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CHAPTER 1

INTRODUCTION

This thesis investigates the interplay between geometry and convex analysis in Hadamard
spaces. Formally a Hadamard space is a complete CAT(0) space, i.e. a metric space of
nonpositive curvature in the sense of Alexandrov. The class of CAT(0) spaces is part
of the larger set of Alexandrov spaces that were introduced by A. D. Alexandrov [3] in
1951. They are defined by axioms similar to Euclidean geometry, but certain equalities are
turned into inequalities. Depending on the sign of the inequality one can get Alexandrov
spaces with curvature bounded above or curvature bounded below. Even though the
definition of these two classes of spaces are similar their properties and applications are
quite different. The work on spaces with curvature bounded above started in the late 1950s
with extensive studies carried out during 1960s and 1970s. Mikhail Gromov [53] stressed
the importance of Alexandrov’s definition of curvature for what it might mean for a metric
space to have a curvature bounded above by a real number k. For these spaces Gromov
coined the acronym CAT(x) from the names E. J. Cartan (1869-1951), A. D. Alexandrov
(1912-1999) and V. A. Toponogov (1930-2004) in recognition of their pioneering work.
Meanwhile, Hadamard spaces are named after the French mathematician J. Hadamard
(1865-1963). The terms a complete CAT(0) space and Hadamard space will often be used
interchangibly. For an extensive treatment of CAT (k) spaces, e.g. see [32, Bridson and
Haefliger] or for a self contained material regarding CAT(0) spaces, e.g. see [2, Petrunin
et al.].

The work on convex and functional analysis in CAT(0) spaces started in the late 1960s
with the work of Reshetnyak [98] and gained a real momentum in the 1990s and early
2000s with the work of Kirk and Panyanak [72], Jost [61], Kohlenbach [73], Reich [95], [97],
Reich et al. [96], Sturm [108], [109], and Lopez et al. [¢] to mention a few. In the last
decade there has been an increasing interest in optimization methods with applications
to CAT(0) spaces, e.g. see Bacak [13] and references therein for a general treatment
or Owen [93], Owen and Provan [91], Owen et al. [6] for applications to the space of
phylogenetic trees, or Ardila [7] for applications of CAT(0) geometry in robotics.

Motivated by numerous applications of CAT(0) geometry, our work builds upon the results
in convex analysis and Alexandrov geometry of many previous authors. Our investigations
answer several questions in the theory of CAT(0) spaces some of which were posed as open



2 1 INTRODUCTION

problems in a recent review article by Bacak [12]. In a nutshell our thesis develops along
the following lines:

(i) Weak topologies in Hadamard spaces.
(ii) Convex hulls of compact sets.
(iii) Mean tree problem in phylogenetic tree spaces.
(iv) Mosco convergence in Hadamard spaces.
(v) Firmly nonexpansive operators and their applications in Hadamard spaces.

Each of these topics develops into its own chapter. These chapters, though self contained,
are connected to each other, e.g. Chapter 5 can be considered as a direct application of
the theory developed in Chapter 4. We start with Chapter 2 which lays out the basic
concepts needed for the later work. In this chapter our starting point of view is that
of a general metric space which then is endowed with a convex structure in the sense
of Takahashi [111]. For short we call them convex metric spaces or convex spaces; then
we restrict ourselves to a proper subset of convex spaces which admit a convex structure
that is jointly convex. It turns out that the set of jointly convex metric spaces coincides
with the set of the so called Busemann spaces. The latter have a notion of nonpositive
curvature which is weaker than that of Alexandrov. Afterwards we look at jointly convex
metric spaces that admit a convex structure that is strongly convex. We show that this
is a proper subset of jointly convex spaces and coincides with the set of CAT(0) spaces
or equivalently Hadamard spaces if we let them be complete. This top-down approach is
depicted in Figure 1.1:

Metric Spaces

Convex Spaces

Busemann Spaces

Hadamard Spaces

Figure 1.1: Hadamard spaces as a proper subset of Busemann spaces.

In Chapter 2 we also introduce the basic geometrical elements for defining CAT (k) spaces.
The original notion of curvature of Alexandrov in terms of comparison triangles can be
understood also as a generalization of the notion of sectional curvature in Riemannian
manifolds. In fact a Riemannian manifold has sectional curvature bounded above if and



only if it has a curvature bounded above in the sense of Alexandrov [32, Theorem 1A.6].
Moreover Hilbert spaces are known to be the only Banach spaces that are Hadamard [32,
Proposition I1.1.14]. Therefore Hadamard spaces can be regarded as a generalization of
Hilbert spaces and Riemannian manifolds of nonpositive sectional curvature. This can be
viewed as a bottom-up approach, see Figure 1.2:

Hadamard Spaces

Hadamard Euclidean Hilbert
Manifolds Spaces Spaces

Figure 1.2: Hadamard space as a more general space.

Chapter 3 investigates the problem of identifying a topology which corresponds to the
notion of A-convergence in Hadamard spaces. Lim [30] introduced A-convergence as a
concept of weak convergence in a general metric space (X, d). This concept was adopted
later by Kirk and Panyanak [72] in the setting of CAT(0) spaces. Jost [(1] introduced a
notion of weak convergence in CAT(0) spaces, which was rediscovered by Espinola and
Ferndndez-Leén [50], who also proved that it is equivalent to A-convergence. In his work
Bacak refers to it as simply the weak convergence. However we save this name for an
equivalent notion of convergence, that along geodesic segments. This latter notion has
the advantage that a weakly converging sequence need not be bounded and coincides
with A-convergence on bounded sets. Motivated by a suggestion of Bacak we construct
a topology 7, which is weaker than the usual metric topology. It holds that the weak
convergence yields convergence in 7,. Moreover if the underlying Hadamard space is
weakly proper then convergence in 7, implies weak convergence and so 7,, would be the
correct topology for weak convergence. Although the construction of the weak topology
Tw turns out to be rather simple, its construction has important consequences. We will
show how this topology can be used in order to obtain certain compactness results that
are similar to those known from the linear setting of Banach spaces. In particular, we
prove that in a separable weakly proper Hadamard space satisfying a certain regularity
condition weak compactness and weak sequential compactness are equivalent (Theorem
3.22). Moreover a bounded closed convex set C' in a separable Hadamard space is weakly
compact whether or not the Hadamard space is weakly proper (Theorem 3.23). We also
suggest a notion of dual spaces corresponding to this topology. Another contribution in
Chapter 3, which has a particular importance in optimization theory, is the existence of
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a steepest descent direction in a locally compact space (Theorem 3.40) and in a general
Hadamard space Theorem 3.41. Next, we offer a comparison of our notion to previous
notions of weak topologies in Hadamard spaces. In particular, we will compare to the work
of Monod [90], which offers a notion of weak topology that is weaker than ours (at least in
the case of weakly proper spaces), but which does not yield convergence along geodesics
and is thus too weak for our purpose (Proposition 3.44). Likewise, we will compare the
work of Kakavandi [64], who offers a topology that is stronger than ours and for which
it is unknown whether compactness results hold in general (Theorem 3.43). Finally, we
introduce the notion of a geodesically monotone operator, which to our knowledge is new
in the literature. In particular we show that a Hadamard space equipped with Monod’s
weak topology is Hausdorff whenever projections onto geodesic segments are geodesically
monotone operators (Theorem 3.46). We show by example that in general in Hadamard
spaces projections are not geodesically monotone. This is in contrast with Hilbert spaces
where projections onto geodesic segments are always monotone.

In Chapter 4 we look at the problem of the closure of convex hulls of compact sets in
Hadamard spaces. It is known that in a Banach space X given a compact set K C X the
closure of its convex hull clco K is compact [5, Theorem 5.35]. It is not known whether
such a result carries over to Hadamard spaces. The problem remains widely open even for
the simplest case of a set of only three points. This was pointed out first by Gromov in [5].
Motivated by the problem of the mean tree in phylogenetics, where it is can be shown that
it lies in the closure of the convex hull of the given set of trees, we study convex hulls of
finite sets in Hadamard spaces. We start first in the setting of a locally compact space. It
is easy to show that in a locally compact space the closure of the convex hull of a compact
set is compact. This fact together with the so called finite set property is equivalent to
local compactness (Theorem 4.6). Moreover we introduce the notion of regular space,
which to our knowledge is a new concept, and it happens to be an equivalent definition
for locally compact spaces (Theorem 4.4). As a direct application of the theory developed
in Chapter 3 we obtain in Chapter 4 that in a separable Hadamard space the closure
of the convex hull of a bounded weakly compact set is weakly compact (Theorem 4.9)
and that in particular the closure of the convex hull of a compact set is weakly compact
(Corollary 4.10). In Chapter 4 we also introduce and develop the concept of threading of
a set. In particular the operation of threading is well behaved with respect to compact
sets, i.e. threading of a compact set is always compact (Lemma 4.18). We show that
convex hull of a set can be expressed as the union of threadings of all degrees of this set
(Theorem 4.15). In particular for the class of Hadamard spaces of finite type we obtain
that the convex hull of a compact set is always compact (Proposition 4.20). Moreover
an important application of threading is with respect to the so called Fréchet mean of a
given finite set of points. We derive a constructibility theorem which essentially states
that the Fréchet mean of a finite set in a Hadamard space of finite type is contructible in
at most a finite number of steps and that this number of steps is expressible in terms of
the threading degree of the given set (Theorem 4.25).

Chapter 5 can be regarded as an application of the theory of threadings developed in
Chapter 4. Our work here is motivated by works of Owen [93], [91] and the seminal
paper of Billera, Holmes and Vogtmann [20] about phylogenetic tree spaces. We derive



certain results about orthant path spaces (Theorem 5.6) and isometry results (Theorem
5.7, Proposition 5.8). In our view the most important contribution from this chapter is
Theorem 5.13 which essentially states that convex hull of a compact set in the tree space
of trees with four leaves is a compact set. Moreover the Fréchet mean can be calculated
in at most a finite number of steps (Corollary 5.14).

In Chapter 6 our main focal point is Mosco convergence in Hadamard spaces. Here
motivated by the works of Bacak [13], [13] we establish sufficient conditions for a sequence
of closed convex functions to Mosco converge to some closed convex function. Finding
sufficient conditions was posed as an open problem in [13]. In this chapter we introduce
the notions of pointwise aymptotic boundedness and uniform asymptotic boundedness for
a given sequence of real valued functions, which to our knowledge is new in the literature.
We find that if the sequence of functions has asymptotic bounded slope on the Hadamard
space and if the corresponding sequence of proximal mappings converges pointwise to the
proximal mapping of the limiting function then the sequence of functions Mosco converges
to the limiting function (Theorem 6.20). Bacak’s work and ours is related to an earlier
work of Attouch [I1] about Mosco convergence in smooth Banach spaces. However our
Theorem 6.20 is not exactly in the flavour of Attouch. To obtain a result which is close
to Attouch’s Theorem [11, Theorem 3.26] we investigate a normalization condition given
by Attouch [, Theorem 3.26] and derive Theorem 6.23.

Chapter 7 is the last chapter of our thesis. The purpose of Chapter 7 is to lay the
foundations for the extension of certain fixed point methods to Hadamard spaces. We
follow the framework established in [$4] which is built on only two fundamental elements
in the Euclidean setting:

(i) pointwise almost a-averaging [34, Definition 2.2];
(ii) and metric regularity [60, Definition 2.1.b].

Almost averaged mappings are, in general, set-valued. In Hadamard spaces, there are sev-
eral difficulties that arise: first, there is no straight-forward generalization of the averaging
property since addition is not defined on Hadamard spaces; and second, multivaluedness,
which comes with allowing mappings to be expansive. The issue of multivaluedness intro-
duces technical overhead, but does not, at this early stage, seem to present any conceptual
difficulties. We therefore restrict our attention to an appropriate generalization of single-
valued, pointwise a-averaged mappings. The main contribution is establishing a calculus
for these mappings in Hadamard spaces, showing in particular how the property is pre-
served under compositions (Theorem 7.9) and convex combinations (Theorem 7.13). This
is of central importance to splitting algorithms that are built by such convex combina-
tions and compositions. We then apply this theory in the study of cyclic projections
(Theorem 7.16), averaged projections (Theorem 7.20), projected proximal mapping and
projected gradient flow. Moreover in Chapter 7 we investigate also metric regularity and
generalize a recent theorem of Luke et al. about metric regularity in Euclidean spaces
(Theorem 7.24). This result shows the interplay between metric regularity, quasi a-firmly
nonexpansiveness and local linear convergence of a given operator in a Hadamard space.






CHAPTER 2

BaAsic CONCEPTS

2.1. CONVEX METRIC SPACES

2.1.1 Convex structures

In 1928 Menger [38] started the investigation concerning convexity in metric spaces. This
direction of research was continued by many authors (see Blumenthal [27] and references
therein). The terms 'metrically convex’ and 'convex metric space’ appeared first in Blu-
menthal [27] and were used later by many authors, Lalek and Nitka [79], Borsuk [29],
Busemann [12], Kohlenbach [73] to mention a few. In this section we talk about convex
metric spaces and discuss some of their fundamental characteristics. Throughout this part
(X, d) will denote a metric space. A point z € X is said to be between z,y if z £ x,z #y
and d(x,y) = d(z,z) + d(z,y). A metric space (X,d) is said to be convez if for every
pair x,y € X with z # y there is a point z € X between z,y. In 1970 Takahashi [112]
introduced another notion of convexity into metric spaces, studied properties of such
spaces and proved several fixed point theorems for nonexpansive mappings. A mapping
W:X xX x[0,1] - X is said to be a convex structure on X if for all z,y € X and all
t € [0,1] the following inequality holds

d(z,W(z,y,t)) < td(z,z)+ (1 —t)d(z,y), Vz € X. (2.1)

Such kind of metric spaces with a convex structure W seem to be often called w-convex
metric spaces (see Shimizu [103], Shimizu and Takahashi [104]). However in this work
we simply refer to w-convexity as convexity because the metric spaces we deal with, will
always admit a convex structure W. A midpoint of the pair x,y is a point m such that

1
d(x,m) =d(y,m) = §d(a:,y). (2.2)
From inequality (2.1) elementary calculations show (see Proposition 3, [112])
d(z,y) = d(z, W(z,y,1)) + d(W(z,y,1),y), Yo,y € XVt € [0,1]. (2:3)
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In particular in (2.1) if ¢ = 1/2 the point W (x,y, 1/2) satisfies

Az, W (2, 1/2)) < —d(z, ) + ;d(z, )

DN | —

for all z € X. When z = x and z = y we get respectively d(z, W(z,y,1/2)) < d(z,y)/2
and d(y, W(z,y,1/2)) < d(z,y)/2 which together with identity (2.3) implies

A, W, 9,1/2)) = dly, Wi,y 1/2) = Jd(z.y).

Therefore in a convex metric space any pair of points x, y has a midpoint m (compare with
convexity in Krakus [75], [76]). From this obervation it is also immediate that a w-convex

space is convex in the sense of Menger. In general for any dyadic number ¢ = k/2! for
k=1,2,..,2" it holds

d(x, W(z,y,t)) = td(z,y) and d(y, W(z,y,t)) = (1—1t)d(z,y). (2.4)

It is known that in a complete convex metric space (X, d) every pair of distinct points are
joined by a segment with endpoints z,y (see [27], p.41). This result was first proved by
Menger ( [38], p.89 see also Aronszajn [9]). By a segment we mean a subset in X containing
x and y that is isometric to a real interval of length [ = d(x,y). If ® : [0,{] — H is an
isometry by completeness of the space and an argument of approximation it follows from

2.4 that ®(t) = W(x,y,t/l) for all t € [0,].

In a metric space (X, d) with a convex structure W a subset S C X is convex whenever
W(z,y,t) € S for all x,y € S and for all ¢t € [0,1]. It follows by definition that the
intersection of an arbitrarily collection of convex sets is convex. The intersection of all
the convex sets containing a given subset S C X is called the convex hull of S and it is
denoted by coS. A more general class of sets in a convex metric space are the so called
star-shaped sets. A set S is said to be star-shaped if there exists some element zy € S
such that W (xz,xg,t) € S for all x € S and all t € [0,1]. Evidently the set of all star
shaped sets of X contains as a proper subset the collection of all convex sets of X (see
Azam and Beg [23]).

For a given subset S C X the metric projection onto S is a set-valued mapping on X
defined as
Psx :={y e S|d(x,y) <d(z,2),Vz € S}. (2.5)

Clearly Psx = {x} for any x € S. When S is convex then Pgx is convex for if y;, yo € Psx
then

d(l’, W(y17y27t)) < (1 - t)d(w7y1) + td(w7y2)
< (1 —=t)d(z,2) +td(z,z) = d(z,2), Vz € S,Vt €0,1]
implies W (y1,yo,t) € Psx.

Given two metric spaces (X1, d;) and (Xs,dy) we let X := X; x X5 be the product space
equipped with the canonical metric d(z,y)? = dy(x1,y1)? + do(x2, y2)* where x := (21, 72)
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and y := (y1,v2). Let f: X — RU {+oo} be an (extended) real valued function defined
on a metric space X. The set

{(z,v) e X xR |v = f(z)} (2.6)

is called the epigraph of f and we denote it by epi f. Evidently the epigraph epi f is a
subset of the product space X x R. The effective domain of f is defined to be the set
dom f :={z € X | f(x) < 4o00}. A function f : X — R U {400} is said to be lower-
semicontinuous (Isc) if f(x) < liminf, ,, f(y) where convergence y — z is in the usual
metric topology. Analogous definition of Isc can be given for any other topology which
the metric space (X, d) might be equipped with. For a given real number o € R the set

{r € dom f | f(z) <o} (2.7)
is called the level set of f and we denote it by lev, f. It is known that a function f is Isc
iff its level sets are closed sets for any « (see Theorem 7.1 [99], p.51). We say a function

f is closed whenever its level sets lev,, are closed sets for any a € R. Motivated by this
equivalence often the term Isc function and closed function will be used interchangeably.
A function f : X — R defined on a convex metric space X is said to be a convex function
if

W (x,y,t)) <tf(x)+ (1 —1t)f(y), Yo,y € X,Vt € [0, 1]. (2.8)
It follows by definition that a function f is convex iff its epigraph epi f is convex as a
subset of X x R. Moreover by (2.8) af is a convex function whenever f is a convex
function and « > 0. For any two convex functions fi, fo the sum f = f; + f5 is also
a convex function. A function f : X — R is said to be strongly conver with parameter
i > 0 whenever

fW(z,y,t)) <tf(z)+ (1 —1t)f(y) — %(1 — t)td(z,y)?, Yo,y € X,Vt€[0,1]. (2.9)

Obviously a strongly convex function is convex. Moreover strong convexity of functions
is preserved under positive scalar multiplication and pointwise addition. In particular if
f1, fo are strongly convex functions with parameters pq, s respectively then f := f; + fo
is a strongly convex function with parameter p; + po.

Proposition 2.1. A metric space (X, d) is trivial if it consists of a single element. There
does not exist a nontrivial convexr metric space with a strongly convex metric function.

Proof. Suppose that (X, d) is a metric space with a strongly convex metric function. This
means that there is some p > 0 such that

d(z,W(z,y,t)) < td(z,z) + (1 —t)d(z,y) — g(l —t)td(x,y)*, Vz € X.

For z = x and z = y we get respectively

d(x, W(x,y,t)) < (1 —t)d(z,y) — g(l — t)td(z,y)? (2.10)
dly, W (z,y,1)) < tdly, z) — 2 (1 — t)td(z, )% (2.11)

2
Adding (2.10),(2.11) and using identity (2.3) yield d(z, y) = d(x, W (z,y,t))+d(y, W (z,y,t)) <
d(z,y) — (1 —t)td(z,y)?* which is impossible unless z = y. This completes the proof. [
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2.1.2 Joint convex structures

A mapping W : X x X x [0,1] — X is said to be a joint convex structure on a metric
space X if for all zg, z1,v0,y1 € X and t € [0, 1]

d(W (o, 21,1), W (yo, y1, 1)) < td(wo, yo) + (1 = t)d(w1, 1) (2.12)

A metric space admitting such a structure is said to be a joint convex metric space. It is
clear that a joint convex structure is a convex structure. In particular in a complete joint
convex metric space any two points are joined by a segment. A metric space (X, d) is a
Busemann space if for every z,y, z € X we have

d(my,ms) < ;d(:p, Y) (2.13)

where my is a midpoint of z, z and my a midpoint of y, z.

Theorem 2.2. A complete metric space (X,d) is a Busemann space if and only if it
admits a joint convex structure W. In particular a Busemann space is a conver metric
space. Moreover for any x,y € X the segment joining x with y is unique.

Proof. Let (X, d) be a Busemann space and let W : X x X x [0,1] — X be a mapping
defined as W(z,y,1/2) == {m € X : d(m,z) = d(m,y) = d(z,y)/2} for any z,y € X.
Let xg, 1, %0, y1 € X and m € W (xg, y1,1/2). Then we have

1 1
d(mi,mg) < d(my,m) + d(m,ms) < id(%, Yo) + id(xlvyl)

for any my € W(xo,x1,1/2), ms € W(yo, y1,1/2) where the second inequality follows from
assumption that X is a Busemann space. In general following midpoint of the midpoint
argument one gets

d(my(t), my(t)) < (1= t)d(zo, yo) + td(w1,41)

for any my (t) € W (xo, x1,t), ma(t) € W(yo,y1,t) for all ¢ of the form t = k/2! where k =
1,2,...,2" and I € N. Since the dyadic numbers are dense in the reals then completeness
of X and an argument of approximation yields that the last inequality holds for all
t € [0,1]. Therefore (X,d) admits a joint convex structure W. The reverse implication
is obvious. From the same inequality it follows that midpoints are unique. Indeed if
{mi,mo} C W(z,y,1/2) then using zo = yo = 2,21 =y1 =y

1 1

implies m; = my. Now let [0,{] C R be a closed interval of length | = d(z,y). Let
O, ¥ : [0,{] - X be two isometries such that ®(0) = ¥(0) = z and ®(I) = V(I) = v.
Uniqueness of midpoints implies in particular that ®(1/2) = V(I/2) = W(x,y,1/2). An
iterative application of midpoint property yields ®(1/4) = ¥({/4) = W(x,y,1/4) and
®(31/4) = V(3l/4) = W(x,y,3/4) and so on. In general we get ®(t) = V(t) = W(z,y,t/l)
for allt € DN[0, ] where D is the set of dyadic numbers in R. Since DNJ0, ] is dense in [0, []
then any t € [0,(] can be successively approximated by a sequence (t,)neny € D N 10,1].
Continuity of the isometries implies ®(¢) = lim, ®(¢,) = lim, ¥(t,) = ¥(¢) therefore
®([0,1]) = ¥(]0,1]). This completes the proof. O
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2.1.3 Strongly convex structures

The mapping W : X x X x [0,1] — X is said to be a strongly convez structure on X if
for all z,y € X and ¢ € [0, 1] the following condition holds

d(z, W(x,y,t))* < td(z,2)* + (1 — t)d(z,y)* — (1 — t)td(z,y)?, Vz € X. (2.14)
A metric space (X, d) with a strongly convex structure W is said to be a strongly convex
metric space. The following remarks are immediate:

1. A strongly convex structure is a convex structure. In particular a strongly convex
metric space is convex;

2. If (X4, dy), (Xs,ds) are strongly convex then so is the product space X; x X5 when
equipped with the canonical metric d(-,-)? = dy(-, )% + da(-, -)*.

Proposition 2.3. In a strongly convexr metric space the midpoints are unique. If addi-
tionally the space is complete then any two points x,y € X determine a unique segment

[z, y].

Proof. Let (X,d) be strongly convex then by 1 (X, d) is convex. If my, my are midpoints
of x,y then {my,my} C W(x,y,1/2). Characterization inequality (2.14) implies

1 1
d(z,7)* + iol(z,y)2 — Zd(a:,y)Z, Ve X,i=1,2.

(NN

d('Z)mi)Q <
When z = m; for j # i and j = 1,2 we obtain

1 1
d(mj,mi)2 < d(mj,m)2 + §d(mj,y)2 — Zd(x,y)Q, Vze X,i=1,2.

DN | —

Applying for a second time inequality (2.14) to the terms d(m;, z)* and d(m;, y)? respec-
tively implies

1 1 1 1
d<mj7mi>2 < Z(d(y7x)2 + d(l’, y)2 - d(l’, y)Z) - Zd('ra y)2 = zd(’y, x)z - Zd(x7y)2 = 0.
Therefore m; = my and so the midpoint for any pair x,y € X is unique (compare with
strong convexity in [70]). Now let [0,1] C R be a closed interval of length | = d(z,y). Let
O, U :[0,l]] - X be two isometries such that ®(0) = ¥(0) = z and ®(I) = V(I) = ».
Same arguments as in Theorem 2.2 imply ®([0,1]) = ¥([0,1]). O

Proposition 2.4. Let (X,d) be a complete strongly convex metric space and S C X a
closed convex set. Then Psx is nonempty and unique (i.e. consists of a single element)
for every x € X. Moreover the following condition is satisfied

d(r, Pst)® + d(Psz,2)* < d(z,2)?, Vo€ X\S,Vze S\ Psz. (2.15)

'If we insert in (2.14) a general parameter ;1/2 like in (2.9) than it turns out that u € (0,2] and only
when p = 2 the space is guaranteed to be convex, making thus the definition consistent.
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Proof. By definition y € Psx whenever d(z,y) < d(x,z) for all z € S equivalently y €
argmin,cg d(z, z). On the other hand minimizing d(z, -) is the same a minimizing d(z, -)*.
We claim d(z,-)? has at most one minimizer. Indeed let 3,7, € argmin.cgd(x,2)? and
y1 # yo. For t € [0,1], W(yy1,y2,t) € S since S is convex. Assumption (X, d) is strongly
convex implies

d(w, Wy, y,1))* < (1= t)d(w, 31)* + td(z, y)* — (1 — )td(y1, yo)?
< (1 - t)d(l’, 91)2 + td(x7 y2)2 = d(ﬂf, y1)2
contradicting that y; is a minimizer. Thus Psx consists of at most one element. Now let

(Yn)nen be a minimizing sequence i.e. lim, d(z,y,)? = inf,c5 d(z, 2)>. On the other hand
by identity (2.1) for any ¢ € (0,1) we get

lim d(z, W(Ym, Yn, t)) < ing d(z, 2)
m,n ze
hence (W (Ym, Yn, t))m.n is a minimizing sequence too. By strong convexity it follows then

(1 = O)td(ym, yn)2 < (1 —t)d(x, ym)2 + td(z, yn)2 — d(z, W (Y Yn, t))Q
and in the limit lim,,, ;, d(Ym, yn) = 0. Therefore (y,)nen is a Cauchy sequence. Assumption
(X,d) is complete implies that lim,, y,, = y for some y € X. By continuity of the metric
y € S and satisfies d(z,y) = inf,csd(z, z). To prove identity (2.15) let z € X \ S and
z € S\ Psx. Consider W(Psz, z,t) for t € (0,1) then W (Psz, z,t) € S since S is convex.
Because W is a strongly convex structure then

d(x, W(Psz,2,t))* < (1 — t)d(z, Psz)? + td(x, 2)* — (1 — t)td(Psz, 2)*

together with d(x, Psx) < d(x, W(Psz, z,t)) implies td(x, Psx)* + (1 — t)td(Psz, 2)* <
td(x,z)?. Dividing by ¢ and taking limit at ¢ | 0 implies (2.15). O

2.2. GEODESICS, ANGLES AND LENGTH OF A CURVE

2.2.1 Geodesics

In this section we follow standard terminology in metric geometry theory (see [11], [32]).
Let (X, d) be a metric space. A geodesic joining z € X toy € X isamap v: [0,1] = X
such that v(0) = z,v(1) = y and d(y(t),v(t")) = |t — t'|d(x,y) for all ¢,¢’ € [0,1]. The
image of v in X is known as the geodesic segment between x and y. With some abuse of
language geodesic and geodesic segment will be used interchangeably. The metric space
(X, d) is said to be a geodesic metric space if any two points in X are joined by a geodesic.
If this geodesic is unique for every pair of points we say that (X, d) is a uniquely geodesic
metric space. By [32, Remark 1, p. 4] a complete metric space is a geodesic space if and
only if every pair of points has a midpoint. This in turn implies the following immediate
result which we present without proof.

Proposition 2.5. A complete convex metric space is necessarily a geodesic space.

Examples of geodesic spaces include normed vector spaces, Riemannian manifolds, and
polyhedral complexes among others.
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2.2.2 Angles

A comparison triangle in E? for three points p, ¢, € X is a triangle in the Euclidean plane
[E? with vertices p, q, 7 such that d(p, q) = ||p—7||,d(q,7) = ||g—7]|| and d(p,7) = ||p—7|.
Such a triangle is unique up to an isometry and we denote it by A. The interior angle of A
at p is called the comparison angle between g and r at p and it is denoted by Z,(g, 7). Now
assume additionally that (X, d) is a geodesic space. Let v :[0,1] = X and n: [0,1] = X
be two geodesics starting at p i.e. v(0) = n(0) = p. The Alexandrov angle between v and
n is the number Z,(v,n) € [0, 7] defined as

Zp(v,m) = limsup Z,(y(t),n(t")). (2.16)

t,t’—0

Alternatively the angle between two geodesics can be expressed in terms of the metric

_ 1
cos(Zy((1),n())) = = (8% + ¢ = d(y(8), n(t'))?). (2.17)
Note that in the Fuclidean space E™ the Alexandrov angle coincides with the usual Eu-
clidean angle. An alternative definition is given by Alexandrov [3], [1]. The strong upper

angle between two geodesics v : [0,1] — X and 7 : [0,1] — X starting from the same
point p is the number Z,(v,n) € [0, 7] such that

Zp(v,m) :==lm sup Z,(v(t),n(t")). (2.18)

t—0 t'e(0,1]

It was shown by Alexandrov that (2.18) is equivalent to (2.16). By Proposition 1.14 [32]
the Alexandrov angle satisfies the triangle inequality

Zp(fylafYZ) g Zp(f}/laf)/ﬁ‘)) + AP(PY?MP)/Z) (219)

whenever 1,79, 73 : [0, 1] — X are geodesics starting from the same point p.

2.2.3 Length of a Curve

A curve or a path in X is a continuous map ¢ from a compact interval [a,b] C R to X.
The length I(c) of a curve ¢ : [a,b] — X is defined as

n—1

l(c) == sup > d(c(ti), eltirn)) (2.20)
a=to<t1<...<tn=b g
where the supremum is taken over all possible partitions of [a,b] (no bound on n). The
length [(c) of a curve ¢ is nonnegative, possibly unbounded. The curve ¢ is said to be
rectifiable if its length is finite. If (X, d) is a metric space, not necessarily geodesic, then
the set X can be equipped with a metric d’ called the induced length metric defined as

d'(z,y) := inf{l(c)|c: [0,1] = X, ¢(0) = z,¢(1) = y}. (2.21)

If d coincides with d’ we say (X, d) is a length space. Clearly any geodesic metric space is
a length space. In general the converse is not true (see [13]).
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Figure 2.1: Geodesic triangle (left) and its comparison triangle (right).

P P

2.3. CAT (k) SPACES

2.3.1 The CAT(x) inequality

A CAT(k) space is a metric space of curvature bounded above by some real number k.
It can be viewed as a generalization of a CAT(0) space. In this thesis we focus our study
on CAT(k) spaces for which k£ < 0. To make the definition of a CAT (k) space precise we
need the notion of a model space. Following standard literature [11], [54], [32] for a given
real number x and a fixed integer n > 2 denote by M]' the following metric spaces

o if K =0 then M =E™;

o if K > 0then M is obtained from the sphere S" by multiplying the distance function
by the factor 1/4/k;

o if kK < 0 then M is obtained from the hyperbolic space H" by multiplying the
distance function by the factor 1/v/—k.

By virtue of [32, Proposition 2.11] M is a uniquely geodesic metric space i.e. any two
points are connected by a unique geodesic whenever k < 0. These metric spaces, including
the case k > 0, are known as the model spaces. A model space is a length space and
therefore its intrinsic metric is given by its induced length metric d'(+,-). Let (X, d) be a
geodesic metric space and A a geodesic triangle in X determined by the points p, ¢, r € X.
A geodesic triangle A determined by points p,q,7 € M" is a comparison triangle for A
whenever d(p,q) = d'(p,q),d(q,7) = d'(q,7) and d(p,r) = d'(p,7). A point T € [p,q| is
said to be a comparison point for x € [p, q] whenever d(p,z) = d'(p,q), similarly for the
other two geodesic segments of the triangle. Then, A is said to satisfy CAT (k) inequality
if for all z,y € A and all comparison points Z,7 € A,

d(z,y) < d'(T.79). (2.22)

The metric space (X, d) is then called a CAT (k) space if it is a geodesic metric space and
all its geodesic triangles satisfy CAT(k) inequality. In other words triangles in a CAT (k)
space are at least as thin as the geodesic triangles in the model space M (see 2.1 for the
case of a CAT(0) space).
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Theorem 2.6 ([32, Theorem 1.12]). The followings are true:
1. If X is a CAT(k) space, then it is a CAT(K') space for every k' > k.

2. If X is a CAT(x') space for every k' > k, then it is a CAT(k) space.

2.3.2 Examples of CAT (k) spaces

1. Any pre-Hilbert space, a not necessarily complete inner product space, (see [110], p.
39-40), is a CAT(0) space. This follows immediately from the comparison triangle
definition. Moreover by Proposition I1.1.14 [32] if a vector space is CAT (k) for some
k € R then it has to be a pre-Hilbert space. Consequently there does not exist a
vector space which is not pre-Hilbert and it is of nonpositive curvature.

2. A convex subset of a FEuclidean space E" is a CAT(0) space whenever it is endowed
with the induced metric.

3. The complement of the planar set {(x,y) € R?*|z > 0,y > 0} when equipped with
its induced length metric is a CAT(0) space. In general the complement of any
polygon in M is a CAT(k) space.

4. Phylogenetic tree space is a CAT(0) space (see [20]). In general an M, polyhedral
complex, with Shapes(K) finite and satisfying the link condition is a CAT(k) space
(for details see [32], p. 206).

5. If (X3,d;) and (Xo,ds) are CAT(0) spaces then so is the metric space (X; x Xs,d)
where d(-,-)? :=dy(-,)* + da(-, )2

6. A Riemannian manifold with sectional curvature < x is a CAT(k) space (see The-
orem II 1.A.6, [32]).

7. An R-tree is a CAT(k) space for any x. An R-tree is a metric space (X, d) such
that:

e there is a unique geodesic between any pair of points;
o if [y, 2] N[z, 2] = {x} then [y, 2] = [y, 2] U [z, z].

In fact any geodesic triangle in an R-tree space is degenerate in the sense that the
angle at any of the vertices is either 0 or 7. And it is 7 whenever that vertex lies in
the geodesic between the other two vertices. For more on R-tree spaces refer to [71]
and references therein.

For an extensive treatment of these spaces and the important role they play in mathe-
matics one could refer to Bridson and Haefliger [32] or the book by Burago et al. [11].
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2.4. HADAMARD SPACES

2.4.1 Definition of Hadamard space

A complete CAT(0) space is called a Hadamard space and we denote it by (H,d). In
certain circles these spaces are also known by the acronym NPC spaces (complete metric
spaces of nonpositive curvature, see [15, Ballman]|, [109, Sturm]). The most trivial example
of a Hadamard space is a Euclidean space E™ and in general the only Banach space which
is Hadamard is the Hilbert space. R-trees are another example of a Hadamard space
and so are phylogenetic tree spaces. Some of the most important Hadamard spaces are
Hadamard manifolds. A Hadamard manifold is a Riemannian manifold of nonnegative
sectional curvature (see [18], [102] for fundamentals in differential geometry). In particular
the model spaces M are Hadamard spaces whenever £ < 0. Another interesting example
of a Hadamard space is the so called Hilbert ball. If (H,|| - ||) is a complex Hilbert
space equipped with its canonical inner product (-,-) and B := {z € H|||z|| < 1} is the

unit open ball then the metric space (B, d) where d(z,y) := arctanh /1 — o(z,y) and

o(z,y) = (1—||=]|*)(1 = [ly||*)/(1 = (x,y)) is a Hadamard space (for details see Example
1.2.13 [13]). Define the mapping

Wi(z,y,t) =ted (1 —t)y, Vr,ye H, tel0,1] (2.23)

where W (z,y,t) € H is the point on the geodesic segment [z, y| connecting x with y such
that d(z, W(x,y,t)) = (1 —t)d(z,y) and d(y, W(x,y,t)) = td(x,y). It can be shown that
the CAT(0) inequality (2.22) is equivalent to

d(W (z,y,t),2)* < (1 — t)d(z, 2)* + td(y, 2)* — t(1 — t)d(z,y)?, Yz € H. (2.24)

Note that inequality (2.24) can alternatively be obtained by a celebrated result of Bruhat
and Tits [10] which states that in a Hadamard space (H,d) for any two points x,y € H
there exists a point m’ € H such that

1
~d(x,y)* Vze H. (2.25)

1
d(l‘7 Z)2 + §d(y7 Z)2 - 4

d(m’, z)* <

N —

Elementary calculations show that m’ = W (x,y,1/2) is just the metric midpoint of z,y.
An iterative application of this property (2.25) and completeness of H yields again (2.24).
Therefore in view of strongly convex metric spaces, a Hadamard space is strongly convex.
Consequently from Remark 1 it follows that a Hadamard space is a convex metric space
where their convex structure W is given by (2.23).

2.4.2 Some fundamental characterization results

We end this chapter with the following results which tie together complete convex metric
spaces admitting a strongly convex structure with Hadamard spaces (compare with [13,

Theorem 1.3.3]).
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Theorem 2.7. A complete metric space (X,d) is a Hadamard space if and only if (X, d)
admits a strongly convez structure W'.

Proof. Let (X,d) be a complete metric space that is also Hadamard then (2.24) holds
true. By definition (2.14) it follows that (X,d) is strongly convex. Now suppose that
(X,d) is a complete metric space admitting a strongly convex structure W. By Remark
1 it follows that (X, d) is a convex metric space. Then Proposition 2.5 implies that (X, d)
is a geodesic space. Let A C X be a geodesic triangle with vertices p,q,7 € X. Denote
by A its comparison triangle in E? with vertices p,q, 7. Definition (2.14) implies

d(p, W(g,r,1))* < (1= )[p —qlI* + tallp — 7[|* — t(1 — t)l[g — 7|*.

Calculations in E? show d(p, W(q,r,t)) < ||p — (1 — t)g — t7]]. On the other hand we

have (1 — t)g + t7 = W (q,r,t) hence d(p, W(q,r,t)) < |[[p — W(q,r,t)||. This confirms
the CAT(0) inequality. Since the geodesic triangle A is arbitrary then (X, d) must be a
CAT(0) space. Assumption (X, d) is complete implies (X, d) is a Hadamard space. [

Theorem 2.8. Any Hadamard space is a Busemann space and the inclusion is strict.

Proof. The proof is based on a fundamental characterisation inequality due to Berg and
Nikolaev [24, Theorem 1, Corollary 3| which states that a metric space (X, d) is CAT(0)
if and only if for any four points xg, 9, 1, y1 € X it holds

d(zo,y1)” + d(yo, ©1)* — d(z0, 1)* — d(yo, y1)* < 2d(z0, Yo)d(z1, y1)- (2.26)

Now let z; := W(xg,x1,t) and y; := W(yo,y1,t) for some ¢ € [0,1]. Then by strong
convexity

d(zy,y:)? < (20, yo)*+(1—1)2d (21, y1)*+t(1—1) (d(w0, y1)*+d (o, ¥1)* —d(20, 71)* —d(yo, y1)?).-
From inequality (2.26) it follows d(x, y;)? < (td(xo,y0) + (1 — t)d(x1,91))* hence
d(W (xo, z1,t), W(yo, 11, 1)) < td(zo,yo) + (1 — t)d(x1,11).

This proves that a Hadamard space is a Busemann space. Note that an example of a
Busemann space that is not Hadamard is any strictly convex Banach space which is not
a Hilbert space. Take for instance L space for 1 < p < 2. m

By Theorem 2.7 and Propositions 2.3, 2.4 we obtain the following corollaries.

Corollary 2.9. In a Hadamard space midpoints are unique. In particular any two points
x,y € H determine exactly one geodesic segment with end points x and y.

Corollary 2.10 ([13, Theorem 2.1.12]). The metric projection Psx is nonempty and
unique for every x € H whenever S C H is a closed convexr set. Moreover for any
z € S\ Psx the Alexandrov angle satisfies Zpg,(|x, Psx], [Psx, z]) > m/2.
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Proof. First part follows immediately from Proposition 2.4 since by Theorem 2.7 a Hadamard
space is strongly convex. Now note that for any a’ € [z, Psx], 2’ € [Psz, z| inequality
(2.15) holds with z replaced by 2’ and z replaced by z’. By representation (2.17) it
follows cos(Zpy([x, Psz], [Psz, z]) < 0 or equivalently Zp.,([z, Psx|, [Psz, 2]) > /2. O

At this point it is noteworthy to mention one of the most intriguing problems in convex
analysis regarding Chebyshev sets. Recall that a set S in a metric space (X, d) is called
a Chebyshev set whenever it admits unique projections for every point in the space, i.e.
for every x € X there exists a unique point z* € S such that d(x,z*) = d(x,S). It is
known that in a Euclidean space a set is Chebyshev if and only if it is closed and convex.
However in general metric spaces a Chebyshev set need not be a convex set, for example in
geometric spaces of nonpositive curvature. In particular there are nonconvex Chebyshev
sets in the real hyperbolic plane H? (see [28]). However the problem whether arbitrary
Chebyshev sets in a Hilbert space are convex is unsolved (since 1987).



CHAPTER 3

WEAK TOPOLOGY IN HADAMARD SPACES

3.1. IDENTIFICATION OF WEAK TOPOLOGY

3.1.1 Weak convergence

In 1976 Lim [30] introduced the concept of A-convergence in a general metric space (X, d).
A sequence (,)nen in X is said to A-converge to x, written z, Y x, if

lim sup d(zy, , z) < limsupd(z,,,y) (3.1)
k k

for every subsequence (2, )ken Of (2,)nen and for every y € X. This concept was adopted
later by Kirk and Panyanak [72] in the setting of CAT(0) spaces. In Hadamard spaces
A-convergence has a natural interpretation in terms of the so called asymptotic centers.
Let (z,)nen C H be a bounded sequence and y € H. Consider the following function

r((zn)nen, y) = limnsup d(x,,y)? (3.2)
and let
T((‘rn>n€N> = gggr((xn)neNa y) (33)

denote the asymptotic radius of (z,,)nen. Since d(x,,-)? is a strongly convex function on
H for each n then so is 7((2, )nen, -) as the limit superior of a sequence of strongly convex
functions. Therefore there exists a unique minimizer x € H of r((x,)nen, ) known as

the asymptotic center of the sequence (x,),en. We say a bounded sequence z, A 2 if
and only if z is the asymptotic center of every subsequence of (x,),en see. e.g., Bacak’s
work [12,13,43]. A-convergence in Hadamard spaces is often referred to as the weak
convergence, however we reserve this term for later.

It is worth noting that A-convergence in CAT(0) spaces shares many properties with the
usual notion of weak convergence in Banach spaces. As already noted by Kirk and Pa-
nyanak, A-convergence in CAT(0) inherits the Opial’s and Kadec-Klee properties among

19
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Figure 3.1: Convergence of projections P,x, to x along a geodesic vy starting at x. The
blue region is part of the elementary set U, (g;7) of our weak topology, which
might extend infinitely far to the left of x.
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others, see [72]. A form of Banach-Saks property is also satisfied, see [13, Bacak]. In the
case of a Hilbert space, the only Banach space which is a CAT(0) space, the notion of
A-convergence coincides with the usual weak convergence. In Banach spaces, an impor-
tant consequence of the Banach-Steinhaus theorem is that a weakly convergent sequence
in a Banach space must be bounded. However, in a Hadamard space we need to put the
boundedness assumption in the definition of A-convergence so that the expression in (3.2)
is a finite quantity (see Bacak [13]).

In our work we define weak convergence based on a notion introduced by Jost [61]'.

Definition 3.1. A sequence (x,)nen C H converges weakly to an element x € H, and we
write x, — x, if and only if Pyx, — x as n — +oo along any geodesic v : [0,1] — H
starting at x, where P, denotes the projection onto y (see Figure 3.1).

Note that this notion of weak convergence does not require that the sequence be bounded.
Indeed consider a simplicial tree of countably many rays of finite but increasing (un-
bounded) length all meeting at a common vertex. If x,, is the tip of the geodesic ray ~,
and z is the common vertex then z,, - x. By construction (Zn)nen is unbounded.

An open question related to A-convergence in a Hadamard space (H,d) has been the
identification of a topology 7A on H such that for a given bounded sequence (z,)nen C H

and x € H we have z,, A 2 if and only if z, 23 z. In view of Definition 3.1 it suffices
to identify a weak topology 7, which generates the weak convergence, since 7o would
then be the restriction of 7, on bounded sets. Motivated by a suggestion of Bacak we
construct a topology 7, which is weaker than the usual metric topology. It holds that
the weak convergence yields convergence in 7,,. Moreover if the underlying Hadamard
space is weakly proper then convergence in 7, implies weak convergence and thus 7,
would be the correct topology for our weak convergence. Although the construction of 7,
turns out to be rather simple, its construction has important consequences. In fact, we
will show how this topology can be used in order to obtain certain compactness results

!This notion was also considered by Espinola and Fernandez-Leén [50] and in a slightly different form
by Sosov [105].



3.1 IDENTIFICATION OF WEAK TOPOLOGY 21

that are similar to those known from the linear setting of Banach spaces. In particular,
we show that in a separable Hadamard space weak compactness and weak sequential
compactness are equivalent on bounded sets. If additionally the space is weakly proper
and satisfies a certain regularity condition then this equivalence holds also for unbounded
sets. Furthermore a bounded closed convex set C' in a separable Hadamard space is
weakly compact independent of whether the Hadamard space is weakly proper or not.
We also suggest a notion of dual spaces corresponding to this topology which in the case
of a Hilbert space coincides with the usual dual space. Next we introduce the space of
geodesic segments and study a corresponding notion of weak convergence. We show that
the space of geodesic segments and the underlying Hadamard space are homeomorphic
when equipped with their respective weak topologies. Later we establish existence results
for the so-called steepest descent direction in a Hadamard space. Finally, we offer a
comparison of our notion to previous notions of weak topologies in Hadamard spaces. In
particular, we will compare to the work of Monod [90], which offers a notion of weak
topology that is weaker than ours, at least in the case of weakly proper spaces, but which
does not yield convergence along geodesics and is thus too weak for our purposes. Likewise,
we will compare the work of Kakavandi [64], who offers a topology that is stronger than
ours but for which it is unknown whether compactness results hold in general.

3.1.2 Construction of open sets

In order to construct a desired weak topology 7, we build on a suggestion by Bacak
[13]. A constant speed geodesic v : [0,1] — H is a curve that satisfies d(~y(s),v(t)) =
|s — t|d(v(0),~(1)) for all s,¢ € [0,1]. For a given 29 € H we define I';,,(H) to be the set
of all constant speed geodesics 7 : [0,1] — H such that v(0) = z. A set U C H is weakly
open if it satisfies the following property: for every xy € U there exists some ¢ > 0 and a
finite family of geodesics v1, s, ..., Yn € [y, (H) such that the set

Uso (€715 ooy Tn) =={2 € H 1 d(xo, Py,x) < e Yi=1,2,...,n} (3.4)
is contained in U.

Proposition 3.2. The collection of weakly open sets U together with the empty set ()
define a topology T, on H and we call it the weak topology on H.

Proof. 1t is clear that H € 7, since if z € H then for any finite family of geodesic segments
Yy ooy Yo € T (H) the set Uy(e;71, ..., 7)) C H for every € > 0. The empty set () is in 7,
by definition.

Moreover for any collection {U;};c; where I is some index set and U; is weakly open for
all 7 € I its union is weakly open. To see this let * € U;c; U; then x € U; for some
j € 1. Since U; is weakly open then there exist ¢ > 0 and 71, ...,7, € I';(H) such that
Us(e;7, oy 7n) C Uj € User Ui Hence U U; is weakly open.

Now let U; and U, be two weakly open sets and let x € Uy NU,. Then there exist 1,9 > 0
and geodesic segments Vi, ..., Yn, M1, -, Im € ['z(H) such that U,(e1;7, ..., ) € U; and
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Ue(g2;M1, ooy ) € Us. Let & := min{ey, 2} and consider the set Uy (591, - Yo, M1y -vs Thin) -
By construction it follows that

Ux(8;717 "'7’77177717 "'777m> g Ux(gl;’}/l? "'7")/77/) m Um<€2;7717 "'777m) g Ul m U2

Therefore Uy N U, is weakly open. O

To justify the name weakly open we need to show that any set U is open in the usual
metric topology. The next lemma solves this issue:

Lemma 3.3. Let (H,d) be a Hadmard space. Then the sets U,,(e;) are open in the
metric topology for every geodesic v : [0,1] — H whose image contains xg.

Proof. A well known inequality due to Reshetnyak [98] (see also [13, Theorem 1.3.3.])
states that for any four points z,y,u,v € X where X is a CAT(0) space it holds that

d(z,u)? + d(y,v)* < d(x,y)* + d(u,v)* + d(z,v)* + d(y, u)*. (3.5)

If C C H is a closed convex set and P denotes the projection operator onto C', then the
inequality
d(z,2)? > d(x, Pox)? + d(Pex, 2)?, Yz el (3.6)

holds true (see [13, Theorem 2.1.12]). Let x,y € H. Applying (3.6) twice with z = Pox
and z = Ppy yields

2d<PCI7 PC'y)Q + d(CL’, F)Cx)2 + d(ya Pcy)2 < d<I7 Pcy)Q + d(y7 PC"I)2' (37)
Applying (3.5) to the right side of the last inequality gives
d(z, Poy)® + d(y, Pox)? < d(z,y)* + d(Pey, Pox)? + d(z, Pox)? +d(y, Poy)?. (3.8)

Then (3.7) and (3.8) imply d(Pox, Poy) < d(z,y). Therefore, in a Hadamard space Pg is
a nonezpansive operator. In particular, P, is nonexpansive since every geodesic segment
v is a closed convex set. This implies

d(Pyx, Pyy) < d(z,y) Vo,y € H. (3.9)
Now let © € Uy, (g;7). Then there exists some s < € such that d(zo, Pyx) = s. We claim
that the open geodesic ball B(z,e —s) := {y € H : d(z,y) < € — s} is contained in
Uy (:7). Let y € B(x,e — s) then
d(an P’yy) < d([['(), P’Yl‘) + d(P’Y':E7 P’Yy) < d(x()a P’Yx) + d(xv y)a

where the first inequality follows from the triangle inequality and the second one from
(3.9). Therefore

d(zo, Pyy) < d(xo, Pyx) +d(z,y) < s+e—s=c¢

implies B(x,e — s) C Uy, (g;7). O
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We say a Hadamard space is weakly proper if for any elementary set U, (e;7) there exists
a weakly open set V' € 7, containing z such that V' C U,(e;7) and this holds for all
x € H~ € T',(H) and ¢ > 0. Essentially this property requires that elementary sets
U.(g;v) to have nonempty interior in 7,,. Note that any Hilbert space is weakly proper.
In fact it is even more, the sets U,(e; ) are open in 7. To see this take any set U,(g;7)
and let y € U,(¢;). Then there exists a geodesic segment 7 emanating from y entirely
included in U,(e;7) such that it lies in a common plane with v and it is parallel to it.
Then by usual rules of Euclidean geometry it follows that U,(d;n) C U,(e;~y) for small
enough 0 > 0. It is of interest to know whether weakly properness is a universal property
for Hadamard spaces.

Theorem 3.4. Consider a sequence (z)neny C H, and letx € H. Ifz, 5 x then x, =% x.
Moreover provided that the Hadamard space is weakly proper then x, =% x implies x, — x.

Proof. Let z,, = x. Then for every v € T',(H) we have that lim,_, d(z, P,x,) = 0, or
equivalently z, € U,(e;~v) for all sufficiently large n. Let U € 7, containing x. Then
there exist vq,...,7, € I'w(H) and ¢ > 0 such that U,(g;v,...,7,) € U. Since z, €
U.(g;71, ..., 1) for all sufficiently large n then z,, € U for all sufficiently large n.

Let H be weakly proper. Suppose that z,, % = but z,, # . Then there exists v € T',(H)
such that lim, Pz, # x i.e. there is ¢ > 0 such that x, ¢ U,(e;~) for infinitely many
n. Weakly properness implies that there is an open set V € 7, containing x such that
V C U,(g;7). Therefore x, ¢ V infinitely many n. However this contradicts x,, ™.

[]

Lemma 3.5. A weakly proper Hadamard space is Hausdorff with respect to topology 7.

Proof. Let x,y € H be two distinct points. Since H is Hadamard, there exist unique
geodesics 7,7 : [0,1] — H connecting = with y such that v(0) = z, y(1) = y and
7(0) =y, (1) = x. Let [, :== d(x,y), and let € € (0,1,). Note that [, =I5 and P,z = P52
for all z € H. Define the sets

Uy(e;y) :={2€ H : d(z, Pyz) < e}

and
Uyl,—e;7) :={2€ H:d(y, Pyz) <l,—¢}.

Suppose there is some zy € Uy(e;v) N U,(ly — ;%) then d(z, Pyzy) < € and d(y, Ps2o) <
l, — ¢ would imply

L, =d(z,y) < d(x, Pyz) + d(y, Pyzo) = d(x, Pyzo) + d(y, Pyz) < L

which is impossible. Therefore U, (e;v) N U, (I, —¢;7) = 0. Since (H,d) is weakly proper
there are V,W € 7, such that x € V C U,(e;v) and y € W C Uy(l, — €;%). Then
VNW CU,(e;v) NU (L, —&;7) = 0. O
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3.1.3 Convex sets and compactness

We say a set C' C H is weakly closed if it is closed with respect to 7. It is evident that
a weakly closed set is closed.

Theorem 3.6. Let (H,d) be a weakly proper space. If C' C H is a closed conver set then
C is weakly closed.

Proof. Let y € H\ C. Then Pcy exists and is unique. Let «y : [0,1] — H be the geodesic
connecting y with Poy such that v(0) = y and (1) = Ppy. For € € (0,1(7)), where
l(y) :== d(y, Pcy) is the length of the geodesic v, consider the weakly open set U, (e; 7).
Since (H, d) is weakly proper space it suffices to prove that U,(e;y) N C = 0. Let z € C,
and let z = P,(z) be the projection of x to . Since z € 7, by Corollary 2.10 we have that
Poz = Pey. Since both C' and ~ are strongly closed and convex, we have the following
quadratic inequalities
d(z,z)* > d(x, Poz)* + d(Poz, 2)*

and

d(z, Poy)? > d(z, Pyx)? + d(P,x, Poy)?.
Using that z = P,z and Pcz = Pcy then implies that P,x = Pcy. In particular from
d(y, Pyx) = d(y, Pcy) > ¢ for all = € C' it follows that Uy(e;v) N C = 0. O

Theorem 3.7 (Mazur’s Lemma for Hadamard spaces). Let (H,d) be weakly proper and
(n)nen € H a sequence such that x, % x for some x € H. Then there exists some
function N : N — N and a sequence (y,) C H such that y, € co({x1,22,...,xnm}) for all
n €N and vy, — .

Proof. By virtue of Theorem 3.4 convergence z, — x implies x, ~% z, therefore z €
wel{zy, xg, ...}, where wcl{zy, xs, ...} denotes the weak closure of {x;,zs,...}. Moreover,
{1, x9,...} C co({xy, 2, ...}) implies that wcl{xq, xo,...} C wclco({z1,xg,...}). Hence x €
welco({z1, xe,...}). The strong closure clco({xy, z,...}) of the convex set co({z1, x2, ...})
is a closed convex set. Indeed, if C is convex, then so is cIC'. In order to see this, let
u,v € clC. Consider sequences (u,) and (v,) in C such that u, — w and v,, — v. Let ~y
be the geodesic connecting uw with v, and let ~, be the geodesics connecting u,, with v,.
Then strong convexity of squared distance function in a Hadamard space implies that for
each t € [0, 1] we have

d(y(1), 1 (8))* <(1 = t)d(u, () + td(v, 7a(t))* = t(1 = t)d(u, v)*
<1 =) (1= t)d(u, un)® + td(u, v,)* = £(1 = £)d(tn, 1))
+t (1= t)d(v, up)? + td(v,v,)? = (1 = t)d(u, v,)?)
—t(1 — t)d(u,v)*.

Taking the limit n — oo yields d(y(t), v, (t)) — 0. Hence cl C and in turn cl co({z1, xa, ...})
are indeed convex. Since (H,d) is weakly proper then by Theorem 3.6 we obtain that
cleco({x1, xa,...}) is weakly closed. It follows that

x € welco({x1, 29, ...}) C cleco{xy, z, ...}
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Then there exists some sequence (y,) C co({x1,x2,...}) such that y, — z. Additionally,
we have that co({z1,x2,...}) = Upen co({x1, 2, ..., 1 }). Hence y, € co({z1, 22, ..., Tpm) })
for some k(n). For each n set N(n) := k(n). O

A set K C H is 7,-sequentially compact if every sequence in K has a 7,-convergent
subsequence. It is clear that when (H, d) is weakly proper then 7,-sequential convergence
coincides with the weak sequential convergence. We say a set K is weakly compact (or
compact in 7, ) if for any open cover in 7, containing K there is a finite subcover which
also contains K.

Lemma 3.8 ([13, Proposition 3.1.2]). Every bounded sequence has a weakly convergent
subsequence.

Lemma 3.9 ([13, Lemma 3.2.1]). Let C' C H be a closed convez set and (x,)neny C C. If
T, — x then x € C.

Theorem 3.10. If K C H a bounded closed convez set then K is weakly sequentially
compact.

Proof. Any sequence (z,)neny C K is bounded. By virtue of Lemma 3.8 (z,),en has a
weakly convergent subsequence (z,, )ren. Hence there is some x € H such that x,, B
as k — +o00. Since K is a closed convex set, Lemma 3.9 implies x € K. O

Corollary 3.11. Let K C H be bounded then clco(K) is weakly sequentially compact.

Corollary 3.12. A bounded closed convex set is T,-sequentially compact.

It is known that in a Hausdorff topological space a compact set is always a closed set [37,
Theorem 2.12]. By Lemma 3.5 a weakly proper Hadamard space is Hausdorff when
equipped with the weak topology 7,,. As result we have the following proposition:

Proposition 3.13. Let (H,d) be weakly proper. Then a weakly compact set is weakly
closed.

A point x € H is said to be a weak limit point for the set S C H if every open set
U € 1, of x contains a point of S different from z. A point z € H is said to be a weak
accumulation point of S if each open set U € 7, of x contains infinitely many distinct
points of S. Clearly every accumulation point of S is a limit point of S.

Proposition 3.14 ([87, Lemma 5.2]). Let (H,d) be weakly proper and S C H. A point
x € H is a weak accumulation point of S if and only if x is a weak limit point of S.

Proof. Let x be a weak limit point of S but not a weak accumulation point of S. Then
there exists an open set U € 7, containing x such that U contains at most a finite
number of points {1, xs,...,x,} of S. By Lemma 3.5 a weakly proper Hadamard space
H is Hausdorff with respect to its weak topology 7,,. For each ¢ = 1,2, ...,n we can find
open sets U; € 7, containing = and open sets V; € 7, containing x; such that U; NV, = (.
Then the open set U NU; N ... N U, contains z and no other points of S distinct from z.
This contradicts that  is a weak limit point of S. The reverse implication is evident by
definition. O
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A slight generalization of sequential compactness is the so called Bolzano—Weierstrass
property. We say a topological space X has the Bolzano—Weierstrass property if any
infinite subset of X has at least one accumulation point.

Theorem 3.15 ([37, Theorem 5.3]). A weakly compact set in a weakly proper Hadamard
space has the Bolzano—-Weierstrass property.

Proof. Let K C H be a weakly compact set. We claim that every infinite set S C K has a
weak limit point in K. If not, then there is an infinite set S C K such that for each z € S
there is U, € 7, satisfying U, NS = {z}. In particular this implies that for any open
set U € 7, containing x we have U NS # (). Thus S is weakly closed and consequently
S is weakly compact. There are points z1, z, ..., z, € S such that U,,,U,,, ..., U,, cover
S implying S = {x1, x5, ..., x,}. This contradicts that S is infinite set. From Proposition
3.14 it follows that S has at least one weak accumulation point. O

In what follows we make a regularity assumption on the Hadamard space (H, d).

Assumption 3.1. Let {y,}nen C H be a dense set and x € H. If (xy)ken is a sequence
in H such that limy, Py 1 xx = @ then limy Pyx, = x for any v € I'y(H).

Theorem 3.16. Let (H,d) be a separable weakly proper Hadamard space that satisfies
Assumption 3.1. Then a set S C H satisfying the Bolzano—Weierstrass property is weakly
sequentially compact.

Proof. Let (H,d) be weakly proper and let S C H satisfy the Bolzano—Weierstrass prop-
erty. Let (x)ren be a sequence in S. Then (z)ren has a weak accumulation point z € S,
hence z is also a weak limit point. Since H is separable there exits a dense countable set
{yn,} in H. Let 7, : [0,1] — H denote the geodesic connecting x with y,, for every n € N.
Now consider the family of sets V,, defined as

Vo, =

=y

Us(1/n;7;) where U,(1/n;v;) :={y € H|d(x,P,y) < 1/n}. (3.10)

=1

Since (H,d) is weakly proper then there are U,; € 7, containing x such that U, ; C
Uy(1/n;;) for every ¢ = 1,2, ...,n and for every n € N. Denote by U,, := N}, U,; then
U, CV, for all n € N. Since U, is a weakly open set containing x, it must contain at
least one element xy,). By considering a subsequence (and possibly re-numbering) we
may assume that x, € U, for all n. In particular x,, € V,, for all n. Since the sets V,
are nested, we have that z,, € V,, for all m > n. This means that lim,, P,,z,, = z for
all ¢ = 1,2,...,n and hence lim,, P, z,, = « for all n € N. By Assumption 3.1 then
lim,, Pyx,, =« for all v € I';(H).

]

Remark 3.17. Note that a bounded weakly compact set K in a weakly proper Hadamard
space H is weakly sequentially compact. This is evident since any sequence in K is bounded
and by Lemma 3.8 it has a weakly convergent subsequence. By Proposition 3.13 the set
K is weakly closed, hence it contains the weak limits of its subsequences.
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A topological space X is a Lindeldf space if every open cover in X has a countable subcover.
For metric spaces that are separable we have the following equivalence.

Lemma 3.18 ([37, Theorem 6.7]). A metric space (X,d) is separable if and only if it is
Lindeldf.

Theorem 3.19. Let (H,d) be separable. If a set in H is T,-sequentially compact then it
is weakly compact.

Proof. The proof proceeds by contradiction. Suppose that K C H is weakly sequentially
compact but not weakly compact. Then there exists some open cover {U;};cr of K in
T, that has no finite subcover. By assumption (H,d) is separable. Hence (H,d) is a
Lindel6f space, i.e., every open cover (in the strong topology) has a countable subcover;
see, e.g., [87, Theorem 6.7]. Since {U,};es is an open cover in the usual metric topology,
there exists a countable subcover {U;}jes. Let V, := Uj_, U;. Then W, = H\ V, is
weakly closed for all n. Moreover, the family of sets W), satisfies W, .1 C W,,. Because V,
cannot cover K, we have that W,, N K is nonempty for every n € N. Let z,, € W, N K.
Since K is weakly sequentially compact, and consequently 7,-sequentially compact, the
sequence (z,) has a subsequence (x,, ) that converges in 7,, to some element z* € K. Let
Uy, (z*) denote the collection of weakly open sets containing z*. Then for each U € U,,(x*)
and for each n € N there exists m > n such that UNW,, # (), and in particular UNW,, # (),
implying that 2* € wel W,, = W,,. Since n is arbitrary, we have that x* € N,, W,,. Hence
z* € N, W,, N K. Therefore, N,,ey W, N K # 0, which together with N, .y W, N K C K,
yields that K 2 K\ (Mpex W NK) = K\ Mpen(K \ Vi) = Unen(KNV,) = K.

]

Remark 3.20. Notice that the previous proof also applies to the more general setting of
a topology that is weaker than the metric topology in any separable metric space.

Corollary 3.21. Let (H,d) be a separable weakly proper space. If K C H is weakly
sequentially compact then it is weakly compact.

As a result to Theorem 3.15, Theorem 3.16 and Theorem 3.19 we get the following:

Theorem 3.22. In a separable weakly proper Hadamard space (H,d) satisfying Assump-
tion 3.1 the weak compactness, weak sequential compactness and Bolzano—-Weierstrass
property are equivalent.

The last theorem is an important result in functional analysis which is known as the
Eberlein-Smulian Theorem (see [1 14, Whitley] or for a non-standard proof [19, S. Barinella
and Ng. Siu-Ah]). The Eberlein-Smulyan Theorem holds in any Banach space, separable
or not, and therefore in any Hilbert space.

Theorem 3.23. A bounded closed convex set K in a separable Hadamard space is weakly
compact.

Proof. Let K C H be a bounded closed convex set. By Theorem 3.10 it follows that
K is weakly sequentially compact and Corollary 3.12 implies that K is 7,-sequentially
compact. By virtue of Theorem 3.19 we obtain that K is weakly compact. O
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3.1.4 Locally compact space

A topological space (X, 1) is said to be locally compact if for every = € X there exists an
open set U € 7 and a compact set K such that x € U C K.

Theorem 3.24 ([32, Proposition 3.7, Corollary 3.8 and Remark 3.9]). The following
statements are equivalent:

1. Hadamard space (H,d) is locally compact.
2. Every closed and bounded subset of (H,d) is compact.

3. Every bounded sequence in (H,d) has a convergent subsequence.

Lemma 3.25. Let (H,d) be locally compact. If z,, = = then (x,)nen is bounded.

Proof. Let x, — x, but suppose that (z,) is unbounded. Then we can wolog assume
that d(z,,x) > R > 0 for all n € N. Consider the closed geodesic ball C' := B(z, R).
Denote by Pex, the projection of z,, onto C for every n € N. By assumption (H,d) is
locally compact. Theorem 3.24 implies that C' is compact, and in particular the boundary
0C :={y € H|d(x,y) = R} is compact. Hence, (Pcx,) is a sequence in the compact
set OC. There exits a subsequence (Pcx,, ) converging to some element z € 9C. Let
v : [0,1] — H denote the geodesic segment connecting x with z. Evidently, v C C.
Denote by v : [0,1] — H the geodesic segment connecting x with Pox,, for each k € N.
Let P,x,, denote the projection of x,, onto the geodesic segment . From the triangle
inequality we obtain

d(Panka Z) > ‘d(‘rnk7 PC$”k> - d<xnk7 Z)|7

which implies that limy |d(zy, , Poxy, ) — d(z,, , 2)| = 0. Since both C' and ~ are strongly
closed and convex, we have the following quadratic inequalities (see, e.g., [13, Theorem
2.1.12)):

d(y,, P0$nk)2 + d(Pon,,, P7$nk)2 < d(wy,, vank)Qv
d(xnm P’Y‘rnk)Z + d(Pyl’nk, 2)2 < d(xnm 2)27

implying that d(x,,, Pox,,) < d(z,,, Pyx,,) < d(x,,, z). Therefore, we have that

lillgn |d(zp,, Pyxy,) — d(zy,, Pox,, )| = 0. (3.11)
By assumption z,, — x, and in particular, z,,, — z. Therefore, it follows that P,x,, — x.
Consider the geodesic segment 7y : [0,1] — H connecting x with x,,. Then there exists

2 € ng such that 2z, € OC for every k € N. Since z;, € 0C, we obtain that d(z,, , Pot,, ) <
d(zy,, z) and thus

d(zp,,v) = d(y,, 2k) + d(2k, ) = d(zy,, Pory,) + R, VkeN,
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which in turn implies that |d(x,, , z) — d(x,,, Pox,, )| = R > 0. By the triangle inequality
we again have

d(Pyxn,,x) = |d(xy,, x) — d(z,,, Pyx,,)|, Yk eN.

Therefore, limy, P,x,, = x implies that limy, |d(z,,, z) — d(zn,, PyTy, )| = 0. On the other
hand we have

0 < R < |d(xy,,z) — d(zy,, Poxy,)|
< ’d(xnk7 ZL’) - d(x"kv P’Y‘rnk)| + ’d(xnkv P’Y‘r”k> - d(xnw PCITLk)|7

which together with (3.11) delivers a contradiction since the right side vanishes as k 1 +o0.

]

Theorem 3.26. Weak and strong convergence coincide in a locally compact space.

Proof. Tt is evident that whether or not the space is locally compact, if x, — = then
from the inequality d(z, P,x,) < d(z,z,) for every v € I',(H) follows that x, — z. Now
suppose that (H,d) is a locally compact Hadamard space, z,, — x but z,, 4 z. Then
there is € > 0 and a subsequence (2., Jken C (25 )nen such that d(x, x,,) > € for all k € N.
By Lemma 3.25 the sequence (z,)nen is bounded and in particular so is the subsequence
(@n, Jken- By Theorem 3.24 there is a subsequence (:cnkl )ien C (@, )ken converging to some

y € H and in particular by the first part of this theorem Tny, 2 y. By uniqueness of the
weak limits it follows that y = z. But d(z, xnkl) > € > 0, therefore a contradiction. [

Note that the arguments in Lemma 3.25 and Theorem 3.26 can be equally written in
terms of nets (see Chapter 4 for the definition). By a fundamental result in topology
that two topologies coincide when they have the same convergent nets it follows that the
metric topology topologizes weak convergence in a locally compact Hadamard space.

A topological space is said to be paracompact if every open cover has an open refinement
that is locally finite. A well known theorem of Stone [107, Theorem 1] states that every
metric space is paracompact. By [106, Lemma A.1 pg.460] a connected, locally compact,
paracompact space is o-compact i.e. the entire space can be written as a countable union
of compact subspaces. It is evident that a o-compact space is a Lindelof space. In view of
Lemma 3.18 it follows that a connected, locally compact metric space is always separable.
In particular a locally compact Hadamard space is separable.

Theorem 3.27. Weak topology and strong topology coincide in a locally compact space
whenever Assumption 3.1 holds.

Proof. 1t is clear that a weakly open set is open. For the converse direction we use
an approach similar to the proof of Theorem 3.16. Let U be an open set. Suppose
that U is not weakly open. In particular there is some x € U such that for any set
V= U,(g;71, -, Yn) we have V \ U # (). Since H is a locally compact, connected metric
space, hence separable then by definition there is a countable set S that is dense in H. Let
S = {Yn}nen and denote by 7, : [0,1] — H the geodesic connecting = with y, for every
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n € N. Consider the family of sets V,, defined as in (3.10). Since V,, \ U # () then there
exists z,, € V,, \ U, in particular x,, € V, for all n € N. Moreover by construction x,, € V,,
whenever m > n implying lim,, P, z,, = x for all « = 1,2,...,n ie. lim,, P, z,, = x for
all n € N. Because the space satisfies Assumption 3.1 then P,x,, = x for any v € I';(H).
Because of locally compactness Lemma 3.25 implies that the sequence (x,,)nen is bounded.
By Theorem 3.24 there is a convergent subsequence (x,, Jren. By construction z,,, ¢ U for
all k € N hence ,,, — y for some y # z. But this means x,, — y. This is impossible. [J

Remark 3.28. By Lemma 3.3 the elementary sets U,(g;7) are open in the usual metric
topology. This enables us to construct another topology which is weaker than the metric
topology and somewhat different from t,,. If U is the collection of all finite intersections of
sets of the form U,(e; ), where x and v vary, let Tgw be the smallest topology generated by
U i.e. anyU € Ty is the union of sets fromU. Then any set U € Tpw is open in the usual
metric topology. Moreover convergence Ty implies weak convergence (convergence along
geodesics) for if x, 2% x then for any v € To(H) and any € > 0 we have x,, € Uy(e;7)
for all large enough n i.e. lim,_, d(x, Pyz,) =0 for any v € T,(H); therefore, x, — x.
In particular it holds 1, C Tgw and they would coincide if and only if the elementary
sets U, (e;7y) are open in 1,. Topology Tew enjoys some properties without any additional
assumptions on the space. For example it is Hausdorff and a closed conver set is Ty -
closed (note that the proofs for these claims would be identical to the ones for T, but without
the assumption of weak properness). Moreover in a locally compact space Tpy = Ts.
Howewver at this point it is not clear whether a bounded sequence would have a convergent
subsequence in Ty . As a result of this it is not clear whether Theorem 3.23 would still
hold. Also we do not know for sure if a Tgw-compact set would be Ty -sequentially
compact. A deeper inquiry is needed to study Tpw and its relationships with T,, and the
notion of weak convergence.

3.2. THE DUAL SPACE

3.2.1 Construction of the dual and weak-* topology

For a given « € H each function ¢, (x;-) := d(x, P,-) corresponds to an element v € I',(H).

bet 16, (@3 9) — (s )
B _ V(@3y) — dn(3y
6y — Dlloo yes}}l\rgx} i) .

Let H} := {¢,(x;-) : v € T'w(H)}, and let d.(¢,, ¢) = ||¢4 — ¢n]le- Notice that due to
the fact that ¢, (z;y) < d(x,y), the value of d.(¢,, ¢,) is finite.

(3.12)

Lemma 3.29. (H?,d.) is a metric space.

Proof. Symmetry and the triangle inequality are evident. In order to show definite-
ness, suppose that d.(¢,,¢,) = 0, then this means ¢.(z;y) = ¢,(z;y) for all y € H.
In particular, for y; = (1) and y», = n(1) we obtain that ¢,(z;v(1)) = d(x,v(1))
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and ¢7(x n(1)) = d(z,n(1)). On the other hand, we have the equation d(x,~(1))
d(z, Pyn(1)) + d(Pyn(1 ) 7(1)) and analogously the equation d(z,n(1)) = d(z, P,y(1))
(P, ( ),n(1)). These two equations imply that d(Pyn(1),v(1)) = d(P,y(1),n(1))

(1

=+ 1

0. We claim that v(1) = n(1). If not then by Corollary 2.10 the Alexandrov angle

[z, 7 (1)) [v(1),n(1)]) = 7/2 and analogously Zyq)([z,n(1)], [v(1),n(1)]) = 7/2. On
he other hand by the cosine formula for Euclidean triangles, the comparison angles

’*'*l\

Zywy(w,n(1)) and Zyay(x,7(1)) satisfy Z,qy(z,1(1)) = Zyay([z, (D], [v(1),n(1)]) and
ln(l)ix (1)) = Zyoy ([ 77(1)], [v(1),n(1)]). This in turn would imply Z,1y(z,n(1)) > /2
and Z,y(x,v(1)) > 7/2, which is impossible. O

We call (H?,d,) the dual of H at x. We introduce a topology that is weaker than the
one induced by d,(-,-). The attend concept of weak-* convergence is defined as follows:
A sequence (¢., )nen € HZ is said to weak-* converge to some ¢, € H} if and only if
lim, oo ¢4, (2;y) = ¢4(x;y) for all y € H. It is obvious that strong convergence, i.e.
convergence with respect to d,, implies weak-* convergence. Weak-* convergence gives
rise to a topology which we call the weak-* topology on H.

Proposition 3.30. A basis for the weak-* topology on H} is determined by the sets

U’Y(E;ylay% 7yn) = {¢n € H; : |¢7(xayz) - ¢77(:B7yz)| < 57Vi = 1727 --7n} (313)

where y; € H, Vi =1,2,...,n; n € N i.e., any open set in the weak-* topology is a union
of sets of the form (3.13). We denote this topology by T, .

Proof. Note that ¢, € U,(;91,Y2, ..., yn) for all € > 0 and y1,vs, ..., y, € H. Hence

H; g U U’y(g;ylay%“'ayn) g U U’y(g;yby?a"'?yn)'

v€elz(H) V€l 2 (H),e>0,y1,....yn €H

Therefore the collection of sets {U,(;vy1,y2, ..., yn) © v € Tw(H),e > 0,y; € H,i =
1,2,...,n} covers H}.

Need to check the intersection property. Let U, (e1;y1, Y2, ..., Yn) and U, (e2; 21, 22, ..., Zm)
and ¢, € Uy, (e1;y1, Y2, --.»Yn) N U,y (€25 21, 22, ..., 2). There are 0 < sq, 52, ..., 5, < €1 and
0 < ty,t9,...,t,, < &9 such that

|0 (5 9:) — dn(@s33)| = s
|00 (75 25) — Bl 25)| = 15
fori =1,2,...,nand j =1,2,....m. Let s :== max{s; : i = 1,2,...,n} and ¢ := max{t; :

Jj =1,2,...,m}. Consider the sets U,(e1 — s;y1,....Yn) and U,(e2 — t; 21, 22, ..., 2m). Let
¢o € Uy(e1 — S; 91, ..., Ypn) then

P (@5 91) — o (5 11)] < |y (@5 03) — Sy 90)| + | (@5 vi) — b0 (5 41)]
<sit+(e1—8)<s+(e1—9)=¢e,Vi=1,2,...,n
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implying ¢, € U, (e1;y1, ..., Yn). Hence Uy(e1 — 8591, ..., Yn) C Uy, (61591, -, Yn). Similarly
Uy(ea —t; 21, ooy 2m) C Uyy(€9; 21, ..y 2m). Now let § := min{e; — 5,5 — ¢} then
&y € Up(65 Y15 oy Yns 215 ooy 2m) = U035 91, s Yn) N UL (65 21, .. 2m)
CUy(er — 89Uty Yn) N Up(e2 — 5 21, o0y 2im)
C Uy, (15915, Yn) NU (€25 21, vy Zm)
as desired. This completes the proof. O
Theorem 3.31. The following properties hold:

1. A sequence (¢, )nen weak-* converges to ¢., if and only if ¢, "% b,
2. (H}, 7y+) is a Hausdorff space.

3. A weak-* closed set in H} is closed.

Proof. The first property follows from the definition of weak-* topology and Proposition
3.30. For the second property it suffices to show that for any two distinct elements ¢., and
¢y, there is € > 0 such that the open sets U, (e;y) and U, (e; y) have empty intersection for
some y € H. Let ¢ := |¢,(z;y) — ¢, (x;y)|/2 and suppose there is ¢, € U, (g;y) N Uy (g5y)
then

|¢’y(x§y) - ¢n($§y)| < |¢7($,y) - ¢u(x,y)| + |¢u(x7y) - Cbn(xay”
< ;I%(w; y) — nlzsy)| + ;I%(ZE; y) — on(;9)]

= |9y (7;9) — dn(z;9)]

which is impossible. In order to show the third property, let A C H} be a weak-* closed
set, and let ¢,, be a sequence in A. Suppose that ¢,, — ¢, in the strong topology, then

Py EN ¢~, which implies that ¢, € A. Therefore A is (strongly) closed. O

A direct consequence of Theorem 3.31 (2) is the following result.

Corollary 3.32. A weak-* compact set in H} has the Bolzano-Weierstrass property, the
set of weak-* accumulation points coincides with the set of weak-* limit points, and a
weak-* compact set is always weak-* closed.

For a € [0,1] define the convex combination of ¢, (z;-) and ¢, (z;-) as ¢, (z;-) where
Yo = (1 — @)1 @ ay, is the geodesic segment in I',(H) that connects x with the point
(I1—a)y1(1)®aye(1). This is well-defined since H is a uniquely geodesic space. It is worth
noting that this convex operation in H is not defined in terms of the simple pointwise
addition '+ of functions but in terms of convex combination along geodesics &. However
for H} to be a convex metric space we need W (71,792, @) := 7, to be a convex structure.
But it is not clear whether inequality (2.1) holds for the metric d,(+,). In this setting a
set C' C H is said to be convex whenever ¢.,,¢,, € C' and o € [0, 1] imply ¢,,, € C. It
is not clear to us whether the following properties hold:

Question 3.33. Is a closed convex set weak-* closed?

Question 3.34. Is a bounded, closed and convex set weak-* compact?
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3.2.2 The case of a Hilbert space

Let H be a Hilbert space (H, || - ||) equipped with its canonical norm. Note that for every
x € H each geodesic segment v € I',(H) corresponds to a unique line | passing through
z. Given v,n € T',(H) we say v is equivalent to 7, and write v ~ 7, if and only if v,7
belong to the same line [. Let [I] denote the equivalence class of all geodesic segments
v € I',(H) sharing the same line /.

Our aim is to show that our dual H coincides with the usual notion of the dual of a
Hilbert space. We require the following lemma.

Lemma 3.35. A sequence (xy,)neny C H weakly converges (in our sense) to x € H if and
only if Px, = x as n T +oo for all lines | containing x.

Proof. Suppose that lim,, Px,, = z for all lines [ containing x. Let v € I',(#) such that
~v C l. Then all but finitely many of the terms Pyx,, are in the image of v, i.e., Px,, = Py,
for all sufficiently large n. This means lim,, Pz, = lim, Pz, = x. Since this holds for
any | containing = and for any v € [I] then lim, P,z,, = x for any geodesic segment
v € I'w(H). Now let z, = z. By definition lim, Pz, = z for all v € T,(H). Each
v € I';(H) determines a unique line [ containing x. Then a similar argument shows that
lim,, Px,, = x for all lines containing x. O

To the collection {¢,(z;-)} ey we can associate a function ¢y (z;-) defined as
oy(asy) = [z — Pyll, Yy € H. (3.14)

By Lemma 3.35 it follows that lim,, ¢, (z; ,) = 0 for all v € [I] if and only if lim,, ¢y (z; ) =
0. Therefore it is sufficient to restrict to the family of functions {¢p(x;-)}, where L is
the set of all lines containing x. Clearly {¢y(z;-)}r = H/ ~. For a given y € H and
21 € [ let 6 be the the angle between the vectors y — x and z; — x. Then from the cosine
formula for inner product we get

(y =z, 20— ) = |ly — xlll|z — =] cos ¥ (3.15)
Realizing that ||y — z|| cos§ = || P,y — z|| then follows

1

+ opy(x;y) = Te =2l

(y—x,zp—x), YyeH (3.16)

Using the linearity of the inner product one can rewrite (3.16) as

21— X

éu(r;y) =y — x,w), Yy € H wherewy; := £ (3.17)

Iz = ]

From (3.17) it is evident that H}/ ~ together with its quotient metric coincides with the
dual ‘H* of the Hilbert space H.
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Figure 3.2: A geodesic segment in I',(H) (left) and a geodesic triangle in I';(H) (right).

3.3. THE SPACE OF GEODESIC SEGMENTS

3.3.1 Metric space of geodesic segments

For each € H the collection of geodesic segments I',(H) can be turned into a metric
space by equipping it with the metric d; (v, 7) := sup;e( 1) d(7(t), n(t)) where v, 1 € T, (H).
We call (I',(H), d;) the metric space of geodesic segments and I'(H) := Uyey I'z(H) the
bundle of geodesic segments in H. Furthermore we let e, denote the trivial geodesic (of
zero length) starting at . Let ¢ : I';(H) — H be the mapping defined as ¢(7) := (1)
for every v € T',(H).

Theorem 3.36. The mapping ¥ is a global isometry from T ,(H) onto H for everyx € H.
Therefore, the metric space (U'y(H),dy) is a Hadamard space for every x € H.

Proof. Clearly, ¢ is a bijection due to the fact that any two points can be connected by
a unique geodesic. It thus suffices to show that dy(v,n) = d(y(1),n(1)). Consider the
comparison triangle A(Z,%(1),7(1)). Then the distance d(v(t),n(t)) is bounded above
by the distance between the corresponding points in the comparison triangle, which is in
turn is bounded above by the distance between (1) and 7(1). This implies d(y(t), n(t)) <
d(~(1),n(1)), which proves the claim. O

Given two geodesics v1,72 € I';(H) and t € [0, 1], consider the point y == (1 —t)11(1) &
ty2(1) and the unique geodesic y; € I',(H) that connects x with y;. We call this geodesic
Y = (1 — t)y ® ty,. Figure 3.2 depicts a geodesic segment and a geodesic triangle in
T.(H).

Corollary 3.37. (I'.(H),d;) is a complete convex metric space where its convex structure
W satisfies W (y1,7v2,t) = v for all v1,v2 € T.(H) and t € [0,1].
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3.3.2 Weak convergence in ', (H)

The metric d;(+,-) induces a strong topology where an open ball of radius € > 0 centered
at v € I';(H) is of the form B(v,¢) := {n € ['y(H) : di(v,n) < €}. We can equip the
metric space [',(H) also with a weak topology in the following way. We say a sequence
(Yn)nen C T'2(H) weak-I" converges to some element v € I',(H) and we denote it by
Yo =5y ifF 4, (1) 2 4(1)2. We say a set U C I'p(H) is weak-I" open if for any v € U there
exists € > 0 and a finite family of geodesics 1, ..., 7, € I'y1)(H) such that the set

Uy (€91, 925 s 0) = {0 € Do H) : d(7(1), Pyn(1) < ¥4}, % € Doy (H),m € N
(3.18)
is in U. It can be shown by exact same argument as in Proposition 3.2 that the collection
of such sets U indeed defines a topology in I',(H). We wish to call it weak-I" topology
and denote it by 7,.. Weak-I' convergence implies convergence in weak-I' topology in
the same way as weak convergence implies convergence in the weak topology for the
underlying Hadamard space (H,d).

Using the isometry 1 defined in the previous section we can rewrite the definition of weak-

' convergence as 7, — v iff 1(7,) = (7). Similarly v, M iff V() 2% (y). The
mapping v enjoys also the property of being a homeomorphism between the topological
spaces (I'y(H), Twp) and (H, 7).

Proposition 3.38. The topological spaces (I'y(H), T,.) and (H,T,) are homeomorphic.

Proof. Tt suffices to prove that the mapping 1 is a bicontinuous function i.e. it is bijective
and it has a continuous inverse ¢~!. Bijection follows from Proposition 3.36 since v is a

global isometry. Now let 7, — ~ then by definition Y (7m) 2% ¥ (7) hence v is continuous.
For the other direction take any sequence (y,)nen € H such that y, ™% y for some y € H.
Since H is a uniquely geodesic space for each y,, there is a unique =, € I',(H) connecting it
to x. Similarly let v € T',(H) be the geodesic segment connecting y with x. Then y,, =% y
means 7,(1) =% (1) or equivalently (v,) =% (y). By definition of weak-I" topology

then v, —% ~ or equivalently 1! (y,) —% ¢~1(y). Hence ¢/~ is a continous mapping. [J

The last proposition implies that topologically (I',.(H), 7,.) and (H, 7,,) are indistinguish-
able. As a direct result of this we have the following theorem:

Theorem 3.39. The following statements are true:
1. (Ty(H), 7wy is Hausdorff whenever (H,d) is weakly proper (Lemma 3.5).
2. Any bounded sequence has a weak-I" convergent subsequence (Lemma 3.8).

3. A closed convex set in T',(H) is weak-I" sequentially closed. If additionally the set
is also bounded then it is weak-T" sequentially compact (Lemma 3.9, Theorem 3.19).

2Not to be confused with I'-convergence related to Mosco convergence (see Chapter 6)
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4. A bounded closed convex set in I',(H) is weak-I' compact whenever H is separable
(Theorem 3.23).

Note that in case H is locally compact then so is the space I',(H) and weak-I" topology
coincides with the metric topology. In particular any closed and bounded set in I',(H) is
compact and any bounded sequence (v, )nen € I'z(H) has a convergent subsequence.

3.3.3 Existence of the steepest descent

A function f : H — R is said to be geodesically differentiable at x € H along geodesic
v €T (H)\ {e,} if the following limit exists

o) ot L0 = @)

i) (3.19)

In case the limit in (3.19) exists for all v € T',(H) \ {e,} then we simply say that f
is geodesically differentiable at x. Note that this limit could vary from one geodesic to
another and that f’'(z;v) = f'(z;n) whenever n C . If (3.19) holds for all x € H then f
is said to be geodesically differentiable on H. Furthermore we define

fl(z;e,) := inf liminf f'(x;7,). (3.20)

('Yn)CFZ(H)\{eI} Tn ez

For an illustrative example consider the Poincaré half-plane H? := {x = (2, 2,) € R? :
x5 > 0} equipped with the metric d(x,y) := arccosh(1+ ||z —y||*/2z2ys). Let f: H? —» R
be given by f(x) = x; + x5. Take z = (0, x3) for some x5 > 0. Recall that geodesics in
H? are either straight lines perpendicular to the horizontal axis or half circles centered
on the horizontal axis. Let 7,7 : [0,1] — H? be two geodesic segments starting from z;
~ up in the ordinate axis and 1 lying in the second quadrant of R? and part of the circle
centered at the origin in R? of radius z,. By definition (3.19) we obtain

f'(@;7) = lim f('? — @) _ o2
v (y,x) yalws arc cosh(1 + |yo — 22|?/222y2)
_ Ys — Tg . Inys —Inmzo\ !
= hm _—— < hm > = T
yolos [ Inyo — Inay y2loe Yo — T

Now lets compute the derivative of f at x along 1. Since the geodesic segment 7 is an
arc of a circle it is helpful to write y € n in polar coordinates, i.e. y = (22 cos,zysinf).
Evidently y - z is equivalent to # | 7/2. Again by definition (3.19) we obtain

P 4 ()l (€ I w3(cosf +sinf — 1)
flaim) = ilﬁrilg d(y, x) a elgl/lz arc cosh(1 + 2sin?(0/2 — 7/4)/sin 0)

= _LEQ

where the last limit follows by means of L’Hopital’s rule. Therefore the derivatives of a
function at a point along different geodesic segments emanating from that point need not
be equal.
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Denote by B(e,) and S(e,) the closed geodesic unit ball and the geodesic unit sphere
respectively in I',(H) centered at e,. A geodesic segment v, € S(e,) of positive length
is said to be the direction of steepest descent of the function f at x € H if f'(x; Ymin) =
inf es(e,) f'(x;7). Likewise a geodesic segment Ymax € S(e;) is said to be the direction of
steepest ascent of the function f at x € H if f'(7; Ymax) = SUp,es(e,) f'(7;7)-

Theorem 3.40 (Consequence of Extreme Value Theorem). Let (H,d) be locally compact
and f: H — R be a geodesically differentiable function such that f'(x;7y) is continuous
in vy for each x € H. Then f'(x;v) is bounded on closed bounded sets in I'y(H) and
there are Ymax, Ymin € S(ez) such that f'(x; Ymax) = Supveg(ex)f’(x;v) and f'(x; Ymin) =
infes(e,) f/(7;7)-

Proof. Let U C I',(H) be some arbitrary closed bounded set and assume without loss
of generality that f’(z;7) is not bounded from above on U. Then there is some se-
quence (Vp)nen € U such that lim,, f'(z;7,) = +00. On the other hand I',(H) is locally
compact since H is. This implies that U is compact because it is closed and bounded
thus (7,)nen has a convergent subsequence (v, )ken. Let limg 7y, = v then v € U. As-
sumption f’(z;7) is continuous in 7 implies limy, f'(x; vy, ) = f'(z;7) but this contradicts
lim, f'(x;7,) = +o0o. Therefore f'(x;7) must be bounded from above on U. Analogue
arguments for boundedness from below. Now S(e,) = ¢~!(S(z)) and by Proposition 3.38
Y is a homeomorphism so S(e,) is compact. By extreme value theorem, since f’(x;~)
is continuous in v, there are Ymax, Ymin € S(ez) such that f'(z; Ymax) = sup,ege,) f'(7;7)
and f'(2; Ymin) = infyes(e,) f'(2;y). This completes the proof. O

As an example consider the function f : H? — R defined as f(z) := z5. We claim that
f'(z;~) is continuous in v for every x € H?. For this it suffices that it is continuous at every
x on the positive ordinate axis (y-axis) since by the theory of Mobius tranformation the
other cases are just horizontal translations of the positive ordinate axis and all half-circle
geodesics belonging to the points on this axis. Let z = (0,22) for some x5 > 0 and let
~v € I',(H). Without loss of generality suppose that the geodesic segment + is part of an
arclength of a half-circle geodesic passing through the point . Note that the vertical line
(ordinate axis) can be thought as the perimeter (or part of it) of an ’infinite radius’ circle
centered at either 400 or —oo. Assume that the half-circle to which + belongs is centered
on the negative abscissa axis (the other situation follows similarly). Let 6y € (0,7/2] be
the smaller angle of the two subtended by the arc of this circle which joins its abscissa
intersection points with the point x. Elementary geometry yields xo = rsinfy where
r > 0 is the radius of this circle. By Definition (3.19) we obtain

: Y2 — X2
f(z;7) = lim —~———= = lim
@) yre  dy,x) 5 d(y, @)
- r(sin @ — sin 6y)
6160 arc cosh(1 + 2sin?((6 — 6)/2)/ sin 6 sin 0)

= r cos f sin 6,

where the last limit is computed by applying twice L’Hopital’s rule. Using x5 = rsin 6y
we can rewrite f'(z;7y) = xycosfy. Now let (7x)ren be a sequence of geodesic segments
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emanating from x such that limy 7, = 7. In particular this means that the Alexandrov’s
angle Z,(,vx) vanishes as k 1 +oo which in turn is equivalent to saying that the sequence
of circles (Cy)ren associated with the sequence of geodesic segments (i )ren approaches
the circle C' where 7 lies. If 6 € (0,7/2] is the smaller angle subtended by the arc of each
circle C), which joins its abscissa intersection points with the point z then it follows that
limy 0, = 6. This in turn implies that |f'(x;vy) — f'(x;v%)| = 22| cos 8y — cos x| — 0 by
continuity of cos@, i.e. f'(z;7) is continuous in 7. Since x was arbitrary on the ordinate
axis then this holds true for any x on this axis and subsequently on all H?2.

We say a function g : I',(H) — R is convex whenever g(v;) < (1 —t)g(71) + tg(y2) for
any 71,7 € I'w(H) and t € [0,1] where -, is the convex combination of 7; and 7. In
case (H,d) is not locally compact then a similar result holds if we additionally assume
convexity of f’(x;~) in 7. We then have the following theorem.

Theorem 3.41. Let (H,d) be a Hadamard space and f : H — R be a geodesically
differentiable function such that f'(x;~y) is conver and lower semicontinuous in y for each
x € H. Then f'(x;7) is bounded from below on bounded sets and there exists Ymim € B(e,)

such that f'(z; Ymin) = Inf, g ) [/ (7).

Proof. Let f be geodesically differentiable. Then f’(z;7) exists and it is well defined for
all € H and v € I',(H). Consider the sub-level set lev, := {y € I'.(H) : f'(x;7) < a}
where @ € R. The assumption that f’(x;~y) is convex in  implies that lev,, is a convex set.
Moreover, since f’(x;7y) is lower semicontinuous in -, the sub-level sets lev, are closed.
By Theorem 3.39 (3) we obtain that lev,, is weak-I" sequentially closed and consequently
f'(x;7y) is weak-I" sequentially lower semicontinuous in .

Suppose that f’(z;7) is not bounded from below on bounded sets. Then there exists
some bounded sequence (7, )nen C lev, such that f'(z;7,) < —n for all n € N. By
Theorem 3.39 (2) the sequence (v,)nen has a weak-I" convergent subsequence (7, )ken-
Let 7,, — 7 then 7 € lev,. Weak-T' sequential lower semicontinuity of f’(z;7) then
implies that —oco < f/(x;v) < liminfy f'(z;7y,,) < liminfi(—ng) = —oo, which is a
contradiction.

The fact that there is Y, € B(e,) such that f/(z; Ymim) = inf ~eB(es) f'(x;7y) now follows
from Theorem 3.39 (3), which implies that the set B(e,) is weak-I" sequentially compact.
Indeed, f’(z;7) is bounded below on B(e,). Let (Yn)nen € B(e,) be a minimizing se-

quence, from which we can extract a weak-I" convergent subsequence. The claim then
follows weak-I" sequential lower semicontinuity of f’(z;-).

]

From the relation a function f is concave iff — f is convex follows the next corollary which
we present without proof.

Corollary 3.42. If f'(z;v) is concave and upper semicontinuous in vy then f'(x;v) is
bounded from above on bounded sets and there exrists Ymax € B(ey) such that f'(z; Ymax) =

SUD, (e, f(37)-
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For an example of a function f defined on a Hadamard space (H,d) such that f'(x;~)
is lower semicontinuous at some v € T',(H) for a given x consider the following. Let
H={reR :0<2 <1,0<z,<1}U{reR?: -1 <2 <0,-1 <z <0}
equipped with the length metric d. Then (H, d) is a Hadamard space. Let f : H — R be
defined as follows f(y) =0fory e {r e R? : -1 <2, <0,-1 <22 <0} \ {0}, f(y) =¢

for y € {x € H : x; = 0} where c is some constant, and f(y) := 1/y? + y3 otherwise. Let
v :[0,1] — H be the geodesic emanating from 0 in the ordinate axis of unit length and let
(7k)ken be a sequence of unit length geodesic segments emanating from 0 different from ~y
and lying in the positive quadrant (square). Let 6 := 7/2* for k € N be the Alexandrov’s
angle between ~;, and «y then limy 7, = ~. Direct calculations show that f’(0;+) = 0 and
f(0;v) =1 for all k € N. Therefore 0 = f'(0;7) < liminfy f'(0;v) = 1.

3.4. OTHER FORMS OF WEAK TOPOLOGY

There have been previous attempts to identify the correct topology corresponding to the
weak convergence in Hadamard spaces. However, these attempts have identified topologies
which are either too strong or too weak for capturing weak convergence in a Hadamard
space. Nevertheless, these attempts have offered other perspectives on the notion of the
weak convergence, which we compare to our notion.

3.4.1 Kakavandi’'s weak topology

Kakavandi [64] proposed a notion of weak topology, which is essentially based on the
following observation. In a Hilbert space (H, || - ||) equipped with its canonical norm || - ||
a sequence (Z,)nen converges weakly to an element x € H iff lim,, o (z,,y) = (z,y) for
all y € H. This is equivalent to lim, o (x, — 2,y — 2) = (x — z,y — 2) for all y,z € H.
But the identity

(@ —zy—w)=(lr =y + |z —wf’ — |z —wf’ = [z —y|*) (3.21)

1
2
gives rise to the possibility of extending the definition of the weak convergence to a
general metric space (X,d) by expressing the right side of (4.6) in terms of the metric
d(-,-). Following Berg and Nikolaev [24] consider the Cartesian product X x X where X
is a general metric space. Each pair (z,y) € X x X determines a so-called bound vector
which is denoted by :@ The point x is called the tail of :@ and y is called the head. The
zero bound vector is 0 , = z#. The length of a bound vector ﬁ/ is defined as the metric
distance d(x,y). Furthermore, if U = zl, then —« = y#. Let

() = o, w) + d(z,y)? — d(a,y)? — d(zw)?) (322

Kakavandi’s notion of weak convergence is defined in the following way. A sequence
(Zn)nen in a Hadamard space (H,d) converges weakly to an element z € H if and only
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if lim,, o0 (m,:@) = 0 for all y € H. It is clear that this form of convergence coin-
cides with the usual weak convergence in a Hilbert space. The identity (3.22) is what is
known as the quasilinearization of a metric d(-,-). It turns out that Kakavandi’s form
of convergence does not coincide with weak convergence in terms of asymptotic centers

or equivalently along geodesics, see Example 4.7 in [04]. There is a natural topology
associated to Kakavandi’s convergence generated by the sets of the form
W (x,y;¢) :={z € H||(z%,z))| < e}, foranyz,yec H,e>0. (3.23)

More precisely the family of open sets {W (z,y;¢)|z,y € H,e > 0} forms a subbasis for
Kakavandi’s topology 7x. It is evident that x, & 2 if and only if z, % x, for details
see [0, Theorem 3.2].

Theorem 3.43. Let (H,d) be a Hadamard space. Then the followings hold:
1. 1, is coarser than Tg.
2. (H,d) is Hausdorff space with respect to 7.

3. Kakavandi convergence and weak convergence coincide in a locally compact space.

Proof. To show (1) let U € 7, be a weakly open set and x € U. By construction of
the topology 7, there exist a finite number of geodesic segments {~;}!; starting from x
such that N, U,(9;v;) C U. For simplicity suppose n = 1, i.e., U,(d;7y) C U for some
7 starting at x. Let y € v such that d(x,y) = § and € := §%. Consider the open set
W(z,y;¢) in 7. Let z € W(x,y;¢), then

(22, 70)| = d(z, 2)d(w, y)| cosb] < e

where 6 is the comparison angle of the Alexandrov angle at vertex x between the geodesic
segments [x,y] and [z, 2] in the comparison triangle A determined by the points 7,7, .
Suppose that d(z, P,z) > §. Without loss of generality say P,z = y. Since 7 is a closed
convex set then by a property of projections the Alexandrov angle Z,([y, z], [y, 2]) at y
between geodesic segments [y, x] and [y, 2] is at least 7/2. By nonpositive curvature the
comparison angle Z,([y, x], [y, z]) is greater or equal to 7/2. Then the projection of Z onto
the line 7y extending beyond segment [Z, 7] lies outside this segment, i.e., [TP5Z| > |zy| = 6.
On the other hand we have |7P5z| = |7Z| cos§ = d(z, ) cos § implies

(22, 20)| = d(x, 2)d(z,y)| cos | = [7Z||7Y| cos 0 = [TPyz||77| > 6° = <.
This raises a contradiction.

To prove (2) let z,y € H be two distinct elements. Let 2¢ := d(x,y)? and consider the
sets W(x,y;e) and W(y,z;¢). By construction © € W(z,y;¢) and y € W(y,x;¢). Let
z € W(x,y;e) N W (y,x;e) then we get the system of inequalities

|d(z,y)* + d(z,2)* — d(z,y)*| < 2e =d(z,y)
|d(y,2)* + d(z,y)* — d(z,2)*| < 2e = d(z,y)

which in turn implies d(z,x) < d(z,y) and d(z,y) < d(z,z). This is impossible.
Theorem 3.26 and [64][Proposition 4.4] imply (3). O
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The previous theorem shows that the weak topology 7, is coarser than Kakavandi’s topol-
ogy. Moreover in view of Theorem 3.43 (ii) it follows that a set S that is compact in 7
is closed in 7k and that 7x-accumulation points coincide with 7x-limit points. In partic-
ular in view of Theorem 3.15 one obtains that a compact set in 75 always satisfies the
Bolzano—-Weierstrass property.

A theorem of Berg and Nikolaev ( [24, Theorem 1, Corollary 3]) states that a metric space
(X, d) that satisfies the inequality

(@G, z0)| < d(, y)d(z, w) (3.24)

for any pair of bound vectors @, Z € X x X must necessarily be a CAT(0) space. Since
a Hadamard space is a complete CAT(0) space, this inequality automatically holds. In
particular we obtain the estimate

|<B7m> - <ﬁa@>| = ;|d(l’,y2)2 + d(27y1)2 - d(l’,y1)2 - d<Z>y2)2|

< d(x, 2)d(y. ). (3.25)

Suppose that (H,d) is separable. Then there exists some countable dense set S := {y, }.
Let (x,)neny € H be a bounded sequence and = € H such that limn(m,M) = 0 for
all m € N. On the other hand for any y € H there is a sequence (yx)reny C S satisfying
yr — ¥y, which in view of 3.25 implies that limk<x7>n,x_yg) = (x_:cn),:@) for every n € N.
Notice that this convergence is uniform in n € N since (z,)nen is bounded. By Moore-

Osgood Theorem [101, Theorem 7.11] it follows that
lim (2, 2§) = lim 11}£n<x7>n, Ty = lim lim(zz,,, 7gk) = 0. (3.26)

Therefore z, > z. Following similar arguments as in the proof of Theorem 3.16, but
instead using for open sets

V, = ﬂ Wz, y;1/n), (3.27)

i=1

we obtain that in a separable Hadamard space a bounded set S which satisfies Bolzano—
Weierstrass property in 7x is Tx-sequentially compact. On the other hand by virtue of
Remark 3.20 we have that Theorem 3.19 holds true in 7x and as a consequence also
Theorem 3.22 on bounded sets. Moreover, in contrast to our weak topology 7,, [0,
Example 4.7 | shows that a bounded sequence need not have a convergent subsequence in
Ti. Therefore in view of Theorem 3.23 we cannot say for certain whether a compactness
result holds for bounded closed convex sets in Kakavandi’s topology.

3.4.2 Monod’s weak topology

Monod [90] proposed a topology on a Hadamard space (H,d), which we denote by 7y,
in the following way. The topology 7, is the weakest topology on (H,d) such that any
T5-closed convex set is 7y-closed. Here 7 is the usual metric topology on (H, d). Monod’s
topology was studied in detail by Kell [69] who refers to it as the co-convex topology. The
next theorem relates the topologies discussed so far.
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Proposition 3.44. The following relations hold Ty C 7, C Tk whenever the underlying
Hadamard space (H,d) is weakly proper. All three topologies coincide with the usual weak
topology whenever (H,d) is a Hilbert space.

Proof. By Theorem 3.43 it follows that 7,, C 7x. Suppose that H is weakly proper then
from Theorem 3.6 we have that a convex set is 7,-closed if and only if it is 7,-closed. Hence
v C 7. From [90, Example 18] we know that whenever (H,d) is a Hilbert space, then
the topologies 7); and 7k coincide with the usual weak topology. Since Hilbert spaces are
weakly proper and 7, C 7, C 7 then all three topologies coincide with the usual weak
topology in Hilbert spaces. O

Question 3.45. Does there exist a non-locally compact Hadamard space distinct from a
Hilbert space or a product of a locally compact Hadamard space with a Hilbert space, on
which Ty = Tie = T ?

It is known that if K C H is compact then the restrictions of 7, and 7, to K coincide
(see [90, Lemma 17]). Hence, in view of Proposition 3.44, the restrictions of all three weak
topologies to a compact set K of a Hadamard space H coincide with the strong topology.
An important property of Monod’s topology 7,/ is that any 7s-closed convex and bounded
set is Tp-compact [90, Theorem 14]. However, it turns out that in general a Hadamard
space is not Hausdorff in 75;. For example, the Euclidean cone of an infinite dimensional
Hilbert space is not a Hausdorff space when equipped with 7y, [09, Example 3.6]).

3.4.3 Geodesically monotone operators

A continuous operator T : H — H is said to be geodesically monotone if for all xq, z; €
H the real-valued function ¢ : [0,1] — R, defined by ¢(«;xg,21) := d(Txo, Txy) is
monotone in a where z, := (1 — a)xo @ ax; is the convex combination along the geodesic
from zy to x1. The next theorem provides a sufficient condition for an arbitrary Hadamard
space to be Hausdorff in Monod’s topology.

Theorem 3.46. If the projection P, is geodesically monotone for all geodesic segments
v, then (H,Tar) is Hausdorff.

Proof. Let z,y € H be two distinct points and v : [0,1] — H a geodesic such that
~v(0) = z,v(1) = y. Let [ > 0 denote the length of . For some fixed number 0 < ¢ < [ let
C(x,e) :=={z € H|d(z, Pyz) < ¢}. We claim that C(z,¢) is a closed convex set. Closed-
ness follows immediately since P, is nonexpansive and therefore continuous. Let 2y, 21 €
C(z, ) be two distinct elements. Let z, := (1—a)zo®az; for some a € (0, 1). By assump-
tion, P, is a geodesically monotone operator; thus, d(P,zg, P,z,) is monotone in «, imply-
ing that P,z, € [Pyz0, Pyz1]. The estimate d(x, P,z,) < max{d(x, P,zy),d(x, Pyz1)} < ¢
implies that z, € C(z,¢). By definition of 7, it follows that C(z,¢) is Tp-closed . Hence
H\ C(z,¢) is Ty-open. By construction y € H \ C(z,¢). Using the same argument, it
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Figure 3.3: Example of a Hadamard space that arises by removing the wedge (ABCD)
from a cube. Both endpoints A and B of the geodesic segment [A, B] (orange)
connecting A with B project to the point C' on the geodesic v; however, the
midpoint F of [A, B] projects to the point F', which is not in the convex
hull along v of the projection of A and B. This illustrates that projection to
geodesics might not preserve monotonicity.

follows that C(y,e) :=={z € H | d(y, Pyz) < l—¢} is Tpyy-closed. Hence, H\C(y,¢) is a mp-

open set containing x. It is evident by construction that (H\ C(z,e))N(H \ C(y,e)) = 0.
Therefore (H, 7)) is a Hausdorff space. O
The contrapositive of this statement together with [69, Example 3.6] shows that the

projection P, is not a geodesically monotone operator in a general Hadamard space. This
is in contrast with projections to geodesic segments in Hilbert spaces, which are always
geodesically monotone. Notice furthermore that the converse of Theorem 3.46 is not
true: Figure 3.3 provides an example. Another interesting implication from the Example
illustrated in Figure 3.3 relates to the so called normal cone. Given a closed convex set
C C H and p € C we define the normal cone at p € C and denote it by N(p,C) as
the set of all elements in H such that the geodesic segment connecting the given element
with the point p makes an Aleksandrov angle no less then 7/2 with any geodesic segment
connecting p with another point in the set C, i.e.

N(p,C):={zx e H : Z,([z,p,[p,y]) = /2, Vy € C}. (3.28)

Figure 3.3 tells us that N(p,C) is not convex. This is in contrast with a basic result in
Hilbert spaces that N(p, C) is always a closed convex set.






CHAPTER 4

CoNVEX HuLLs oF COMPACT SETS

4.1. THE CLOSURE OF CONVEX HULLS

4.1.1 A characterization result in locally compact spaces

It is known that in a Banach space X given a compact set K C X the closure of its
convex hull clco K is compact [5, Theorem 5.35, p.185]. It is not known whether such a
result carries over to Hadamard spaces. The problem remains widely open even for the
simplest case of a set of only three points. This was pointed out first by Gromov in [54].
Motivated by the problem of the mean tree in phylogenetics, where it is can be shown
that it lies in the closure of the convex hull of the given set of trees, in this chapter we
investigate the closure of convex hulls of compact sets. However first in the setting of a
locally compact Hadamard space.

Let (A, <) be a directed set and X a topological space. A net (z4)aca in X is a mapping
Y A — X defined as () := x,. We say a net (z,)aca in X converges to an element x
in X if for every neighborhood U C X of x there exists ay € A such that x, € U for every
a = ag. The definition of nets can be naturally extended to that of nets of sets in the
following way. A net of sets (Sa)aca in P(X) (the set of all subsets of X) is a mapping
Y1 A — P(X) defined as ¢(a) := S,. We say a net of sets (Su)aca is nondecreasing
(nonincreasing) if S, C S (S, 2 Ss) whenever o < f3.

Definition 4.1. Given a net of sets (S,)aca its Painlevé -Kuratowski outer and inner
limit are defined respectively as

Lsy Sy :={x € H:VV € N(x),Vag € A, T = v, such that V NS, # 0} (4.1)

Liy Sy :={x € H:VV € N(x),3ag € A, such that VN S, # 0, Va = ap} (4.2)

where N (z) is the collection of neighborhoods at x. If (4.1) and (4.2) coincide then the
limit of the sequence (Sa)aca exists and we denote it by Limg S,.

45



46 4 CoNVEX HuLLs oF COMPACT SETS

Note that when (A, <) = (N, <) then the above definition coincides with the usual
definition of Painlevé—Kuratowski limit of a sequence of sets. The notion of Painlevé-
Kuratowski limit becomes useful if one wants to extend the concept of semicontinuity of
functions to semicontinuity of set valued mappings. For more details in this direction
refer to [100, Rockafellar and Wetts]. It is known that in general any sequence of sets has
a subsequence converging either to a nonempty set or the so called horizon (see [32, The-
orem 3.11]). However for our purposes we only need the following lemma concerning
nondecreasing nets of sets.

Lemma 4.2. Let X be a topological space and (S,)aca be a nondecreasing net of sets in
X. Then Limy So = clUqea Sa-

Proof. Let x € clUyea Sa then for every V € N (z) we have V N <Ua€A Sa> # 0. So

there exists some oy € A such that VN S,, # 0. Define N := {a € A : a = ap}.
Assumption that (S, )aea is a nondecreasing net of sets implies that V' N S, # 0 for all
a € N. By definition (4.2) we get x € Li, S,. On the other hand nondecreasing property
of the net (S,)aca implies Ls, S, C Li, S, hence Li, S, = Ls, S,. By virtue of Painlevé
~Kuratowski definition it follows that x € Lim, S,. Thus clUaea So € Lim, S,. Now let
x € Lim, S, then again by definition of Painlevé —Kuratowski limit we have x € Li, S,.
This means that for all V' € N (x) we have V N Uyea So # O implying x € clUyeq Sa-
Consequently Lim, S, C clUyea Sa- Therefore Lim, S, = clUqea Sa- O

Definition 4.3. We say a Hadamard space (H,d) is reqular if for any nondecreasing net
of compact sets (Ky)aca Such that Lim, K, is bounded implies Lim,, K, is compact.

A collection of sets {S,}aca in a topological space X, where A is now some arbitrary
index set, is a chain in X if S, C Sz or Sz C S, whenever o # (3 i.e. the collection of
sets {Sa}aca is a totally ordered subset of P(X). Note that by a well known theorem
of Zermelo (see [92, Well-ordering theorem]|), the index set A can be equipped with a
partial ordering '<’ such that (A, <) is a well-ordered set. In particular (A4, <) is a totally
ordered set. Then formally we can say that a chain is a mapping ¢ : A — P(X) on a
totally ordered set (A, <) defined as ¥ («) := S, such that the collection {S, }aca is itself
a totally ordered subset of P(X). It is clear that a chain is a net of sets and moreover
they are either nondecreasing or nonincreasing. We refer to them as nondecreasing or
nonincreasing chains respectively.

Theorem 4.4. A Hadamard space (H,d) is locally compact if and only if it is reqular.

Proof. Let (H,d) be a locally compact Hadamard space (A, <) some directed set. Let
(Ka)aca be a nondecreasing net of compact sets such that Lim, K, is bounded. By
Lemma 4.2 Lim, K, = clUyca Ko Hence Lim, K, is a closed and bounded subset of
(H,d). By Theorem 3.24 it follows that Lim, K, is compact. The nondecreasing net
of compact sets (K,)aca Was arbitrary, thus (H,d) is regular. Now we show the other
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direction. Suppose (H,d) is regular. Let z € H be arbitrary and B(x, R) a closed geodesic
ball centered at x with radius R > 0. Denote by

K :={K C B(x, R) : K is compact}.

Clearly K is nonempty since any finite set of points in B(z, R) is a compact set. Moreover
if (K, )aca is a nondecreasing net of sets in K then by Lemma 4.2 it follows that the limit
K* := Lim, K, exists. By construction K, C B(z, R) for every a € A therefore K* is
bounded. Assumption that (H,d) is regular implies that K* is a compact set and hence
K* € K. Define a partial order on K by K; < Ks iff K; C K. For every chain (K3)sep
in K, where now B is some totally ordered set of indices, we have Kz < K*, hence every
chain is bounded in K. By Zorn’s Lemma K has at least one maximal element. Denote
this element by K**. We claim that K** concides with B(x, R). Suppose that this is not
the case. Then there is an element y € B(z, R) \ K**. Construct K} := Kz U {y} where
(Kp3)pep is an arbitrary chain of compact sets in B(z, R). Clearly y € Kj and Kj € K for
all 3 € B. Let (K')" := Limg Kj then maximality of K** requires that (K')* < K**. But
this is impossible since by construction y € (K’)* and y ¢ K**. Therefore K** = B(z, R)
which in turn yields that B(z, R) € K and hence B(z, R) is compact. Then for any R’ < R
the open geodesic ball B(z, i) is entirely contained in B(z, R). Since x € H was arbitrary
then (H,d) must be locally compact.

O

Lemma 4.5. Let K C H be a conver set and Fx the collection of all finite subsets S
contained in K then
K= |J coS (4.3)
SeFK
If in addition K is compact then there is an increasing sequence of sets S; C Sy C ... in
Fr such that
K=c|JcoS, (4.4)

neN
Proof. Note that S C K implies co.S C K since K is convex and so

U coS C K
SE}—K

Now let y € K then {y} € Fx implies co{y} € UgercoS. Therefore

K C U coS
SeFr

This proves identity (4.3). Now suppose in addition that K is compact. Then K is
separable, i.e. K contains a countable dense subset S := {1, %9, ..., x,,...}. Let S, =
{1, 29, ..., 2, } then (S,)nen is an increasing sequence in Fg. It follows that coS,, C K
since K is convex which in turn yields

cl U coS, C K.

neN
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On the other hand we have the immediate inclusions

S;C oS, VieN

neN
implying
clS Cecl U coS,.
neN
Then the equation K = cl.S implies identity (4.4). O

For a given metric space (X, d) and two bounded sets A, B in X let dy(A, B) denote the
Hausdorff distance between A and B defined as

di (A, B) := max{sup inf d(x,y),sup inf d(x,y)}. (4.5)
B rcB YEA

yEA Z€

It is known that dg(-,-) is a pseudometric on the set of bounded sets of a metric space
(X,d) (see [17]). When X is compact it is known that Painlevé-Kuratowski convergence
coincides with Hausdorff distance convergence (see [78], [22, Corollary 5.1.11]).

A geodesic metric space (X, d) is said to have the geodesic extension property if for every
geodesic 7 : [0,1] — X there exists ¢ > 0 and a geodesic 7 : [0,1] — X such that
1(¥) = U(v) +e and Y| )15 = 7~ In the particular case when (X, d) is a CAT(0) space
then geodesic extension property is equivalent to saying that any non-constant geodesic
segment can be extended indefinitely to a geodesic line v : R — X [32, Lemma 5.8
(2)]. Examples of CAT(0) spaces satisfying geodesic extension property include but are
not limited to Hilbert spaces, Hadamard manifolds, polyhedral complexes without free
faces [32, Proposition 5.10], and in general any CAT(0) space that is homeomorphic to a
finite dimensional manifold [32, Proposition 5.12].

We say a Hadamard space (H,d) satisfies the finite set property if for every x € H there
exists an open set U containing x and a finite set S such that U C clco S.

Theorem 4.6. Let (H,d) be a Hadamard space satisfying the geodesic extension property.
Then (H,d) is locally compact if and only if (H,d) satisfies the finite set property and for
every compact set K the closure of its convex hull clco K is compact.

Proof. Let (H,d) be a locally compact space. If K C H is a compact set then it is in
particular bounded. Hence there exists R > 0 such that K C B(x, R) for some z € K.
Clearly co K C B(z, R) and subsequently clco K C B(z, R). Therefore clco K is a closed
bounded set. By Theorem 3.24 we have that clco K is compact. Now suppose that there
is some x € H such that for any open set U containing x there is no finite set S such that
U Cclco S. Since (H,d) is locally compact by definition there is an open set V' containing
x and a compact set K such that V' C K. Suppose K is convex, else take clco K which
is also compact by the first implication. Consider any finite S in K containing x. For
cach such finite set S one can find a sequence (z,,) such that z,, € B(xz,¢,) \ clco S where
B(z,e,) C V and lim, e, = 0. Clearly (2,)neny C H \ clcoS. Then lim, z,, = = implies
x € cl(H \ clcoS). The obvious inclusion x € clco S yields that x is in the boundary of
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clco S for any finite set S in K containing x. Since K is compact by Lemma 4.5 it follows
that there is a collection of increasing sets (S, )nen such that

K=c|JcoS, (4.6)

neN

Since K is closed and convex the inclusions clco S,, C K for all n € N imply

K=cl|JclcoS,. (4.7)

neN

Assume without loss of generality that x € S, for all n € N, else we can always add = to .S,
and obtain a new sequence of increasing sets satisfying identity (4.6) or equivalently (4.7).
By above arguments it follows that x is in the boundary of each clco.S,. Moreover in
view of Lemma 4.2 we have Lim,, clco S,, = K and subsequently lim,, dy (K, clco S,) =0
since K is compact. The inclusion clco S, C K and definition (4.5) yield

dy(K,clcoS,) =sup inf d(z,y).

yeK z€clco Sy

Because clco S, is a closed convex set then for each y € K its projection Py s,y onto
clco S, exists and it is unique, therefore we obtain

di (K, clcoS,) = sup d(y, Pecos,Y)-

yeK

Let 0K denote the boundary of K. Then 0K C K implies

sup d(y, Peicos,y) = sup d(y, Picos,¥)

yeK yeOK
and thus
dr(K,clcoSy) = sup d(y, Pacos,¥)- (4.8)
yedK

There exists a sequence (yx)ren € K \ {z} such that lim, y, = . Let Pucos,yr denote
the metric projection of y; onto clco S, for every k € N. Denote by ~ : [0,1] — H
the geodesic segment connecting Pecos,yr With ygx. By assumption (H,d) satisfies the
geodesic extension property. Therefore there exists geodesic lines 74, : R — H such that
Yeljo,) = W for every k € N. Since K is bounded and the image of 7 is connected then
there exists 2z, € 4, N OK for every k € N. From the equation Pcos,2r = Peicos, yx for
all k£ € N we obtain the inequalities

d(zr,y)? = d(2, Pacos, 2k)* + d(Pucos, 2k, y)?, Yk € N,Vy € clco S,,.

Note that limy d(Pucos, 2k, ) = limg d(Peacos, Y, ) < limg d(yx,z) = 0 implies that

limg Pocos, 2k = x. Since (zx)reny € 0K and 0K is compact then there is a subsequence

(2k,, Jmen C (2k)ken converging to some element z € OK. Passing in the limit we obtain
hrgn d(2,, y)2 Z hfnn d(2,, PclcoSnka)2 + hnr,bn d(Petco S, 2k 9)2

= d(z,y)? > d(z,2)* +d(z,y)?, Yy €clco S,
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In particular when y = Py .5, 2 We get
d(z7 PclcoSnZ)2 2 d(Z, iL')Z + d(iL‘, PclcoSnZ)2-

On the other hand by the property of the projection onto a closed convex set we have the
inequality
d(Z7 .1’)2 2 d(Z, PclcoSnZ)2 + d<x> PclcoSnz)2-

Together these last two inequalities imply d(z, Pecos,2) < 0 and hence © = Py, 2.
From (4.8) it follows then

dy(K,clcoS,) = sup d(y, Pacos,y) = d(z, Pacos,z) = d(z,x) = inf d(u,z) = d(z,0K).
yeOK u€oK

In the limit we obtain lim,, d(x,0K) < lim, dy(K,clcoS,) = 0 or equivalently x € 0K.
However this is impossible since x € int K. Now we show the opposite direction. Suppose
that for every compact set K the closure of its convex hull clco K is compact and that
(H, d) satisfies the finite set property. For every x € H there is an open set U containing
x and a finite set S such that U C clcoS. But S is finite and therefore compact which
in turn yields that clco S is compact. By definition of local compactness it follows that
(H,d) is a locally compact space. ]

An immediate application of Theorem 4.4 and Theorem 4.6 is the next corollary for
Hadamard spaces satisfying the geodesic extension property.

Corollary 4.7. A Hadamard space (H,d) satisfying the geodesic extension property is
reqular if and only if (H,d) satisfies the finite set property and for every compact set K
the closure of its convex hull clco K is compact.

Remark 4.8. Note that Theorem 4.6 and Corollary 4.7 hold in more generality for any
complete metric space (X, d) which admits a convex structure W and such that line seg-
ments have the extension property. In view of Proposition 2.5 these results are true in any
geodesic metric space with the geodesic extension property. On the other hand Theorem
4.4 s even more general. Since no notion of convexity was used in its proof this means
that it holds true in a metric space not necessarily admiting a convex structure W.

4.1.2 The case of weakly compact sets

For a Hadamard space not necessarily locally compact we make the following conclusion
for bounded weakly compact sets.

Theorem 4.9. Let (H,d) be a separable Hadamard space and K C H a bounded weakly
compact set. Then clco K is weakly compact.

Proof. Assume K C H is a bounded weakly compact set. Since it is bounded there exists
some R > 0 such that K C B(z, R) for some z € H. But B(z, R) is itself closed and
convex and therefore clco K C B(z, R). This implies that clco K is also bounded. By
Theorem 3.23 clco K is weakly compact. O
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Corollary 4.10. If K C H is a compact set then clco K is weakly compact whenever
(H,d) is separable.

Note that Theorem 4.9 can be regarded as a variant of Krain-Smulian Theorem for sep-
arable Hadamard spaces. Since Krain-Smulian Theorem holds for any Banach space
(see [115, Whitley]) we are lead to the following question.

Question 4.11. Is Krein-Smulian Theorem true in a non-separable Hadamard space dis-
tinct from a Hilbert space?

4.2. THREADING

4.2.1 Main properties of threading

For S C H the threading of S denoted by thr S is defined to be the union of all geodesic
segments with both endpoints in S. It follows from this definition that if z € thrS
then there are x,y € S such that z € [z,y]. In general [2/,y'] C thrS if and only if
there are x,y € S such that [2/,4/] C [z,y]. One can then iteratively define threading
of threading of a set and so on. Given a set S we have the following chain of inclusions
S C thrS C thr*S C ... C thi" S C ... and the equation thr" S = thr(thr"_1 S) for all
n € N is immediate.

Proposition 4.12. In general the following rules hold

thI’(Sl N SQ) g thr Sl N thr SQ (49)
thr Sl U thr Sg Q thr(51 U SQ) (410)

with equality in both if S1 C Sy or Sy C Sy.

Proof. Let z € thr(S;NS,) then by definition of threading we have z,y € S; NS, such that
z € [z,y]. But z,y € S NSy implies x,y € S; and x,y € Sy. Therefore [z,y] C thr S
and [z,y] C thrS; and so z € thrS; N thrSy. Then identity (4.9) follows. Now let
z € thr Sy UthrS; then z € thrS; or z € thrS;. There are x1,y; € S7 and x5,y2 € Ss
such that z € [z1,y1] or z € [x9,ys]. By construction since 1,1, 2,2 € S1 U Se then
[z1,11], [T2,y2] C thr(S; U .Sy) implies z € thr(S; U Sy). This proves identity (4.10). If
S1 C Sy or Sy C 57 the equalities are evident in both identities. O

In general one can find sets Si, Sy such that (4.9) or (4.10) hold with strict inclusion.
Consider the simplest example of H = R equipped with the usual metric d(r, s) = |r — s
for any two real numbers r,s € R. Take S; := {0,2},52 = {1}. Then S; NSy = 0
implies

Similarly for the other identity let Sy = {3} then

thr S, Uthr Ss = [0,2] U {3} C [0,3] = thr(S; U Ss)
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Lemma 4.13. Let S C H and W (x,y,t) given by (2.23) then

thr S = {W(z,y,t) | z,y € S,t € [0,1]} (4.11)

Proof. Denote the right side of equality (4.11) by D. If z € D then there are z,y € S
and t € [0,1] such that z = W(z,y,t) i.e. by definition (2.23) z = (1 — t)x & ty. Hence
z € [x,y] implies z € thr S. This shows D C thr.S. Now let z € thr.S. By definition of
threading there are x,y € S such that z € [x,y]. Geodesics are parameterized by constant
speed therefore there is t € [0, 1] such that z = (1 — )z @ ty i.e. z=W(x,y,t) € D and
thus thr S C D which completes the proof. O

Proposition 4.14. Let (Hy,dy) and (Hs,ds) be two Hadamard spaces and ® : H; — Ho
be an isometry isomorphism. Then ®(thr S) = thr ®(S) for any S C H;.

Proof. Let x,y € S then [z,y] C thrS. Denote by x; := (1 —t)z @ ty for t € [0, 1] then
dy(®(2), (1)) = di(w, 20) = tdy(x,y) = tda(D(x), P(y))

implies ®(z;) = (1 —t)®(x) @ tP(y) for all ¢ € [0,1]. Hence ([z,y]) = [®(x), P(y)]. This
shows ®(thr S) C thr ®(S). For the other direction use the inverse mapping ®~! which is
as well an isometry. The same arguments yield thr ®(S) C ®(thr S). O

Theorem 4.15. If S C H is convex then thr'S = S. In general for any set S C H we
have the following identity
U thr" S =co S (4.12)

neN

Proof. The inclusion S C thr S is clear whether S is convex or not. Now let z € thr.S.
By definition of threading there are x,y € S such that z € [z, y]. Assumption S is convex
implies [z, y] C S therefore z € S which in turn yields thr S C S. To prove identity (4.12)
let z,y € U,eythr" S then there are [,m € N such that x € thr! S,y € thr™ S. Assume
that m > [ then thr''S C thr™ S implies « € thr™ S. Therefore z,y € thr™ S yields by
definition of threading [z,y] C thr™™ S C U,eythr” S. Hence U, oy thr” S is a convex
set. But co.S is the smallest convex set containing S thus

coS C U thr" S

neN

On the other hand from (4.9) and the first part of this theorem we have
thr S = thr(SNcoS) CthrSNthrcoS C thrcoS =co S

therefore iterative threading implies

thi" S CcoS, VneN= [Jthi"S CcoS

neN
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For a given set S C H the threading degree of S denoted by deg,, . S is defined as the
smallest n € N, if it exists, such that thr" .S = co S. In case such an n € N does not exist
then we set deg,,, S := +00. The threading degree of a Hadamard space H is then the
supremum of such n over the set of all subsets of H i.e.

degy,, H = sup deg,, S (4.13)
SCH

If degy,,, H is finite we say that H is of finite type.

Proposition 4.16. Let (H,d) be a Hadamard space of finite type. For any closed convex
set S C H the subspace (S,dg) is of finite type, where dg := d|s.

Proof. First note that (.S, dg) is itself a Hadamard space. Let thrgS” and thry S” denote
threading applied to S C S in S and H respectively. Since dg = d|s then thrgS" =
thry S’. By definition (4.13) it follows

degy,, S = sup degy,, S = sup degy,,, S < sup degy,,,, S" = degy,,, H

By assumption degy,,, H < +oo we get that (S5, dg) is of finite type. O
Proposition 4.17. If (Hy,d,), (Ha,ds) are of finite type then (H,d), where H := Hy X Hy

and d(-,-) is its canonical metric, is of finite type. Moreover the following holds

degy, H = max{degy, Hi,degq, Ha}

Proof. Let S C H then S = .57 x S, for some S; C Hy, Sy C Hy. Let z € thr S then there
are x,y € S such that z € [z,y]. On the other hand x = (z1,z5) and y = (y1, y2) for some
x1,y1 € S1 and xg,y, € Sy. By construction if follows [z, y] = [x1, 1] X [x2, ya] therefore
z = (21, z9) for some z; € [z1,y1] and 25 € [2,ys]. This means that z € thr S; x thr.S,.
The other direction is proved analogously. In general we get that thr' S = thr" Sy xthr™ S,
for any n € N. It follows then that deg,,, S = max{deg,,, S1,deg,, S2}. On the other
hand we have the identity {S : S C H} = {S; : S1 C Hy} x {Sy : So C Hy}. Taking
supremum over S C H

sup deg,,, S = sup  max{deg,,, Si,deg,, So} = max{ sup deg,, Si, sup deg, S}
SCH S1CH1,52CH> S1CH; S2CHy

which is equivalent to
degthr H = maX{degthr Hl? degthr HQ}
O

Notice that in general if 51,52 C H are such that S; C S5 then neither deg,,, S1 <
degy;,, Sz nor deg,,, S» < deg,,, S1 is necessarily true. Consider H = R? equipped with
the usual Euclidean metric and let S; be four corners of a square and S, be the square
itself. Clearly S; C Sy but deg,, S1 = 2 > 1 = deg,, S1. Similarly one can show
that if instead S; is just two of the corner points and Ss is the four corner points then
degy, 51 = 1 < 2 = deg,, S2. Figure 4.1 depicts an example of threading for three
distinct non-collinear points in the Euclidean plane R2.
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P, P

q° *rq

Figure 4.1: Three points {p, ¢, 7} in R? (left), thr{p, ¢, r} is the Euclidean triangle (middle)
and thr*{p, ¢, r} is eventually the solid Euclidean triangle (right).

4.2.2 Threading of compact sets

Lemma 4.18. If K C H is compact then thr" K is compact for all n € N.

Proof. First we prove that thr K is compact. Let (zj)reny C thr K be some sequence.
Then by Lemma (4.13) there are yx, zx € K and t; € [0, 1] such that z;, = W (yx, 2k, tr)
for all k. By assumption K is compact the so is the product space K x K x [0,1].
There are convergent subsequences (Y, )mens (2k,, Jmen € K and (tg)reny C [0,1]. Let
lim,, yx,, = y,lim,, 2, = z and lim,, ¢, = t € [0,1]. Then it follows lim,, x5, =
Ly, W(Ym, 2m, tm) = Wy, z,t) € thr K. Therefore thr K is sequentially compact and
therefore compact. Now suppose thr" ! K is compact. From the equation thr” K =
thr(thr" ' K) we get that thr" K is compact for any n € N. O

Lemma 4.19. Let K C H be compact. If deg,,, K is finite then co K is compact.

Proof. 1f deg,,, K is finite then there is some n € N such that thr" K = co K. By
Lemma 4.18 thr" K is compact since by assumption K is a compact set. Therefore co K
is compact. ]

Proposition 4.20. If H is of finite type then co K is compact whenever K is compact.

Proof. If H is of finite type then deg,,, H = n for some n € N. By definition then for any
S C H it holds deg,;,, S < n. Now let S = K be a compact set and let ng < n be its
degree then thr"* K = co K is compact by Lemma 4.19. O]

Note that a Hilbert space H fails to be of finite type. If (e,)nen is the standard basis
then degy,.{e1,...,en} = n (follows from Caratheodory’s theorem see Example 1) implies
degy, H = sup,ey degy i€, ..., en} = +00. Now consider the unbounded ray of real
numbers with at point £ = n an n-dimensional cube attached (1-point union). In this
example every compact set is of finite type but their threading degrees are not uniformly
bounded. Consequently the space itself is not of finite type *.

!These examples were pointed out by Prof. Thomas Schick.
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Consider the limit lim,, thr" K when K is compact. By construction thr" ' K C thi" K
for any set K’ C H and any n € N. On the other hand by Theorem 4.15 we have
co K = Upenythr K. Since K C thr K C ... C th" 'K C thi" K C ... is a sequence
of nested nondecreasing sets then by Lemma 4.2 lim,, thr" K = clU, ¢y thr™ K or equiva-
lently lim,, thr" K = clco K. In particular we obtain that when K is compact clco K can
be successively approximated in the sense of Painlevé-Kuratowski by a sequence of non-
decreasing compact sets. Let (z,,)men C clco K then for each x,, there exists y,, € co K
such that d(x,,,yn) < 1/m. In particular there is n,, € N such that y,, € thr"™ K.
First suppose there is some n € N such that thr" K contains infinitely many terms of the
sequence (Ym)men- Let this subsequence be denoted by (i, )ken. By Lemma 4.18 thr™ K
is compact then there is some convergent subsequence (ymkj )jen. Let lim; Yy, = Y- The
estimate

d(l’mkj I y) < d(l’mkj Y ymkj ) + d(:ymkj ) y)

implies lim; Ty, = Y- Therefore (xmkj)jeN would be a convergent subsequence of the
sequence (T, )men. The second case is when each thr" K contains only finitely many
terms of the sequence (Y, )men- It is not clear now whether (y,,)men posseses a convergent
subsequence unless some additional condition is added. From these arguments we make
the following conclusion which we present without proof.

Proposition 4.21. For a given set K C H define
Y = {(Ym)men CcoK :In € N such that y,, € tht" K  for infinitely many m € N}

If K is compact and clYx = clco K then clco K is compact.

Regarding the same topic Kopeckd and Reich [74] have made the following observation.

Lemma 4.22. If a Hadamard space (H,d) has the property that, given a finite set of
elements {x1,...,x,} C H, its closed convex hull clco{xy, ..., x,} is compact then for each
compact set K C H its closed convex hull clco K is compact.

This lemma essentially reduces the problem to finite sets only. It suffices to study the
threading operation only for finite sets.

4.2.3 Some illustrations

Example 1 (Euclidean spaces). Euclidean spaces are the simplest examples of Hadamard
spaces. Let E? be a d-dimensional Euclidean space. By the well known Carathéodory
Theorem if € co S for some S C E? then z can be expressed as a convex combination
of at most d + 1 points from S. This means that there are sq,...,s4.1 € S such that
xr € co{sy,...,Sar1}- Algebraically we have the representation © = ays; + ... + agr154+1
where a; € [0,1] for all i = 1,...,d + 1 and ¥, a; = 1. By letting ¢’ :== >¢ | a; then we
can rewrite T = ag15441 + (1 — aqy1) S, als; where a) := a;/d’ for all i = 1,2, ..., d.
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Hence 2/ := Y% | als; is some point lying in co{sy,...,s4}. Following iteratively this
method one obtains a sequence of points z(, 23 23 2@ where () = z, such that
zM) € co{sy,...,5q41}, 22 € co{sy, ..., 84}, ..., € co{sy,sy}. By construction we have

the following inclusions
2@ € thr{sy, 55}, ..., 2@ e thr sy, ..., sq}, 2 € thr¥{sq, ..., 5441}

By virtue of Carathéodory Theorem this means that co{si, ..., s4+1} C thrd{sl, ceey Sdg1 )
Because x € S is arbitrary then co .S C thr? S and so degy,, S < d. On the other hand S C
[E™ is any subset hence deg,, E? < d. Therefore any Euclidean space is of finite type. In
fact it holds degy;,, B < d. To see this take d+ 1-linearly independent points {sy, ..., Sq;1}
in B¢ then if 2 € thr*{s,, ..., 54} then it can be easily checked that there are real numbers
not all zero ay, ..., agy1 such that x = ays1 +...ag415411 1.e. © € co{sy, ..., Say1}. By earlier
arguments this means that co{z1, ..., 441} = thr'{z, ..., 24,1 }. Thus deg,, E¢ = d.

Example 2 (A non-Euclidean metric space). Consider the set H := RY UR? where
R? = {z € R* : 1,25 > 0} and R? := {z € R? : 21,2, < 0}. If H is equipped with a
metric d’ induced from the length of the shortest path connecting any two points in H
then it can be shown that (H,d) is a Hadamard space. Now let S C H. If S is contained
entirely in one of the two quadrants of H i.e. S CR2 or S C R?, then it is easily seen
from the previous example that deg,, S < 2. Now suppose that S = S; U Sy where
S1 =SNRY and S, = SNR2. Notice that any point in S; can be joined with a point
in S, by a shortest line (possibly broken) only passing through the origin 0 € R? since
R2 NR% = {0}. Therefore thr(S; U {0}) U thr(S U {0}) = thr S. By same arguments
thr(S; U {0}) Nthr(S; U {0}) = {0} implies

thr?(S; U {0}) U thr?(S, U {0})) = thr(thr(S; U {0}) U thr(S, U {0})) = thr* S
and in more generality
thr(S; U {0}) Uthr" (S, U {0})) = tht" S, Vn e N (4.14)

But S; U{0} and S5 U {0} are each subsets of Euclidean quadrants. Moreover the metric
d' coincides with the usual Euclidean metric. By previous example degy, (S; U {0}) < 2
for i = 1,2. By equation (4.14) it follows that deg,,, S < 2. Since S C H is arbitrary
then deg,,, H < 2. Therefore (H,d') is of finite type.

4.3. FRECHET MEAN

4.3.1 A general convex optimization problem

Let (H,d) be a Hadamard space and x1, 23, ..., z, € H. For a given set of positive numbers
Wi, Wy, ..., w, € [0,1] consider the optimization problem

n

argmin Fy,(z) where F,(z) := Y wid(z,z;)?, p € [1,+00) (4.15)

zeH =1
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The functional F,(x) is convex and continuous in z. When p = 1 then F; becomes
the objective function in the Fermat- Weber problem for the optimal facility location. A
minimizer of I} exists and it is known as the median of the points xq,xs, ..., x, with
respect to the weights wy, ws, ..., w,. When p = 2 then F5 is the objective function in the
Fréchet mean problem. Because d(x,;)? is strongly convex and continuous in z then F;
has a unique minimizer which we denote by x*. This unique minimizer is known as the
Fréchet mean of the points 1, xs, ..., x,, with respect to the weights wy, ws, ..., w,.

Lemma 4.23. Let (H,d) be a Hadamard space. The Fréchet mean of any finite set of
points in H lies in the closure of the convex hull of the given set.

Proof. Let S := {x1,x9,...,x,} be some finite set in H. Denote by clcoS the closure
of the convex hull of S. Suppose that the Fréchet mean z* ¢ coclS. Because clcoS is
closed and convex by construction then the metric projection P ., sx* of * onto clco S
exists and it is unique. On the other hand by Corollary 2.10 we have the inequality

d($*, y)2 2 d(l‘*, PCICOSJ’.*)z + d(PchOS:E*) 3/)2, vy € Cl CO S
and in particular we must have
d(CL’*, xi)Q 2 d(ZL‘*7 Pclcon*>2 + d(Pclcon*a xi)27 VZ = 17 27 sy N

Therefore we obtain the inequality

n

Z wzd<x*7 xz’)2 2 Z U)Zd(x*, Pclcon*>2 + Z wid(PchOS‘x*’ xi)Q > Z wid(PCICOS'r*u xi)2
=1 =1 i=1

i=1
which yields Fy(Pucosx™) < Fo(x*). This is a contradiction. O

Corollary 4.24. Similarly the median of any finite set of points in H lies in the closure
of the convex hull of the given set.

4.3.2 A constructability theorem

In an Euclidean space E if 1, xs,...,z, € E and x* denotes their Fréchet mean then it is
well known that

1 n
== (4.16)
ni=
In fact one gets to x* iteratively from any starting point in z;, € {zy,...,x,} in the
following way

1
T) = =Ziy + 5Tiy, Ty € {21,020} \ {24 }

2 2
/ 2 / 1
Ty = §$1+§xi3, Tiz € {xh"'?wn}\{xil’l‘m}
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In particular when £ = n — 1 we obtain

, n—1, 1
X = T.Tn_g + El’in

which by the means of the recursion is equivalent to formula
1 n
DL
ni= ]

This in turn is equivalent to (4.16). One way to think about this recursion is in terms
of threading. Notice that x| lies in the geodesic segment [z; ,z;,] joining the elements
x;, and x;, implying x| € thr{z,,zs,...,2,}. And in general we have zj € [2}_,,z; ]
equivalently x, € thr*{z,, s, ...,x,}. In general given a set S of finitely many elements
and x € H we say that z is constructible from S in n steps whenever = € thr" S. Motivated
by above recursion and taking advantage of threading we state the following result for
Hadamard spaces of finite type.

Theorem 4.25. Let (H,d) be of finite type and S C H a finite subset. Then the Fréchet
mean =¥ of S lies in coS. Moreover x* is constructible from S in at most 23%8m:S — 1
steps.

Proof. Let S = {1, xs, ..., x,} where x; € H for all i. By Lemma 4.23 the Fréchet mean z*
of S lies in clco S. Assumption (H,d) is of finite type implies that S has finite threading
degree. If deg,,. S = k for some k € N then by definition this means that thr* S = co S.
But S is finite and therefore compact. By Lemma 4.18 it follows that co.S is compact
and therefore a closed set. Then coS = clcoS implies z* € coS. Now z € thr® S
means that there are 2§ ' 257" € thr* 'S such that z € [zE~' 2¥7'). Then there are

ah=2 gh=2 ph=2 k2 ¢ thrk S such that zf~! ¢ [x'{j 2 b and R e
and so on. In general for 0 < m < k there exist z} $’f mo me | € thr*™™ S such
that ok ¢ [z o=, x]f Al ¢ b gk m], xlgmmﬁll € [aha™y, x5n™ ], Hence

at each step m we need to compute at most 2™~ ! elements. This means that in total we
have to construct at most

k
Z 2m—1 — 2k o 1 — 2degthrS - 1
]

Theorem 4.25 will become useful in the next chapter when we apply it to the problem of
the average phylogenetic tree.



CHAPTER D

THE SPACE OF PHYLOGENETIC TREES

5.1. DESCRIPTION OF PHYLOGENETIC TREE SPACE

A phylogenetic tree is a diagram which describes the evolutionary relationships among
a group of organisms. This diagram is an instance of graphs which are mathematical
structures consisting of a set of vertices and edges. In a phylogenetic tree, there are
no loops, each interior vertex has degree at least 3, i.e. an interior vertex connects
to at least three other vertices, and there is a one-to-one labelling between the leaves
(degree 1 vertices) and some set of labels. There are several methods of constructing a
phylogenetic tree, from biochemists’ methods of using quantitative estimates of variances
between substances obtained from different species to the more systematic method of
mutation distances introduced by Fitch and Margoliash [52]. In principle the mutation

Figure 5.1: The relationship between humans and certain other members of primates.

distance between two DNA sequences is defined as the minimal number of nucleotides that
need to be changed so that one DNA sequence transforms completely into the other DNA
sequence. Figure 5.1 shows a simple phylogenetic tree about a group of primates based on

59
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data of their DNA sequences. According to this diagram it is understood that chimpanzees
are closer to bonobos than humans are to bonobos. This means that it takes fewer number
of nucleotides in the DNA of chimpanzees to be changed so that it coincides with the DNA
sequence of bonobos, than it would take for the DNA sequence of humans to transform into
the DNA of bonobos. Similarly using the principle of mutation distance we understand
that chimpanzees are closer to humans than gorillas are to humans and so on. The method
of mutation distances has more general applicability. Figure 5.2 shows the relationships
between different languages in a restricted set of Proto-Indo-European languages based on
linguistic data. Here instead of minimal number of nucleotides one looks at the minimal

Figure 5.2: The relationship of the Albanian language to Germanic languages within the
larger family of Proto-Indo-European languages.

number of certain elementary linguistic structures to be altered. We undertand that
English language is closer to Swedish than it is to the Albanian language, though all the
indicated languages share a common ancestor, a Proto-Indo-European language, for the
complete tree see [30, Bouckaert et al.]. Because of the increasing amount of data on
DNA sequences biologists and geneticists in particular use extensively statistical methods
to estimate phylogenetic trees like the one depicted in Figure 5.1. Some of these statistical
methods include but are not limited to parsimony methods, compatibility approach, least-
squares approach, and maximum likelihood method (see Felsenstein [71] and references
therein). However from a pure mathematical point of view, apart from these probabilistic
approaches, the first successful mathematical space that describes phylogenetic trees was
constructed by Billera, Holmes and Vogtmann [26]. They introduce a metric space that
admits a natural metric of nonpositive curvature in the sense of Alexandrov. These spaces
are known as the BHV spaces and constitute an interesting class of Hadamard spaces.
They have been studied by several authors in the last two decades. In particular Owen
has investigated BHV spaces from both theoretical and practical point of view with the
purpose of studying the Fréchet mean of a finite set of trees [39], [20], [$9] computing
shortest paths between trees [93], [94], [0] and constructing convex hulls of finite sets of
trees [81]. Tt turns out that BHV spaces and cubical complexes in general posses properties
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which are quite counter-intuitive in nature when compared with their counterparts in the
Euclidean spaces, even though the former are essentially unions of Euclidean orthants
arranged in a certain combinatorial way. For example Owen [$1] has already pointed out
that many algorithms and properties of shortest paths and convex hulls in a Euclidean
space fail to transfer over to BHV spaces. It is no longer true that for a given finite set
of points S: (i) any point on the boundary of the convex hull of S in 2D is on a shortest
path between two points of S; (ii) the convex hull of three points is 2-dimensional; (iii)
any point inside the convex hull of S can be written as a convex combination of points of
S. It is not even known whether the convex hull of S is a closed set. Motivated by these
interesting observations our goal in this chapter is to investigate convex hulls and the
Fréchet mean. Before doing so we provide an elementary description of the phylogenetic
tree space. We denote by 7, the BHV space describing the set of phylogenetic trees with
n leaves. The space 7,, can be described as the union of certain n — 2 dimensional orthants
all lying in a higher dimensional Euclidean space. Each such orthant describes a certain
tree topology which is determined by the way the inner edges of a given tree split the set
of leaves. Hence two phylogenetic trees are topologically indistinguishable if and only if
their set of splits coincide. If L, := {0,1,2,...,n} denotes the set of leaves (0 corresponds
to the root of the tree) then each inner edge of a tree splits the set L, into two sets, each
with at least two elements. There is a one-to-one correspondence between splits and the

Figure 5.3: Three orthants O, Oy and O3 in 7, sharing a common split s.

set of inner edges of a tree. Let s, so be two splits and { X1, Y1}, { X, Y5} their respective
partitions of L,,. We say s; and sy are compatible if one of the subsets

leXQJ XIOYQa XQO}/la Yim}/Q

is empty. It is equivalent to say that compatible splits correspond to inner edges of a
common tree. Every tree with n-leaves has at most n — 2 inner edges and therefore
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n — 2 splits. If one fixes the topology then the axis of the orthant corresponding to
this topology represents the splits of the trees having this topology. The length of the
inner edges determine how far any given tree in this topology lies along each axis. Two
orthants are then glued together along a boundary face if and only if the topology of one
orthant shares a split or more with the topology of the other orthant (see Figure 5.3 for
an example of three orthants in 7 sharing a common split). If two topologies share no
common split then their respective orthants are glued at the origin O. An orthant O in
T, is said to be a mazimal orthant if it has dimension n — 2. To each orthant O in 7, we
denote the set of its splits by %(Q). Analogously for any tree x € T, we let X(x) denote
the set of splits of . It follows in particular that € O if and only if ¥(z) C X(0O). For
any £ C X(0;), F C 3(0;) we say E is compatible with F' whenever each element of F
is compatible with each element of F'. Clearly compatibilty is a symmetric relation.

5.2. PRELIMINARIES

5.2.1 Some definitions and notations

By construction the phylogenetic tree space is a collection of maximal orthants glued
together along common faces (orthants of lower dimension). Moreover this structure has
a common vertex O corresponding to the phylogenetic tree with no inner edges. This
special tree is called the star tree. Any two trees are connected by a geodesic segment
consisting of a finite number of Fuclidean segments. Notice that any two trees can be
connected by a path which passes through the origin O. We call such a path the cone path
between the two given trees. The cone path may or may not be a geodesic. Following
Owen [93] given two trees z,y € T, let ) = E, C E,1 C ... C By C Ey = X(x)
and ) = Fy C F; C ... C Fy_1 C F, = X(y) be such that E; and F; are compatible
for every ¢ = 0,1,...,k. Note that for obvious reasons the index k£ cannot exceed the
number of elements in either 3(x) or X(y). Denote by O; := span™{E; U F;} the orthant
in the ambient Euclidean space spanned by the set of splits E; U F;. The collection
{0}k, is said to be a path space between z and y. By construction it follows that
O; N O;11 = spant{E;;; U F;}. When traversing from orthant O; to O;;; a tree with
splits E; U F; transforms into a tree with splits ;1 U F;,1. This means at the ¢+ 1-th step
one removes the splits A,y := E; \ ;11 and adds the splits B; 1 := F;1 \ F;. Therefore
equivalently one can express each orthant O; in the path space UJ; O; as follows

O;,=B1UBU...UB;UA; ;1 U...UA; (5.1)

If ¥(7,) denotes the set of all splits in 7, then a subset A C X(7,) is called a set of
mutually compatible splits if any two splits in A are compatible. Let A, B C 7,, be two
sets of mutually compatible splits such that A N B = () then C(A) is defined to be the
set of splits in B that are compatible with all the splits in A. The set Cz(A) is known as
the compatibility set of A in B. Define the crossing set of A in B, denoted by Xg(A), as
the set of splits in B which are not compatible with at least one split in A.



5.2 PRELIMINARIES 63

Proposition 5.1. Let A, B be two sets of mutually compatible splits. If D C A then
Cp(A) C Cp(D) and Xp(D) C Xp(A). Moreover Cg(A) and Xp(A) partition the set B.

Proof. Let s € Cg(A) then by definition s is compatible with any s4 € A. But D C A
implies that s is compatible with any sp € D therefore s € Cp(D). If s € Xp(D) then
there is sp € D such that s and sp are not compatible. But D C A implies sp € A hence
s € Xp(A). It is clear that the sets Cp(A) and Xp(A) are disjoint by definition and any
element in B must be in either of these two sets but never in both of them. Therefore B
is the disjoint union of Cz(A) and Xp(A). O

Proposition 5.2. Let ) = FE, CE, 1 C...CE, CEy=%(x) and)=Fy C F; C ... C
Fy_1 C Fr, = X(y) be such that E; and F; are compatible for everyi = 0,1,....k. Let U; O;
be the path space between x,y € T, where O; := span*{E; U F;}. Then E; C Cyy)(F))
and F; C Cxy(E;) for alli =0,1,..., k.

Proof. By construction E; and F; are compatible for every ¢ = 0,1, .., k. It follows that
Cg,(F;) = E; for all i. Therefore if s € Cg,(F;) then s € Cy,)(F;) since E; C X(x) for
every i = 0,1, ..., k. Analogously we can show that F; C Cy,(E;) foralli =0,1,....k. O

Proposition 5.3 ([20, Proposition 4.1]). Let z,y € T, such that their cone path is not a
geodesic. Then there are nonempty sets E1 D FEy D ... D Ey, of ¥(x), and F} C F» C ... C
Fi of ¥(y) such that E; is compatible with F; and if O; := spant{E; U F;},Vi = 1,...,k
then the geodesic [x,y] traverses each orthant in the order Oy, ..., O.

A path space is mazimal if it is not contained in any other path space. It follows from
Proposition 5.3 that a geodesic segment between two trees is contained in a path space.
Moreover this path space needs to be a maximal path space.

Theorem 5.4 ([93, Theorem 3.6]). Let x,y € T, be two trees. The mazimal path spaces
Ui O; between x and y satisfy E; = Cxq)(F;) and F; = Cxy)(E;) for alli =0,1,..., k.

Let P := Y, O; be a path space between two trees z,y € T, and denote by P(z,y) the
set of all path spaces between x and y. A path space geodesic between x and y through
P is the shortest path between x and y that is contained in P. For 0 < i < k define the
orthants

Vii={(z1,22,.....,21) ER" 1 1, <0ifj <dand x; > 0if j >4} (5.2)

and denote V(RF) := U, V;.

Theorem 5.5 ([93, Theorem 4.4]). Let P € P(z,y) then the path space geodesic between
x and y through P is contained in a space isometric to V (RF).
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5.2.2 Isometry results

Consider two orthants O and O not necessarily maximal. In the same way as for two
distinct trees we can define a path space between orthants O and O'. Given nonempty
subsets ) = E, C E,_1 C ... C B; C Eg =X(O)and ) = Fy C F; C ... C F,_; C
Fy, = ¥(0O’) such that E; is compatible with F; for all = 0,1, ...,k then the collection
{O;}; where O; := spant{E; U F}} is called an orthant path space between O and O’'. Let
P(O, 0') denote the set of orthant path spaces between O and O'. Since ¥(x) C X(O) for
any € O then any path space between x € O and y € O’ is contained in some orthant
path space in P(O,0’). Define

vo,0)= | Uo (5.3)

P(O,0") i
to be the collection of all possible orthant path spaces between O and O'.

Theorem 5.6. Let O,O" C T, be two distinct orthants, not necessarily mazimal. Then
U(O,0’) is a closed convex set, in particular it is a Hadamard space.

Proof. Note that 3(0O) is finite for any orthant O C 7, implies that the power set P(X(0O))
is finite. In particular the number of possible chains {E;} is also finite and hence for any
two orthants @ and O’ there are at most a finite number of distinct orthant path spaces
between them, in particular the set P(O, ') is finite. Definition (5.3) implies then that
the set U(O, ') is a union of finitely many orthants in 7,. Because each orthant in 7,
is a closed set then U(O, ') is also closed. Now let z,y € U(O, O'). By definition (5.3)
there are O;, 0; € U(O, '), possibly from different orthant path spaces, such that + € O,
and y € O;. If O; C O; then clearly [z,y] C O; since any orthant is convex and thus
[z,y] C U(O,0’). So without loss of generality assume that O; and O, are distinct and
one is not a subset of the other. By Proposition 5.3 the geodesic segment [z, y] is contained
in a path space between x and y. Since any path space between any point z € O; and any
point y € O; is contained in some orthant path space in P(O;, O;) it suffices to show that
any element in P(O;, O;) is part of some element in P(O, O'). By definition there must be
E;,E; C ¥(O) and F;, F; C ¥(0O') such that E; is compatible with F; and Ej; is compatible
with F, and moreover O; = span*{E; U F;} and O; = span™{E; U F;}. By construction
we have £(0;) = E;UF; and £(0;) = E;UF}. It is evident that E; is compatible with E;
since both E;, E; C ¥(0), likewise Fj is compatible with Fj since both F;, F; C 3(0’). Let
W=E,CE, ,C..CE, CEy=%(0;)and 0 = F, C F| C ... C F}_, C F} =%(0;) be
such that E] is compatible with F] for every [ = 0,1, ..., k. By construction E; C E; U F;
and F] C E; U F;. Therefore Ej U F] C (E; U E;)U (F; UF}) for alll =0,1,..,k. Then
there are subsets £} C E; U E; and F}' C F; U Fj such that Ej U F] = E' U F/ for every
[ =0,1,...,k. Hence the path space {span™{E] U F/}}}_, is essentially identical to the
path space {span™{E U F/"}}¥_,. On the other hand by construction E]' C 3(O) and
F/' c 3(0) for all | = 0,1,...,k implies that {span*{E/ U F"}}}_, would be part of
some orthant path space between O and ’. The inclusions [z,y] C Uf_,spant{E}' U F"}
and U spant{E/ U F/'} C J; O; € P(O,0") imply that [z,y] C U(O,O’). Therefore
U(O,0'") is a convex set. Since (7,,d) is a Hadamard space then U(O, Q') is also a
Hadamard space with the restricted metric dy = d|p. O
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Let I and I’ be the index sets associated with splits in 3(O) and (O’) respectively.
For E; C 3(0O) denote by I(E;) C I the set of indices corresponding to elements of E;.
Similarly denote by I'(F;) for any F; C 3(0’). For two compatible set of splits E; C 3(O)
and F; C %(O') in R"2 define the orthant

V(0;) == {(z1, 22, ..., 7x,) € R¥|z; > 0if j € [(E;) andz; < 0if j € I'(F))},  (5.4)
where k; := |E;| + |F;| and O; := spant{E; U F;}. For given two orthants O, 0’ C 7T, not
necessarily maximal define the following set

V(0,0):= |J Uv(o) (5.5)

P(O,0) i

Theorem 5.7. Equip V (O, Q") with its canonical length metric. Then U(O, Q') is iso-
metric isomomorphic to V(O,O’). In particular V(O,O’) is a Hadamard space.

Proof. The idea of the proof is similar to the one in Theorem 5.5 though the isometry we
use is in a slightly different form. Let {s;} and {s}} denote the set of splits in O and O’
respectively. For x € U(O, ') define
)i=2_aje;— > ajej {a;} >0 (5.6)
jeI jer\I
where {e;} is the standard basis of R"72. If ®(z) = ®(y), where say y = > ;o b;s; +
> jerng b;s) for some {b;} > 0, then we have

doaje;— > aje; =) biej— Y bie;
jel JEINT jel JEINT
implying that
> (aj —bje; — > (a; —bj)e; =0
jel jerI
which in turn yields a; = b, for all j € TUI'. Hence = y and the mapping ® is injective.
Let zt € V(O,0’) then by definition (5.5) 2T € V(0O;) for some O;. Therefore there is
{a;} = 0 such that ™ = 3¢y, aj6; — Xjer (e, ;€5 Where O; = span™{E; U F}.

Then the mapping

= Y aisi+ Y, a8 (5.7)

JEI(E;) JEI'(F)\I(E;)

is well defined for any z* € V(O,0"). If v = ¥ c(g,) @555 + Xjerm)\1(g:) @55 then this
means that for any element 2™ € V(O, Q') there is z € U(O,O’) such that &(z) = ™
and WU(zt) = x. Therefore not only ® is surjective but also ® and U are inverses of
each other. By construction we have ®(s;) = e; for any j € I and ®(s}) = —e; for any
j € I'. Hence each element of the basis {s;}jcr(r,) U {s] }]E[/ PNI(E) Of (’) is mapped to
a unique element of the basis {e;}crm) U {—¢;}iermni e of V((’) ). Therefore ® is a
linear transformation whose matrix is the identity matrix. Since the identity matrix has
determinant one then ® must be an isometry. Analogously ¥ = ®~! is an isometry. On
the other hand the isometric image of a Hadamard space is a Hadamard space which in
turn implies that V' (O, 0') is Hadamard. This completes the proof.

O
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As an illustration of the Theorem 5.7 we have the following result.

Proposition 5.8. Let O and O’ be two orthants in T, such that no split in 3(O) is
compatible with any split in 3(O') then O U O is isometricly isomorphic to R’i UR™
equipped with its canonical length metric where k := |3(x)| and m := |2(y)|. In particular
when O and O are mazimal then O U O’ is isometricly isomorphic to R’ UR™ 2.

Proof. Let O := span*{sy, sg,..., s} and O' := spant{s], s}, ..., s, }. Clearly £(O) N
Y(O") = 0 since by assumption no split in 2(Q) is compatible with any split in %(O’).
Then s; # s for any 4,j € {1,2,...,k} x {1,2,...,m}. From definition (5.3) it follows
that U(0,0) = OU Q. Let x € O and y € O where z = >°F | a;5; and y = X7, b;s)
for some {a;},{b;} = 0. Since ¥(z) C ¥(O) and X(y) C 3(O’) then no split in X(z) is
compatible with any split in (y). By Proposition 5.3 it follows that the cone path is a
geodesic i.e. [z,y] = [z,0] U[O,y] and

dle.y) = d(z.0) + d(0.y) = 120] + oyl = (Y a) " + (Z0)” o9

=1

On the other hand in view of Theorem 5.7 the isometry ® reduces to the following mapping

Zk:aiei reO
O(x) =< =) (5.9)

m
- Z ;€; xe
i=1

where {e;}'=2 is the standard basis in R*~2. Evidently ® is a mapping from O U (¢’ onto
RY UR™. Since R® NR™ = {0} then any point in R is connected with a point in R™ by
a segment passing through the origin 0. If d'(-, ) denotes the metric of Rﬁ U R™ then by
definition of ® in (5.9) we have

k 1/2 m 1/2
2(0(z), B(y)) = d'(©(2), 0+ (0, 0(y)) = [@@)0+100(y)| = (Y a?) " +( (b))
i=1 =1
(5.10)
It is clear from (5.8) and (5.10) that ® is an isometry. Moreover the inverse mapping ®~!
exists and it is given by

k
Z a;S; x € Ri
O (z) =4 =l (5.11)
> as r € R”
i=1

where {a;} > 0. Using similar arguments as above one can show that (5.11) is also an
isometry. The second assertion is clear. This completes the proof. O
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5.3. THE EXAMPLE OF TREES WITH FOUR LEAVES

5.3.1 Certain lemmas

Let T4 be the space of phylogenetic trees with four leaves. Since there are at most two
inner edges for any tree in 7y it follows that the set of splits for any tree has at most two
elements. Moreover in 74 there are 10 distinct splits which when combined give rise to 15
different tree topologies therefore 15 different orthants. They are all glued according to
the rule described in the first section and no orthant is left loose. The trees having only
one inner edge lie in the axis of these orthants and the tree with no inner edge (also known
as the star stree) is indentified with the origin O. By virtue of Proposition 5.3 the geodesic
segment [x,y] between any two points z,y € T, traverses at most one maximal orthant.
To see this assume for simplicity that both x and y have full set of splits, i.e. x € O,y €
O’ where 0,0’ are maximal and (z) = £(0),X(y) = X(0O'). Say X(0) = {s1,s2}
and X(0') = {s],s4}. Then the power sets P(X(x)) = {{0},{s1}, {s2},{s1,s2}} and
P(E(y)) = {{0},{s1}, {s5}, {s}, s5}} imply that the only possible path spaces between x
and y would be {0, 0"}, {O, {s;}, 0'}, {O,span™{s;, 57}, 0’} for i, j = 1,2. In any case at
most one maximal orthant, that is span®{s;, s’ }, can be traversed by the geodesic [z, y].
A direct consequence of Theorem 5.7 and Proposition 5.8 are the following corollaries.

Corollary 5.9. Let O and O be two distinct mazimal orthants in Ty such that £(O) N
Y(O") = 0 but some element in X(O) is compatible with some element in 3(O'). Then
U(O, Q") is isometric isomomorphic to V(R?).

0 ()

®(())

Figure 5.4: Two orthants in 7; with no compatible splits in general position (left) and
their isometric image R% UR? (right).

Corollary 5.10. Let O; and O; be two distinct orthants in Ty such that no split in 3(O;)
is compatible with any split in X(O;). Then O;U0; is isometric isomomorphic to R2 UR2
(see Figure 5.4).
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Lemma 5.11. Any compact set S C V(R?) satisfies degy,, S < 3.

Proof. Let S C V(R?) be a compact set. By construction V(R?) consists of three quad-
rants in R?. Write S; = SNR3,, S, = SNR2, and S; = SNR2_. Here the notation
{—+} means the first coordinate is nonpositive and the second is nonnegative. Anal-
ogously for the other two notations. Without loss of generality assume that all S; are
nonempty (other cases follow similarly).

Case 1: Let [ be a line in R2NV(R?) supported at the origin 0. If S is bounded below by
[ then S lies in a two dimensional Euclidean half-space. There the intrinsic length metric
d' coincides with the Euclidean metric, it follows from Example 1 that deg,, S < 2.

Case 2: Denote by [, the line supported at 0 such that [, coincides with the horizontal
axis in R%. If no line [ in R? N V(R?) supported at origin 0 exists such that it bounds
from one side the entire set S then there exist points x,y € S such that the geodesic
segment in V(R?) joining x with y goes through the origin 0. This means 0 € thrS.
There are x1,x2 € S such that the segment [z, x9] intersects ly at some point y such
that d'(0,y) > d'(0,y') for all ¢’ € thrS NIy where d'(+,) is the intrinsic length metric
in V(R?). This is evident by the continuity of the metric function d'(0, -) since thr .S N1,
(because S is compact). Define the sets

U(S) := (thr SNR2_) U [0, y] (5.12)
V(S):= (thr SN (R, URZ,)) U0,y (5.13)

We claim that
thr® S = thr U U thr V/ (5.14)

Notice that by construction U UV = thr S U [0,y]. By the union rule (4.10) it follows
thr U Uthr V C thr(U U V) = thr(thr S U [0,y]). Moreover [0,y] C thr*S.

Case 2.a.1 : If ¢ € thr(thr SU|0, y]) then there are a,b € thr SUJ0, y] such that ¢ € [a, b].
If a,b € thr S or a,b € [0,y] then [a,b] C thr® S U thr[0,y] = thr®* S U [0,5] = thr* S and
hence ¢ € thr? S. Therefore thr(thr S U[0,y]) C thr? S.

Case 2.a.2 : Let a € thrS and b € [0,y]. Denote by I’ the line in R* N V(R?) passing
through @ and b. Then there is some ¢ € thrS such that [a,b] C [a,¢] C I'. On
the other hand by construction we have [a,c] C thr?S implying [a,b] C thr®S hence
¢ € thr*S. Therefore thr(thrS U [0,9]) C thr*S. Both Cases 2.a.1 and 2.a.2 yield
thr U UthrV C thr* S.

Case 2.b.1 : Now let ¢ € thr® S then there are a, b € thr S such that ¢ € [a,b]. If a,b € U
or a,b € V then [a,b] C thr U or [a,b] C thr V respectively implying [a, b] C thr U Uthr V.
Therefore ¢ € thr U Uthr V.

Case 2.b.2 : Now assume that a € U and b € V. There are two possibilities for a to
connect with b. First if the geodesic segment [a, b] passes through O then [a,0] C thr U
and [0,b] € V since 0 € U N V. Hence [a,b] = [a,0] U[0,b] C thrU U thrV which
in turn implies ¢ € thrU U thr V. The second case is when a is connected to b by a
geodesic segment not passing through the origin 0. Then there exists some z € H such



5.3 THE EXAMPLE OF TREES WITH FOUR LEAVES 69

that [a,b] Ny = {z}. On the other hand since a,b € thr S then there are ay, as,by,bs € S
such that a € [ay, as] and b € [by, be]. Up to labelling [a, b] lies between geodesic segments
[a1,b1] and [ag, bs]. Let y; := [a;, b)) Ny for i = 1,2 then by maximal property of y we have
d'(0,y1) < d(0,2) < d(0,y2) < d(0,y) implying z € [0,y|. This means that [a, z] C thr U
and [z,b0] C thrV and thus [a,b] C thr U U thr V' which in turn yields ¢ € thr U U thr V.
Therefore from both Cases 2.b.1 and 2.b.2 we have thr®> S C thr U U thr V. This shows
that identity (5.14) holds true.

Following same arguments, by using induction on n, one can show that in general we have
thr” S = thr" ' U Uthr" 'V, Vn €N (5.15)

By construction U,V are subsets of certain FEuclidean half-spaces/orthants where the
restriction of the length metric d’ to U and V' coincides with the restriction of the usual
Euclidean metric there. By Example 1 we get deg,,, U, deg,,, V' < 2. Identity (5.15) then
implies that deg,,, S < 3. O

Lemma 5.12. For a compact set S C Ty consider the sets U}, = thr" S N span*{s}}
for k = 1,2 where spant{s}, s?} = O;. For each i € {1,2,...,15}, k € {1,2} there exist

uf,,vF, € UE, such that d(O,vf,) < d(O,u) < d(O,uf,) for allu € Uf,. Moreover there
<

wnr Yin » Yin y» Pin

are uf,vf € UF, such that d(O,v}) < d(O,u) < d(O,uy) for all w € UF, and all n € N.

i Y i,

Proof. Since S is a compact set, then thr" S is compact for all n € N by Lemma 4.18. On
the other hand span*{s¥} is closed for any i and any k. Then Ui’fn, as an intersection of
a compact set and a closed set, is compact. The distance function d(-,O) is continuous
therefore d(-, O) attains its maximum and minimum on each UF, i.e. there exist uf  vf €

v
Ui’fn such that d(O,vF ) < d(O,u) < d(O,uf,) for all u € U’fn‘

wno Yin
» Yi,n » i

To prove the second claim note that thr"~' .S N spant{s*} C thr" S Nspant{s*} implies
d(O,v},) <d(0,vf,_,) < d(O,uf,_,) < d(O,uf,). Therefore it is enough to show

» Yi,n » Yi,n—1 » Yin—1

d(0,vf,_y) < d(O,vf,) <d(O,u},) <d(O,uf, ;),Vn €N
We consider the case n = 2. By induction the general case follows. Let z € thr?S N
spant{sf} then there are z,y € thrS such that z € [z,y]. Moreover we can find
To, X1, Yo, Y1 € S such that x € [xg, z1],y € [0, y1]. Without loss of generality let g, z; be
in the same orthant, likewise o, y; (other cases follow similarly). Consider the quadrangle
Tox1Yoyr with sides

[ﬂUo, 561], [ﬂUl, y1]> [yo, y1], [an yo]

Up to labelling of the points {z¢, 1, o, y1} the geodesic segment [z, y| lies between [z, yo]
and [zq1,y1]. Say [z, yo] is the lower segment and [zq,y;] is the upper segment with
respect to [z, y]. If a = [xg,y0] Nspant{sF} and b = [z, y1] NspanT{sF} then d(O,a) <
d(0,z) < d(O,b). On the other hand d(O,v¥) < d(0,a) < d(O,b) < d(O,uF) implies
d(O,vF) < d(0,2) <d(O,uF). Since z € thr? SNspan™{sF} was arbitrary then d(O, v¥) <
d(0,v}y) < d(0,uf,) < d(O,uf). O
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Figure 5.5: A regular tiplet {O;, Oy, O3} in Ty in general position (left) and its isometric
image V (R?) (right).

5.3.2 Convex hull of compact sets in 7,

Let {O;}i=12..15 be the collection of the 2-dimensional orthants in 7;. Consider all triples
{O;, 0,0} ik such that O; U O; U Oy, is isometricly isomomorphic to V(R?). Call them

reqular triplets. There are at most <135) such triplets and hence a finite number of them.

Let ®;;;, be the isomorphism from O;UQ; UO; onto V(R?) (see Figure 5.5). Moreover for
each O; there are 10 distinct orthants O; such that O;NO; = {O} and only 2 of these are
such that no split in 3(0;) is compatible with any split in ¥(0;). Denote these special
orthants by O; where j = 1,2. By Corollary 5.10 each union O; U O;; is isometricly
isomomorphic to R7 UR?. Denote these isomorphisms by ®; .

Theorem 5.13. The convex hull of a compact set in Ty is compact.

Proof. Let S C Ty be a compact set and denote by 5; := O;Nthr S for each ¢ = 1,2, ..., 15.
Let Sijr :== S; US; U Sy, for all 4, j, k. Note that S; is compact for all ¢ = 1,2, ..., 15.

We claim .
coS = < U co Sijk> U ( U U co(S; U Sij)>. (5.16)
1,5,k i=1 j=1,2

By Theorem 4.15 to prove the statement it suffices to show the following identity

=15

the S = ( U the ! Sijk> U ( U U the"Y(s; Sz-j)>, Wn € N. (5.17)

i,5,k i=1 j=1,2

Denote by S} the right side of (5.17). The inclusions Sjjx, S; U S;; C thr S, Vi, j by virtue
of identity (4.10) imply S} C thr"S. The other direction we use induction. For n =1
the equality in (5.17) is evident. Suppose that it is true for m > 1. Let n = m + 1.
and [z,y] C thr™™S. Then by definition there are [z, z3], [y1,2] C thr™ S such that
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xr € [x1,29] and y € [y1,y2]. By inductive hypothesis we have [z, 23], [y1,y2] € Sf,. In
particular z,y € S’,. If ¥(z) has no compatible split with ¥(y) then the cone path is a
geodesic. Without loss of generality let x € O; and y € O, for some indices ¢, p. This
means that [z,y] = [z,0] U [0, y| where

[2,0] C thr(thr™ " Sy, N O;) C thr™ Sij. N O; C thr™ Sy (5.18)
or

[z, 0] C thr(thr™'(S; U S;,) N O;) C the™(S; U S;,) (5.19)
and

[0,y] C thr(thr™ ' S, N O,) C thr™ S, N O, C thr™ S, (5.20)
or

[0, y] C thr(thr™ (S, U S,,) N O,) C thr'™(S, U S,,) (5.21)

If ¥(z) has some compatible split with ¥(y) then there is a regular triplet {O;, O;, O}
such that z,y € O;U0;UQOy. If the cone path is a geodesic then it follows by (5.18)-(5.21)
that [z,y] = [z,0]U[O,y] C S}, ;. The other situation is when [z, %] is not a cone path.
Without loss of generality let 2 € thr™* Si;iNO;and y € thr™ ! SkimMNOy, for some [ # m.
Let X(0O;) have no common split with 3(Oy). Then there exist two points u € span™{s;}
and v € span™{s7} such that [z,y] = [z,u] U [u,v] U [v,y]. Lemma 5.12 then implies
that u € [v}, u;] and v € [v},u3]. On the other hand [v},uj], [v},u3] C thrS; hence we
have [u,v] € thr? S; C thr'™ S; C thr™ S;;. Similarly v € thrS; C thr S;; C thr™™ ! Siji
and v € thrS; C thr Si;m, C thrm_1 Skjm. Therefore [z, u] C thrm Sijt, [v,y] € thr'™ Skim
implies [x,y] C thr™ S;;Uthr™ Sijr,. In all cases we get [z, y] C S .| implying thr™ ™ S C
Sr 1. This proves identity (5.17).

By virtue of Example 2 and Lemma 5.11 we have that

degthr @ijk(Sijk) < 37 degthr (I)z7 (SZ U S ) 2 \V/Z j, k
which together with thr" Sk = q)i_j,lc(@ijk(thr" Sijk)) = @Z]k(thr ®,1(Si;x)) and similarly
th"(S; U S;,) = @, 1 (@ (thr"(S; U Sy))) = @' (the" &, (S; U S;))) imply

degy,, Sijr < 3,degy, (S; U S;;) < 2,Vi, 4,k

Identity (5.17) yields deg,,, S < 4. For large enough n, say n > 4, identity (5. 17) implies
(5.16). But co ®;;1(Sijk), co ®;;(S; US;;) are compact for any 4, j, k. Because CI)ka’ <I>
isometries, hence continuous maps, for any i, 7,k then co S = ®;;(co q)l]k(SUk)) and
co(S;US;;) = @;jl(co ®;,(S; U S;;)) are compact. It follows that co S is a compact set as
a finite union of compact sets. This completes the proof. O

A direct consequence of Theorem 5.13 and Theorem 4.25 is the following corollary which
we present without proof.

Corollary 5.14. Let xq, s, ..., x, € T4 be a finite set of trees with four leaves. Then the
Fréchet mean x* exists and lies in co{xy,xa,...,x,}. Moreover x* is constructible from
{x1, 29, ..., 2, } in at most 15 steps.

Proof. Follows from Theorem 5.13 and Theorem 4.25. O






CHAPTER 0

MoscO CONVERGENCE AND ASYMPTOTIC BOUNDEDNESS

6.1. Mosco CONVERGENCE

6.1.1 Mosco convergence of functions

Let (H,d) be a Hadamard space. A sequence of functions f* : H — (—o0, +00] is said
to be Mosco convergent to f : H — (—o00, +00] and we write M — lim,, f* = f if for each
x € H:

(i) f(z) <liminf, f*(x,) whenever x, — z
(i) there exists some sequence (Y, )nen C H such that y, — z and f(x) > limsup,, f"(yn)-

If (i) is substituted with strong convergence then one gets what is known as I'-convergence!.
Therefore Mosco convergence is a stronger type of convergence and subsequently Mosco
convergence implies I'-convergence. The original motivation for introducing Mosco con-
vergence in analysis was to define a special convergence for convex closed sets of a normed
space X, in which both the strong and the weak topologies of X are involved (see [91, Def-
inition 1]). Another way to introduce Mosco convergence has been to make the so called
Fenchel conjugate f* of a closed convex proper function f bicontinous (see [11, pg. 294]).
In general if (X, 7) is a locally convez topological vector space and f : X — (—o0, +0]
is a convex proper function then the Fenchel conjugate of f* : X* — (—o0,+o0| of f is
defined as

ff(u) :=sup({u, z) — f(x)), Yue X~ (6.1)

zeX

where X* is the topological dual of X and (u,z) denotes the dual pairing of an element
x € X with an element uv € X*. In the case of a Hilbert space this dual pairing is just the
canonical inner product. It follows by definition (6.1) that f* is a proper closed convex
function whenever f is. Analogous to (6.1) one can define the Fenchel conjugate f** of
f* also known as the biconjugate of f.

For more on I'-convergence see [36, G. Dal Maso)).

73
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Theorem 6.1 (][I 1, Fenchel-Moreau]). Let (X, 7) be a locally convex topological vector
space and f : X — (—o00, 00| a proper convez function. The biconjugate f** of a function
f is equal to cl. f (the T-closure of f). In particular if f is T-closed then f** = f.

One can think of Fenchel conjugation as a transformation from the set of proper closed
convex functions on X onto the set of proper closed convex functions on X*. By virtue
of Theorem 6.1 this Fenchel transform is a one-to-one mapping.

Theorem 6.2 ([11, Attouch-Fenchel-Moreau]). Let X be a reflexive Banach space and
(f™")nen, [ a sequence of proper closed convex functions from X into (—oo,+o0c|. Then

M —lim, f* = f iff M — lim, (f")* = f*

In other words Fenchel transform is bicontinous for the Mosco convergence. While The-
orem 6.1 and Theorem 6.2 are applicable to Hilbert spaces, which are a proper subset
of Hadamard spaces, we cannot in general extend such results to any Hadamard space.
The main reason is that there does not exist yet a good notion for the dual pairing.
For an extension of duality theory that generalizes the classical Fenchel conjugation to
functions defined on Riemannian manifolds the reader could refer to a recent work of
Bergmann et al. [25]. Nevertheless Mosco convergence still plays a crucial role in general
Hadamard spaces, in particular in the theory related to the gradient flow (see Bacak [13]
for instance).

6.1.2 Mosco convergence of sets

Let g denote the indicator function of aset S C H i.e. tg(z) = 0ifz € Sand 1g(z) = +o0
otherwise. A sequence of sets (S, )nen is said to converge in the sense of Mosco to a set S
whenever (ig, )neny Mosco converges to tg.

Proposition 6.3 ([13, Corollary 5.2.8]). Let (H,d) be a Hadamard space and (Cp)nen a
sequence of closed convex sets. If M — lim,, C,, = C for some set C' C H then C' is closed
and convex.

Proof. By definition M — lim,, C,, = C means M —lim,, (¢, = tc. C, is convex and closed
for all n implies that the indicator function (¢, is closed convex for all n. But Mosco
convergence preserves convexity and lower-semicontinuity therefore ¢ is a closed convex
function. This is equivalent to C' being a closed convex set. [

Proposition 6.4. Let (Cy,)nen be a sequence of closed conver sets in a Hadamard space
H. If (Ch)nen is a nonincreasing sequence of sets then (Cy)nen Mosco converges to its
intersection. If (Cp)nen is nondecreasing then it Mosco converges to the closure of its
UNILON.
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Proof. The proof follows the lines in [91, Lemma 1.2, Lemma 1.3]. Let (C,)nen be a
nonincreasing sequence of closed convex sets and C' := (0, C,,. First note that C # (). By
definition it suffices to prove that M — lim, tc, = tc. Let z € H. If x ¢ C then clearly
limsup,, tc, (yn) = 0 < to(x) for any sequence (Y, )nen such that y, — z. Now let z € C.
Then we have x € C, for every n € N. Because C,, is a closed set there exists y, € C,
such that d(x,y,) < 1/n, therefore y,, — . Since y,, € C,, then ¢, (y,) = 0 for all n € N,
hence limsup,, tc, (yn) = 0 = to(z) confirming condition (ii). Now let (x,)nen be such
that z,, € C, for all n € and w — lim,, x,, = x for some x € H. Assumption C, C C,,
whenever m < n implies that z,, € C,,. But C,, is a closed convex set hence by Lemma
3.9 weakly sequentially closed. Therefore x = w — lim,, z,, € C), and this holds for any
m € N since m was arbitrary. Therefore x € C implying tc(z) = 0 < liminf,, ¢, (x,)
which confirms condition (i). Analogue arguments for the second statement. O

6.2. A THEOREM OF ATTOUCH

6.2.1 Attouch’s theorem about Mosco convergence

Let X be a normed linear space and f : X — (—o00, +00] a proper closed convex function.
For A > 0 the Moreau-Yosida envelope of f is defined as follows

: 1 2
@) i= it { £ + 5 lle = oI} (62)
It can be shown that fy is a convex continuous function [I1, Proposition 3.3]. Moreover

limy o fa(z) = f(x) for all x € X. For a given parameter A > 0 the prozimal mapping of
f is defined as

- ; 1 2
e = axgmip { £0) + 55w = o1} (6.3

For a function f : X — (—o0,400] let df(x) denote the subdifferential of f at x € X
defined as

Of (x) :=A{u e X7[f(z) = fly) + (w,y — x),Vy € X} (6.4)

and we say a pair (z,u) € X x X* lies in f whenever u € df(x). For more on fundamental
concepts in convex analysis in linear spaces refer to the classical book by Rockafellar [99].

Theorem 6.5 ([1 1, Attouch’s Theorem]). Let X be a smooth reflexive Banach space. Let
(f")nen, [ be a sequence of proper closed convex functions from X into (—oo, +00]. The
following equivalences hold:

(i) M —1lim,, f" = f

(i) YA > 0,Vo € X it holds lim,, J{z = Jyx and 3(u,v) € Of, Iun, v,) € Of™ such that
lim, u, = u in X, lim, v, = v in X*, and lim,, f"(u,) = f(u)

(1ii) YA > 0,Vo € X it holds lim,, f{'(z) = fr(z).
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Note that Theorem 6.5 appeared first in [10] for Hilbert spaces and then generalized for
any smooth reflexive Banach space in [11].

6.2.2 A theorem of Bacak

Because a norm || - || in a linear space X induces a metric d(z,y) = ||z — y|| for any
x,y € X then definitions (6.2) and (6.3) can be accommodated easily in the setting of a
Hadamard space using its metric. For a given closed convex function f : H — (—o0, +o0]
and parameter A > 0 the Moreau envelope f\ of f is defined as

fulz) = ylgg{f(y) + ;}\d(y,x)Q}, for each x € H (6.5)

and the proximal mapping of f

. 1 9
Jyr = arg min {f(y) + ﬁd(y, ) }, for each z € H (6.6)
In his study of the gradient flow in Hadamard spaces [13] Bacak established a result

which relates Mosco convergence of a sequence of closed convex functions (f™),en to the
pointwise convergence of Moreau envelopes (f{)nen and proximal mappings (J3)nen.

Theorem 6.6. (Bacak) Let (H,d) be a Hadamard space and f* : H — (—00,400] a
sequence of closed convex functions. If M — lim,, f"(x) = f(x), then lim, f(z) = f\(z)
and lim,, J{xz = Jy\x for each v € H.

This result is the analogue of the implication (i) — (i7¢) in Theorem 6.5. Later Bacak et
al. [13] proved the following.

Theorem 6.7. Let (H,d) be a Hadamard space and f, f* : H — (—o00, +00] be a sequence
of closed convex functions. If lim, f{(x) = fi(x) then M — lim,, f"(x) = f(z) for all
x e H.

This result together with Theorem 6.7 imply the equivalence between Mosco convergence
and pointwise convergence of Moreau envelopes in Hadamard spaces. This completes the
equivalence (i) «» (i7i) in Theorem 6.5 for Hadamard spaces. However it is not known
whether convergence of proximal mappings imply, under some additional conditions, the
Mosco convergence of f™. This was left an open question by Bacak [13]. That convergence
of proximal mappings only is not enough was noted by Bacak in [12]. Indeed consider a
sequence of constant functions 0,1,0,1, ... defined on R. Evidently they are closed and
convex but they don’t converge in the sense of Mosco to any function f. However their
proximal mapping maps J) : R — R (i.e. z +— Jyx) equal the identity map for all A > 0.
In this note we aim to complete the cycle of equivalences, the analogues of Attouch’s
theorem. This also answers an open question in [12].
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6.3. ASYMPTOTIC BOUNDEDNESS

6.3.1 Some preliminaries

Definition 6.8. Let f : H — (—o00,+00] be a closed convex function and x € dom f.
The slope of f at x is defined as

max{ f(r) — f(y),0}
d(z,y)

and dom |0f] :=={z € H : |0f|(x) < +oo}. If f(z) = +o00 we set |0f|(x) := +oo.

|0f|(x) := limsup (6.7)

It follows that |0f|(z) = 0 whenever x € H is a minimizer of f. The following inclusion
dom |0f| C dom f is obvious. Moreover the followings are true |0(f + g)|(x) < |0f](z)] +
|0g|(z) and [0(af)|(z) = a|0f|(x) for any two functions f, g and any scalar a > 0.

Lemma 6.9 ([13, Lemma 5.1.2]). Let f : H — (—00,+00] be a closed convex function.

Then 0
|0f|(x) = sup max{/(z) = f(y). }, x € dom f (6.8)

yeH\{z} d(«% Z/)

Moreover dom |0f] is dense in dom f and |0f|(x) is closed whenever f is closed.

Lemma 6.10 ([13, Lemma 5.1.3]). Let f : H — (—o00,+00| be a closed convex function.
Then for every x € H and A\ > 0 we have Jyz € dom |0 f]| and

d(Jyx, )
A

Proposition 6.11 (|13, Proposition 2.2.17]). Let (H,d) be a Hadamard space and let
f:+ H — (—o00,+00] be a closed strongly convex function with parameter p > 0 (see
definition 2.9). Then f has a unique minimizer x € H and each minimizing sequence
converges to x. Moreover

0f[(Jaz) < (6.9)

f@) + Sy < f). Vye H (6.10)

Proof. By virtue of [13, Lemma 2.2.14] f is bounded from below. Let (x,)n,en be a

sequence. Denote by x,,, := %:L‘m © %mn By strong convexity we have
1 1 W

which in turn implies

H 2 1 1
gd(xma xn) < §f(xm) + §f<xn) - f(xmn>

If (x5)nen is a minimizing sequence of f i.e. lim, f(x,) = inf ey f(y) then so it is the
new sequence (T )manen. 10 particular lim,, ,, d(z,,, z,) = 0 implies (z,),en is Cauchy
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sequence. Because H is a complete metric space then (x,)n,en converges to some point
x € H. Assumption f is closed is equivalent to f being lower-semicontinuous. The
inequalities f(x) < liminf, f(z,) = infyey f(y) and f(x) > inf ey f(y) imply that x €
argmingepy f(y). Uniqueness of minimizer follows immediately from the strong convexity
property. Now consider some y € H and let v : [0,1] — H be the geodesic emanating
from x and ending at y i.e. v(0) = z,v(1) = y. Then f(x) < f(7(t)) together with the
strong convexity imply

f@) < (1= f @) +1f(y) — 50— Dtd(, )?

or equivalently

1 (x) < 11(y) = 50— D)td(r.)’

Dividing by ¢ and taking limit ¢ | 0 yields inequality (6.10). O

6.3.2 Asymptotic boundedness for a sequence of functions

Definition 6.12. A sequence of functions f* : H — (—o00, +00] is said to have pointwise
asymptotically bounded slope on H whenever limsup,, |0f"|(x) is finite for all x € H.
If additionally for all v € H we have limsup,, |0f"|(z) < C for some C' > 0 then the
sequence of functions f" is said to have uniform asymptotically bounded slope on H.

Recall that a set K of a vector space V is a cone (or sometimes called a linear cone) if
for each x in K and positive scalars «, the product ax is in K. The set K is a convex
cone if and only if any nonnegative combination of elements from K remains in K. Let
F(H) denote the vector space of sequences of (extended) real valued functions defined on
H and let A(H) := {(fu)nen € F(H) | limsup,, |0f"|(x) < +o0,Vz € H} denote the set
of all sequences that have pointwise asymptotically bounded slope on H.

Proposition 6.13. A(H) is a convex cone in F(H).
Proof. Tt suffices to prove the statement for only two elements. Let (f™)nen, (¢")nen €

F(H) and o, > 0. Denote by h" := af™ + fg" for each n € N. By definition of the
slope (6.7) we have

08" () = limsup max{h";ﬂa—y )h"<y>, 0}

On the other hand

max{h"(x) — h"(y),0} < amax{f"(z) — f"(y),0} + Bmax{g"(z) — ¢g"(y),0}

and the fact that the limit superior of the sum is not greater than the sum of limit superior
together with o, 5 > 0 imply

n : max{f"(z) — f"(y), 0} : max{g"(z) — g"(y),0}
|0R"|(z) < olim sup iy + Bhr;ljgp i(.y)
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or equivalently
0R"|(x) < 2|0f"|(z) + B|0g"|(x), ¥n e N

Taking limit superior with respect to n on both sides yields

lim sup [0R"|(z) < lim sup(a|0f"|(z)+5]0¢"|(z)) < alimsup |0f"|(z)+ £ limsup |0g" |(x)

Assumption (f™)nen, (9" )neny € F(z) imply lim sup,, |0f"|(z), lim sup,, |0g"|(x) < +o00,Va €
H. Hence limsup,, |[0h"|(x)| < 400 for each x € H gives (h"),eny € F(H) as desired. [

Remark 6.14. The set Ag(H) of sequences of functions with uniform asymptotic reqular
slope is also a convexr cone.

Proposition 6.15. Let (f™),en be a sequence of proper closed convez functions defined on
a Hadamard space (H,d). Let f be the pointwise limit of (f™)nen such that dom |0 f] # 0.
Assume that dom f* = dom f = H for all n. For a given element v € H define the
sequence of functions (¢") and g for ally € H \ {z}

max{f"(z) — f"(y), 0}

gn(y; x) a d(x, y) , ne€N
gly; ) == max{fga;{wm

Then (f™)nen has pointwise asymptotically bounded slope on dom |0f| whenever
lim sup |g"(y;2) — g(y;2)] =0 (6.11)

" yeH\{z}

If additionally Sup,cqom a7 |0f](7) < 400 then (f")nen has uniform asymptotically bounded
slope on dom |Of|.

Proof. From the elementary reverse triangle inequality

sup |g"(y;x) —g(y;2)| 2| sup g"(y;2) — sup g(y;7)l
yeH\{z} yeH\{z} yeH\{z}
assumption (6.11) implies lim, Sup e 3 9" (5 %) = SUPyep 0y 9(y; ). By virtue of
Lemma 6.9 this is equivalent to lim, |0f"|(x) = |0f|(x). Since dom|df| # 0 then
lim,, |0 f"|(x) is finite on dom |0 f|. Therefore (f™),en has pointwise asymptotically bounded
slope on dom [9f|. If additionally sup,cqom oy 10.f|(¥) < 400 then |0f[(z) < C for some
C > 0 for all x € dom |0f|. This implies lim, |0f"|(z) < C for all z € dom |0f]. O

6.3.3 A converse theorem

Theorem 6.16. Let (H,d) be a Hadamard space and f* : H — (—o00, +00] be a sequence
of closed convez functions. Suppose

(i) lim,, f*(z) = f(x) for allx € H
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(77) (f™)nen has pointwise asymptotically bounded slope on H
If lim,, J{x = Jyx then lim,, f{(x) = fi(x) for each x € H.

Proof. Note that f" is convex for each n. Since the metric d(-,z)?

function then the map

is a strongly convex

y— fMy) + ;Ad(y,:v)2

is strongly convex for each € H. It follows from Proposition 6.11 that the proximal
mapping

_ . n 1 2
JYx = arggélg {f (y) + ﬁd(y,x) }

exists and it is unique. Similarly for Jyz. By definition for all n we have

@) = () + 5o, o)

From the elementary triangle inequality d(z, J{z) < d(x, Jyx) + d(Jyx, Jix) and inter-
changing the role of J{z with Jyz we obtain the estimate

|d(x, J{z) — d(x, Jyxz)| < d(Jyz, Jix)

Assumption lim,, J{z = Jyx implies lim,, d(z, J{x) = d(z, Jyx) for each © € H. Therefore
it is sufficient to prove lim,, f*(J{z) = f(Jyx). By Lemma 6.10, Jyz € dom |0f| for any
x € H yields Jyx € dom f since dom |0f| C dom f. Similarly J{z € dom f™. From the
definition of Moreau envelope it follows that for all n

1 2 1 2
n( - n < fn -
fr(Jrx) + 2)\d(J/\:v,x) < () + zAd(JAx,x)

which in turn together with assumption i and lim,, J{x = Jyz gives
— oo < limsup f*(Jyz) < f(Jhzr) < +00 (6.12)

On the other hand assumption ii implies that for some finite valued nonnegative func-
tion C : H — R, we have limsup, |[0f"|(z) < C(z) for all x € H. In particular
lim sup,, |0f"|(Jxz) < C(Jyz) < +oo for all z € H. Therefore there exists some ng € N
such that for all n > ny we have Jyx € dom |0f"| implying that f™(Jyx) and [0f"|(J\z)
are finite. By virtue of Lemma 6.9 the following inequality holds for all n > ng

fU"(yx) = [ (Dae) = 0" |(Iaz)d( Iy, JY)
This implies
+00 > liminf f"(Jiz) > f(Jyz) — limsup 01" |(Jhx)d(Jaz, Jix) = —o0 (6.13)
But limsup,, [0f"|(Jxz) < C(Jyx) < 400 yields

limsup [0f"|(Jaxz)d(Jxz, Jyx) = limsup [0f"(Jyz) - lim d(Jyz, J{z) < C(Jaz) - 0 =0
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which together with (6.13) gives
+ 00 > lim inf fr(Jyz) = f(Jyx) > —o0 (6.14)
From inequality (6.14) and (6.12) we obtain f(Jyz) = lim,, f*(J{x) as required. O

It is natural to ask if, under some additional condition, the pointwise convergence of f"
to f is a necessary condition for pointwise convergence of Moreau envelopes (f})nen to

-

Theorem 6.17. Let (H,d) be a Hadamard space and f, " : H — (—oo,+0o0] be a
sequence of closed convex functions on H. Suppose (f™)nen has pointwise asymptotically
bounded slope on H. If for all x € H, lim,, f{(z) = f\(z) then

(i) lim, Jix = Jyx
(ii) Tim, f*(z) = f(z).
Proof. By Theorem 6.6 assumption lim,, f{'(z) = f\(z) implies M —lim,, f"(x) = f(z) for

all z € H. Then Theorem 6.7 yields lim, J{z = Jyx for all x € H. This proves i which
in turn yields

1 1
Sa(x) = lim f(z) = lim sup f”(fo)—l—ﬁ limd(Jyw, z)? = lim sup f"(Jfa:)—i-ﬁd(J,\x, z)?.

By definition of Moreau-Yosida then it follows f(Jyxz) = limsup, f"(J{x). Similarly
f(Jyx) = liminf, f*(J{z) hence f(Jyx) = lim, f*(J{z). On the other hand for each
n € N we have

) < TR + zl)\d(fo,x)Q < f* (@) = Tim fA(J5w) < liminf f(a).

Therefore f(Jyx) < liminf, f*(z) for all x € H and for all A > 0. Using limy|o yz =z
and the assumption that f is closed we obtain

f(z) < lirg\li%nff(JAx) < lim inf f"(x). (6.15)
By [, Lemma 1.18] there exists a mapping n — A(n) such that lim, A(n) = 0 and
1)%1 1173?1 f(x) = 117?1 Sy ().

By definition of Moreau envelope we can write

n n n 1 n
f)\(n)(x) =f (J)\(n)x> + 72)\(n)d(‘])\(n)x7x)2
implying
3 n n 1 n : n n
flz) > lim | f (JxmT) + md(%\(n)x,xf > hmnsupf (JX ) T)- (6.16)
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By Lemma 6.9 we have the inequalities
[ (mz) 10" [(2)d( T3y, z) = f*(2), Vn €N (6.17)
which then give
limnsup () + limnsup 0f"|(x)d(J3 (T, T) = limnsup (). (6.18)
By assumption (f™),en has pointwise asymptotically bounded slope on H, which implies

that for some nonnegative finite valued function C': H — R we have lim sup,, |0f"|(z) <
C(x). Hence

0< limnsup 0f"|(x)d(J3 (T, T) = limnsup |0f"|(x) - lim d(Jpyr,r) < C(z) - 0= 0.
From inequalities (6.16) and (6.18) it follows
fz) > limnsup [ (Tmx) 2 limnsup f(x). (6.19)
The inequalities (6.15) and (6.19) imply f(z) = lim,, f™(x). O

It was pointed out by Bacak? that Thoerem 6.17 (ii) can be proved directly by employing
the following two key lemmas.

Lemma 6.18 ([13, Proposition 2.2.26]). Let f : H — (—o0,+00] be a closed convex
function and x € H. Then the function A — Jyz is continuous on (0,400) and

l/h%l J)@L‘ = Pcldomf17 (620)

In particular if © € cldom f then X\ — Jyx is continuous on [0,400).

Lemma 6.19 ([!3, Proposition 5.1.4]). Let f : H — (—o0,+00]| be a closed convex
function. Then for any x € H and X\ € (0, +00) we have

f(z) = frlx) _ |0fP()
A 2

(6.21)

Without loss of generality let © € cldom f. From triangle inequality for each n € N we
have the upper estimate

[f* (@) = f()] < (@) = [ @)+ [/ (@) = @) + (@) = f2)] (6.22)

By Lemma 6.19 we have |f"(z) — fi(x)| < MOf"*(z)/2 and for sufficiently large n
assumption (f")neny € A(H) implies |f"(z) — fi(z)] < AC(x) for some finite valued
function C'(x). Hence this term vanishes as A | 0. The middle term in (6.22) vanishes by
assumption lim,, f{'(x) = f\(z) for each z € H. On the other hand Lemma 6.18 implies
limyjo Jyx = x. The evident chain of inequalities f(Jyx) < fa(z) < f(z) together with
Isc of f imply |fi(x) — f(x)| = 0as A ] 0.

An application of Theorem 6.7 and Theorem 6.6 yield the following.

2private correspondence
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Theorem 6.20. Let (H,d) be a Hadamard space and f,f™ : H — (—o00,+00] be a
sequence of closed convex functions. If (f™)nen has pointwise asymptotically bounded
slope on H, then M — lim,, f* = f if and only if lim,, f"(z) = f(x) and lim,, J{z = Jyz
for each v € H.

Proof. Assume (f")nen € A(H) and let lim, f*(x) = f(z) for all + € H. Then by
Theorem 6.16 lim,, J{z = Jyz implies lim,, f{(z) = fi(z) for all z € H. Theorem 6.7 in
turn yields M —lim,, f*(z) = f(z). Now suppose M —lim,, f"(x) = f(x) then by Theorem
6.6 we get lim,, f{'(z) = fa(x) for each x € H. Since by assumption (f"),eny € A(H) then
Theorem 6.17 implies lim,, f*(x) = f(z) and lim,, J{z = Jyz for all x € H. O

6.3.4 A normalization condition

Let f*, f : H — (—o00,+00] be a family of proper closed convex functions. We say the
sequence of functions (f™),en satisfies the normalization condition if there exists some
sequence (T,)neny C H and x € H such that z, — z, f"(z,) — f(z) and [0f"|(x,) —
|0f|(z) as n 1 +oo. For a sequence of functions (f"),en that Mosco converges to some
function f we get the following result.

Lemma 6.21. A sequence of closed convez functions (f™)en, f: H — (—00, +00| satis-
fies the normalization condition whenever M — lim,, f* = f.

Proof. Let xy € H then M —lim,, f* = f implies by Theorem 6.6 we have lim,, J{z¢ = Jyzo
for any A > 0. Take z,, := J{z¢ and x := Jyzy. Then this means lim, =, = . We need
to show the other two properties. Note that by definition of the proximal mapping J, we
have

1 2 1 2
n _ < fr I
fH(@n) + grdlao,an)? < f1(y) + gydlao ) Vy € H

Let (§,)nen € H be a sequence strongly converging to x. From the last inequality we
obtain in particular that

fn(xn> + 21)\d<.l’0, In)2 < fn(fn) + Ql)\d(x(]’gn)27 VTL € N

implying lim sup,, f™(x,) < limsup,, f"(&,)nen. On the other hand by definition of Mosco
convergence we can have (&, )nen such that limsup,, f*(&,) < f(z). Hence limsup,, f™(z,) <
f(x). Moreover lim, z,, = x implies in particular that x, — z. Again by definition of
Mosco convergence we obtain f(z) < liminf, f*(x,). Therefore f(x) = lim, f™(z,) as
desired. Next we need to show the property about the slopes. Note that by Lemma 6.9

we have
max{ f"(z,) — f"(y),0}

d(n,y)

Again by Mosco convergence for each y € H there is a sequence (&,)nen strongly con-
verging to y such that limsup,, f"(&,) < f(y). Applying the last inequality for &, we

have
max{f"(z,) — f"(&.),0}
d(7y,y)

<|0f"(zn), Yy € H,Vn €N,
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which in turn yields
max{ f(x) — limsup,, f"(£,),0}
d(z,y)
Using limsup,, f"(&,) < f(y) we get
max{ f(z) — f(y),0}
d(z,y)

Because the last inequality holds for any y € H then |0f|(z) < liminf, |0f"|(x,). Now
by definition (6.7) we obtain

< lim inf |07 |(22).

< lim inf 10" (zn)

max{ f"(zn) — ["(yn), 0}
(L, Yn)

for sufficiently small ¢,, > 0 and vy, sufficiently close to z,. Note that strong convergence

of x, to x implies that for any ¢ > 0 all but finitely many of the terms y, € B(z,d). In

particular (y,) is a bounded sequence hence by Lemma 3.8 it has a weakly convergent

subsequence (y,,). Moreover y,, - y € clB(z,6). One can choose (g,) such that

limy &,,, = 0. Since d(z, -) is weakly lsc then we get

max{ f(z) — liminf, f™(y,,),0}
d(z,y) ’
By definition of Mosco convergence follows liminf,, f"(y,) > f(y). Hence
max{f(z) — f(y), 0}
d(z,y) '
The last inequality implies lim sup,, [0f"|(z,) < |0f](z). O

|0f"(xn,) < +éen, VneN

lim sup [0 (wa,) <
k

limsup [0f"|(x,) < limsup |0f™|(z,,) <
n k

A family of functions f" : H — (—o0, +0o0] is said to be equi locally Lipschitz if for any
bounded set K C H there is a constant C'x > 0 such that

lf"(z) — f"(y)| < Ckd(x,y), Vr,ye K,YneN (6.23)

Lemma 6.22. Let f" : H — (—00,400] be a sequence of closed convex functions such
that lim,, f{(x¢) = ap € R for some xo € H and some X > 0. Then (f¥)nen are equi
locally Lipschitz functions.

Proof. By virtue of [I1, Theorem 2.64 (ii)] it suffices to show that there is r > 0 and
xg € H such that f*(z)+r(d(z,z¢)?+1) >0 for all z € H and all n € N. Let zo € H be
such that lim,, f{(z9) = ap € R. Notice that by definition of Moreau envelope we have

1 1
fr(@) = fi(wo) — ﬁd(ﬂfo,xy =g —0— ﬁd(fﬂoﬁ)z

for some § > 0 and sufficiently large n. If one takes § = o + 1/2\ then one gets
1
(d(xg,2)*+1), VxeH

f(z) > o

For any r > 1/2)\ we obtain f(z) +r(d(zg,z)*+1) > 0forallz € H and alln € N. [J
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Let f: H — (—o0,+0o0]. The geodesic lower directional derivative of f at x € H along a
geodesic v € I',(H) is defined as

1 (x;7) := liminf fy) — f(@)

Analogously the geodesic upper directional derivative, denoted by f’ (z;7), is defined with
liminf replaced by limsup. If both limits exist and coincide then we say f is geodesically
differentiable at x along v € I',(H) and denote it by f'(x;~y) (compare with (3.19)).

Theorem 6.23. Let f", f : H — (—o0,+00] be a sequence of closed convex functions
such that

(i) VA > 0,Yz € H it holds lim, JYz = Jyx

(i7) (f™)nen satisfies the normalization condition with (x,)nen such that x, — xo C H
(iii) lim,, f) \(7e;77) = fA(@y) for all v € Ty (H) and x; € v where t € [0, 1].
Then Y\ > 0,Yx € H it holds lim,, f{(z) = fi(z).

Proof. Let (f™)nen, f satisfy the normalization condition. Then there exists (z,,), 2o C H
such that lim, x,, = x¢,lim, ["(x,) = f(zo) and lim, [0f"|(x,) = |0f](xo). Let A > 0.
First we claim that lim, f{(zo) = fi(2o). Introduce the variables u,, := J{z, for each
n € N and ug := Jyxg. Note that by assumption (i) for each fixed m € N we have
lim, J{x,, = Jyz,. Since the mapping = +— Jyz is continuous (it is firmly nonexpan-
sive) then lim,, Jyxz,, = Jyzo. By triangle inequality d(J{x,, Jxzo) < d(JYxy, J¥Ty) +
d(J¥xm, Jyxe) and nonexpansiveness of J} we have

A(JY Ty, Jaxo) < d(Tp, Tm) + d(JX T, IaT0)-

Passing in the limit as m,n 1 +o00 we obtain lim,, u,, = lim,, J{z, = Jyzo = up. On the
other hand

™ (un) = f(uo)| < [ (un) = ™ (@) + [ (2n) = f(z0)| + [f(20) = f(uo)|-

By normalization condition and using limy o u,, = limy o JY 2, = 2y, limy o up = limy o Jazo =

xo and lsc of f™ and f implies in the limit as A | 0 and n 1 +oo that lim,, f™(u,) = f(uo).
Again by definition of Moreau envelope

xn) = f(un) + 21)\d(ac,~b,un)2 — f(uo) + 21)\d(930,u0)2 = fazg), as n 7T +oo.

Note that

Ia(wo) < f"(xn) + 21)\01(96’0,9671)2 — f(xg) as n 1 +oo.

On the other hand we have

[ (@o) = (X)) = [ (xn) — 10f"|(xn)d(J w0, 20)
— f(xo) — |0f|(x0)d(Jrxg, T9) > —00 as n T +oo.
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In particular we obtain that —oo < liminf, f{(zo) < limsup,, f¥(xy) < +oco (one can
assume that zy € dom f else there is nothing to show). By Lemma 6.22 we get that
(f¥)nen is equi locally Lipschitz in H. This means that for any bounded domain K C H
there is C'x > 0 such that

lfy(z) — fr(y)| < Ckd(x,y), Vr,ye K,YneN
From this and the estimate
|3 (@0) = (o) | < [fX (o) = fX(@n) [+ [ [N (20) — [a(@o)| < Crd(wn, o) + | f3 (20) — fr(0)]

follows lim,, f{(zo) = fa(zo). Now define g, A(t) := f¥(x:) where x;, := W(z,zo,t) and
x € H is arbitrary. Consider

/ o 1: gn,)\(t + 3) — gn,)\(s)
gn,)\(t) T £1_1;% s

Since fy is convex for each n € N then it is absolutely continuous on every geodesic
segment. In particular g;, ,(t) exists almost everywhere on [0, 1], it is Lebesgue integrable
on the interval [0, 1] and satifies

)= o) + [ gty (6.25)

On the other hand g, \(t) = f,, \(2s;7)d(zo, x) where v € 'y (H) connects xy with x
and x; € 7. Assumption (iii) implies lim, g, \(t) = g\(t) for all t € [0,1]. Moreover
equi locally Lipschitz property of (fY)nen implies that sup,, g, \(t) < Ckd(zo, ) for any
bounded domain K around xy and z € K. By Lebesgue dominated convergence theorem
we obtain in the limit

1 1
lim f3(2) = fa(eo) + [ limga(6)dt = fao) + | g(t)dt = fila)



CHAPTER 7

FIRMLY NONEXPANSIVE OPERATORS IN HADAMARD

SPACES
7.1. FIXED POINT THEORY
7.1.1 Some history
Many mathematical problems can be formulated in the following form:
solve Tx = x (7.1)

When T is an operator from one space X to itself often the solution * to problem (7.1)
is called a fized point of T'. An old and celebrated theorem of Banach [10], also known as
Banach fixed point theorem, ensures under certain conditions the existence and uniqueness
of a fixed point. This theorem also provides a method for obtaining an approximation to
the fixed point. The two main assumptions in Banach’s theorem are

(i) the mapping T is contractive;
(ii) the mapping T is an operator from a complete metric space X into itself.

In the study of fixed point iterations in metric spaces, both linear and nonlinear settings,
it is often assumed that the fized point mapping is contractive. The obvious advantage
of such an assumption is that fixed point iterations with such operators converge globally
linearly to a fixed point. However many interesting operators in several applications do
not satisfy assumption i. There are ways getting around this problem. For instance if
the operator T' is merely only nonexpansive then there are at least two effective methods
which guarantee that the iterations converge either in a strong or a weak sense to a fixed
point. The first method is Krasnoselski-Mann iteration, attributed to Krasnoselski [77]
and Mann [35], which arises from the following operator acting in a linear metric space

Te:=(1—-a)Tz+ax, zeX,ac(0,1) (7.2)

87
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The second method is Halpern’s iteration, attributed to Halpern [58], which for a given
point xg € X is defined as

Tz:=(1—a)Tz+axy, ze€X,ac(0,1) (7.3)

Methods (7.2) and (7.3) were successfully employed in a seminal paper by Browder and
Petryshin [38], where they studied fixed points for nonlinear mappings in Hilbert spaces.
During the same time in a series of papers [33], [31], [35], [30] Browder used (7.2) and
(7.3) to investigate fixed points of noncompact nonlinear operators in Hilbert and Banach
spaces and their relations to variational inequalities. Note that (7.2) and (7.3) are convex
combinations of the operator T with identity and a constant operator respectively. In
principle both methods are usable in any metric space X that admits a convex structure
W. So (7.2) takes the form

Tx:=W(Tz,z,a), reX,ac(0,1) (7.4)

and (7.3) becomes ~
Tx :=W(Tz,x0,c0), x€ X, €(0,1) (7.5)

In particular in a Hadamard space (H,d) both methods are meaningful and applicable
where the convex structure W is given by W(z,y,«a) = (1 — a)z @ ay for z,y € H and
a € [0,1]. Analogue theorems as in linear metric spaces can be obtained also for the
case of a Hadamard space (see [13, Theorem 6.2.1, Theorem 6.2.2]). While our list of
references about fixed point theory is by no means exhaustive the interested reader can
refer to some early classical works both in the setting of linear and nonlinear spaces.
To mention a few Halpern [57] studies nonexpansive maps from the unit ball of a real
Hilbert space into itself; in a series of papers Kannan [65], [66], [67], [08] extends Banach
fixed point theorem to metric spaces not necessarily complete; Takahashi [112], [104]
and Shimizu [103] study fixed points of nonexpansive operators in convex metric spaces;
Kirk [71], Kirk and Panyanak [70] investigated fixed points in CAT(0) spaces and R-
trees.

7.1.2 Departure in Hadamard spaces

There is another way around the problem when an operator 7' defined on some metric
space (X, d) does not satisfy assumption i. We are motivated by the following observation
in a Euclidean space E. If T : E — E is some mapping, possibly exzpansive, if the set
of its fixed points FixT := {z € E|Tx = x} is sufficiently attractive as characterized
by metric subreqularity of the operator T' with respect to its fixed points Fix T, then for
any initial point close enough to Fix T, the sequence {Tx, },en can be shown to converge
linearly to a fixed point (see for instance [34] or [33]). The purpose of the present study is
to lay the foundations for the extension of these methods to Hadamard spaces. We follow
the framework established in [841] which is built on only two fundamental elements in the
Euclidean setting:

(i) pointwise almost a-averaging [34, Definition 2.2];
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(ii) and metric regularity [60, Definition 2.1.b].

Almost averaged mappings are, in general, set-valued. In Hadamard spaces, there are sev-
eral difficulties that arise: first, there is no straight-forward generalization of the averaging
property since addition is not defined on Hadamard spaces; and second, multivaluedness,
which comes with allowing mappings to be expansive. The issue of multivaluedness intro-
duces technical overhead, but does not, at this early stage, seem to present any conceptual
difficulties. We therefore restrict our attention to an appropriate generalization of single-
valued, pointwise a-averaged mappings. The main contribution is establishing a calculus
for these mappings in Hadamard spaces, showing in particular how the property is pre-
served under compositions and convex combinations. This is of central importance to
splitting algorithms that are built by such convex combinations and compositions. We
then apply this theory in the study of cyclic projections, averaged projections, projected
proximal mapping and projected gradient flow.

7.2. HILBERT SPACE REVIEW

Let (H,| - ||) be a Hilbert space equipped with its canonical norm || - |. An operator
T : H — H is called nonexpansive whenever

[Tz =Tyl <llz—yl, Vo,yeH (7.6)

A pointwise localization of this notion was used heavily in [31]: T : H — H is pointwise
nonexpansive at y € D C ‘H on D whenever

[Tz =Tyl <llz—yl, VzeD. (7.7)

This is just pointwise local Lipschitz continuity of T" at y with constant 1. This is variously
referred to as one-sided Lipschitz continuity or calmness, respectively with constant 1.

An operator T : H — H is called firmly nonexpansive whenever

This too can be relaxed to the pointwise local version whenever the inequality above
holds only at y € D C H for all x € D, in which case we say that T is pointwise
firmly nonexpansive at y on D. It is clear that (7.8) implies (7.7) as a direct consequence
of Cauchy-Schwarz inequality. A mapping 7T is firmly nonexpansive if and only if the
mapping A = T~! — 1Id is monotone [19, Theorem 3.6]:

(x —y, Ax — Ay) > 0 Va,y € H. (7.9)

In other words, firmly nonexpansive mappings are the proximal mappings of monotone
mappings, where the proximal mapping of A is defined by J4 = (A + Id) L.
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Another important class of mappings are a-averaged operators. An operator T : H — H
is a-averaged with averaging constant « € (0,1) whenever the operator A : H — H
defined by

T:=(1—-a«a)ld+ad (7.10)

is nonexpansive. Equivalently, an operator T': H — H is a-averaged on a Hilbert space
‘H with constant a € (0, 1) if and only if the following inequality holds

1l -«

1Tz = Ty|* < |z —yl|* - IId~T)z — (A -T)yl*,  Ve,yeH.  (7.11)

Q

Rearranging terms yields the equivalent characterization
T2z — Ty||* 4+ (1 — 20)||z — y||* <2(1 — a)(z — y, Tz — Ty), Ve,y e H. (7.12)

The mapping 7' is only pointwise a-averaged at y on D C H when the corresponding
operator A in (7.10) is only pointwise nonexpansive at y on D, or, equivalently, when
inequalities (7.11) and (7.12) hold only at y € D for all x € D.

Note that when a = 1/2, (7.12) is just the inequality defining firmly nonexpansive map-
pings. Denoting the set of firmly nonexpansive operators by F(#H) and the set of a-
averaged operators with constant o by A,(H) we thus have

Aipp(H) = F(H), (7.13)

i.e. an operator T is firmly nonexpansive when it is a-averaged with parameter o = 1/2.

In a Hilbert space it is known that convex combinations of a-averaged operators are also a-
averaged, though not necessarily with the same constant. In particular, if {77, Ts,..., T}
is a finite collection of a-averaged operators from a subset of H to H, each with constant
a; € (0,1), then the convex combination 7= 7, \;T; (\; € [0,1], and 7, \; = 1) is a-
averaged with constant v = max;{c;} (see, for instance, [11, Proposition 4.30]). Similarly,
compositions of finite collections of a-averaged operators are a-averaged, though not with
the same constant [, Proposition 4.32] : T' = TjoTy0- - -0T7} is a-averaged with constant

1
= : 7.14
Ty 1 (7.14)

max;er{a;}

7.3. FIRMLY NONEXPANSIVE OPERATORS

7.3.1 Discrepancy of an operator

The notion of nonexpansiveness (7.7) applies equally well in Hadamard spaces as for linear
spaces. Averagedness is not so straight-forward. To generalize the notion of averaged
operators, the expression (7.10) would be written as

T =W(A,Id,«) for some«a € (0,1) (7.15)
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where W (A, Id, a) := (1—a)Id ®aA and A is a nonexpansive operator as defined by (7.7)
with the norm replaced by the metric d. However this definition in a Hadamard space is
ambiguous since for each x € H it requires extension of geodesics beyond point Tz and,
moreover, even if such an extension exists, it is not generally unique. The characterizations
of firmly nonexpansive mappings (7.8) and a-averaged mappings (7.12) are specialized to
linear spaces, though there are notions of an ‘inner product’ for nonlinear spaces which
formally capture the idea. Note, however, that given four points x,y,u,v in a Hilbert
space ‘H we have the identity

1
(o =y u—v)=5le=vl* +lly = ul® = o= ul’ = lly = o[*). (7.16)

The expression on the right side of (7.16) does not require any linear structure, and so
makes sense for a Hadamard space when written in terms of the metric. Indeed, given
four points x,y,u,v € H, we define the mapping A: H x H x H x H — R by

Az, y,u,v) := ;(d(:z:, v)? +d(y,u)® — d(z,u)* — d(y,v)?). (7.17)

This object was used in a quasilinearization of the metric d(-,-) in a metric space (M, d)
by Berg and Nikolaev [24]. In the context of characterizing the regularity of a mapping T,
u = Tz and v = Ty; for convenience we denote Ar(x,y) := A(z,y, Tz, Ty) and refer to
this as the discrepancy of the operator T' at x,y € H x H. It follows by definition (7.17)
that Ar is symmetric i.e. Ap(z,y) = Ap(y,x). Moreover by continuity of the metric
Ar is continuous on H x H whenever T is a continuous mapping. Also straightforward
calculations show that Ap vanishes whenever T is a constant map and equals d(z,y)?
when T coincides with the identity operator Id.

7.3.2 o-firmly nonexpansive operators

A natural way to define firm nonexpansiveness of an operator T in a Hadamard space
(H,d) is in terms of the discrepancy of T

d(Tx, Ty)* < Ar(z,y) Vo, y € H. (7.18)
When this holds only pointwise at y on a neighborhood D C H of y we write
d(Tz, Ty)* < Ap(z,y)  Vx e D. (7.19)

This provides for a natural extension of monotonicity: an operator 7' : H — H is mono-
tone whenever

Ar(z,y) =20, Vr,y € H. (7.20)

If this inequality holds strictly then we say T is strictly monotone. From these definitions
it follows that if 7" is firmly nonexpansive then 7" is a monotone operator.
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Figure 7.1: Let S, and B(0,7) denote the circle and the open ball of radius r > 0 re-
spectively centered at the origin 0 in the Euclidean plane R?. The opera-
tor T : R? — R? defined as T'(z) = 0 for z € S, U {0}, T(z) = Ps,x for
r € R?\ cIB(0,7), and T(x) = rz/||z|| otherwise, is firmly nonexpansive at 0
on the complement of the open ball B(0, ), i.e. D := {0} and E := R*\B(0, r).

In a Hilbert space it is an immediate consequence of the Cauchy-Schwarz inequality that
firmly nonexpansive operators are nonexpansive. In the context of metric spaces the
Cauchy-Schwarz inequality corresponds to the inequality

Az, y,u,v) < d(x,y)d(u,v). (7.21)

However (7.21) does not hold for general metric spaces. Restricting ourselves to metric
spaces where (7.21) holds — call these Cauchy-Schwarz metric spaces — then thanks to [24,
Theorem 1, Corollary 3], a metric space is Cauchy-Schwarz if and only if it is a CAT(0)
space. Since a Hadamard space is a complete CAT(0) space then (7.21) holds. It follows,
then that firm nonexpansiveness implies nonexpansiveness in Hadamard spaces.

The characterization of a-averaged mappings (7.12) can be extended to a general Hadamard
space (H,d) by using its metric and the discrepancy Arp.

Definition 7.1. Let (H,d) be a Hadamard space and D, E C H. An operatorT : H — H
is pointwise c-firmly nonexpansive at y € D on E if there exists an a € (0,1), possibly
depending on y, such that

d(Tz, Ty)* + (1 — 2a)d(z,y)* < 2(1 — @)Ap(z,y), VrekE (7.22)

If (7.22) holds for ally € D with the same « and D = E then T is a-firmly nonexpansive
on D. If D= FE = H the mapping T is simply said to be a-firmly nonexpansive. If the
set of fired points FixT # ) and D = FixT, E = H then T is said to be a quasi a-firmly
nonezrpansive operator.

The sets D and E need not have nonempty intersection. Figure 7.1 shows such an example.
In the special case when D C E then the operator T' is nonexpansive on D and therefore
continuous on D. The relation (7.13) holds in Hadamard spaces as well. Indeed, from
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(7.22) it follows that an operator T': H — H is a-firmly nonexpansive with o = 1/2 if
and only if it is firmly nonexpansive. Hence F(H) = Ay 5(H).

On the other hand (7.22) can be equivalently written as

1l -«

d(Tx,Ty)* < d(z,y)” — (d(z,y)* = 2A7(2,y) + d(Tx, Ty)?). (7.23)

By Cauchy-Schwartz inequality it follows that

In the particular case when T is a quasi a-firmly nonexpansive operator inequality (7.23)
reduces to

1—
d(Txz,y)* < d(z,y)* — Jd(w,T:ﬂ)z, Va € H. (7.24)
a

With these observations we summarize the above discussion with the following lemma
and corollary.

Lemma 7.2. An a-firmly nonexpansive mapping T : H — H on a Hadamard space (H,d)
is also nonexpansive.

Corollary 7.3. An operator T : H — H is quasi a-firmly nonexpansive if and only if
inequality (7.24) holds true.

7.4. CALCULUS OF a-FIRMLY NONEXPANSIVE OPERATORS

7.4.1 Preliminary results

Nonexpansiveness is preserved under compositions and convex combinations, as the next
result shows.
Proposition 7.4. The set of all nonexpansive operators in (H,d) is closed under com-
positions and convex combinations.
Proof. Let T, S : H— H be two nonexpansive operators. Define R :=TS. Then for any
x,y € H we have

d(Rz, Ry) = d(T'Sz, T'Sy) < d(Sz, Sy) < d(z,y)

Now let A € (0,1) and define R := (1 — X\)T @ AS. By Theorem 2.8 in a Hadamard space
the metric is jointly convex therefore for any z,y € H we have

d(Rz, Ry) < (1 — N)d(Tx,Ty) + Ad(Sx, Sy)
On the other hand assumption 7" and S are nonexpansive yields
d(Rx, Ry) < (1= A)d(z,y) + Md(z,y) = d(z,y)
hence d(Rz, Ry) < d(z,y) as desired. This completes the proof. O
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An operator T : H — H is called contractive if there exists some positive number § < 1
such that
d(Txz,Ty) < dd(z,y), Yo,y € H (7.25)

It is clear from the definition that a contractive operator is nonexpansive. Moreover
routine calculations like those in Proposition 7.4 imply that contractive operators are
closed under compositions and convex combinations. More specifically if 7,5 : H — H
are contractive with contraction parameters dy,d, then R = T'S (likewise R = ST) is a
contraction with parameter § = d10o. And if R = W(S,T, ) for A € (0,1) then R is a
contraction with parameter 6 = (1 — X\)d; + Ada.

For an operator 7' : H — H and z,y € H define ¢r(t) = d(us,vy) for t € [0,1] where
u, = W(Tx,z,t) and v, := W(Ty,y,t). There is a notion of firm nonexpansiveness in
the literature that employs the function ¢r(t) according to which an operator T': H — H
is firmly nonexpansive whenever ¢r is nonincreasing on [0, 1], see for example Bacak [13]
or for its appications in the so called W -hyperbolic spaces in Lopez et al. [3]. However
this notion of firmly nonexpansive mappings was originally introduced by Bruck [62] in
the context of Banach spaces and by Browder [37], under the name firmly contractive, in
the setting of Hilbert spaces. To distinguish between Bruck’s notion and our definition
of firm nonexpansiveness we refer to the former as strong firm nonexpansiveness. This is
motivated by the following elementary observation.

Proposition 7.5. If ¢r(t) is a nonincreasing function on [0,1] for all x,y € H then T
is a firmly nonexpansive operator in the sense of (7.18).

Proof. Assumption ¢7(t) is a nonincreasing function on [0, 1] for all z,y € H implies that
or(1) < or(t) for all t € [0, 1]. On the other hand strong convexity of the metric implies

¢2(t) = d(ug,v,)* < (1 —t)*d(z,y)? + t*d(Tx, Ty)?
+t(1 —t)[d(x, Ty)? +d(y, Tx)* — d(z, Tz)* — d(y, Ty)?]

Hence we have
¢7(1) = d(Tx, Ty)* < (1 — t)%d(x,y)* + t?d(Tz, Ty)* + 2t(1 — t) Ap(z, y)
equivalently
(1= t)d(Tz,Ty)* < (1= t)%d(2,y)* + 2t(1 — ) Ar(z, y)
Dividing by 1 — ¢ and letting ¢ + 1 we obtain d(Tz, Ty)? < Ar(z,y). O
Let T': H — H be an operator such that Fix T # (. We say T is quasi nonexpansive if

d(Tz,y) < d(z,y), Yy € FixT,Vx € H (7.26)

Lemma 7.6. Let T': H — H be a quasi nonexpansive operator. Then FixT is a closed
convex set.
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Proof. Clearly Fix T' is nonempty by definition of quasi nonexpansiveness. Let (2, ),en C
FixT be a sequence of fixed points of T converging to some element x € X. Then by
triangle inequality and quasi nonexpansiveness we obtain

d(Tz,z) < d(Tz,x,) + d(z,, x) < 2d(z,, ).

In the limit as n T 400 we obtain d(T'z,z) = 0 and thus « € FixT. Therefore Fix T is a
closed set. Now let 1, x9 € FixT and s € [0, 1]. Consider the element x; := (1—s)x1Dsws.
Then by strong convexity of the metric we get

d(Txs, 75)* < (1= 8)d(Txg,x1)* + sd(Txs, v2)* — s(1 — 8)d(zy, 7).

Because T is quasi nonexpansive then d(Txg,z1) < d(zs, 1) and d(Txs, x2) < d(ws, o).
Applying once more strong convexity we finally get the upper estimate

d(Txg,1)* < (1 — 8)[sd(x1,29)* — s(1 — 8)d(w1, 72)?]
+ 5[(1 — 8)d(x1, 22)* — 5(1 — 8)d(w1,22)?] — s(1 — s)d(x1,25)? = 0.

Therefore zs € FixT. Since x1,2 € FixT and s € [0, 1] are arbitrary then FixT is a
convex set. ]

7.4.2 Compositions of a-firmly nonexpansive operators

In this section we show how the composition of two a-firmly nonexpansive operators is
again a-firmly nonexpansive. In general this does not hold, but the property does hold
pointwise at fixed points of the composite operator, and for many applications this is all
that is needed. The next result requires the following quantities:

L(z,y) = d(z,y)* — 2As(z,y) + d(Sz, Sy)%; (7.27a)
M(x,y) = d(Sxz, Sy)* — 2A71(Sx, Sy) + d(TSx, TSy)?*; (7.27b)
U(z,y) = Ars(x,y) + d(Sz, Sy)* — Ag(x,y) — Ar(Sx, Sy);  (7.27c)
V(z,y) = d(z,y)* — 2A75(x,y) + d(T'Sz, TSy)*. (7.27d)

Lemma 7.7. Let S : H — H be pointwise a-firmly nonexpansive aty on H with constant
ag and let T : H — H be pointwise a-firmly nonexpansive at Sy on H with constant ar.
Then the composition T'S is pointwise a-firmly nonexpansive at y on H with constant

ag + ar — 2agar

= .2
ars 1 —agar (7.28)
whenever
1— 2 1-— 2 1-— 1-—
( aS) L(fv,y)+( aT) M(x,y)+2< aS)( aT)U(I7y)>07 Vr € H,
Tog TOT Tg T
(7.29)
where
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Proof. Since T is pointwise a-firmly nonexpansive at Sy with constant ar on H we have
d(T Sz, TSy)* + (1 — 2a7)d(Sz, Sy)? < 2(1 — ar)Ap(Sz, Sy) VSx € H.

This is equivalent to

9 1—OéT

d(TSz,TSy)* < d(Sz, Sy) [d(Sz, Sy)? — 2A7(Sz, Sy) + d(T'Sz, TSy)?)]

ar

for all Sz € H. On the other hand, since S is pointwise a-firmly nonexpansive at y on H
with constant ag we have

1 _
d(TSz,TSy)* < d(z,y)* — - Y5 d(z,y)? — 20g(x,y) + d(Sz, Sy)?)]
S
1 _
B aaT[d(Sxasy)Q_2AT(Sany)+d(TS:E7TSy)2]
T

for all x € H. A short calculation yields

1_aSL+1_aTM: (1—a5>2L+(1—aT>2M+

TOg TOT TAg TOT
() e+ () v
Tag Tar Tag Tar
where 7 is given by (7.30) and L, M, U and V are given by (7.27). By the Cauchy-Schwarz
inequality we have L, M > 0. If inequality (7.29) holds, then

l_aSL—i—l_aTM}(1_a5><1_aT>V.

TOg TOT TOg TOT

Therefore

1- 1-— 1/1— 1-—
d(TSz,TSy)* < d(w,y)* — —2L — aTM<d(x,y)2_( aS)( aT>V'

Qg ar T Qg (0%y
Subsituting for V, 7 and arg we obtain

1_04TS

d(TS:U7 TSy)2 < d(l’, y)2 - [d([E, y)2 - 2ATS('Z'7 y) + d(TS:U7 Tsy)Q]

arg

Rearranging terms the last inequality is equivalent to
d(TSz, TSy)* + (1 — 2ars)d(z,y)* < 2(1 — ars)Ars(z,y) Vo € H,
as claimed. O]

Lemma 7.8. Let S be pointwise a-firmly nonexpansive and let T' be pointwise nonerpan-
sive at all y € FixTNFix S # () on FixTS. Then FixTS = FixT NFix S.
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Proof. The inclusion FixT N Fix S C FixT'S is obvious. Now let z € FixTS and y €
FixT N Fix S. There are three mutually exclusive cases. First let Sz € FixT then
Sx = TSz = x implies x € FixT N FixS. Second let x € Fix S then x = TSz =Tz
implies x € Fix TN Fix S. Finally, let ¢ Fix S and Sz ¢ FixT. This yields

d(x,y)2 = al(TSx,Ty)2 < d(Swz, y)2 =d(Sx, Sy)2

1_
<d(z,y)? — —

[d([L’, y)2 - ZAS(xa y) + d(va Sy)2]

where the first inequality follows from pointwise nonexpansiveness of T, and the second
inequality follows from pointwise a-firm nonexpansiveness of S at y with some constant
a on FixT'S. Assumption y € Fix S and x ¢ Fix S imply

A(Sz,5y)* < d(w,y)* =+ d(w, S0 < dz, )"

but d(x,y)? < d(x,y)? is impossible. Therefore FixT'S C Fix T N Fix S. ]

Theorem 7.9. Let S be quasi a-firmly nonexpansive with constant ag, let T be quasi
a-firmly nonexpansive with constant ar, and let Fix T N Fix S # (0. Then the composite
operator T'S is quasi a-firmly nonexpansive with constant arg given by (7.28).

Proof. By Lemma 7.7, it suffices to show that inequality (7.29) holds at all points y €
Fix T'S. Note assumption Fix T'NFix S # () implies by Lemma 7.8 that Fix T'S = FixT'N
FixS. Then for y € FixTS, we have L(z,y) = d(x,Sx)?, M(z,y) = d(Sz,TSz)* and
2U(x,y) = d(x, Sz)?>+d(Sx, TSz)*> —d(x, TSx)?, where L, M and U are defined in (7.27).
Then from (7.29) it suffices to show that

<1 — 0‘5)2d(x, Sx)? + (1 — O‘T)zd(sx, TSz)?

TOg TOT

N (1 - 0‘S> (1 - aT) (d(z, Sz)? + d(Sz, TSx)? — d(z, TSz)’] > 0

TAg TOT

for all x € H, where 7 is given by (7.30). If we let k := %/% then it is equivalent
to prove that

Kk+1
K

(k +1)d(z, Sx)* + d(Sz,TSx)* —d(z,TSx)* > 0

for all x € H. On the other hand we have the elementary inequality
1
rkd(x, Sz)? + ;d(Saz, TSz)? > 2d(x, Sx)d(Sx, T'Sx), VK >0

which together with the triangle inequality d(z, Sz) + d(Sxz, T'Sz) > d(x, T'Sz) imply

kK—+1
K

(k +1)d(z, Sx)* + d(Sx,TSx)* > (d(x, Sz) + d(Sx, TSx))?* > d(x, TSx)?,

for all x € H, which completes the proof. O
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7.4.3 Constructing a-firmly nonexpansive operators from
nonexpansive maps

Let S : H — H be a nonexpansive operator and A € (0,1). Consider the operator
T : H — H as a convex combination of the identity Id and S with parameter A i.e.
T =W(S,1d, \). For z,y € H by strong convexity we have the inequality

d(Tz, Ty)* < (1 — N)?d(x,y)* + N\?d(Sz, Sy)?
— A1 = N)(d(x, Sx)* + d(y, Sy)* — d(x, Sy)* — d(y, Sx)?)

Using the definition for Ag(x,y) and proper rearrangement of terms the last inequality is
equivalent to

d(Tz, Ty)* < (1 — Nd(z,y)? + Md(Sz, Sy)?
- /\(1 - /\)(d(I,Q)2 - 2AS(5L‘7 y) + d(S[E, Sy)Q)

By assumption S is a nonexpansive map, so d(Sz, Sy) < d(z,y) and

d(Tx, Ty)? < d(z,y)* — M1 — N)(d(z,y)* — 2Ag(x,y) + d(Sx, Sy)?). (7.31)

A short argument shows that Fix T' = Fix S. The inclusion Fix S C Fix T is obvious. For
the other inclusion, let z € FixT then 0 = d(z,Tx) = Ad(x,Sx) implies d(x, Sz) = 0
whenever A > 0, hence x € Fix S.

Now, for y € Fix S the inequality (7.31) reduces to

1—A
d(Tz, Ty)* < d(z,y)* — M1 — N)d(x, Sz)* = d(z,y)* — Td(:c,Tx)2. (7.32)
But y € FixS means y € FixT and the algebraic expression d(z,y)* — 2Ar(z,y) +
d(Tz, Ty)?* reduces to d(x,Tx)?. Therefore

1—A
d(T{L’, Ty)2 < d(l‘, y>2 - T(d(x7 y)2 - 2AT(x7 y) + d(TI7Ty)2), Vo € H7 V@/ € FixT
implies that T is quasi a-firmly nonexpansive with constant A on H. Altogether these
observations yield

Theorem 7.10. For any nonezpansive map S : H — H and all X € (0,1), the convex
combination T = W (S,1d, \) is quasi a-firmly nonexpansive with constant \.

The assumptions on .S in Theorem 7.10 could be relaxed to pointwise nonexpansiveness at
y € Fix T, but the salient point here is that the stronger assumption of nonexpansiveness
of S does not yield a stronger result for the convex relaxation.
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7.4.4 Convex combinations of a-firmly nonexpansive operators

7.4.4.1 Convex combinations of elements

While for two elements x,y € H their convex combination is well defined by the convex
structure W, the lack in general of an additive structure in H makes the concept of
convex combination of more than two elements somewhat ambiguous. However one way
to define convex combinations of more than two elements would be the following. To
keep arguments simple say we are given three points x,y,z € H and three numbers
wy, we, wy € [0, 1] such that w; + we + w3z = 1. Then the following expressions

w1 + Wo w1 + Wo
(wy + w3)< z) @ wix
w1 W3

w w
(w1+w2)< L 2o 2 y)@wgz
w w
2 v 3
Wog + W3 Wo + W3
w1 +w ( TP z)@w
( 1 3) w1 + ws Wy + ws 2Y

seem all reasonable choices for a convex combination of z,y,z. But they are not guar-
anteed to be equal unless H admits an additive structure like in the case of a Hilbert
space. Notice that by construction all three expressions are in thr*{z,y, 2} and hence
by Theorem 4.15 all three are in the convex hull co{z,y, z}. Now which one to choose
as a representative for the convex combination of x,y, z is not obvious. However there
is another way to define convex combinations. This method is based on the barycenter
method or equivalently the Fréchet mean. To be more precise let zy, 2o, ..., x, € H and
Wy, Wy, ..., wy, € [0,1] such that >, w; = 1. Then we define the convex combination z* as
the solution to the minimization problem

) o~ 2
min F(z) = ; w;d(x, ;) (7.33)
The existence and uniqueness of z* follows from (7.33) being strongly convex. With some
abuse of notation we denote

* = w1, D waks D ... D w,T, (7.34)

It follows from (7.33) and definition (7.34) that a* = W (xy, 2, w) when only two points
x1, Ty are to be considered and w; = w, ws = 1—w. The geometric interpretation of (7.34)
is as the unique point lying in clco{zy, 2, ..., x,} which minimizes the functional F' (see
Proposition 4.23). There is a clear trade off when choosing (7.33), (7.34) for definition
of convex combination. While it guarantees uniqueness it takes us to the closure of the
convex hull instead of the convex hull itself. However for Hadamard spaces of finite type
this is not a problem since the convex hull of any compact set, and in particular of any
finite set, is compact. And hence x* would lie in the convex hull.
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7.4.4.2 Convex combinations of operators

Having defined convex combinations of an arbitrary finite set of elements in H then it
is easy to define the convex combinations of operators. Let Ty,T5,....,T,, : H — H be
a family of operators. An operator T : H — H is said to be a convexr combination of
Ty, Ty, ..., T, for a given set of weights wy, ws, ..., w, € [0, 1] if

P 1 - . . 2
Tx = arg min ; wd(y, T;x) (7.35)
and we denote it by
T := w1T1 D w2T2 D...D U}nTn (736)

Lemma 7.11. Let T; be quasi a-firmly nonexpansive with o; € (0,1) fori = 1,2,...,n
and T be given by (7.36) then N; Fix T; = Fix T' whenever N; Fix T; # ().

Proof. Assume (), FixT; # 0 and let x € N, Fix T; then by (7.35) follows
_ 3 - . )2 — 1 - . 2 — i 2 =
Tz = arg rylgg;;wzd(y,ﬂx) arg ggg;wzd(% z)” = argmind(y, z)° = o

This shows N; FixT; C FixT. Now let # € FixT and y € N; FixT;. Note that d(-, T;z)?
is strongly convex with parameter p = 2 for every ¢ = 1,2, ..., n. Therefore the functional
F(-) :== ¥, wid(-, Tyw)? is strongly convex as a finite sum of strongly convex functions with
parameter y_; 2w; = 2. By virtue of Proposition 6.11 the following inequality holds

F(Tx)+d(Tx,y)* < F(y), Yy e H (7.37)
In particular since x € Fix T then
F(x)+d(z,y)* < Fly), Yye H (7.38)

By assumption 7; is quasi a-firmly nonexpansive for every i = 1,2, ...,n. Then Corollary
7.3 implies

2_1—061'

d(Tyz,y)* < d(x,y) d(z, Tyx)?, Va € H,Vy € Fix T,

i
Therefore in aggregate we obtain

n

Z@Uz’d(Tz’fEa y)2 < d(ﬂfa?/)Q - sz’
i=1

=1

1—061'

d(z, T;x)?, Vo € H,Vy € (\FixT;

Q;
By inequality (7.38) and definition of F' we get

0< Fz) <= w; a

i—1 o

d(z, Tjx)* <0, Vo € FixT

Therefore T;z = x for all ¢ implies Fix T C N, FixT;. O
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Remark 7.12. Note that the above lemma still holds under slightly milder condition that
the operator T; be strictly quasi-nonexpansive for every i =1,2,...,n, i.e.

d(Tiz,y) < d(z,y), Yy € FixT;,Vo € H \ FixT; (7.39)

Similarly for the operator S in Lemma 7.8 the condition can be relazed to just strictly
quUasi-nonerpansive.

Suppose that T; is quasi a-firmly nonexpansive with some constant «; € (0,1) for i =
1,2,...,n. We would like to know under what conditions is 7' = w1} & ... ® w, T}, a quasi
a-firmly nonexpansive operator.

Theorem 7.13. Let T; : H — H be a family of quasi a-firmly nonexpansive operators
with parameters oy for i = 1,2,...,n. If N, FixT; # 0 then the operator T : H — H
defined as in (7.36) is quasi a-firmly nonexpansive with parameter o = max;{c;}.

Proof. Inequality (7.37) implies d(Tx,y)* < F(y) for all y € H . Using the definition of
the functional I’ and assumption 7} is quasi a-firmly for all « = 1,2, ..., n by Corollary 7.3
we obtain

d(Txz,y)* < Zwl d(Tyz, x)?, Vy € (FixT; (7.40)

0%}

This inequality is meaningful since by assumption N, FixT; # (. Moreover by Lemma
7.11 we have Fix T = N, Fix T;. Therefore (7.40) is equivalent to

d(Txz,y)* < Zwl —d(Tix ,2)?, Vy € FixT (7.41)
From (7.41) we also get
1=
d(Txz,y)* < d(z,y)? a sz (Tyw,x)?, Yy € FixT (7.42)

where « := max;{«;}. By definition of F this is the same as

1 _
d(Tz,y)* < d(z,y)> — —=

F(z), Yy € FixT (7.43)

In (7.37) we have in particular d(Tz,x)? < F(x). Therefore

11—«

d(Tz,y)* < d(z,y)* — d(Tz,r)*, Yy € FixT (7.44)
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7.4.5 Computing the averaged operator

If F: H— H is some mapping denote by F™ := Fo Fo..oF forn € N. Given a Isc
n—times

convex function f : H — (—o00,400] and zy € cldom f then by virtue of [13, Theorem

5.1.6] the following limit

Syrg = lim Wz, (7.45)
k

exists for every t > 0. The mapping S; : cldom f — cldom f is nonexpansive and it is
known as the gradient flow. In the special case when the function f is of the form

f=> 1 (7.46)
i=1
where each f; is a Isc convex function then by Lie-Trotter-Kato formula (see [13, Theorem
5.3.7]) the gradient flow S; satisfies the following limit
Sewo = lim(J§ o Ji oo J%)%O (7.47)
3 k

for every t > 0 and zy € cldom f. Here J denotes the proximal mapping of the function
k

fi with parameter ¢ /k. Formula (7.47) can be applied in particular to the functional F(-) =

S wid(e, Tyx)? where {T;}1, is a family of quasi a-firmly nonexpansive operators. But

the functional F' satisfies even stronger conditions, it is continuous and strongly convex

with strong convexity parameter g = 2. An application of [13, Proposition 5.1.15] for the
gradient flow of F' yields the following inequality
d(Six, S1y) < exp(—t/2)d(z,y), Vz,y € cldom F,Vt > 0 (7.48)

In particular inequality (7.48) implies that the mapping S; is contractive and if y = Tz is
the minimizer of the functional F', hence a fixed point of the mapping S; for every ¢t > 0,
then for any xg € cldom F' the limit lim; S;xq = T'x is valid.

7.5. CycLiC PROJECTIONS AND OTHER METHODS

7.5.1 Cyclic projections

Let (C;)Y, be a family of closed convex sets in a Hadamard space H. Denote by P; := P,
the metric projection onto C; for all ¢ = 1,2,...,N. Suppose that N, C; # 0 and let
C := ), C;. Denote by Pg the metric projection onto C'. For a given arbitrary point
x € H the cyclic projection method is defined as follows

To:=x and @, := Pyr,_1,n=1,2,3, .. (7.49)

where [n] := n( mod N)+ 1 € {1,2,...,N}. In particular z,y = (PnvPn_1...P1)"x0.
Given a set S C H and a sequence (Z,)nen in H we say (z,)nen is Fejér monotone with
respect to S whenever
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Lemma 7.14. The sequence (x,)nen in (7.49) is Fejér monotone with respect to C. In
particular it is bounded.

Proof. Let y € C then y € C; for all ¢+ = 1,2,..., N. Since P; is nonexpansive for all
1=1,2,..., N then

d(xna 3/) = d(P[n}xnfh y) = d(P[n]xnfla P[n}y) < d(mnfla y)

From last inequality it follows that d(z,, o) < d(xg,yo) < +o0o for some yy € C. Hence
(Zn ) nen is bounded. O

Proposition 7.15. The following holds Fix P = Fix Po where P := PyPn_1...P;.

Proof. For every i = 1,2, ..., N from Corollary 2.10 holds
d(z, Px)* + d(Pa,y)* < d(z,y)*,  VyeC

On the other hand, since Fix P; = C}, short calculations show that the last inequality is

equivalent to
d(Pz,y)* < Ap(z,9), Vo € H,Vy € Fix P,

Therefore P; is quasi-firmly nonexpansive operator for every ¢ = 1,2, ...,n. By definition
the operator P is a composition of quasi-firmly nonexpansive operators. An iterative
application of Theorem 7.9 implies that P is also quasi-firmly nonexpansive and

FiXP:ﬂFiXP,- = ﬂC’i =(C =Fix Po

[]

Theorem 7.16. Let (z,)nen be generated by (7.49). Then x,, converges weakly to some
element x* € C'. Moreover lim,, d(Pox,,z*) = 0.

Proof. Tt suffices to show for the subsequence (#,)nen Where %, := z,,v for each n € N.
By definition z,, = P"xq where P = PyPy_;...P;. By Proposition 7.15 we have

d(Pén_1,9)? < d(#n_1,y)? — d(#n_1, Pin_1)?,  Vy € Fix P
Since Fix P = C then
d(Zp_1, Pin_1)? < d(Zn_1,y)* — d(Pin_1,v)?, VyeC
Moreover by Lemma 7.14 lim,, d(%,,C) = [ for some [ > 0 and using &, = P%,_; yield
lim d(#, 1, Pén1)* < limd(#,1,y)* = lim d(,,9)* = 0

hence lim,, d(%,_1, PZ,-1) = 0. On the other hand the sequence (z,)nen is bounded
and in particular so is the sequence (2, ),en. Therefore (2,)nen has a weakly convergent
subsequence (&, )ren, 2y &n, — o*. Then

limsup d(Pz*, &,,) < limsup(d(Pz*, PZ,,) + d(PZ,,,T,,)) < limsupd(z*, Z,,)
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The last inequality follows since P is nonexpansive operator and the limit of the second
term in the middle vanishes. Moreover this inequality shows that Px* is an asymptotic
center for the subsequence (Z,, )ken. Since asymptotic centers are unique and z* is also
an asymptotic center then Pz* = z*. Therefore 2* € Fix P = C. Now if (Z,,, )men is
another weakly convergent subsequence, say &, -~ 2** then similar arguments show that
z** € C. But C'is a closed convex set and (2, ),en is Fejér monotone with respect to C, it
follows by [13, Proposition 3.2.6 (iii)] that ™ = z* and consequently the whole sequence
satisfies £, — z*. Now by Corollary 2.10 we have

d(Zm, Poim)? + d(Podm, Poin)? < d(Zm, Poin)? (7.51)
which together with Fejér monotonicity implies
d(Ppim, Poin)? < d(&m, Poin)? — d(Zm, Poim)? < d(2n, Poin)? — d(&m, Poim)? (7.52)

whenever m > n. Taking limit in (7.52) as m,n — +oo gives lim,, , d(PoZy,, Po@,) =0
hence (Poip)nen is a Cauchy sequence in C. Because the set C' is closed and hence
complete then Poz,, — = for some x € C. Again by Corollary 2.10 we have

d(#,, Podn)? + d(Poiy, %) < d(3,,2%)* Vn € N.

This implies lim inf,_,,  d(Z,,z) < liminf,_,,  d(Z,,2*). Since the sequence (I, )nen is
bounded then by Opial’s property it follows that z = z*. This completes the proof. [

Corollary 7.17. The sequence (z,)nen generated by (7.49) converges strongly to some
element x* € C' whenever the underlying Hadamard space (H,d) is locally compact.

Historical remarks: Cyclic projections algorithm has a long history in mathematics.
The basic theorem for the case of two intersecting subspaces in a Hilbert space is due to
von Neumann [I13], thereafter it was generalized by Halpern [50] for an arbitrary finite
number of intersecting subspaces. However this generalization was in fact discovered
earlier in 1937 independently by S. Kaczmarz for solving a system of linear equations [(3].
This iterative method is also known as Kaczmarzs algorithm or Kaczmarzs method. The
first statement about cyclic projections for a finite number of intersecting closed convex
sets in a Hilbert space was proved by Bregman [31]. Baillon and Brezis [1/] showed that
(Po(p))nen converged in norm to some element of C'. Bauschke [21, Theorem 6.2.2(iii)]
established in his PhD Thesis that the norm limit of (Po(x,,))neny was in fact the weak limit
of (z,)nen. Later in a series of papers Deutsch and Hundal studied angles between the
convex sets [15], the norm of nonlinear operators [16], and regularity of convex sets [17] all
these in relation to the rate of convergence for cyclic projections method. In this historical
context our Theorem 7.16 can be regarded as an extension of the classical result in Hilbert
spaces to the broader class of Hadamard spaces.

7.5.2 Averaged projections

Let (C;)Y, be a family of closed convex sets in a Hadamard space (H, d) with nonempty
intersection C' # (). Let P; denote the metric projection onto C; as before and Pg the
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metric projection onto C'. Let

1 1 1
Pi=—P @& —P@..¢—P .
N e P e @ Py (7.53)

For a given element x € H the averaged projections method is defined as
x9g:=x and xz,:=Px, 1,n=1,23, .. (7.54)

Note that by definition (7.53) the element Pz,_; solves the problem

N
1
i —d(y, Pix,_1)? =1,2,3,... :
gélfrll; Nd(ya iln 1) ) n ) a37 (7 55)
For each n € N the element Px,_; exists and it is unique.
Proposition 7.18. The operator P defined by (7.53) is a mapping from H onto H that
s quasi-firmly nonexpansive. Moreover Fix P = C.

Proof. 1t is evident by definition that P is a mapping from H onto H. By Theorem 7.13
P is quasi-firmly nonexpansive as a convex combination of quasi-firmly nonexpansive
operators with weights w; = 1/N for all i = 1,2,..., N. Since by assumptions C' # ) and
P; is quasi-firmly nonexpansive for all © = 1,2, ..., N then Lemma 7.11 implies

Fix P=(FixP=(C;=C

This completes the proof. n

Lemma 7.19. The sequence (z,)nen in (7.54) is Fejér monotone with respect to C. In
particular it is bounded.

Proof. By Proposition 7.18 if y € C' then y € Fix P. Therefore
d(l’n,y) = d(Pl‘n,l, Py) < d(xnfla y), Vn € N7vy S C

The last inequality follows from P being nonexpansive on Fix P. In particular it follows
d(xn,y) < d(zo,y) < 400 and hence (z,)nen is bounded. O

Theorem 7.20. Let (z,)nen be generated by (7.54). Then x,, converges weakly to some
element x* € C'. Moreover lim,, d( Pox,,z*) = 0.

Proof. Similar to the proof of Theorem 7.16 but using Proposition 7.18 and Lemma 7.19
instead. o

Corollary 7.21. The sequence (r,)nen generated by (7.54) converges strongly to some
element x* € C' whenever the underlying Hadamard space (H,d) is locally compact.

Note that in literature (7.53)-(7.54) is also known as the Cimmino’s method (see for
instance Bauschke and Borwein’s review on this subject [55] and references therein).
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7.5.3 Projected proximal mappings

Let f : H — H be a proper Isc convex function and C' C H a nonempty closed convex
set. Consider the problem

inf f(z) (7.56)

zeC

If 1o denotes the usual indicator function then problem (7.56) could be written as an
unconstrained optimization problem

inf f(2) + 1c(2) (7.57)

It is known that (¢ is proper Isc convex function whenever C' is a nonempty closed convex
set. The objective function in (7.57) is a special case of functions f of the form

n

fla)=>_ fi(z) (7.58)

=1

where each f; is a proper Isc convex function. We can therefore apply the splitting method
of Bacak with f; = f and fs = 1¢. Given x € H and A > 0 this leads to the following
iteration

T =2 (7.59)
Yi i= i (7.60)
x;:= Poy; for i=1,2,3,.. (7.61)

This splitting method is also known as backward-backward method. For a general case
of this method in Hadamard spaces refer to Banert [18]. Note that J, is a firmly non-
expansive operator whenever f is a convex function. Also projection Ps onto a closed
convex set is a firmly nonexpansive operator. It is clear that Fix Po = C'. We claim that
Fix Jy = argmin.cpy f. Let 2 € Fix J,. By [13, Lemma 2.2.23] the inequality

1 2 1 2
_ < _
2Ad(Jw7y) 2Ad(l‘,y) < fly) = Mlx), Ve,ye H

whenever f is a closed convex function implies f(x) < f(y) for all y € H which together
with the evident relation f(z) > inf,cy f(y) yields f(x) = inf ey f(y). Hence z €

argmin,ey f. Similarly let x € argmin,cy f then f(z) < f(y) for ally € H. In particular
f(z) < f(Jyx) which together with the inequality

1
FUha) + 5 (e, 2)? < f(2)
imply x = Jyz. Hence x € Fix Jy. If additionally Fix Pc N Fix Jy # () then by Lemma 7.8
Fix PoJ\, = Fix P N Fix Jy. Moreover by Theorem 7.9 the operator PcJ, is pointwise
a-firmly nonexpansive on Fix PoJ, with o = 2/3.



7.6 METRIC REGULARITY 107

7.5.4 Projected flow

Consider the same problem (7.56). However this time we follow a different method. Let
xo € H (assume without loss of generality that dom f = H). For a givent > 0 and n € N
let Jexy be the proximal mapping of f with steplength A\ :=¢/n. Let

JM = JioJio..0Js

n-times
It is shown in Bacak [13] that the limit
Sy = lim J{" g (7.62)

exists for each t > 0 and every zy € H. Moreover the mapping S; is nonexpansive in H
forall t > 0. Let t > 0, for a given x € H define

Ty =1 (7.63)
y; = Siwi_q (7.64)
zi = (1= Nz ® \y; (7.65)
x; = Poz; for 1=1,2,3,.. (7.66)

It is known that Fix S; = argmin,cy f for all £ > 0. Denote by Sy := (1 — X\) Id®AS;
and 1" := PcSy;. By Theorem 7.10 Fix Sy, = Fix S, and Sy is a-firmly nonexpansive on
Fix S; with o = X. If Fix S; N Fix Po # () then by Lemma 7.8 we have FixT = Fix S; N
Fix Po. Therefore by Theorem 7.9 the operator T is pointwise a-firmly nonexpansive on
FixT with a = 1/(2 — \).

7.6. METRIC REGULARITY

Definition 7.22. Let (X,dx) and (Y,dy) be two metric spaces. A mapping & : X — Y
1s said to be metrically reqular on U XV, where U C X,V CY, if there exists kK > 0 such
that

dx(z,® (y)) < kdy (y, ®(z)), VzeUVyeV (7.67)

Essentially the concept of metric regularity on a set characterizes the stability of mappings
at points in their image and has played a central role, implicitly and explicitly, in the
convergence analysis of fixed point iterations (see for instance [33], [110], [59] and [1]).

Let T : H — H be some operator and &7 : H — R be the displacement function defined
as ®p(x) :=d(z,Tx) for all z € H. Note that ®r(z) = 0 if and only if x € FixT. When
V' = {0} we have in view of Definition 7.22 that

d(z,FixT) < k®r(z), VeelU (7.68)



108 7 FIRMLY NONEXPANSIVE OPERATORS IN HADAMARD SPACES

for some > 0 whenever @7 is metrically regular on U x {0}. A sequence (xy)ken is said to
be linearly monotone relative to S C H with constant ¢ whenever d(xy41,5) < cd(xy, S)
for all £ € N. A sequence (xy)ren is said to converge R-linearly to some element z* € H
with rate ¢ € [0, 1) if there exists some a > 0 such that d(xy,2*) < ac® for all k € N.

Proposition 7.23. Let T' : H — H be an operator such that FixT' is nonempty and
closed. Let U C H. If for every xqo € U the sequence xy1 = Txr C U is linearly
monotone relative to FixT with constant ¢ < 1, then the displacement function ®r is
metrically reqular on U x {0} with constant kK = 1/(1 — ¢).

Proof. By assumption (T'zy) is linearly monotone relative to Fix 7" with constant ¢ < 1
whenever xy € U. By triangle inequality we have

d(zpy1, xr) = d(zy, FixT) — d(xpy1, FixT) = (1 — ¢)d(zg, FixT), Vk € N.

Rearranging terms yields

d(xk, Fix T) <

1
d(T =
—c (Tzk, 2) 1—c

Or(ay), VkeN.

For 6 > 0 define the set

Ds:= |J {yeH:d(z,y) <d}.

zeFixT

The next result shows the interplay between metric regularity, quasi a-firmly nonexpan-
siveness and local linear convergence of an operator 1. It extends to Hadamard spaces a
quantitative convergence theorem in the Euclidean settings ( [33, Theorem 1]).

Theorem 7.24. Let T : H — H be a quasi a-firmly nonexpansive mapping with constant
a € (0,1) on Ds. Assume that 7 is metrically reqular on (Ds\Fix T') x {0} with constant
k> 0. Then it holds

d(Tz,FixT) < cd(z,FixT), Vx € Ds (7.69)
where
l-«a
=1 - —. 7.70
¢ e (7.70)

Moreover if ¢ < 1 then any sequence xy1 = Txy with vo € Dy converges R-linearly to
Fix T with rate c.

Proof. By assumption @ is metrically regular on (Ds\ FixT) x {0} with constant x > 0.
Then (7.68) implies

d(z,FixT) < k®r(x), Vo€ D;s\ FixT.
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On the other hand by assumption 7' is quasi a-firmly nonexpansive with constant o €
(0,1) on Ds. Then Corollary 7.3 implies

1—
d(Txz,y)* < d(z,y)? — Tad(m,Tx)Q, Vo € Ds,Vy € FixT

In particular the last inequality holds for all x € Ds\FixT. Moreover 7" is quasi nonexpan-
sive on Ds. Therefore by Lemma (7.6) Fix 7" is a closed convex set. Given z € Ds \ Fix T’
let ¥ € Prixrx. From the last inequality we obtain for y = &

11—«

d(Tx,7)* < d(x,z)* — d(x, Tx)?. (7.71)

a
On the other side we have d(z,z) = d(z,FixT) < k®r(z) = kd(z, Tx). From inequality
(7.71) it follows

11—« 1 -«
—

d(Tz,7)* < (1 - )d(x,x)2 = d(Tz,z) < cd(x,z) c:=4|1—

ak? QK

Using d(Tx,z) > d(Tx,FixT) and d(z,x) = d(z,FixT) yields relation (7.69). Now let
zog € Ds. From (7.69) the sequence xp1q = Tz is linearly monotone relative to Fix T
Suppose that ¢ < 1. Denote by z € Prixrxy for each k € N. Then applying inequality
(7.71) for each k € N yields

11—«

d(wpi1, 7)< d(ay, 73)? — d(k, Tei1)?
This in turn implies the inequality

1l -«

o d(Ik, fk—i-l) < d(l’k, i’k‘)

On the other hand d(zg, ) = d(x, FixT) < cd(xg—1,FixT) by (7.69). Therefore an
iterative application of linear monotonicity and d(xo, FixT") < ¢ yield

11—«

- d(xg, Tr1) < 6c*, VkeN

For any given natural numbers k,! with £ < [ an iterative application of the triangle
inequality gives the upper estimate

d(zg, z1) < d(mk7$k+1) + d(zpy1, Tra2) + oo+ d(221, 1)

< 6 k+1 ll 5 ml
\1/1 (" + M+t c Z;lc 1—0z1—c

Letting k,l — +o00 one obtains limy; d(xy, ;) = 0 hence (z)ken is a Cauchy sequence.
Because H is a complete metric space then x;, — z* for some x* € H. We need to show
that z* € FixT. Note that for each k € N we have

d(fﬂk,i’k) = d($k, Fix T) < 5Ck
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which passing in the limit as k& — +oo gives limg d(zg,Zx) = 0. From the triangle
inequality we get

hence limy d(Zg, z*) = 0. By construction (Zx)gen € Fix T and assumption FixT is a
closed set imply that «* € FixT. Letting [ — +o0 gives

Q 1)
lim d =d ) < ack =,
s (zk, 21) (zh,27) S act,a l—al-c

Therefore (z)ren converges R-linearly to 2* € Fix T with rate ¢ and constant a. O

Remark 7.25. In view of Definition 7.1 one can extend the notion of a-firmly nonexpan-
siveness to any metric space (X,d). However in general a-firmly nonexpansiveness would
not imply nonexpansiveness. If (X, d) is a CAT(0) space then the implication would hold.
Moreover quasi a-firmly nonexpansiveness implies nonexpansiveness in any metric space.
As a result Theorem 7.2/ holds true in any complete metric space. By the same argument
Lemma 7.8 holds in general for any metric space.
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