(f) =0
e f is hyperbolic if Min(f) # ¥ and A(f) > O.

This classification has been used by now by several authors (see for instance the
paper [134] by Thurston and the books [8] by Ballmann, Gromov and Schroeder and
[20] by Bridson and Haefliger), and it generalizes the well-known classification of
isometries of hyperbolic space H? that was carried on in the 19th century by F. Klein
in his study of surfaces equipped with metrics of constant curvature (see [88]).

An important sub-class of the class of hyperbolic isometries is the class of axial
isometries. An isometry f: X — X is axial if f has no fixed point and if there
exists a geodesic line whose image is setwise invariant by f. Axial isometries were
studied extensively by Busemann in [28]. In the case where X is a Busemann space,
an isometry of X is axial if and only if it is hyperbolic.

The study of axial isometries and of their minimal displacements provides infor-
mation about periodic geodesics. For instance, if X — X is the universal covering
map of a metric space X, then a deck transformation of this covering is axial if and only
if the corresponding element of the fundamental group of X contains in its free ho-
motopy class a periodic geodesic and, in this case, the length of the periodic geodesic
is equal to the minimal displacement of f.
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The outline of this chapter is the following.

In Section 1, we introduce the minimal displacement and the minimal set of a
self-map of a metric space X and we study the classification of isometries of X into
three types: parabolic, hyperbolic and elliptic.

In Section 2, we introduce the axial isometries of X and we study the relation
between axial and hyperbolic isometries and between axes and minimal sets.

In Section 3, we study some relations between the periodic geodesics in a length
space (in particular, in a Busemann space) and the axial isometries of its universal
cover.

In Section 4, we specialize to the case of Busemann spaces. We prove that for any
isometry of such a space, its minimal set is a convex subset. We prove also that an
isometry of a Busemann space is hyperbolic if and only if it is axial.

In Section 5, we study the notions of parallel geodesic lines (or, equivalently,
parallel straight lines) in metric spaces. We prove that two oriented axes of the same
axial isometry are parallel. Again, in this context, there are more precise statements
in the case of Busemann spaces.

11.1 Minimal displacement, minimal sets
and the isometry types

Definition 11.1.1 (Minimal displacement and minimal set). Let X be a metric space
and let f: X — X be a map. The minimal displacement of f, denoted by A(f), is
the greatest lower bound of the displacement function of f (Definition 3.1.3).

In symbols, we have

M) = inf x — F@I.
xeX
The minimal set of f, denoted by Min( f), is the subset of X defined as
Min(f) ={x € X, |x — f(x)| = 2(/)}.

We start with some examples of minimal displacements and minimal sets of self-
maps of some familiar spaces.

Examples 11.1.2 (Minimal displacements and minimal sets).

(i) If H? is the upper-half plane model of hyperbolic plane, and if f: H> — H?>
is the map of defined by z +— z + 1, then A(f) = 0 and Min(f) = @.

(i) If f: E* — E" is the map x — —x, then A(f) = 0 and Min(f) = {0}.
@iii) If f: 8" — S" is defined by x — —x, then A(f) = 2 (the diameter of S")
and Min(f) = §".

@v) If f: E" — [E" is a translation, then A( f) is the norm of the translation vector
and Min(f) = E".
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It follows from Definition 11.1.1 that if Fix(f) # @, then L(f) = 0 and Min(f) =
Fix(f). Thus, one can think of the minimal displacement of a map as a kind of measure
for how far the map is from having a fixed point (although in general A(f) = 0 does
not imply that f has a fixed point: consider again the map z +— z + 1 of the upper-half
space model of H2). For instance, it is clear that if X is compact, then L(f) = 0 if
and only if f has a fixed point.

Proposition 11.1.3. For any metric space X and for any maps f: X — X and
g: X — X, we have A(g o ) < A(f) + A(g). In particular, A(f") < nA(f) for
every integer n.

Proof. For all x in X, we have

dgoy(x) =|x —go f(x)]
S = fOI+ 1) —go f)]

Taking the infimum over all x in X, we obtain A(g o f) < A(f) 4+ A(g). The rest of
the proposition follows easily. O

Proposition 11.1.4. Let X be a metric space, let f: X — X be a map and let
g: X — X be an isometry. Then,'

(i) A(gfeg™") = A(f) and Min(gfg~") = g(Min(f));
(i) if f commutes with g, () = A(g) and Min(f) = Min(g).

Proof. Let us first prove (i). Since g is an isometry, we have
Mefe™h) = inf lx —gfg~ () = inf |g7'(x) — fg~ (W)I.
xeX xeX
Letting y denote the point g~!(x), we obtain
Mgfe™h = inf |y = FOI,
yeX

which shows that A(gfg ™) = A(f).
Let x be a point in X. Then,

x € Min(gfg™) = Ix—gfg” (@) = inf |y —gfg" )]
= I @ = fg7 0l = inf g7 0) = f&7 ()]
= lg7'@ — feTlwl = inf Iz - f(2)]

«— ¢ '(x) e Min(f)
< x € gMin(f)).

A remark about notation: when writing the composition of three or more maps, we delete the compo-
sition sign o.
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This proves that Min(gfg™!) = g( Min( f )), which completes the proof of (i). Prop-
erty (ii) follows easily from (i) and from Proposition 11.1.2 (i). |

Most of the results that we prove in the rest of this section about maps f: X — X
concern the case where f is an isometry.

Proposition 11.1.5. Let X be a metric space andlet f: X — X be anisometry. Then
(i) A(f) = A(f~1) and Min(f) = Min(f~");
(i) Min(f) and Fix(f) are closed invariant subsets of X.

Proof. Let us first prove (i). Using the fact that f is an isometry, we can write
M = inf lx — f7H ) = inf | £ () = x| = ().
xeX xeX
Furthermore, a point x in X is in Min(f ') if and only if

x — 'l =A™ = a0,

Since f is an isometry, this is equivalent to | f (x) — x| = A(f), thatis, tox € Min(f).
Thus, we have Min(f_l) = Min( f). This proves (i).

We prove the statement in (ii) about Min( f). The result for Fix(f) will follow
automatically since either Fix(f) = @ or Fix(f) = Min(f).

The fact that Min( f) is closed follows from the continuity of f. We show invari-
ance. Let x be in Min( f). Then, since f is an isometry, we have

If(x) — f20)] = x — f)] = A(f).

This shows that f(x) is in Min(f). The same kind of argument shows that f “1(x)is
in Min(f). We conclude that f(Min(f)) = Min(f), which completes the proof of
Proposition 11.1.5. O

We note that the f-invariance of Min( f) does not imply that Min( f) = Min(f?).
For instance, if f: E" — E” is the involution x — —x, then Min(f) consists of the
origin of E”, whereas f? is the identity and therefore Min( f%) = E".

We have the following general classification of isometries of a metric space X in
terms of the invariants A(f) and Min( f).

Definition 11.1.6 (The three isometry types). Let X be ametric spaceandlet f: X —
X be an isometry. Then f is said to be

(i) Parabolic if Min(f) = @.
(ii) Elliptic if Min(f) # @ and A(f) = 0. (Thus, f is elliptic if and only if
Fix(f) # 9).
(iii) Hyperbolic if Min(f) # W and A(f) > 0.
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The adjectives parabolic, elliptic and hyperbolic were used by F. Klein in his
classification of isometries of the hyperbolic plane (see [88]).

We recall that two isometries f and g of X are said to be conjugate if there exists an
isometry #: X — X suchthat g = hfh~'. Itis plain that conjugacy is an equivalence
relation on the set of isometries.

Example 11.1.7. The following is a family of examples which shows in some sense
that one can pass continuously from one isometry type to another. Let B, be the closed
ball in n-dimensional Euclidean space E" centered at the origin and of radius r > 0

and let B, be its interior. Then, the map x +— —ux, if it is defined on E" \ B,, is

parabolic; if it is defined on E" \ B,, it is hyperbolic, and if it is defined on E”, it is
elliptic.

Proposition 11.1.8 (Classification of isometries). For any metric space X, the isom-
etry classes described in Definition 11.1.6 are pairwise disjoint. Furthermore, the
inverse of any isometry is an isometry of the same type and two conjugate isometries
have the same type.

Proof. The fact that the three isometry classes are pairwise disjoint is clear from the
definition, and the fact that an isometry and its inverse have the same type follows
from Proposition 11.1.5. Now let f: X — X and g: X — X be two isometries that
are conjugate, and let #: X — X be an isometry satisfying ¢ = hfh~!. Then, by
Proposition 11.1.4 (i), we have A(f) = A(g) and Min(f) = A(Min(g)). The last
inequality shows that Min( f) is non-empty if and only if Min(g) is non-empty. This
implies that f and g have the same type. O

It is clear that if f is elliptic, then f” is elliptic for every integer n. However, it
is not true in general that for f non-elliptic, f” (for n # 0) is of the same type as f.
To see this, we again take f to be the involution x > —x of the sphere S”; then f is
hyperbolic whereas f? is the identity map and therefore elliptic. We shall see that if
X is a Busemann space and if f is hyperbolic, then f” is hyperbolic for every n # 0
(cf. Corollary 11.4.3 and 11.2.7 below).

Examples 11.1.9 (Classification of isometries). The first two examples are elemen-
tary and well-known. They are basic examples because in these cases each isometry
class can be completely described up to conjugacy.

(1) Isometries of the Euclidean plane. We know from elementary plane Euclidean
geometry that an orientation-preserving isometry of the Euclidean plane E? is of one
of the following two types:

e a rotation, and in this case the isometry is elliptic;

e a translation by a nonzero vector, and in this case it is hyperbolic.
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We also recall that an orientation-reversing isometry of E? can be decomposed into
a translation followed by a symmetry with respect to a straight line that is parallel to
the translation vector. Thus, an orientation-reversing isometry f of E? is again either
hyperbolic (this is the case where the translation vector is nonzero) or elliptic (and in
this case Fix(f) is a straight line).

(ii) Isometries of H". Let B" be the conformal ball model of H" and let f: B" —
B™ be an orientation-preserving isometry. Itis well-known that f extends continuously
to a homeomorpism of the closed ball B" = B" U §"~!. This can be deduced from
the fact that any isometry of B” is a Mobius transformation, that is, a composition
of restrictions to the ball B” of a finite number of inversions in Euclidean spheres or
reflections in extended hyperplanes of the compactified space E" U {co}. Therefore,
by the Brouwer fixed point theorem, the extension f: B" — B" of f has a fixed
point. Then:

e f is parabolic if and only if f has no fixed point in B" and has exactly one fixed
point in §"~1;

e f is elliptic if and only if f has a fixed point in B";

e f is hyperbolic if and only if f has no fixed point in B" and has exactly two
fixed points in §" 1.

There are particularly simple descriptions of the actions of isometries of the hy-
perbolic plane H?, up to conjugacy. For instance:

e in the upper-half plane model H2, a parabolic isometry is conjugate to a Euclidean
translation that preserves this plane, thatis, to amap of the form (x1, x2) — (x1, x2+c)
with ¢ a nonzero real number;

e in the conformal disk model B2, an elliptic isometry is conjugate to a Euclidean
rotation about the Euclidean center of the disk;

e in the upper-half plane model H?2, a hyperbolic isometry is conjugate to a Eu-
clidean homothety, that is, to a map of the form (x1, x2) — A(x1, xp) with A # 1.

There exist descriptions of the same kind as well as algebraic characterizations of
each isometry type for hyperbolic spaces of any dimension. For dimensions 2 and
3, we refer the reader to Thurston’s analyses in Chapter 2 of [137] and Chapter 5
of [134]. The examples above were certainly the main motivation for the work on
the classification of isometries of other spaces of various kinds (nonpositively curved
spaces, Teichmiiller spaces, symmetric spaces, Gromov-hyperbolic spaces and so on).

(iii) Isometries of an R-tree. An isometry of an R-tree is either elliptic or hyper-
bolic. This is proved by Morgan and Shalen in [112] in the setting of A-trees (which
are objects more general than R-trees). For a proof in the special case of R-trees, we
refer to the paper [42] by Culler and Shalen. In fact, in Section 1.3 of that paper, Culler
and Shalen prove that given any isometry f of an R-tree 7', its minimal set Min(f)
is a closed nonempty invariant subtree of T, and that either A(f) = 0 and in that case
Min(f) = Fix(g), or A(f) > 0 and in that case Min( f) is isometric to a real line
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and the action of f on Min(f) is conjugate to a translation of R by the factor A(f).
Furthermore, in the last case, for any point p in T, its image f(p) satisfies

lp — f(p)I = A(f) + 2d(p, Min(f)).

In Figure 11.1, p’ and p” denote respectively the projections of p and f(p) on the
axis of f, and pp’p” f (p) is the geodesic segment joining p to f(p).

In the special case of simplicial trees, this classification is contained in Serre’s
book [128], Chapter I, Proposition 2.4.

D f(p)

/ "

p p

Figure 11.1. The horizontal line is the axis of f (Example 11.1.9 (iii)).

(iv) Isometries of the Teichmiiller metric. Consider again the Teichmiiller space
T, of a closed oriented surface S, of genus ¢ > 2. By a theorem of H. L. Royden
(see [125]), the isometry group of 7, equipped with the Teichmiiller metric is the
modular group (also called the mapping class group) Mg of S, that is, the group of
isotopy classes of self-homeomorphisms of S,. Such an isotopy class is usually called
amapping class. In the paper [13], L. Bers worked out a classification of the elements
of M, in terms of their action on 7, equipped with the Teichmiiller metric. Again,
this classification is done in terms of the minimal set and the displacement function of
mapping classes acting by isometries on 7,. Bers’s definitions of an elliptic and of a
hyperbolic element of M are the same as those in Definition 11.1.6 above. However,
in the case where the minimal set of a mapping class f is empty, Bers distinguishes
two cases:

e the parabolic case, which (in Bers’s definition) corresponds to Min( f) = ¢ and
A(f) =0;

o the pseudo-hyperbolic case, which corresponds to Min(f) = ¥ and A(f) = 0.

Bers’s classification of mapping classes is related to Thurston’s famous classifi-
cation (and, in fact, Bers’s classification is based on Thurston’s). We recall that in
Thurston’s theory of surfaces and their diffeomorphisms (see [136]), mapping classes
are classified into three types:

e finite order, which is the case where the mapping class can be represented by a
periodic homeomorphism;

e reducible, which is the case where the mapping class has a representative which
preserves a collection of disjoint simple loops (such a collection is called a “reducing
curve system”) which are not homotopic to a point and which are pairwise non-
homotopic;
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e pseudo-Anosov, which is the case where the mapping class has a representative
which preserves two transverse measured foliations, multiplying the transverse mea-
sure of one of these foliations by a factor A # 1 and the transverse measure of the
other foliation by the factor 1/A.

The relation between Bers’s and Thurston’s classification is as follows. A mapping
class is of finite order if and only if it is elliptic, and it is pseudo-Anosov if and only if
it is hyperbolic. A reducible non-finite order mapping class can be either parabolic or
pseudo-hyperbolic in the sense of Bers, depending on the action of the reducible map
on the components of the surface cut-off along a reducing curve system.

In the case of a closed surface of genus 1 (that is, the case of the two-torus), the
Teichmiiller space, equipped with its Teichmiiller metric, is isometric to the hyperbolic
plane H? and the mapping class group is simply the group GL(2, Z) acting on H?
(realized as the upper half-plane model of hyperbolic 2-space) by fractional linear
transformations.

(v) Isometries of the Weil—Petersson metric. H. Masur and M. Wolf proved in
the paper [100] that the isometry group of Teichmiiller space equipped with the Weil—
Petersson metric is, like in the case of the Teichmiiller metric, the mapping class group.
In the paper [43], G. Daskalopoulos and R. Wentworth worked out a classification of
isometries of Teichmiiller space, equipped with the Weil-Petersson metric, in terms
of the minimal displacement of such an isometry. This classification parallels Bers’s
classification in the case of the Teichmiiller metric. Daskalopoulos and Wentworth
introduced the following terminology.

e A mapping class is pseudo-periodic if it is either of finite order or reducible and
finite order on its components (that is, on the surface cut-off along a reducing curve
system).

e A mapping class is strictly pseudo-periodic if it is pseudo-periodic but not peri-
odic.

Daskalopoulos and Wentworth proved the following:

o A mapping class is semi-simple if and only if it is periodic or pseudo-Anosov. The
periodic (respectively pseudo-Anosov) case occurs when the minimal displacement is
zero (respectively nonzero).

e A mapping class is not semi-simple if and only if it is strictly pseudo-periodic
or reducible but not pseudo-periodic. The strictly pseudo-periodic (respectively re-
ducible but not pseudo-periodic) case occurs when the minimal displacement is zero
(respectively nonzero).

The arguments in the paper [43] are based on the existence of invariant geodesics for
the action of pseudo-Anosov mapping classes (that is, the authors prove that pseudo-
Anosov mapping classes are axial isometries for the Weil-Petersson metric), and on
the fact that if y and y’ are axes of independent pseudo-Anosov mapping classes, then
these axes diverge in the sense that the map (¢, s) — d(y (¢), y’(t)) is proper.
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The union of classes (ii) and (iii) in Definition 11.1.6is the class of isometries whose
displacement function assumes a minimum. Such isometries appear for instance as
deck transformations of covering spaces. This class of isometries is also particularly
interesting in the study of group actions on metric spaces. For instance, any element
of a group acting by isometries properly discontinuously and cocompactly belongs to
this class. In fact, the elements in this class have a special name, and we record the
following definition:

Definition 11.1.10 (Semi-simple isometry). Let X be a metric space. We say that an
isometry f: X — X is semi-simple if Min(f) # @, or, equivalently, if f is either
elliptic or hyperbolic.

As we noted in Example 11.1.9 (iii), every isometry of an R-tree is semi-simple.
Now we turn to isometries of Busemann spaces. We have the following

Proposition 11.1.11 (Min( f) and Fix(f) are convex). Let X be a Busemann space
and let f: X — X be an isometry. Then Fix(f) and Min(f) are invariant closed
convex subsets of X.

Proof. The fact that Fix(f) and Min(f) are closed and invariant is contained in
Proposition 11.1.5. Let us prove that Min( f) is convex. Again, the result for Fix(f)
will follow from the result for Min( f) since if Fix(f) is not the empty set, then it is
equal to Min( f).

Let x and y be two points in Min(f) and let y: [a, b] — X be a geodesic path
joining them. We have dy o y(a) = dy o y(b) = A(f) and it follows from the
definition of the map d that for any ¢ in [a, b], we have dy o y (t) > A(f). We saw
in Example 8.4.5 (iv) that the map dy o y: [a, b] — R is convex and therefore, by
Proposition 6.2.14, dy o y (t) = A(f) for every ¢ in [a, b]. Thus, the image of y is
contained in Min( f'), which proves that Min( f) is convex. This completes the proof
of Proposition 11.1.11. O

We note that the convexity of Fix(f) in a general uniquely geodesic metric space
also follows from Corollary 3.2.6.

11.2 Axial isometries

Most of the results of this section are due to Busemann (cf. [28], §6), although he
presents them under slightly different hypotheses.

Definition 11.2.1 (Axial isometry). Let X be a metric space and let f: X — X be
an isometry. Then f is said to be axial if f has no fixed point and if there exists a
straight line, which is called an axis of f, that is setwise invariant by f.
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It is clear from this definition that if an isometry f: X — X is axial then its
inverse is also axial, and that f and its inverse have the same axes.

The simplest example of an axial isometry is a non-trivial translation of R. More
generally, if X is any metric space, then any self-map of X x R (equipped with a
product metric) that is the identity on the first factor and a non-trivial translation on
the second factor is axial. Any hyperbolic isometry of hyperbolic space H" is axial.
We also saw that any hyperbolic isometry of an R-tree is axial (see Example 11.1.9
(iii) above).

In some cases, the axis of an axial isometry is unique. This holds for instance
in the case of a hyperbolic isometry of H", or of a hyperbolic isometry of an R-tree
(Example 11.1.9 (iii)). But there are cases where the axis is not unique, like the case
of a non-trivial translation of E", where every straight line which is parallel to the
translation vector is an axis.

Proposition 11.2.2. Let X be a metric space, let f: X — X be an axial isometry and
let £ be an axis of f. Then, for every x and x" on £, we have |x — f(x)| = |x' — f(x)].
Furthermore, the elements of the sequence (f" (x))nez are pairwise distinct, and they
follow each other on the line € according to the order induced by the index n € Z.
Finally, the orientation of £ for which a point on this axis is translated in the positive
direction does not depend on the choice of this point.

Proof. The axis £, equipped with the metric induced from that of X, is isometric to
the real line R equipped with its usual metric, and the map induced on this axis is
conjugate to a translation of R. Since f has no fixed point, this translation of R is
non-trivial and consequently it (and therefore f) satisfies all the required properties.

|

Using Proposition 11.2.2, we can make the following definition:

Definition 11.2.3 (The canonical orientation of an axis). Let X be a metric space, let
f: X — X be an axial isometry and let £ be an axis of f. Then the canonical
orientation of € is the orientation provided by Proposition 11.2.2, that is, the one for
which any point on £ is translated in the positive direction under the action of f.

It is clear that ¢, equipped with its anti-canonical orientation, is an axis for f~!
equipped with its canonical orientation with respect to the map f~!.

Proposition 11.2.4. Let X be a metric space, let f: X — X be an isometry and
suppose that there exists a straight line £ on which the induced action of f is a non-
trivial translation. Then for every x on £ and for every integer n, we have

lx = 1)l = Inl.Ix = fOI.

Proof. This also follows from the fact that the action induced by f on £ is conjugate
to a non-trivial translation of R. |
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Proposition 11.2.5. Let X be a metric space and let f: X — X be an isometry.
Suppose that there exists a straight line £ on which the induced action of f is a non-
trivial translation. (In other words, suppose that this induced action is conjugate to
a non-trivial translation of R.) Then for every x in X, we have |x — f"(x)| — oo as
n — oo.

Proof. By Proposition 11.2.4, for any x on ¢, we have |x — f"(x)| - coasn — oo.
Now if y is an arbitrary point in X, we choose a point x on £ and we write, using the
triangle inequality,

\%

ly =Dl = =ly = x|+ lx = [ = | f"(x) = f* ()]
= |x = f" )l =2y — x|,

which shows that |y — f"(y)| - oo asn — o0. O

Corollary 11.2.6. Let X be a metric space and let f: X — X be an isometry. Then,
the following two properties are equivalent:

(1) f is axial;

(i) there exists a straight line £ on which the induced action of f is a non-trivial
translation.

Proof. We have (i) = (ii) by Proposition 11.2.2 and its proof. Conversely, if (ii) is
satisfied, then, by Proposition 12.2.5, f has no fixed point, which shows that f is
axial. |

Corollary 11.2.7. If f: X — X is an axial isometry, then, for every nonzero integer
n, the isometry f" is axial.

Proof. This follows from the characterization of axial isometries in Corollary 11.2.6 (ii).
O

It is easy to see that if f is axial, then for every n # 0, any axis of f is an axis
of f. But the converse is not true, that is, there may be axes of f” that are not axes
of f, as one can see by taking f: E> — E? to be a translation by a non-zero vector
v followed by a reflection along a straight line £ that is parallel to v. In this case, £ is
the only axis of f, whereas f2 is a translation of E? of vector 2v, which implies that
each straight line parallel to v is an axis of f2.

Proposition 11.2.8 (Axes are contained in the minimal set). Let X be a metric space
andlet f: X — X be an axial isometry. Then every axis of f is contained in Min( f).
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Proof. Let £ be an axis of f and let n be an integer > 2. By Proposition 11.2.4, we
have, fo_r every x € £, |x — f*(x)| = n|lx — f(x)|. If z is an arbitrary point in X, we
have | fi(z) — fiT1(z)| = |z — f(z)| forall i € Z. We deduce that

nlx — )] = |x — f*(x)]
<lx—zl+lz— f@I+1f@) - f2 )
o 1@ - QIR — )]
=2|x —zl +nlz — f(2)|.

Dividing by n, we get |x — f(x)| < |z — f(@)| + 2/n)|x — z|. Letting n — oo,
we obtain |x — f(x)| < |z — f(z)| for all zin X, which implies |x — f(x)| = A(f).
Thus, x is in Min( f). This proves Proposition 11.2.8. O

Corollary 11.2.9 (Axial implies hyperbolic). Let X be ametric spaceandlet f: X —
X be an axial isometry. Then f is of hyperbolic type.

Proof. By Proposition 11.2.8, the minimal set of f is not empty, which implies
that f is not parabolic. Since f has no fixed point, it is not elliptic. Therefore, by
Proposition 11.1.8, f is hyperbolic. O

Thus, an axial isometry has a nonempty minimal set.

Proposition 11.2.10. Let X be a metric space, let f: X — X be an axial isometry
with axis £ and let y : R — X be a geodesic line whose image is £ and such that the
canonical orientation of £ as an axis of f coincides with the positive orientation of
R (transported by the map y). Then, for everyt € R, we have f oy (t) = y(t + a)
with o = A(f). Furthermore, A(f) is the smallest value of a for which the equation
foy() =y + a) holds.

Proof. Again, this follows from the fact that the action induced by f on the axis £
(equipped with the metric induced from that of X)) is conjugate to a translation of R
by some constant . Since £ is contained in Min( f) (Proposition 11.2.8), we obtain
o = A(f), and the proposition follows easily from this fact. O

Proposition 11.2.11. Let X be a metric space, let f: X — X be an axial isometry
with axis € and let g: X — X be an arbitrary isometry. Then gfg~" is an axial
isometry having g(£) as an axis and A(f) as minimal displacement.

Proof. Suppose that gfg~!(x) had some fixed point x. Then gfg~'(x) = x, which
implies fg~!(x) = g~'(x). Therefore g~!(x) would be a fixed point of f. Since f
has no fixed point, we conclude that g fg~! has no fixed point. Furthermore, we have
gfe 1 (g(0)) = g(f () = g(£), which implies that gfg! is axial and that g(¢) is
an axis for this isometry. Finally, to find the minimal displacement of g fg !, we take
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an arbitrary point x on g(¢). By Proposition 11.2.8, g(£) is contained in the minimal
set of gfg~!, therefore we have

Mefeh =l —gfe )l =1g7 ) — fe )l

Since g~ ! (x)ison ¢, wehave |g ' (x)— fg~ ' (x)| = A(f), whichimplies A (gfg~ ") =
A(f). This proves Proposition 11.2.11. O

Proposition 11.2.12. Let X be a uniquely geodesic metric space and let f: X — X
be a fixed-point free isometry. Suppose that there exists a point x in X and a straight
line £ in X such that for every n in Z, the point f"(x) lies on £. Then f is an axial
isometry and ¢ is an axis of f.

Proof. Since the space X is uniquely geodesic, for every x and y in X, f sends
the unique geodesic segment joining x and y to the unique geodesic segment joining
f(x)and f(y). Suppose that the sequence ( fr (x))n <z lies on a straight line £. Then
the restriction of f to £ is conjugate to a translation of R, and there exists a positive
constant ¢ such that for any integer n, the point f”(x) is situated at distance |n|c
from x. Since for every integer n, the map f sends the segment [ f”(x), f"*!1(x)] to
the segment [ f"+!(x), f"+2(x)], we deduce that f preserves £. Thus, f is an axial
isometry and ¢ is an axis of f. O

11.3 Periodic geodesics

Definition 11.3.1 (Periodic geodesic). Let X be a metric space. A periodic geodesic
in X is amap c: R — X that is periodic and locally distance-preserving. In other
words, ¢ is a periodic geodesic if there exists « > 0 (called a period of c) such that
c(t + o) = c(¢) for all # in R and if for any such ¢, there is a closed interval 7 (¢) C R
containing ¢ in its interior such that the restriction of ¢ to 7 (¢) is a geodesic path. We
shall call a periodic geodesic of period a a pair (c, &) where c: R — X is a periodic
geodesic and « a period of the map c. (Note that we do not assume in this definition
that ¢ is the smallest period of c¢). The length of a periodic geodesic of period « is
then the length of the restriction of ¢ to the interval [0, «].

We recall that a loop in a topological space is a path whose two endpoints coincide,
and that the free homotopy class of a loop is, by definition, its homotopy class with
no basepoint fixed.

We call the homotopy class of a periodic geodesic c¢ of period « the free homotopy
class of the loop ¢|[0,q]-

We now give a criterion for a loop in a proper length space to be geodesic, which is
analogous to the criterion for geodesic paths in homotopy classes with fixed endpoints
that we saw in Chapter 2 (proof of Proposition 2.4.11):
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Proposition 11.3.2. Let X be a proper length space in which each point is the center
of a simply connected ball of positive radius, and let y be aloop in X whose length o is
smallest in its free homotopy class. Then there exists a periodic geodesic c: R — X
whose length is equal to a and such that the map c|[o,«) coincides with y, up to a
reparametrization of this loop y.

Proof. We omit the proof since it is a straightforward adaptation of the proof of
Proposition 2.4.11. O

Example 11.3.3 (Funnel-cusp). A standard example in classical hyperbolic geometry
of a space X with a non-trivial free homotopy class of loops containing no periodic
geodesic is the cylinder obtained as a quotient of hyperbolic space H? by a parabolic
isometry. In the upper half-plane model H?, this cylinder (which we called a funnel-
cusp) is the quotient of H2 by a map of the form z — z + ¢ (¢ > 0). If two points x;
and x; are on the same horizontal line in this space, situated at (Euclidean) distance y
above the x-axis and whose Euclidean mutual distance is a, then the hyperbolic length
of the Euclidean segment [x1, x7] is equal to a/y. Letting y tend to infinity, the family
of images of the segments [x1, x2] in the cylinder gives a family of loops in the same
non-trivial homotopy class whose lengths are unbounded from below.

It should be noted, in relation to Proposition 11.3.2, that the fact that the length
of a loop is smallest in its free homotopy class is not a necessary condition for that
loop to be a periodic geodesic. In fact, we know that on the contrary, on a sphere, the
geodesics are the circles of largest radius. We can also give examples of non-simply
connected surfaces; in the example described in Figure 11.2 which represents a surface
homeomorphic to a cylinder that is embedded in R, the two circles that have small
radii are periodic geodesics, but the central circle of large radius is also a periodic
geodesic.

Figure 11.2. The circles drawn on the surface are geodesics.
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Proposition 11.3.4. Let p: X — X be a covering map between length spaces, with
p being a local isometry, let f: X — X be a deck transformation that is axial and
lety: R — X be a geodesic line whose image is an axis £ of f. Then poy isa
periodic geodesic in X and the minimal displacement L(f) is a period for this periodic
geodesic.

Proof. By Proposition 3.4.8, poy isalocal geodesic. Since f is a deck transformation,
we have poy (t) = po f(y(¢)) forevery f in R and by Proposition 11.2.10, f(y (¢)) =
y (t +«) where « = A(f). This implies that the map p o y is a periodic geodesic with
period A(f). O

In the case where X is a locally convex space, we have the following converse:

Proposition 11.3.5. Let X be a locally convex space, let c: R — X be a periodic
geodesic of lengtha > 0 and let p: X — X be the universal covering equipped with
the pull-back length metric. Then, there exists a deck transformation f: X > X
that is an axial isometry with minimal displacement A(f) = «, and a geodesic line
¢: R — X whose image is an axis of f and such that p oy = c.

Proof. Letus set x = ¢(0), let X be a point in the fibre p~l(x)andletcy: [0, 0] > X
be the restriction of ¢ to [0, «]. Then ¢ is a local geodesic and by Proposition 3.4.11,
we can lift it to a local geodesic ¢y : [0, o] — X starting at x. The point ¢, () is in the
fibre p_1 (x) and it is distinct from X, since X , being the universal cover of a locally
convex space, is a Busemann space and since in such a space there is a unique local
geodesic joining any two points (in particular, if the two points coincide, then this
local geodesic is the constant map). By the classical theory of covering spaces, there
is a deck transformation f: X — X that sends X to & (). The image of the segment
[X, o ()] by f is the lift of ¢ starting at éq (cr). Let us call &, () : [0, ] — X this
lift. Since ¢: R — X is alocal geodesic, the concatenation éq * €, : [0, 20] — Xisa
local geodesic in X. The composed map p o (éq * ¢,) winds twice around the image
of & in X. Since X is a Busemann space, the map éq * C,,, being a local geodesic
in X, is a geodesic. By an easy induction using the same construction, we obtain, by
concatenating bi-infinitely many lifts of ¢y, a geodesic line &: R — X whose image is
invariant by f, on which f acts as a translation by the factor « and satisfying poc¢ = c.
This completes the proof of Proposition 11.3.5. O

A periodic geodesic ¢: R — X of period o, equipped with an orientation (in
general, we shall take the orientation induced from the positive orientation of R)
defines an oriented loop in X and therefore a conjugacy class in the fundamental
group 1 (X).

Regarding Proposition 11.3.5, it is worthwhile to note that the deck transformation
f that is obtained from the periodic geodesic ¢ equipped with the orientation induced
from the positive orientation of R, is the deck transformation which by the general
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theory of coverings is associated to a loop based at the basepoint of X, and that
this deck transformation represents an element of the fundamental group of X, via
the canonical isomorphism between m1(X) and the group of deck transformations
of the universal covering. Of course, in order to have a well-defined isomorphism
between the fundamental group and the group of deck transformations, one has to
make the choice of a basepoint. Still, without such a choice, the free conjugacy class
of an oriented loop determines a well-defined conjugacy class of deck transformations.
Using this remark, from Propositions 11.3.4 and 11.3.5 we deduce the following:

Proposition 11.3.6. Ler X be a locally convex space, let p: X — X be its universal
covering, with X equipped with the pull-back length metric, and let n be a free homo-
topy class of loops in X. Then, the conjugacy class of deck transformations determined
by n is axial if and only if there exists a periodic geodesic in the free homotopy class n.

Proof. By Proposition 11.3.5, the deck transformation associated to a periodic geodesic
is axial, and by Proposition 11.3.4, an axial transformation determines a periodic
geodesic in the corresponding free homotopy class in the fundamental group. This
proves Proposition 11.3.6. O

11.4 Axial isometries of Busemann spaces
We begin this section with a useful lemma:

Lemma 11.4.1. Let X be a Busemann space, let f: X — X be an isometry without
fixed point and suppose that there exists a point x in X satisfying |x — f(x)| = A(f).
Then the point f(x) lies between x and f 2(x).

Proof. Let z be the midpoint of the segment [x, f(x)]. Since f is an isometry, f(z)
is the midpoint of the segment [ f(x), f 2(x)]. We claim that

(11.4.1.1) 2= fOI+1f) = f@I=I1z— fQRI

Indeed, if not, then we would have

lz = fI+1fx) = f@I > 1z = fQ@)
> |x — f(x)]
=lz— f)|+ 1z — x|
=lz—=f)I+1fx) = f@I,

which is a contradiction. This proves (11.4.1.1), which implies that f(x) lies between
zand f(z). Since z lies between x and f (x), since f(x) lies between z and f(z) and
since X is a Busemann space, Proposition 8.2.4 implies that f(x) lies between x and
f(2). By the same proposition, since f(x) lies between x and f(z) and since f(z)
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lies between f(x) and f2(x), we conclude that f(x) lies between x and f2(x). This
proves Lemma 11.4.1. O

Proposition 11.4.2. Let X be a Busemann space and let f: X — X be a hyperbolic
isometry. Then f is axial and for every x in Min( f), all the elements of the sequence

(f” (x))neZ lie on an axis of f.

Proof. By Lemma 11.4.1, the point f (x) belongs to [x, f2(x)], the unique geodesic
segment joining x to f2(x), and this segment is the union of geodesic segments
[x, FOOTULf(x), £2(x)]. Since x is in Min( f), we have

X — £l = [f(x) — f2(0)]
= inf 2= /(2)]

. 2
f(lgixlf(z)—f (2|

= A(f).

By Lemma 11.4.1 applied to the point f (x), we conclude that f 2(x) lies between f (x)
and f3(x). By the existence of geodesics and by the uniqueness of local geodesics
joining two arbitrary points in the Busemann space X, the union of geodesic segments

[x, FEOTULFG), FAETU L), £,

which is the image of a local geodesic (and therefore of a geodesic), is a geodesic
segment. The four points x, f(x), f 2(x), f3(x) are contained in that order on that
geodesic segment. By an induction that uses the same reasoning, we obtain that the
union | J,, ezlx, f(x)]isastraight line £ in X which contains the point f" (x) for every
n € Z. By Proposition 11.2.12, f is an axial isometry and £ is an axis of f. O

Corollary 11.4.3 (In a Busemann space, axial is equivalent to hyperbolic). Let X be
a Busemann space and let f: X — X be an isometry. Then f is axial if and only if
it is hyperbolic.

Proof. This follows from Corollary 11.2.9 and Proposition 11.4.2. O

Corollary 11.4.4. Let f: X — X be a hyperbolic isometry of a Busemann space X.
Then, for any nonzero integer n, the isometry f" is hyperbolic.

Proof. The proof follows from Corollary 11.4.3 and Corollary 11.2.7. O

We already noted that the conclusion of Corollary 11.4.4 is not true in a geodesic
metric space without further assumptions. For instance, the isometry of the sphere
S" defined by x — —x is hyperbolic, but its square is the identity map, which is not
hyperbolic.
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Proposition 11.4.5 (Axes are disjoint). Let X be a Busemann space and let f: X —
X be an axial isometry. Then, the axes of f are disjoint

Proof. The proof of Proposition 11.4.2 implies that for any point x on an axis of f,
the orbit of f completely determines the axis containing x. Thus, if a point belongs
to two axes, these two axes coincide. m]

Proposition 11.4.6. Let X be Busemann space and let : X — X be an axial (or;
equivalently, a hyperbolic) isometry. Then Min( f) is the disjoint union of the axes of
f, and f acts on Min(f) as a translation by the quantity L(f).

Proof. The second part of Proposition 11.4.2 implies that Min(f) is contained in the
union of the axes of f, Proposition 11.2.8 says that any axis of f is contained in
Min( f) and Proposition 11.4.5 says that the axes of f are disjoint. O

11.5 Parallel lines

We now introduce a parallelism relation between geodesic lines that is analogous to
the asymptoticity relation between geodesic rays that we introduced in Chapter 10.

Definition 11.5.1 (Parallel geodesic lines). Let X be a metric space and let y : R —
X and y": R — X be two geodesic lines. Then y is said to be parallel to y' if there
exists a real number « such that |y (t) — y/(¢)| < « for every ¢ in R.

It is clear that this defines an equivalence relation between geodesic lines in X.
It is also clear that if a geodesic line y’: R — X is obtained from a geodesic line
y: R — X by a change of parameter, that is, if there exists a real number c satisfying
y'(t) = y(c+1) forall r € R, then y and y’ are parallel.

Examples 11.5.2 (Parallel geodesic lines).

(i) Euclidean space. In n-dimensional Euclidean space [E”, two geodesic lines are
parallel if and only if their images are contained in a 2-dimensional plane and if in
this plane the two images are parallel in the usual sense of Euclidean plane geometry
and the orientations induced from the positive orientations of R coincide.

(ii) Hyperbolic space. In n-dimensional hyperbolic space H", two geodesic lines
y:R — H" and y’: R — H" are parallel if and only if 3’ is obtained from y by
a change of parameter. This amounts to saying that the images of y and y’ coincide
and that the orientations of these images that are induced by the positive orientation
of R coincide.

(iii) R-tree. Likewise, in an R-tree, two geodesic lines are parallel if and only if
their images, equipped with the orientations induced by the positive orientations of R,
coincide.
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For any geodesic line y : R — X, we define the geodesic line opposite to y as the
geodesic line y: [0, oo[— X defined by y(t) = y(—t) for every ¢ in R.

The following relation between parallelism of geodesic lines and asymptoticity
of geodesic rays that we considered in Chapter 10 follows immediately from the
definitions:

Proposition 11.5.3. Let X be a metric space, let y: R — X and y': R — X be
two geodesic lines in X and let v : [0, oo[— X and ¥’ : [0, oco[— X be the geodesic
lines that are opposite respectively to y and y’'. Then the geodesic lines y and y' are
parallel if and only if the geodesic rays y|[0,00[ and V|/[0, o[ @re asymptotic and the
geodesic rays V(o oo and ¥’ 1[0, +o00[ @T€ asympiotic. O

An oriented straight line in a metric X is a straight line that is equipped with an
orientation (This makes sense since a straight line is an embedded image of R). If
€7 denotes a straight line equipped with an orientation, then £~ will denote the same
straight line equipped with the opposite orientation.

We note that the image of any geodesic ray, being an embedded image of [0, oo, is
equipped with a natural orientation, which is the one induced by the positive orientation
of [0, ool.

Finally, we make the following definition:

Definition 11.5.4 (Parallel oriented straight lines). Two oriented straight lines ET and
K2+ in a metric space X are said to be parallel if given two geodesic lines g1: R — X
and g>: R — X whose images are respectively ET and Z;r , with the orientations on
ET and E;‘ induced by the positive orientation of R via g; and g2, the geodesic lines
g1 and g; are parallel.

From the remark following Definition 11.5.1, we can see that this definition does
not depend on the choice of the geodesic lines g and g» that parametrize ¢; and 5.
Furthermore, it is clear that ET and E; are parallel if and only if £; and ¢, are parallel.

Proposition 11.5.5. Let X be a metric space, let f: X — X be an axial isometry and
let ZT and E; be two axes of f that are equipped with their canonical orientations.
Then ET and E; are parallel.

Proof. Let y1: R — X and y»: R — X be two geodesic lines whose images are the
axes £1 and £, respectively, such that the orientations on ET and E; are induced by
the positive orientation of R. Let us set ¢ = A(f). For any x| on £; and x5 on £;, we
have, by Propositions 11.2.4 and 11.2.8, for every integer n,

lx1 — f" (x| = cln] = |x2 — f"(x2)| = A(f").
Since f"(y1(0)) = yi(nc) and f"*(y2(0)) = ya2(nc), we obtain
ly1(nc) — ya(ne)l = | " (v1(0)) — f"(v2(0)| = [¥1(0) — y2(0)].
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Therefore, for every integer n and for every ¢ in [nc, (n + 1)c], we have

Y1) — y2(0)] < ly1(t) = y1(nc)|
+ [y1(nc) — ya(no)| + lya(ne) — y2(2)l
= [y1(0) — »2(0)| +2(t — nc)
< [y1(0) = y2(0)[ + 2c,

which shows that the geodesic lines y; and y» are parallel. Therefore the oriented axes
ET and E;‘ are parallel. O

Proposition 11.5.6. Let X be a Busemann space andlety: R — X andy’: R — X
be two parallel geodesic lines. Then the map t — |y (t) — y'(t)|, defined on R, is
constant.

Proof. The map t — |y(t) — y'(¢)] is locally convex and therefore convex (cf.
Theorem 6.2.16). A map defined on R that is convex and bounded is constant (Propo-
sition 6.2.3). |

Notes on Chapter 11

The classification of isometries of Riemannian manifolds of nonpositive curva-
ture. One version of the classification of isometries of Riemannian manifolds of
nonpositive sectional curvature, involving the minimal set and the displacement func-
tion, is contained in the paper [17] by Bishop and O’Neill. More precisely, the authors
prove the following (Proposition 4.2 p. 13 of [17]): Let M be a complete simply
connected manifold of nonpositive curvature, let f: M — M be an isometry and let
d% : M — R be the square of the displacement function:

dj(x) = lx = fP.

(We recall that in the Riemannian case, the square of the displacement function is
smooth and therefore it is often more useful than the displacement function itself
which in general is not smooth.) Then, djzc is convex, and exactly one of the following

holds:

e f has a fixed point (that is, f is elliptic) and in this case the fixed point set of f
is a closed convex submanifold of M;

e f is axial and in this case the minimal set of f is the union of the axes of f;

o the minimal set of f is empty (that is, f is parabolic).



Chapter 12

Busemann functions, co-rays and horospheres

Introduction

The three notions that are in the title of this chapter were introduced by Busemann.
Let us briefly review the definitions. If X is a metric space and if r: [0, co[— X
is a geodesic ray in X, then the Busemann function associated to r is the function
B, : X — R defined for x in X by

By(x) = lim (lx —r(®)| —1).

A horosphere is a level set of a Busemann function.

Finally, given a geodesic ray r: [0, oco[— X and a point x in X, a co-ray to r
starting at x is a geodesic ray that is the limit of a sequence of geodesic paths (},),>0,
such that for all n > 0, y, joins x, to r(t,), where (x,) is a sequence of points in X
converging to x and (#,) is a sequence of nonnegative numbers tending to infinity.

Thus, in some sense, saying that a geodesic ray r’ starting at x is a co-ray to r is a
way of saying that r’ joins x to the point at infinity of r.

We shall limit ourselves to some elementary aspects of that theory, but we warn the
reader that there are interesting results concerning co-rays that take place in spaces that
admit the uniqueness of prolongation of geodesics. In fact, unlike the other notions
introduced in this book, in order to treat efficiently the notion of co-rays, one has to
do it in the setting of Busemann G-spaces (see the notes at the end of this chapter).

The plan of this chapter is the following.

In Section 1 we introduce Busemann functions and we study their basic properties.

Section 2 is a brief introduction to Busemann’s theory of co-rays.

Section 3 concerns horospheres. We shall see that co-rays are in some sense or-
thogonal trajectories to horospheres. We end this chapter with a short list of problems.

12.1 Busemann functions

We wish to introduce the Busemann function associated to a geodesic ray, and we start
with the following

Lemma 12.1.1. Let X be a metric space and let r: [0, co[— X be a geodesic ray in
X. Then, for every point x in X, the map t — (|x — r(t)| — t) is nonincreasing and
bounded from below.
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Proof. Using the triangle inequality, we have, for every ¢ in R,
x —r®l—t=|x —r@®] = r@) —r@®] = —|r) — x|.

Thus, the map ¢ +— (|x — r(¢)| — ¢) is bounded from below. Now if #; and #, are two
real numbers satisfying 0 < #; < f,, we have

lx —r@)| = [r(t) —r)| — |x —r()l,
which implies

lx —r(@)| —t = |x —r@)| =t — |r(t1) — r(t)]
=lx—r()|—H—-(—1n)
=|x —rt)| —tn.

This completes the proof of Lemma 12.1.1 O

From Lemma 12.1.1, we deduce the following

Corollary 12.1.2. Let X be a metric space and let r: [0, co[— X be a geodesic ray
in X. Then, for every x in X, lim;_, oo (|x — r(¢)| — t) exists and is finite. |

Now we can make the following
Definition 12.1.3 (Busemann function). Let X be a metric space and let r: [0, co[—
X be a geodesic ray. The Busemann function associated to r is the map B,: X — R

defined for x in X by
B, (x) = lim (Jx — r(t)| —t).
t—>0o0

Proposition 12.1.4. For any metric space X and for any geodesic rayr : [0, oo[— X,
the associated Busemann function B,: X — R satisfies the following properties:

(1) for everyt € [0, oo, we have B, (r(t)) = —t;

(ii) for every x and y in X, we have
By (x) = By(y) = lim (|x —r(®)] — |y = r(®):;
(iii) By is 1-Lipschitz.
Proof. For every t > 0 and for every ¢’ > ¢, we have
Br(r(n)) = lim (Ir@t) —r(@)| —t") = lim (' =1 —1") = —1,
t'—00 t'—00

which proves (i).
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For every x and y in X, we have

By (x) — By(y) = lim ((x =r®l =0 =y =r®Ol+1)

= tl_1)no10(|x —r@®] — |y —r@®)l)),

which proves (ii).

For every r > 0, we have |x —r(¢)| — |y — r(¢t)| < |x — y|. Therefore, we obtain,
using (ii), B, (x) — B, (y) < |x — y|. By symmetry, we also have B, (y) — B, (x) <
|x —y|, which shows that | B, (y) — B, (x)| < |x —y|. This proves (iii), which completes
the proof of Proposition 12.1.3. O

Proposition 12.1.5 (Convexity of Busemann functions). Let X be a Busemann space.
For any geodesic ray r: [0, oo[— X, the associated Busemann function B,: X — R
is convex.

Proof. In a Busemann space, for all ¢ € [0, oo[, the function x + |x —r(¢)]| is convex.
Therefore, the function x — (|x — r(¢)| — t) is also convex and by passing to the
limit, the function x +— B, (x) = lim;_, oo (|x — r(¢)| — t) is convex. |

The Busemann function associated to a geodesic ray r and to a subray of r are
equal up to an additive constant. More precisely, we have the following:

Proposition 12.1.6. If ry is a subray of r and if ro(0) = r(ty), then, for all x € X,
we have By, (x) = B, (x) + to.

Proof. We have

Byy(x) = lim (lx —ro(t)| — 1)
t—00
= lim (lx —r(t +10)| - 1)
= lim (lx = r(t +10)] = (¢ +10)) + 1o
= B, (x) + 19. |
Definition 12.1.7 (Distance at infinity between geodesic rays). Let X be a metric

space and let r: [0, oo[— X and r’: [0, co[— X be two geodesic rays. Then, the
distance at infinity between r and r’ is the element in [0, co[U{oco} defined as

800 (r, ¥') = liminf |r () — ' (1)|.
t,t'—00

In particular, the distance at infinity between two asymptotic rays is finite. We note
however that the fact that 800 (r, ') = 0 does not imply that r and ' are asymptotic,
as we can see from the following example.
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Example 12.1.8. Let £ be the graph of a positive function f: [0, co[— R having
infinitely many minima, at points ¢, (n > 0), with f(¢,) decreasing and tending to 0
as n — 00, and infinitely many maxima, at points #, (n > 0), with f(z,) increasing
and tending to co as n — oo (Figure 12.1). Let S be the surface in R> obtained by
rotating ¢ around the horizontal axis of Figure 12.1. For any real number 6, if £g
denotes the image of the curve £ by a rotation of angle 6 around the horizontal axis,
then £ and ¢y are images of geodesic rays that are not asymptotic but whose distance
at infinity equals zero.

Figure 12.1. The graph £ of Example 12.8.1.

Proposition 12.1.9. Let X be a metric space, let r: [0, co[— X and r': [0, co[— X
be two geodesic rays and let x and x" be two points in X. Then, we have

By (x) + By (x)) — By (x') = By ()| < 2800(r, 7).

Proof. Let us take two sequences of real numbers (#,) and (#,) that tend to oo as
n — oo and such that

Soo(r, ¥ = lim |r(t,) — r/(t,;)|.
n—>oo
We have, for all n > 0,

lx —r(t)| = |x =’ ("] < |r(y) —r'('n)

and
X' =) =X =) < ) =@ ),



12.2 Co-rays 265

which implies
X = r(@)| = v = ') = (5" = r@)| = 1" = (@G)D] < 20r ) —r' ()]

As n — 00, the left hand side converges to | B, (x) + B,/ (x’) — B, (x") — B,/(x)|
while the right hand side converges to 28 (r, r’). This proves Proposition 12.1.9. O

Corollary 12.1.10. Let X be a metric space and r: [0, co[— X and r': [0, oo[— X
be two geodesic rays in X. If §oo(r, ¥') = 0, then B, — B, is a constant map.

Proof. If §oo(r, ¥’) = 0, then, Proposition 12.1.9 shows that for all x and x” in X, we
have

B (x) — By (x) = By (x") — By(x),

which shows that the map B, — B, is constant. O

12.2 Co-rays

Definition 12.2.1 (Geodesic paths converging to a geodesic ray). Let X be a metric
space. For any nonnegative integer n, let y,: [0, a,] — X be a geodesic path. We
say that y,, converges to a geodesic ray r: [0, oco[— X if a, — oo asn — oo and
if for every T € [0, oo[ the sequence of maps (x|, 1), Which is defined for n large
enough, converges uniformly to the map 0,77

For example, the sequence (y;,) of geodesics that we defined in Proposition 10.1.7
above converges to the geodesic ray r.

Proposition 12.2.2. Let X be a metric space, let r: [0, co[— X be a geodesic ray
and let y,,: [0,a,] = X (n = 0) be a sequence of geodesic paths in X. Then, the
following two properties are equivalent:

(1) the sequence vy, convergestor asn — 0O

(i) for everyn >0, if y',: [0, co[— X be the map defined for n > 0 by

;)@ 0 <1 <ap,
" e ift = an,

then the sequence (y,) converges to r with respect to the topology of uniform
convergence on compact sets of [0, ocol.

Proof. The result follows easily from the definitions. O
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Definition 12.2.3 (Co-ray). Let X be a metric space, letr: [0, co[— X be a geodesic
ray and let x be a point in X. A geodesic ray r’: [0, co[— X is said to be a co-
ray to r starting at x if there exists a sequence of real numbers (¢,),>0 tending to
infinity as n — oo, and for each n > 0, a geodesic path y,: [0, a,] — X satisfying
vu(an) = r(t,), such that y,,(0) — x and such that the sequence (y,) of geodesic
paths converges to the geodesic ray r’ as n — oo

It is clear from this definition that any geodesic ray r is a co-ray to itself. We shall
see below that if 7’ is a co-ray to r, then any subray rq of 7’ is a co-ray to r starting at
rp(0).

It is also not true that a co-ray to a given ray r is determined by its initial point, as
is shown in Example 12.2.6 (i) below. Likewise, it is not true in the general case that
being a co-ray is a symmetric relation; see Example 12.2.6 (iv) below.

Proposition 12.2.4. Let X be a complete geodesic metric space. Then, for every
geodesic ray r: [0, co[— X and for every point x in X, there exists a co-ray to r
starting at x.

Proof. We take any sequence (#,),>0 of real numbers that tends to infinity, and for
each n > 0 a geodesic y, joining x to r(f,). By the proof of Proposition 10.1.7, the
sequence y, converges to a geodesic ray r’, which, by definition, is a co-ray to r. O

Proposition 12.2.5. Let X be a metric space, let r: [0, oco[— X be a geodesic ray
and let r': [0, co[— X be a co-ray to r. Then, any subray of r' is a co-ray to r.

Proof. Let ro be a subray of ’ and let ro(0) = r(T). Let (x,,) be a sequence of points
converging to r’(0), let (#,) be a sequence of nonnegative real numbers tending to
infinity and for each n > O let y, : [0, |x, — 7 (#,)|[— X be a geodesic path joining x,,
to r(z,) such that the sequence (y;,,) converges to r’ as n — oo.

The point x, = y,(T) is defined for n large enough, and since y,, converges to r/,
the sequence (x,) converges to r'(T) = ro(0) as n — oo. This implies that the
sequence of geodesic paths y, : [0, |x;, — r(#,)|[— X, defined for n large enough by

Ya(t) = yu(Ixn — x,| + 1),

converges to the geodesic ray rg, which shows that r¢ is a co-ray to r. O

Examples 12.2.6 (Co-rays).

(i) Non-uniqueness of co-rays. It is possible to have more than one co-ray to
a geodesic ray starting at a given point; it is easy to construct such examples in
non-uniquely geodesic spaces. For instance, in the simplicial graph represented in
Figure 12.2 (the “bi-infinite horizontal ladder”), if  is a geodesic ray whose image
is entirely contained in the upper level, then, for any point x on the lower level, any
geodesic ray starting at x whose image coincides with the image of r except for
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Figure 12.2. A space in which there are several co-rays to the same ray that start at the same
point (Example 12.2.6 (i)).

a compact subsegment is a co-ray to r starting at x. Thus, it is clear that there are
infinitely many such co-rays starting at x. One can construct in the same way examples
of different co-rays starting at the same point in the space R” equipped with the £
norm.

(ii) Co-rays in E". It is easy to see, from Euclidean geometry, that if » : [0, co[—
E" is an geodesic ray and if x is a point in E", then there is a unique co-ray to r
starting at x. In the case where x is on the image of the Euclidean line spanned by r,
this co-ray is the Euclidean geodesic ray that starts at x and whose image eventually
coincides with the image of r. In the case where x is not on the Euclidean line spanned
by r, then the co-ray is the unique geodesic ray starting at x whose image is in the
plane spanned by x and the image of r, that is parallel to r in the usual sense of plane
Euclidean geometry and that has the same direction as r.

(iii) Co-rays in H". Let X = H". Then, for each geodesic ray r: [0, co[— H"
and for each point x in H", there is a unique co-ray to r starting at x. This co-ray is the
unique geodesic ray starting at x and converging to the same point on the boundary
sphere of H". (Again, this is best visualized in the conformal ball model B" of H";
see Example 2.4.3 (i) of Chapter 2).

(iv) Non-symmetry of the co-ray relation. Let us show that the relation “ry is a
co-ray to r2” is not symmetric. Let X be the planar square grid (Figure 12.3), that is,
the homogeneous simplicial graph of degree 4, equipped with the length metric for
which each edge has length one. Let x, y and z be three successive vertices on the same
horizontal, as in Figure 12.3, let rq : [0, oo[— X be a vertical geodesic, starting at x
and pointing upwards (we use the drawing in Figure 12.3) and let r; : [0, oo[— X be
the geodesic ray starting at y and obtained by concatenating the geodesic path joining
the adjacent vertices y and z with the vertical ray pointing upwards and starting at z
(again, we use Figure 12.3). It is clear that ry is a co-ray to r», but r, is not a co-ray
tor.

The following proposition establishes a relation between co-rays and Busemann
functions:

Proposition 12.2.7. Let X be a metric space, let r1: [0, oco[— X be a geodesic ray
and let ry: [0, 0o[— X be a co-ray to ry. Then, for allt’ and t” in [0, oo[, we have

By, (ra(t")) — By (r2(t) =1 —1".
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ri r

Figure 12.3. rq is the vertical geodesic starting at x, r starts at y, passes through z and continues
vertically. r is a co-ray to r1 but rq is not a co-ray to ro (Example 12.2.6 (iv)).

Proof. Without loss of generality, we can assume that r” < ¢’. Let us take, as in
Definition 12.2.3, two sequences (#,) and (a,) of nonnegative real numbers and a
sequence y,: [0,a,] = X (n =0, 1, ...) of geodesic paths satisfying the following:

® ¥, (0) = r2(0) as n — o0;
o yu(ay) =r1(t,) foralln > 0;
o r2(t) = hmnﬁoo ‘}/n(t) for all ¢ > 0.

By the triangle inequality, we have, for all n large enough,

[Yu(t") — 2] = yu(t") — rit)| — 1r2(t") — ri ()]
and
[ya (") = r2(t") = 12 (") — r1 ()| = lya(t") = r1(ta)].
Adding the two inequalities, we obtain
[ya (') = r2() + 1y (") = 2] = |r2(e") = r1(t)| = Ir2(t") — r1(5)]
+ (lya @) = ri@)| = [y (") = r1(t)1)
= |r2(t") = ri(t)| — [r2(t") — r1(t)|
_ (t/ _ t//).

In the same way, using the triangle inequality, we can show that

[Ya (&) — ra ()] + lyn (") — r2(e")]
< (" —=1") = ") = ri@)| — @) —ri@)l.
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Thus, we obtain

[Yn () = 2 ()] + [ya (@) — r2(t")]
< [In@") = ri@)| = 1)) = ri@)) = " —1")].

As n — o0, we have |y, (t') — r2(t')| — 0 and |y, (t") — r2(t")] — 0. By
Proposition 12.1.4 (ii), we have

nli)rrolo(lrz(t”) —r1(ty)| = Ir2(t') = r1(t)]) = By, (r2(t")) — By, (r2(t")).

This proves that
By, (r2(t")) — By (nn(t)) = t' — 1",

which is the desired equality. O

12.3 Horospheres

Definition 12.3.1 (Horosphere). Let X be a metric space, let : [0, co[— X be a
geodesic ray and let B, be the associated Busemann function. A horosphere with
central ray r is a level set of the function B,.!

If p is an arbitrary point in X, we denote by S (7, p) the horosphere with central
ray r that contains p. Thus, we have

Seo(r, p) = {x € X suchthat B,(x) = B,(p)}.

We start with a few elementary properties of horospheres.

Proposition 12.3.2. If r and r' are two geodesic rays in a metric space satisfying
800 (r, r") = 0, then these two rays have the same associated horospheres.

Proof. By Corollary 12.1.10, if 850 (r, 7’) = 0, then B, — B, is a constant function. O

Proposition 12.3.3. Let X be a metric space. Then, the following properties hold:
(1) Horosphere are closed subsets of X.

(ii) Letr: [0, oo[— X be a geodesic ray and let x be a point in X. If ro is a subray
of r, then the two functions B, and By, have the same level sets. More precisely,
we have, for all x in X, S (1o, X) = Soo(r, Xx).

IFor horospheres, Busemann uses the terminology “limit spheres”. This is because under appropriate
hypotheses on the ambient space, horospheres are indeed limits of spheres.
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Proof. The fact that a horosphere is closed follows from the continuity of the func-
tion B,: X — R (Proposition 12.1.4 (iii)). To prove (ii), we recall that by Propo-
sition 12.1.6, for each x in X, we have B,,(x) = B,(x) + f9. Thus, the maps
B, and By, have the same level sets, and furthermore, for all y in X, we have
B.(y) = B,(x) <= B (y) = B, (x). Therefore, Soc(rp, X) = Soo(r, x). This
proves Proposition 12.3.3. O

To state the next results, we need the following notation:
For x and y in a metric space X, S(x, y) be the sphere of center x and passing
by y. In other words,

S(x,y) ={z € X suchthat |z — x| = |z —y|.}

Proposition 12.3.4 (Upper limit of spheres contained in horosphere). Let X be a met-
ric space, let r: [0, co[— X be a geodesic ray and let x be a point in X. Let (tn)n>0
be a sequence of nonnegative real numbers and (x,),>0 a sequence of points in X
such that t, — o0 and x, — x asn — oo. Then,

lim sup S(r(t2), Xn) C Soo(r, x).

Proof. If yisinlim sup S (r (tw), xn), then, up to replacing the sequence (7 (¢,), Xn)n>0
by a subsequence, we can find, for each n > 0, a point y, in S (r(tn), x,,) such that
Yn — ¥y asn — 00. By Proposition 12.1.4 (ii), we have

|B,(x) = By = lim_|lx = r(&)] = |y = ()]
From the triangle inequality, we obtain
lx = r()] =1y = r) < (I = @) = 1yn = r@)l) + 1x = x| + 1y = yal.
Since y, € S(r(ta), xu), we have |x, — r(ty)| = |yn — r(ty)|. Therefore,
Jim (1 = @) = Iy = r@)l) < lim (x = x| +1y = D) = 0.
This implies that y is in Sx (7, x), which proves Proposition 12.3.4. O
Following Busemann, we make the following definition:

Definition 12.3.5 (Open horoball). Let X be a metric space, let r: [0, co[— X be a
geodesic ray and let x be a point in X. We call the subset of X defined as

Boo(r, x) = {y € X such that B,(y) < B, (x)}

the open horoball bounded by the horosphere S (r, x). Of course, this is in analogy
with the notion of the interior of a sphere S(x, y) of center x and passing by y, which
is the open ball B(x, |[x — y|) of center x and radius |x — y|.
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Proposition 12.3.6. Let r: [0, co[— X be a geodesic ray in X. Then, for every
t1 > 0, the open ball B(r(tl), t1)) is contained in the open horoball B, (r, r(O)).

Proof. By Proposition 12.1.4 (ii), we have, for all x in X,
By (r(0)) = Br(x) = lim (|r(0) —r()] =[x —r®)])
= lim (t; — |[x — r(®)]).
t—00

Since the map ¢ +— ¢t — |x — r(¢)] is non-decreasing (Lemma 12.1.1), we obtain,
taking ¢ > 1,

B, (r(0)) — Br(x) >t — |x —r(1)]
>0 —|x —r()l.

Now forx € B(r(t1), 1)), wehave f; > |x —r(t1)|, which implies B, ((0)) > B (x),
thatis, x € Boo(r, r(O)). a

Lemma 12.3.7. Let r: [0, co[— X be a geodesic ray and let t| and ty be two real
numbers satisfying 0 < t; < tp. Then, B(r(t1), t1) C B(r(tz), t2).

Proof. By the triangle inequality, we have, for all x in B(r (1), t1),

lx —r(@)| < |x —r@)| +r(t) —r@@)|
=t +n—1 =1,

thatis, x € B(r(f), t). |

Corollary 12.3.8. Letr: [0, oo[— X be a geodesic ray and let (t,),>0 be a sequence
of nonnegative real numbers tending to infinity. Then, the closed limit of the sequence of
subspaces B (r (ty), tn)), n > 0, exists, and it is contained in the horoball By (r, r(0)).

Proof. The closed limit exists since, by Lemma 12.3.7, the sequence of subsets
B(r(tn), tn)),n > (0, isincreasing. By Proposition 12.3.6, this closed limitis contained
in Boo(r, r(0)). O

Proposition 12.3.9. Let r be a geodesic ray in X and let p and q be two points in X.
Then, the following two properties are equivalent:

@) Br(p) — B/ (q)=1Ip—ql>0;
(1) g € Bxo(r, p) and q is a projection of p on the horosphere Sxo(r, q).

Proof. Suppose that B, (p) — B-(q) = |p — q| > 0. From the definition of an open
horoball, since B,(p) > B;(q), we have ¢ € By (r, p). Let us show that g is a



272 12 Busemann functions, co-rays and horospheres

projection of p on Sx(r, g). Let x be in Soo(r, ¢). Then, we have B,.(x) = B-(q).
Since B, is 1-Lipschitz, we have

B,(p) — B;(q) = B;(p) — B-(x) < |p — x|.

Therefore, we have |p — g| < |p — x|. This shows that g is a projection of p on
Soo (1, ). This proves (i) = (ii).

Let us now prove (ii) = (i). Suppose that ¢ is a projection of p on S (7, ¢) and
that g € Bo(r, p). Letty = B,(p) — Br(q). We have ty > Osince g € B (7, p). By
Proposition 12.2.4, there exists a co-ray s: [0, co[— X from p tor. Let m = s(#y).
By Proposition 12.2.7, we have

B, (p) — Br(s(t0)) = Br(s(0)) — Br(s(t0)) = to.

Therefore, B, (s(tp)) = B,(q), which implies s(fy) € S (r, g). Now since g is a
projection of p on Sy (r, g), we have

to = |s(0) —s(0)| = |p —s(0)| = [p — 4.

On the other hand, by Proposition 12.1.4 (iii), we have to = B, (p) — B, (¢) < |p —q|.
Summing up, we have o = |p — ¢|. This completes the proof of Proposition 12.3.9.
|

Corollary 12.3.10. Let r be a geodesic ray in X and let s be a co-ray to r. Then, for
any t > 0, the point s(t) is a projection of r(0) on Seo (1, s(1)).

Proof. By Proposition 12.2.7, we have
B, (s(0)) — By (s(1)) = s(1) —=s(0) =1 > 0.

Thus, the conclusion follows from Proposition 12.3.9. O

In conclusion, let us mention a few problems.

It would be most interesting to develop the theory of co-rays and limit spheres
in Teichmiiller space, equipped with its various metrics: the Teichmiiller metric, the
Weil-Petersson metric and Thurston’s “stretch metric”,. The last metric is not as much
popular as the other two; it has been introduced by Thurston in the preprint [135]. Let
us briefly recall its definition. Given two hyperbolic metrics g and g, on the surface
S, one first defines their “distance” as

A(g1, 82) = ir}f log {lip(f)},

where the infimum is taken over all Lipschitz maps f: (S, g1) — (S, g2) that are
isotopic to the identity and where

dg, (f (%), f(¥) }

lip(f) =  sup { o (v y)
81 ’

x,y€S, x#y
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is the Lipschitz constant of the map f. It is easy to see that the map X induces a
map defined on pairs of isotopy classes of metrics, that is, a map on 7, x 7. This
“stretch metric” on Ty is not symmetric, and it is interesting to note here that precisely,
Busemann developed his theory (for instance in his paper [25]) for non-symmetric
metrics. Particularly interesting points to study would be the following:
o the visual boundary of Teichmiiller space equipped with Thurston’s stretch met-

ric;2

o the relation between horospheres and the symplectic (Weil-Petersson) geometry
of Teichmiiller space;

o the relation of co-rays and horospheres with measured foliations and Thurston’s
boundary of Teichmiiller space;

o the relation between Thurston’s earthquake paths and horospheres.

The last questions is interesting for all three metrics on Teichmiiller space. In
fact, the whole Busemann geometry of Teichmiiller space is still to be explored. We
already mentioned the works of Kravetz, Masur and Kerckhoff in [93], [84] and [99]
that concern the Teichmiiller metric. Other related material is contained in the paper
[95] by J. McCarthy and the author.

Notes on Chapter 12

The theories of co-rays, Busemann functions and horospheres in G-spaces are devel-
oped by Busemann in [24], Chapter III, [25], Chapter III and [28], §22. In their earliest
version (see [25]), Busemann functions were called A-functions, and in later versions,
Busemann calls them «-functions.

There are important results on co-rays and horospheres in metric spaces that use
Busemann’s hypothesis on the uniqueness of prolongation of geodesics, a hypothesis
that we did not make in this book. For instance, in a G-space in the sense of Busemann
(see the definition in the Notes to Chapter 2), the converse of Proposition 12.2.7 is
also true. In other words, the equality

By (r2(t")) — By (r2(t")) =1" — 1"

holds for all #' and ¢” in [0, oo[ if and only if r; is a co-ray to ry. This is proved by
Busemann in [28], pp. 134 and 136. Another interesting result is the fact that if X is
a G-space in which every geodesic path can be extended to a geodesic line, then the
inclusion

lim sup S(r(t4), x1) C Soo(r, x)

2In the papers [116] and [117], there is some information on the visual boundary of Teichmiiller space
with respect to the stretch metric. In these papers, we describe the limits of certain stretch geodesics as
points on Thurston’s boundary of Teichmiiller space.
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in Proposition 12.3.4 above becomes an equality, with the limit sup being an honest
limit:

lim S(r(ta), Xn) = Soo(r, x).
(see [28], Corollary 22.5).
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affine convex hull, 133
affine geodesic, 140
affine segment, 127
angular excess, 8
arclength
path parametrized by, 20
path parametrized proportionally
to, 21
asymptotic geodesic rays, 231
axial isometry, 249
axis, 249

barycenter, 202
barycenter of a measure, 205
Beltrami differential, 208
Bers’s type of a mapping class, 247
betweenness, 55
boundary

Floyd, 125

visual, 235
Brunn number, 69, 137
Busemann function, 262
Busemann neighborhood, 211
Busemann space, 187
Busemann—Hausdorff metric, 110

canonical orientation of an axis, 250
capsule, 142, 224

Carathéodory pseudo-metric, 40
Cayley graph, 37

change of parameter, 14

closed convex hull, 135

closed limit, 113

co-ray, 266

commensurable, 112

compact-open topology, 239

comparison configuration, 4
comparison map, 4
concatenation, 18
cone angle, 212
conformal structure, 59
conical point, 212
conjugate, 245
contraction, 85
convergence of geodesic paths, 265
convex body, 145
convex function, 160, 199
convex hull, 133
closed, 135
convex kernel, 136
cross ratio, 148
curvature
negative (Busemann), 204
nonpositive (Alexandrov), 8
nonpositive (Busemann), 6
one-dimensional, 5
surface, 5
Wald, 5
zero (Busemann), 204
curve
Hilbert, 32
Koch, 16
Peano, 32

deck transformation, 97
diameter, 47
dilatation, 60
displacement function, 81
distance
Busemann—Hausdorff, 110
Hausdorff, 107
distance at infinity, 263

earthquake path, 206



284

elliptic, 244
epigraph, 164

strict, 165
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exponential map, 224
extreme point, 184

Fenchel-Nielsen twist, 206

Finsler metric, 40

Floyd boundary, 125

Floyd completion, 125

free homotopy class, 253

frontier, 144

function
Busemann, 262
convex, 160, 199
displacement, 81
Minkowski, 145
peakless, 173
strictly convex, 160, 199
strictly peakless, 173
sublevel-convex, 169

funnel, 2

funnel-cusp, 237

G-space, 77
geodesic, 50
affine, 140
affinely reparametrized, 53

affinely reparametrized local, 63

local, 63
periodic, 253
Teichmiiller, 60
geodesic convex hull, 68
geodesic length function, 206
geodesic line, 50
geodesic path, 50
geodesic ray, 50
geodesic segment, 50
length of a, 52
grafting, 43
graph
metric simplicial, 37
abstract simplicial, 37

Index

Hausdorff distance, 107
Hilbert curve, 32
horoball (open), 270
horosphere, 269
hyperbolic, 244
hyperbolic space, 38
hyperbolic structure, 59

isometry, 119
axial, 249
axis of an, 249
elliptic, 244
hyperbolic isometry, 244
parabolic, 244
semi-simple, 249

Jensen’s inequality, 176

Kobayashi pseudo-metric, 41
Koch curve, 16

length of a path, 11
length pseudo-metric, 36
length space, 35
limit
closed, 113
lower closed, 112
upper closed, 112
local isometry, 89
locally convex space, 211
loop, 253
lower closed limit, 112

map
K -Lipschitz, 80
K -length-non-increasing, 81
a-locally contractive, 101
comparison, 4
covering, 96
distance-decreasing, 86
distance-non-decreasing, 87
distance-non-expanding, 82
exponential, 224
length-non-expanding, 84
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lower semi-continuous, 25
non-expanding, 82
sublinear, 160
uniformly equicontinuous, 27
mapping class, 247
Bers’s type, 247
Daskalopoulos—Wentworth type,
248
finite order, 247
pseudo-Anosov, 248
pseudo-periodic, 248
reducible, 247
strictly pseudo-periodic, 248
Thurston’s type, 247
mapping class group, 247
measured foliation, 60
Menger convex, 5
metric
associated length, 45
Busemann—Hausdorft, 110
Finsler, 40
Hilbert, 151
intrinsic, 47
length, 35
Poincaré, 39
product, 74
pseudo-Finsler, 41
pull-back length, 91
Riemannian, 37
singular flat, 212
Thurston’s stretch, 272
uniform convergence, 225
Weil-Petersson, 207
word, 37
minimal displacement, 242
minimal set, 242
Minkowski function, 145
Minkowski space, 138
Minkowski sum, 131
Minkowski’s inequality, 74, 185
model
Klein, 158
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model of hyperbolic space
conformal ball, 38
Poincaré€, 38
upper half-space, 39
modular group, 247

Nielsen realization problem, 206

open horoball, 270
oriented straight line, 259

parabolic, 244
parallel geodesic lines, 258
parallel oriented straight lines, 258
path, 11
affine, 12
earthquake, 206
geodesic, 50
Jordan, 30
length of a, 11
lift of a, 94
rectifiable, 11
path of minimal length, 30
peakless, 173
Peano curve, 32
periodic geodesic, 253
length of a, 253
perspectivity, 149
polytope, 133
projection, 162
pseudo-hyperbolic, 247
pseudo-metric, 36
Carathéodory, 40
Kobayashi, 41
length, 36
Thurston, 42
pull-back length metric, 93

quadratic differential, 207
reducing curve system, 247

Riemann surface, 60
Riemannian metric, 37
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segment
affine, 127
geodesic, 50
semi-simple, 249
set
minimal, 242
strict sublevel, 168
sublevel, 168
simplicial graph, 37
simplicial tree, 65
singular flat metric, 212
space
Busemann, 187
connected by rectifiable paths, 35
covering, 96
G-, 77
geodesic, 58
hyperbolic, 38
length, 35
locally convex, 211
locally uniquely locally geodesic,
99
Menger convex, 69

nonpositively curved (Alexandrov),

8
nonpositively curved (Busemann),
6
precompact, 48
proper, 27
separable, 28
straight, 64
tangent, 224
Teichmiiller, 59
uniquely geodesic, 64
standard co-cube, 130
standard cube, 130
star-shaped, 136
straight line, 50
oriented, 259
straight metric space, 64
strict epigraph, 165
strict sublevel set, 168
strictly convex function, 160, 199

strictly convex normed vector space,
179
strictly peakless, 173
subdivision, 11
length of a, 11
modulus of a, 14
total variation of a, 11
vertex of a, 11
sublevel set, 168
sublevel-convex function, 169
subray, 231
subset
affinely convex, 128
convex, 128
subspace
geodesically convex, 67
star-shaped, 136
strictly geodesically convex, 69

tangent space, 224
Teichmiiller geodesic, 60
Teichmiiller metric, 60
Teichmiiller space, 59
Theorem
Bolzano—Weierstrass, 35
Brunn, 136
Carathéodory, 134
Cartan, 202, 203
Cartan—-Hadamard, 228
Freudenthal-Hurewicz, 89
Generalized Cartan—Hadamard,
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Gromov, 226
Gromov—Alexander—Bishop, 225
Hopf—Rinow, 48, 62
Thurston pseudo-metric, 42
Thurston’s stretch metric, 272
Thurston’s type of a mapping class,
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topological group, 119
tree
R, 65
homogeneous simplicial, 65
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simplicial, 65 upper closed limit, 112
triangle, 6
tripod, 192 visual boundary, 235

universal covering, 96
upper angle, 7
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