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Abstract

This paper provides rates of convergence for empirical (generalised) barycenters on compact geodesic
metric spaces under general conditions using empirical processes techniques. Our main assumption is
termed a variance inequality and provides a strong connection between usual assumptions in the field
of empirical processes and central concepts of metric geometry. We study the validity of variance
inequalities in spaces of non-positive and non-negative Aleksandrov curvature. In this last scenario, we
show that variance inequalities hold provided geodesics, emanating from a barycenter, can be extended
by a constant factor. We also relate variance inequalities to strong geodesic convexity. While not
restricted to this setting, our results are largely discussed in the context of the 2-Wasserstein space.
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1 Introduction

Given a separable and complete metric space (M, d), define Po(M) as the set of Borel probability measures
P on M such that

/ d(z,y)? dP(y) < +oo,
M

for all z € M. A barycenter of P € Py(M), also called a Fréchet mean [Fré48|, is any element z* € M
such that
" € arg min / d(z,y)* dP(y). (1.1)
zeM M
When it exists, a barycenter stands as a natural analog of the mean of a (square integrable) probability
measure on RY. Alternative notions of mean value include local minimisers [Karl4], p-means [Yok17],
exponential barycenters [EM91] or convex means [EM91]. Extending the notion of mean value to the case
of probability measures on spaces M with no Euclidean (or Hilbert) structure has a number of applications
ranging from geometry [Stu03] and optimal transport [Vil03, Vil08, Sanl5, CP19] to statistics and data
science [Pel05, BLL15, BGKL18, KSS19], and the context of abstract metric spaces provides a unifying
framework encompassing many non-standard settings.

Properties of barycenters, such as existence and uniqueness, happen to be closely related to geometric
characteristics of the space M. These properties are addressed in the context of Riemannian manifolds
in [Afs11]. Many interesting examples of metric spaces, however, cannot be described as smooth mani-
folds because of their singularities or infinite dimensional nature. More general geometrical structures are
geodesic metric spaces which include many more examples of interest (precise definitions and necessary
background on metric geometry are reported in Appendix A). The barycenter problem has been addressed
in this general setting. The scenario where M has non-positive curvature (from here on, curvature bounds
are understood in the sense of Aleksandrov) is considered in [Stu03]. More generally, the case of metric
spaces with upper bounded curvature is studied in [Yok16| and [Yok17]. The context of spaces M with
lower bounded curvature is discussed in [Yok12| and [Oht12].

Focus on the case of metric spaces with non-negative curvature may be motivated by the increasing
interest for the theory of optimal transport and its applications. Indeed, a space of central importance
in this context is the Wasserstein space M = Pg([Rd), equipped with the Wasserstein metric Ws, known
to be geodesic and with non-negative curvature (see Section 7.3 in [AGSO08|). In this framework, the
barycenter problem was first studied by [AC11] and has since gained considerable momentum. Existence
and uniqueness of barycenters in Py(R?) has further been studied in [LL17].

A number of objects of interest, including barycenters as a special case, may be described as minimisers
of the form

z* € arg min / F(z,y)dP(y), (1.2)

zeM M
for some probability measure P on metric space M and some functional F' : M x M — R. While we
obviously recover the definition of barycenters whenever F(x,%) = d(z,y)?, many functionals of interest
are not of this specific form. With a slight abuse of language, minimisers such as z* will be called
generalised barycenters in the sequel. A first example we have in mind, in the context where M = Py(R%),

is the case where functional F'is an f-divergence, i.e.

d .
Flu,v) = [r <£> dv if p <,
400 otherwise,

for some convex function f : Ry — R. Known for their importance in statistics [Le 86, Tsy09], and
information theory [Vaj89|, f-divergences have become a crucial tool in a number of other fields such as



geometry and optimal transport [Stu06a, Stu06b, LV09| or machine learning [GPAM™14]. Other exam-
ples arise when the squared distance d(z,y)? in (1.1) is replaced by a regularised version F(z,y) aiming
at enforcing computationally friendly properties, such as convexity, while providing at the same time a
sound approximation of d(x,y)2. A significant example in this spirit is the case where functional F is the
entropy-regularised Wasserstein distance (also known as the Sinkhorn divergence) largely used as a proxy
for Wy in applications [Cutl3, CP19, AWR17, DGK18].

In the paper, our main concern is to provide rates of convergence for empirical generalised barycenters,
defined as follows. Given a collection Y7, ...,Y, of independent and M-valued random variables with same
distribution P, we call empirical generalised barycenter any

1 n
T, € argmin — F(x,Y;). 1.3
€ sgmin T 3 (e Y) (13)

Any such x,, provides a natural empirical counterpart of a generalised barycenter z* defined in (1.2). The
statistical properties of x,, have been studied in a few specific scenarios. In the case where F'(z,y) = d(z,y)?
and M is a Riemannian manifold, significant contributions, establishing in particular consistency and limit
distribution under general conditions, are [BP03, BP05] and [KL11]. Asymptotic properties of empirical
barycenters in the Wasserstein space are studied in [LL17]. We are only aware of a few contributions
providing finite sample bounds on the statistical performance of z,. Paper [BGKL18| provides upper and
lower bounds on convergence rates for empirical barycenters in the context of the Wasserstein space over
the real line. Independently of the present contribution, [Sch18] studies a similar problem and provides
results complementary to ours.

In addition to more transparent conditions, our results are based on the fundamental assumption that
there exists constants K > 0 and 8 € (0, 1] such that, for all z € M,

B
ﬂ%ﬁF§K<A}N%w—F@ﬁwNP@>- (1.4)

We show that condition (1.4) provides a connection between usual assumptions in the field of empirical
processes and geometric characteristics of the metric space M. First, the reader familiar with the theory
of empirical processes will identify in the proof of Theorems 2.1 and 2.5 that condition (1.4) implies a
Bernstein condition on the class of functions indexing our empirical process, that is an equivalence be-
tween their Lo and Ly norms. Many authors have emphasised the role of this condition for obtaining
fast rates of convergence of empirical minimisers. Major contributions in that direction are for instance
[MT99, Mas00, BLV03, BBM05, BJIM06, Kol06, BM06| and [Men15]. In particular, this assumption may
be understood in our context as an analog of the Mammen-Tsybakov low-noise assumption [MT99| used
in binary classification. Second, we show that condition (1.4) carries a strong geometrical meaning. In the
context where F(z,y) = d(z,y)?, [Stu03] established a tight connection between (1.4), with K = 8 = 1,
and the fact that M has non-positive curvature. When F(z,y) = d(z,y)?, we show that (1.4) actually
holds with K > 0 and $ = 1 in geodesic spaces of non-negative curvature under flexible conditions related
to the possibility of extending geodesics emanating from a barycenter. Finally, for a general functional F,
we connect (1.4) to its strong convexity properties. Using terminology introduced in [Stu03] in a slightly
more specific context, we will call by extention (1.4) a variance inequality.

The paper is organised has follows. Section 2 provides convergence rates for generalised empirical
barycenters under several assumptions of functional F' and two possible complexity assumptions on metric
space M. Section 3 investigates in details the validity of the variance inequality (1.4) in different scenarios.
In particular, we focus on studying (1.4) under curvature bounds of the metric M whenever F(x,y) =
d(x,y)?. Additional examples where our results apply are discussed in Section 4. Proofs are postponed to



Section 5. Finally, Appendix A presents an overview of basic concepts and results in metric geometry for
convenience.

2 Rates of convergence

In this section, we provide convergence rates for generalised empirical barycenters. Paragraph 2.1 defines
our general setup and mentions our main assumptions on functional F'. Paragraphs 2.2 and 2.3 present
rates under different assumptions on the complexity of metric space M. Subsection 2.4 discusses the
optimality of our results.

2.1 Setup

Let (M,d) be a separable and complete metric space and F' : M x M — R a measurable function. Let
P be a Borel probability measure on M. Suppose that, for all x € M, the function y € M — F(z,y) is
integrable with respect to P, and let

x* € argmin / F(x,y)dP(y), (2.1)
xzeM M
which we suppose exists. Given a collection Y7,...,Y, of independent and M-valued random variables

with same distribution P, we consider an empirical minimiser

1 n
T, € argmin — F(x,Y;). 2.2
n argmin S 30 F(.Y) (22)

The present section studies the statistical performance of z, under the following assumptions on F.
(A1) There exists a constant K; > 0 such that, for all z,y € M,

|F(2,y)| < K.

(A2) There exist constants Ko > 0 and « € (0, 1] such that, for all z, 2",y € M,

|F(z,y) — F(,y)| < Kad(z,2")".

(A3) (Variance inequality) There exist constants K3 > 0 and 3 € (0, 1] such that, for all z € M,
) B
s < Ko [ (Faa) - Pt ) apw))

Assumptions (Al) and (A2) are transparent boundedness and regularity conditions. For instance
if F(z,y) = d(z,y)?, these assumptions are satisfied whenever M is bounded with K; = diam(M)?,
K9 = 2diam(M) and o = 1, by the triangular inequality. The meaning of condition (A3) is less obvious
at first sight. A detailed discussion of (A3) is postponed to section 3. For now, we mention three
straightforward implications of (A3). First, note that imposing both (A2) and (A3) requires M to be
bounded. Indeed, plugging (A2) into (A3) yields

diam(M) < 2(K5 K3)Ta7.

More importantly, (A3) implies that minimiser z* is unique. Finally, condition (A3) applied to minimiser
T, reads

B8
d(n,2)? < Ky ( [ (Fans) - P ) dP<y>) . (2.3)
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The left hand side of this inequality is the estimation performance of x,. The integral, under power g3,
may be called the learning performance of x,,, or its excess risk. Having this comparison in mind, we will
2 may be
readily deduced from our results. The remainder of the section therefore presents upper bounds for the
right hand side of (2.3) under specific complexity assumptions on M. For that purpose, we recall the
definition of covering numbers. For A C M and ¢ > 0, an e-net for A is a finite subset {z1,...,zy} C M
such that

focus on controlling the learning performance of x,, knowing that an upper bound on d(x,,,z*)

N
AcC U B(:Ej’g)a
j=1

where B(z,e) :== {u € M : d(z,u) < €}. The e-covering number N(A,d,e) € (1,+00] is the smallest
integer N > 1 such that there exists an e-net of size N for A in M. The function € — log N(A,d, &) will
be referred to as the metric entropy of A.

2.2 Doubling condition

Our first complexity assumption is the following.
(B1) (Doubling condition) There exist constants C', D > 0 such that, for all 0 < e <,

N(B(z*,r),d,e) < (%)D

Condition (B1) essentially characterises M as a D-dimensional space and implies the following result.

Theorem 2.1. Assume that (A1), (A2), (A3) and (B1) hold. Then, for alln > 1 and all t > 0,

e 2)? < [ (Floay) - Pl ) dP() SAmX{<B>—ﬁ<3>—B}

M n n

=

with probability at least 1 — 2e~t, where k = Kg_ and A is an explicit constant independent of n.

Note that bounds in expectation may be derived from this result, using classical arguments. As
described in section 3, (A2) and (A3) hold in several interesting cases for « = § = 1. In this case,
Theorem 2.1 exhibits an upper bound of order D/n. A discussion on the optimality of this result is
postponed to paragraph 2.4 below. Next, we shortly comment condition (B1).

Remark 2.2. With a slight abuse of terminology, condition (B1) is termed doubling condition. In the
literature, the doubling condition usually refers to the situation where inequality

sup sup logy, N(B(z,2¢),d,e) < D
zeM >0
holds for some D € (0,400). It may be seen that this inequality implies (B1) with C' = 2. Note however

that (B1) is slightly less restrictive as it requires only the control of the covering numbers of balls centered
at *. This fact is sometimes useful as described in example 2.4 below.

We now give two examples where assumption (B1) holds.

Example 2.3. Suppose there exists a positive Borel measure p on (M,d) such that, for some D > 0, we
have
V(z,7) € M x (0,400), a_r? < u(B(z,r)) <ayr?, (2.4)



for some constants 0 < a— < ay < +oo. Then, for allz € M and all 0 < e <7,
_/r\D 3r\”
= (5)" < VB < 2 (X)) (25)
a4 \E a_ 3

and thus (B1) is satisfied. The proof is given in Section 5. Measures p satisfying condition (2.4) are called
D-regular or Ahlfors-David reqular. Many examples of such spaces are discussed in section 12 in [GL0O0]
or section 2.2 in [ATO04]. Note that the present example includes the case where M is a D-dimensional
compact Riemannian manifold equipped with the volume measure p.

A direct and simple consequence of Example 2.3 is that (B1) holds in any D-dimensional vector space
equipped with any norm since the Lebesgue measure satisfies (2.4) with a— = «. While simple in essence,
this observation allows to exhibit more general parametric families satisfying (B1) as in the next example.

Example 2.4 (Location-scatter family). Here, we detail an example of a subset M of the Wasserstein
space (Po(R), Wy) for which assumption (B1) holds. We say that M C Py(R?) is a location-scatter family
if the following two requirements hold:

(1) All elements of M have a non-singular covariance matriz.

(2) For every two measures g, 1 € M, with expectations mqy and my and with covariance matrices ¥
and X1 respectively, the map

_ 2
Tor @ (ma —mo) + 35 7 (5 mimg?) w5

pushes forward pg to p1, i.e. po(Ty (A)) = pi(A) for any Borel set A C RY, which we denote
(To1) 10 = pa1.-

Such sets have been studied for instance in [AEABCAMI16]. The map Tyy being the gradient of a convex
function, the theory of optimal transport guarantees that the coupling (id, To1)4po is optimal, so that

W) = [ llo = Tn(@)Pdpo(a)
1/2
= [lmo — ma || + tr <20 LY -2 (25/22123/2) ) , (2.6)

where tr(A) denotes the trace of matriz A and ||.|| refers to the standard euclidean norm. Next, we show
that such a family satisfies (B1). Let P be a probability measure on M and denote u* € M a barycenter
of P with mean m, and covariance matrix 3. For any two measures pg, 41 € M, set

_ /2
Ti(z) = mi —m, + 372 (5 2m31%) T ul o,

where m; and ¥; denote the mean and covariance matriz of pi;, i = 0,1. The pushforward (Tyo, Ti1)xp*
is a (possibly suboptimal) coupling between pg and py. Therefore,

W3 (ko, 1) S/HT*O(@ — T (2)|*dp*(2) (2.7)
_ 1/2 _ 1/2
= llmo —ma | + 252 (82250m/?) - w02 (220m) TR,
where ||.||p stands for the Frobenius norm. Note that ||(m, A)||? = ||m|? + |A||% defines a norm |||« on

the vector space R? x Sy where Sy denotes the space of symmetric matrices of size d x d. Then, define the
function ¢ that maps each jip, s in the location-scatter family, with mean m and covariance X, to

_ 1/2
Him,s) = <m R (21/2221/2) ) .
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Then, combining (2.6) and (2.7), it follows that

Wa(po, p1) < ||p(po) — ¢(pa) |l (2.8)

with equality if po = p* or py = p*. Therefore, since ¢(M) is a subset of a vector space of dimension
D =d+d(d+1)/2, there exists C > 0 such that for all e > 0,

D
N(B(u*,r), Wa,e) < N(B((m., S3/%),r) 0 ¢(M), ||. ||+, ) < (%) '

Hence, (B1) holds.

The result, derived in example 2.4, may be generalised to other parametric subsets of the Wasserstein
space (or more generally parametric subsets of geodesic Polish spaces with non-negative curvature). Indeed,
since the Wasserstein space over R? has non-negative curvature, the support of P pushed forward to the
tangent cone at a barycenter u* is isometric to a Hilbert space (this result follows by combining Theorem
5.5 and Lemma 5.8) and its norm satisfies (2.8) (see Proposition A.13). Therefore it is enough, for (B1) to
hold, to require that the image of the support of P by the log,. map (see paragraph A.5 for a definition)
is included in a finite dimensional vector space.

2.3 Polynomsial metric entropy

Condition (B1) is essentially a finite dimensional behaviour and does not apply in some scenarios of
interest. This paragraph addresses the situation where the complexity of set M, measured by its metric
entropy, is polynomial.

(B2) (Polynomial metric entropy) There exists constants C, D > 0 such that, for all £ > 0,

D
log N(M,d,e) < <§> .

Theorem 2.5. Assume that (A1), (A2), (A3) and (B2) hold. Then, for alln > 1 and all t > 0,

kd(z", xn)% < /

M

(F(zn,y) — F(z%,y))dP(y) < A - max {”m (%) W} ;

with probability at least 1 — 2e~t, where

2
1-a=D)F  4f D < 2a,

n
vp =19 (logn)/v/n  if D= 2aq,
n~D if D> 2a,

Tl

where k = Kg_ and A is an explicit constant independent on n.

As for Theorem 2.1, bounds in expectation may be easily derived from this result. The optimality of
Theorem 2.5 is addressed in paragraph 2.4. Next is an example where assumption (B2) applies.

Example 2.6 (Wasserstein space). Let B = {x € R? : ||z — xola < p} be a closed Euclidean ball in R?
and let M = Py(B) be the set of square-integrable probability measures supported on B equipped with the
2-Wassertein metric Wo. Combining the result of Appendixz A in [BGV07] with a classical bound on the
covering number of euclidean balls, it follows that for all 0 < e < p,

6p d Sep
log N(M, Wa,e) <2 <?> log <?> .

7



In particular, for any D > d, there exists C' > 0 depending on D and p such that, for all 0 < e < p,
C D
IOgN(M,WQ,E) S <_> )
€

so that (B2) is satisfied for all D > d.

We finally point towards Theorem 3 in [WB19| which may be used to derive upper bounds on the
covering number of subsets of the 2-Wasserstein space composed of measures, absolutely continuous with
respect to the Lebesgue measure, and with density belonging to some Besov class.

2.4  On optimality

At the level of generality considered by Theorems 2.1 and 2.5, we have not been able to assess the opti-
mality of the given rates for all choices of functional F' satisfying the required assumptions and all values
of constants D, «, 5. In particular, it is likely that the rates displayed in Theorem 2.5 are artefacts of our
proof techniques and that results may be improved in some specific scenarios using additional information
on the problem at hand. However, we discuss below some regimes where our results appear sharp and, on
the contrary, settings where our results should allow for improvements.

To start our discussion, consider the barycenter problem, i.e. the case where F(z,y) = d(z,y)?. In the
context where (M, d) is a Hilbert space equipped with its usual metric and P is square integrable, explicit
computations reveal that x, = > ;" | Y;/n is an empirical barycenter of P in the sense of (2.2) and that
x* = E[Y1] (in the sense of the Pettis or Bochner integral) is the unique barycenter of P. In addition, we
check that, for all n > 1,

Ed(x,,z%)? = [E/ (d(xp,x)* — d(z*,2)*) dP(z) = l/ d(z,z*)*dP(x). (2.9)
M nJm
We notice that, under assumptions much more general than those considered in the present paper, the
rate of convergence (in expectation) of empirical barycenters in a Hilbert space is of order 1/n. While this
observation concerns the very special case of Hilbert spaces, we conjecture that the rates of convergence of
empirical barycenters is of order 1/n in a wide family of metric spaces including Hilbert spaces as a special
case. Identifying precisely this wider family remains an open question but it appears from this discussion
that boundedness and complexity restrictions, such as (A1), (B1) and (B2), may be unnecessary for the
barycenter problem. Whenever (M, d) is RP equipped with a general norm, a very interesting recent
contribution, connected to that question, is [LM19]. On a more positive note, we point towards two
encouraging aspects encoded in our results in the context of the barycenter problem. First, consider the
case where (M,d) is RP equipped with the euclidean metric and suppose that the Y;’s are independent
with gaussian distribution N (z*,02). Then, identity (2.9) reads in this case
oD
Ed(x,,z*)* = [E/ (d(xp,x)* — d(z*, 2)*)dP(z) = —.
M n

It is known, furthermore, that ¢?D/n corresponds (up to universal constants) to the minimax rate of
estimation of x* in the context where the Y;’s are i.i.d. subgaussian random variables with mean x* and
variance proxy o2 (see Chapter 4 in [RH17]). Therefore, provided (M, d) is a bounded metric space (which
guarantees (A1) and (A2) with a = 1) and provided assumption (A3) holds for 5 =1 (which is often the
case as discussed in paragraphs 3.1 and 3.2 below) Theorem 2.1 recovers the optimal rate of convergence
D/n, up to constants, in a fairly wide context. Finally, note that while possibly suboptimal in some cases,
the rates provided by Theorems 2.1 and 2.5, combined with examples 2.4, 2.6 and discussions of paragraph
3.2, provide up to our knowledge the first rates for the Wasserstein barycenter problem at this level of
generality. An exception is the Wasserstein space over the real line (studied, for instance, in [BGKL18])



which happens to be isometric to a convex subset of a Hilbert space as can be deduced for instance from
combining statement (iii) of Proposition 3.5 in [Stu03] and Proposition 4.1 in [Klo10].

Outside from the setting of the barycenter problem, not much is known on optimal rates of estimation
or learning (in the sense described at the end of paragraph 2.1) of * defined in (2.1). We believe this
question remains mainly open. It is our impression that the 1/n rate, conjectured to hold for empirical
barycenters in a wide setup, is a behavior very specific to the case F(z,y) = d(x,y)?. For more general
functionals, we suspect that the complexity of M should have an impact as it is classically the case in
nonparametric statistics or learning theory. Note in particular that whenever parameters a = § = 1 in
(A2) and (A3), the rate v, in Theorem 2.5 becomes

2

N~ D if D <2,
vy, =4 (logn)/v/n it D=2,
n~b if D> 2,

which corresponds to known state of the art learning rates, under complexity assumptions in the same
flavor as (B2), as displayed for instance by Theorem 2 in [RST17]. However, exact situations under which
Theorem 2.5 provides optimal rates of convergence remains unclear to us.

Finally, note that the second inequality in both Theorems 2.1 and 2.5 hold for the limiting case 8 =0
(with A remaining finite), which correspond to dropping assumption (A3). In the context of Theorem 2.1
(or that of Theorem 2.5 with D < 2a) the case = 0 gives rise to a bound of order

<@
_\/ﬁa

with high probability. Note however that this limiting case does not allow to provide any bound for
d(xp, x*).

/ (F(n.y) - F(",9)) dP(y)
M

3 Variance inequalities

This section studies conditions implying the validity of (A3). The first three paragraphs below focus
on the barycenter problem, i.e. the case where F(z,y) = d(z,y)?, and investigate (A3) in the light of
curvature bounds. Aleksandrov curvature bounds of a geodesic space (see paragraph A.3) is a key concept
of comparison geometry and many geometric phenomena are known to depend on whether the space
M has a curvature bounded from below or above. In paragraphs 3.1 and 3.2, devoted respectively to
non-positively and non-negatively curved spaces, we show that curvature bounds also affect statistical
procedures through their relation with (A3). Finally, paragraph 3.3 addresses the case of a general F'
and connects (A3) to its convexity properties. The material presented in this section relies heavily on
background in metric geometry gathered in appendix A for convenience.

3.1 Non positive curvature

This first paragraph introduces a fundamental insight due to K.T. Sturm, in the context of geodesic
spaces of non-positive curvature, that has strongly influenced our study. To put the following result in
perspective, we recall that a geodesic space (M, d) is said to have non-positive curvature (curv(M) < 0
for short) if, for any p,xz,y € M and any geodesic v : [0,1] — M such that v(0) = z and v(1) =y,

d(p,7(t))* < (1 —t)d(p,x)* + td(p,y)* — t(1 — t)d(z,y)*,

for all t € [0, 1]. Non-positive curvature is given a probabilistic description in the next result.



Theorem 3.1 (Theorem 4.9 in [Stu03]). Let (M,d) be a separable and complete metric space. Then, the
following properties are equivalent.

(1) (M,d) is geodesic and curv(M) < 0.

(2) Any probability measure Q € Po(M) has a unique barycenter =* € M and, for all x € M,
s’ < [ (da,)* ~ dia” 5) dQ). (3.1)

In words, Theorem 3.1 states in particular that (A3) holds for any possible probability measure P on
M, with K3 = 1 and 8 = 1, provided curv(M) < 0. It is worth mentioning again that (Al) and (A2)
also hold, provided in addition diam(M) < 400, so that the case of bounded metric spaces with non-
positive curvature fits very well our basic assumptions. Condition curv(M) < 0 is satisfied in a number of
interesting examples. Such examples include (convex subsets of) Hilbert spaces or the case where (M, d)
is a simply connected Riemannian manifold with non-positive sectional curvature. Other examples are
metric trees and other metric constructions such as products or gluings of spaces of non-positive curvature
(see [BH99], |[BBIO1] or [AKP17] for more details).

3.2 Non negative curvature and extendable geodesics

The present paragraph investigates the case of spaces of non-negative curvature. Contrary to the case
of spaces of non-positive curvature, condition (A3) may not hold for every probability measure P on M
if curv(M) > 0. Indeed, note that unlike in the case when curv(M) < 0, there might exist probability
measures P € Py(M) with more than one barycenter whenever curv(M) > 0. A simple example when
M = S 1 the unit euclidean sphere in R? with angular metric, is the uniform measure on the equator
having the north and south poles as barycenters. Since (A3) implies uniqueness of barycenter z*, this
condition disqualifies such probability measures. Hence, establishing conditions under which (A3) holds is
more delicate whenever curv(M) > 0. The next result provides an important first step in this direction.

Theorem 3.2. Let (M,d) be a separable and complete geodesic space such that curv(M) > 0. Let P €
Po(M) and x* be a barycenter of P. Then, for all x € M,

d(z,*)? /M K2 (y) dP(y) = /M<d<m,y>2 —d(z",y)?) dP(y). (3.2)

where, for all x # x* and all y,

[ log,- () —log,- (y) |3+ — d(=,y)*
kX, =1- L & L . 3.3
Therefore, P satisfies (A3) with K3 = 1/k and 5 =1 if and only if, for all x € M,
k< /M K2 (y) dP(y). (3.4)

By definition of a barycenter, the right hand side of (3.2) is non negative. In addition curv(M) > 0
implies that d(z,y) < |[log,(z) — log,(y)[l, for all z,y,p € M (see Proposition A.13 in appendix A).
Combining these two observations with the definition of k7. (y) implies that

0< /M K. (y) dP(y) < 1.

The next result identifies a condition under which a variance inequality holds.
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Theorem 3.3. Let (M,d) be a separable and complete geodesic space such that curv(M) > 0. Let P €
Pao(M) and x* be a barycenter of P. Fixz A > 0 and suppose that the following properties hold.

(1) For P-almost all y € M, there exists a geodesic vy, : [0,1] — M connecting x* to y that can be
extended to a function ’y;' :[0,1 4+ A] = M that remains a shortest path between its endpoints.

(2) The point x* remains a barycenter of the measure Py = (ex)uxP where ey : M — M is defined by
ex(y) =7y (L+A).

Then, for all x € M,

- 1+ A

d(z,z")* < By M(d(w,y)2 —d(z*,y)*) dP(y),

and thus (A3) holds with K3 = (1 + X)/\ and 5 = 1.

Examples of geodesic spaces of non-negative curvature include (convex subsets of) Hilbert spaces or
the case where (M, d) is a simply connected Riemannian manifold with non-negative sectional curvature.
Next is a simple example where the condition (1) of Theorem 3.3, i.e. the ability to extend geodesics,
takes a simple form.

Example 3.4 (Unit sphere). Let M = S%1 be the unit Buclidean sphere in RY equipped with the angle
metric. Let P € Py(M) be such that it has a unique barycenter x* € M. In M, a shortest path between
two points is a part of a great circle and a part of a great circle is a shortest path between its endpoints
if, and only if, it has length less than 7. Therefore, if a neighborhood V' of C(x*) = {—x*}, the cut locus
of ©*, satisfies P(V) = 0, then condition (1) of Theorem 3.3 is satisfied for some X\ > 0. Note however
that condition (1) is not enough to give a variance inequality in general. Indeed, consider the uniform
measure P on the equator with the north and south poles for barycenters. Then, for P-almost all y € M,
the geodesic connecting the south pole =* to y can be extended by a factor 1+ X\ = 2 in the sense of (1) in
the above theorem. However, since there is no unique barycenter, no variance inequality can hold in this
case. Therefore, requirement (2) cannot be dropped in Theorem 3.3.

In the rest of this paragraph, we provide a sufficient condition for the extendable geodesics condition
(1) of Theorem 3.3 to hold in the context where (M,d) = (P2(H), Ws) is the Wasserstein space over a
Hilbert space H. In this case, (M, d) is known to have non-negative curvature (see Section 7.3 in [AGS08]).
We recall the following definition. For a convex function ¢ : H — R, its subdifferential d¢ C H? is defined
by
(x,y) €0p =Nz e H, ¢(z) > d(x)+ (y,z — x).

Then we can prove the following result.

Theorem 3.5. Let (M,d) = (P2(H), Wa) be the Wasserstein space over a Hilbert space H. Let p and v
be two elements of M and let v : [0,1] — S be a geodesic connecting p to v in M. Then, v can be extended
by a factor 1+ X (in the sense of (1) in Theorem 3.3) if, and only if, the support of the optimal transport
plan 7 of (u,v) lies in the subdifferential ¢ of a 1_i_i)\-strongly convexr map ¢ : H — R.

Again, like in example 3.4, this gives a condition that ensures the validity of (1) in Theorem 3.5, but
it can be shown that it is not enough to obtain a variance inequality.

3.3 Convexity
Here, we connect (A3) to convexity properties of functional F' along paths in M.

Definition 3.6 ((k,[)-convexity). Given k > 0, 8 € (0,1] and a path v : [0,1] — M, a function
f: M — R is called (k, 3)-convex along ~y if the function

te[0,1] = F(1(t) — kd((0),7(1)) 7 £

11



is convex. If (M,d) is geodesic, a function f : M — R is called (k,[)-geodesically convex if, for all
x, 2’ € M, f is (k,B)-convex along at least one geodesic connecting x to x'.

In the sequel, we abbreviate (k,1)-convexity by k-convexity. When M is geodesic, a (k, 3)-convex
function f : M — R refers to a (k, §)-geodesically convex function unless stated otherwise. Note that
(k, B)-convexity is a special case of uniform convexity (see Definition 1.6. in [Stu03]). We start by a
general result.

Theorem 3.7. Let k > 0 and B € (0,1]. Suppose that, for all x € M, there exists a path connecting x*
to x along which the function

ve Mo /M Fz,y)dP(y)

is (k, B)-convex. Then, for all x € M,

B
oo < (3 [ (P - Pt arw)) | (35)

and hence (A8) holds for Kz = k=P. In particular, the assumption of the theorem holds whenever, for
all x € M and (P-almost) all y € M, there exists a path connecting x* to x along which the function
F(.,y) is itself (k, B)-convex. A special case in when (M,d) is geodesic and, for (P-almost) ally € M, the
functional x € M +— F(x,y) is itself (k, 3)-geodesically conve.

The previous result is deliberately stated in a general form. This allows to investigate several notions
of convexity that may coexists as in the space of probability measures.

Remark 3.8. For some spaces, such as the Wasserstein space over R, there exist two canonical paths
between two points p and v. One is the geodesic ~y; defined by the fact that Wa (e, vs) = |s — t|Wa(u, v) for
s,t € [0,1] (which needs not be unique). A second one is the linear interpolation between the two measures
by = (1—t)u+tv. It may be that x — [ F(x,y)dP(y) is strongly convex along only one of these two paths.
This case is further discussed in section 4.

We end by discussing the notion of a k-convex metric space. In the remainder of the paragraph, we
consider F(z,y) = d(z,y)?%.

Definition 3.9. A geodesic space (M,d) is said to be k-convez if, for all y € M, the function x € M
d(x,y)? is k-geodesically convex.

Using Theorem 3.7, it follows that if M is k-convex, then (A3) holds with § = 1 and K3 = 1/k. When
k = 1, note that a geodesic space is k-convex if and only if curv(M) < 0 (see Proposition A.6). When
k # 1, the connection between curvature bounds and k-convexity of a metric space is not straightforward.
In particular, k-convex metric spaces include many interesting spaces, for which condition curv(M) < 0
does not hold. We give two examples.

Example 3.10 (Proposition 3.1. in [Oht07]). Let M be a geodesic space with curv(M) < 1 and diam(M) <
/2. Then M is k-convex for

k = 4diam(M) tan (g - diam(M)) .

Implication of this result can be compared to Theorem 38.3. In the context of M C S?, considered in
example 3.4, the above result states that M is k-convexr provided it is included in the interior of an 1/8th
of a sphere. In comparison, Theorem 3.3 expresses that a variance inequality (A3) may hold for a measure
supported on the whole sphere minus a neighbourhood of the cut locus of the barycenter.

Example 3.11 (Theorem 1 in [BCL95|). If (S,S, 1) is a measured space and p € (1,2], then M = LP(pu)
is (p — 1)-convex.
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4 Further examples

We describe additional examples, different from the usual barycenter problem, where our results apply.
In these examples, we focus mainly on functionals over the Wasserstein space. Paragraphs 4.1 addresses
the case of f-divergences. Subsection 4.2 discusses interaction energy. In 4.3 we consider several examples
related to the approximation of barycenters.

4.1 f-divergences

We call f-divergence a functional of the form

Dy(p,v) = { I <%) dv it p <, (4.1)

400 otherwise,

for some convex function f : Ry — R. Such functionals are also known as internal energy, relative
functionals or Csiszar divergences. Specific choices for function f give rise to well known examples. For
instance, f(x) = xlogx gives rise to the Kullback-Leibler divergence (or relative entropy). Minimisers of
the average Kullback-Leibler divergence, or its symmetrised version, have been considered for instance in
[Vel02] for speech synthesis. Other functions like f(z) = (x — 1) or f(x) = |z — 1|/2 lead respectively
to the chi-squared divergence or the total variation. The next results present sufficient conditions under
which (A1), (A2) and (A3) hold in this case. First, suppose M C Py(E) where E C R? is a convex set.
Note that (A1) holds if there exists 0 < c— < ¢y < 400 and a reference measure such that all y € M have
a density g, with respect to this measure with values in [c_, cy] on their support. Next, we show that
(A2) holds under related conditions.

Theorem 4.1. Suppose that all measures p € M have a density g, with respect to some reference measure.
Suppose there exist 0 < c— < ¢y < 400 such that all g, take values in [c_,cy]. Suppose in addition that
there exists A > 0 such that all g, are A-Lipschitz on E. Assume finally that f is differentiable and that
f"is L-Lipschitz on E. Then, for all v,u,u’ € M,

2LAc
[Dy(p,v) = Dy, v)| < = SWa (u, 1),

so that (A2) holds for Ky = 2LAcy /c* and a = 1.

The next result is devoted to condition (A3) and is a slight modification of Theorem 9.4.12 in [AGS08|.
Below we say that v € M is A-log-concave if dv(z) = e~V®)dz for some \-convex U : E — R.

Theorem 4.2. Consider h(s) = e®f(e™®). Suppose that h is convex and that there exists ¢ > 0 such that,
for allu € R and all e > 0, h(u) — h(u+ ) > ce. Suppose finally that M is a geodesically convexr subset
of Po(E). Then the following holds.

(1) For any A-log-concave v € M, the functional p € M +— Dy(u,v) is cA-geodesically convex.

(2) Let X\ > 0 and suppose P € P(M) is supported on A-log-concave measures in M. Then for any
minimaizer

pte argmin/ D¢ (p,v)dP(v),
pneM M

and any € M,
* 1 *
Waluo ' < o5 [ (Dsa0) = Dyl 1)) AP,
CA M

and thus (A3) holds with K3 =1/cX\ and = 1.
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Note that the requirements made on f in Theorem 4.2 are compatible with f(z) = xlogx for ¢ = 1.
However, these requirements exclude examples such as f(z) = (z—1)2. At the price of a smaller exponent
B = 1/2, the next result shows that (A3) holds for any choice of a strongly convex f.

Theorem 4.3. Let f: Ry — R be k-convex. Then the following holds.

(1) Let v, g, 1 € P2(E) be such that po < v and py < v. Suppose in addition that

my(v) := / |z||* dv(z) < +oo.

Then, D¢(.,v), is (4mIZ(V)’ 1)-convex along the linear interpolation €, = (1 —t)uo + tpu.

(2) Let m > 0. Suppose that M is a linearly convex subset of Po(E) and suppose P € P(M) is supported
on measures v € M such that ma(v) < m. Then, for any minimizer

pte argmin/ D¢(p,v)dP(v),
pneM M

and any 1 € M,

m 1/2
Waln ' <2 ([ (Dgtu) = Dy ) are))

and thus (A3) holds with K3 = 2(m/k)Y/? and § = 1/2.

We end this paragraph with an important remark. Using Theorem 3.7, and as in Theorem 4.2, condition
(A3) can be deduced from k-convexity of the f-divergence. Strong convexity of the f-divergence was used
by Sturm, Lott and Villani (see [StuO6a, LV09| and references therein) to define the celebrated synthetic
notion of Ricci curvature bounds. In particular, for an underlying Riemannian D-dimensional manifold
equipped with a measure with density e™" with respect to the Riemannian measure, k-convexity of such
f-divergence is equivalent to

Ric 4+ Hess(V) > k

where Ric stands for the Ricci curvature tensor and Hess(V) is the Hessian of V, given s + sP f(s7) is
geodesically convex.

4.2 Interaction energy

Interaction energy of a measure u, for a given function g on M x M called interaction potential, is usually
defined as the integral of g w.r.t. the product measure p ® p. Here, we keep the same terminology for a
larger class of functionals on the Wasserstein space. Let (F, p) be a separable, complete, locally compact
and geodesic space. Let M = Py(FE) be equipped with the Wasserstein metric W5. Consider functional
I, : M x M — Ry defined by

I,(u,) = [E s dp(e)vly)

for a measurable g : E x E — Ry. Note first that (A1) is clearly satisfied provided g is upper bounded or
g is continuous and E is compact. The next two results present sufficient conditions for (A2) and (A3) to

hold.

Theorem 4.4. Fix L > 0 and suppose that g is L-Lipschitz in the first variable when the second is fized.
Then, for all u, ' ,v € Pa2(E),

|1y (p,v) = Ty (', )] < LWa(p, i),
and (A2) holds with Ko = L and a = 1.

14



Theorem 4.5. Fiz k > 0 and € (0,1]. Suppose that g is (k, 3)-geodesically convex in the first variable
when the second is fixed. Then, the following holds.

(1) For any fized v € Po(E), the functional I1,(.,v) is (k, 3)-geodesically convex on Pa(E).
(2) Let P € P(P2(E)). Then for any minimizer

pwe argmin/lg(,u,u) dP(v),
HeEP2(E)

and any p € Pa(E),

B
Wau, u)? < (% [ ) - Igm*,u))dP(u)) |
and (A3) holds with K3 = 1/k5.

4.3 Regularised Wasserstein distance

In this final paragraph, we present a few functionals of interest whose study, in the light of the previous
results, could provide interesting research perspectives. In certain cases, like for the Wasserstein space,
the distance is difficult to compute. In the field of computational optimal transport, a lot of work has
been devoted to construct computationally friendly approximations of the Wasserstein distance. Such
approximations include the sliced Wasserstein distance, penalised Wasserstein distances or regularised
Wasserstein distances (see [CP19] for more details). In some of these approximations, one hope is that
one may enforce some form of convexity allowing for condition (A3) to be valid in a wide setting. The
Sinkhorn divergence, defined below, is an approximation of the Wasserstein distance that has been widely
used in practice due to its attractive computationally properties. Denote by D the relative entropy, i.e.
D = Dy for f(z) = zlog v where Dy is as in (4.1), and I'(11, v) the set of probability measures 7 on R? x R
with marginals g an v respectively. Let u,v € Po(RY), and v > 0. The entropy-regularised Wasserstein
distance or Sinkhorn divergence between p and v is defined by

W= nt [ de)? deey) + Do) (1.2)
mel'(n.v)

Identifying scenarios in which W, satisfies conditions (A1)-(A3) remains for us an open question. Note

however that, using Lagrange multipliers, the Sinkhorn divergence can be alternatively expressed as

inf {/d/(:z:,y)2 dr(z,y) : 7w e T'(p,v), D(m,p@v) < 5} ,

for some § > 0. Letting 6 = 0, the above expression reduces to the interaction energy I, studied in para-
graph 4.2 for g(x,y) = d(z,y)?. This observation suggests that, for large values of v, functional W (u, v)
should satisfy (A1)-(A3) under reasonable conditions. An interesting alternative notion of regularised
Wasserstein distance, via factored couplings, was introduced in [FHN'19]. In order to define this notion,
we introduce some notation. For a partition C = (C1,...,C),), and a measure u, denote by ,ug the measure
w restricted to C;. For n € N, denote by I'y, (i, v) the set of measures « such that there exists two partition
€Y and C! such that v = 3%, )\i,uico ® I/ch, with \; := pu(C?) = v(C}). For two measures p and v, the
regularised Wasserstein distance between p and v is defined by

RW2(u,v) := inf )/dzd’y = inf {Z )\i/de(,ui ® ;) Z)\i,u,- Qu=7v¢€ Fn(,u,l/)} .

V€L (v i=1 i=1

While the trivial case n = 1 reduces to the interaction energy studied above, it remains unclear to us in
which setting our assumptions apply to this functional in general.
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5 Proofs

5.1 Proof of Theorem 2.1

The proof is based on three auxiliary lemmas. The first lemma provides an upper bound on the largest fixed
point of a random nonnegative function. The proof follows from a combination of arguments presented in
Theorem 4.1, Corollary 4.1 and Theorem 4.3 in [Kol11].

Lemma 5.1. Let {¢(0) : 6 > 0} be non-negative random variables (indexed by all deterministic 6 > 0)
such that, almost surely, ¢(8) < ¢(&') if 6 < &', Let {b(d,t) : 6 > 0,t > 0}, be (deterministic) real numbers
such that b(6,t) < b(5,t'), as soon as t < t', and such that

P(a(8) > b(5,t)) <e .

Finally, let & be a nonnegative random variable, a priori upper bounded by a constant § > 0, and such that,
almost surely,

6 < ¢(0).
Then defining, for all t > 0,
: b (0, %)
b(t) :==inf< o > 0 : sup a2 <1y,
> o

we obtain, for allt >0, R
P(6 > b(t)) < 2.

The second lemma is due to [Bou02] and improves upon the work of [Tal96] by providing explicit
constants. Given a family F of functions f : M — R, denote

|P — P,|7 :=sup(P — P,)f and o%:=sup P(f — Pf)?
JeF JeFx

where M and P are as defined in paragraph 2.1 and P, = %Z?:l dy;.

Lemma 5.2. Suppose that all functions in F are [a,b]-valued, for some a < b. Then, for alln > 1 and
all t > 0,

(b—a)t
3n

2t
|P_Pn|]-'§ [E|P_Pn|]-'+\/g (U%+2(b_a)E|P_Pn|f) +
with probability larger than 1 — e~ ",

For background on empirical processes, including the proof of Lemma 5.2, we refer the reader to
[GN15]. Finally, the third result we need is the following generalized version of Dudley’s entropy bound
(see, for instance, Theorem 5.31 in [vH16]).

Lemma 5.3. Let (Xy)ier be a real valued process indexed by a pseudo metric space (E,d). Suppose that
the three following conditions hold.

(1) (Separability) There exists a countable subset E' C E such that, for anyt € E,

X;= lim Xy, a.s

vt t'eF’

(2) (Subgaussianity) For all s,t € E, Xy — X; is subgaussian in the sense that

B(Xa=X0) < 0%d(s, t)2‘

V0 € R, logle 5
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(3) (Lipschitz property) There exists a random variable L such that, for all s,t € E,
| Xs — X¢| < Ld(s,t), a.s.

Then, for any S C E and any € > 0, we have

+oo
Esup X; < 2¢E[L] + 12/ V1og N(S,d,u) du.
£

tes

We are now in position to prove Theorem 2.1.
Proof of Theorem 2.1. (1) For any § > 0, denote
M) :={zeM: P(F(z,.)— F(z",.)) <4},

and
On(0) :=sup{(P — P,)(F(x,.) — F(x*,.)) :x € M(0)}.

As a consequence of Assumption (B1), the set M is separable. Hence, the quantity ¢, (J) is measurable,
as well as all suprema involved in the rest of the proof. Define

Op = P(F(zp,.) — F(z,.)).
By definition of x,,, P, (F(xy,.) — F(z*,.)) < 0 so that
o < (P = Po)(F(zn,.) — F(27,.)) < ¢n(0n).

As a result, in order to upper bound 6,, with high probability, it is enough to upper bound ¢, (9), for fixed
0 > 0, and apply Lemma 5.1. Denoting

02(8) := sup{P(F(z,.) — F(z*,.))? : x € M(5)},

and observing that —2K; < F(x,y)— F(2*,y) < 2K, for all ,y € M due to (A1), it follows from Lemma
5.2 that inequality

60(0) < Eon(®) + /2L (2200) + 8K E6(0)) + 200

holds with probability at least 1 —e~t. Using basic inequalities v/u + v < \/u + /v and 2y/uv < u + v for
positive numbers, we further deduce that

2t 16K4t
9n(8) < 260 (6) + 0 () — + —, (5.1)
with probability at least 1 — e~!. Combining (A2) and (A3), we deduce that for all x € M,
P(F(x,.) — F(z*,.))? < K3K$(P(F(z,.) — F(z*,.))*, (5.2)
and therefore,
o%(0) < K3K$6%P. (5.3)
Next, we provide an upper bound for E¢,(d). Let o1,...,0, be a sequence of i.i.d. random signs, i.e.

such that P(o; = —1) = P(0; = 1) = 1/2, independent from the ¥;’s. The symmetrization principle (see,
e.g., Lemma 7.4 in [vH16]) indicates that

En(0) < 2E sup {% S 0i(F(@,Yi) - Fa*,Y)) 1 a € M@}
=1

i=1

= 2[Esup{%zn:0'iF(x,Y;) S M(é)},
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where the last line follows from the fact that the o;’s are centered and independent of the Y;’s. Now,
introduce the set F = {F(x,.) : 2 € M}, and observe that, conditionally on the Y;’s, the process

&:%waakﬁ
=1

satisfies the separability condition of Lemma 5.3 due to the separability of M. In addition, this process is
subgaussian since

2 2
Vf,g€ FV0 R, logE[’™ Xy, . V] < W

where
n

1
dn(f,9) = = > (f(¥;) = g(¥3))?
i=1
is the natural metric in L?(P,). Also, it satisfies the Lipchitz condition
[ Xy — Xg| < Vndn(f,9)-
Hence, denoting F(0) = {F(x,.) : € M(d)} and applying Lemma 5.3, we obtain

12 [t
< oFi — -
Eon(d) < 2[E££ {26 + Nl Vog N(F(6),dp,u) du}

But combining (A2) and (A3), we deduce that, almost surely,

N(F(8),dn,u) < N (M(a),d, (%) i)

As a result,

1
12 [T w \ o
En(9) < 2nf § 26 + \/ﬁ/s log N <B($ VEK368),d, <K2> )du

12 [KoKg/%5002

1
—2inf { 26 4 —= log N (B(x*, VE308),d, < Y )“) du

£>0 NP K,
o/25a8/2 a/2
12 [k D CoKy K37 508/2
<2inf ¢ 2e + — —10g< 273 du p ,
>0 Ve o

where the last inequality follows from (B1). Assuming without loss of generality that C' > 1 and using the
simple upper bound log(z) <z — 1 < z, for all > 0, it follows from straightforward computations that

1805 DK, K?
T n

o2

afB
2

N=

Edn(d) < )

(5.4)

Combining (5.1),(5.3) and (5.4) implies therefore that we have

qbn(é) < bn(éyt) = 615% V 2 + 025?\/2“‘ Cit’
n n n
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with probability at least 1 — e~ where

3 16 K
, 62:\/§K2K32 and c3 = 3 L (5.5)

9602 KoKy
as

Using the fact that d,, < ¢,,(0,) and Lemma 5.1, it follows that

C1

Op, < by (t) := inf {7’ >0 :supd b, © %) < 1} ,
o>T

with probability larger that 1 —2e~t. It therefore remains to provide an upper bound for b, (t). Observing
that a8 <1, and that for nonincreasing functions h; : [0, +00) — [0, +00) we have

inf{r > 0:hi(7)+ -+ hp(r) <1} < max inf{7 > 0: hj(r) < 1/m},
<jsm

it follows that

= 1
by (t) < max {(301)ﬁ <2> o ,(3@)% (i) el 7@} 7

n n n

where ¢y, co, c3 are as in (5.5). To sum up, we have shown that, for all n > 1 and all ¢t > 0,

/ (F(n,y) — F(*,y)) dP(y)
M

1 1
_2 ([ D\20B _2 (t\2-aB 3c3t
< max {(361) 272046 <_> , (362)2*2%3 <_> ’ C3 } ,
n n n

with probability at least 1 —2e~ where ¢y, co, c3 are as in (5.5). Finally note that, at the price of a slightly
worst dependence on the constants, the last term in the maximum can be removed. Indeed, if ¢t < n, we

have .
t t\ 2B
n n

while, for ¢t > n, assumption (A3) implies that inequality

1

* t\ 2
[ (F ) = Pt ) ap() < 254 ()
M n
trivially holds. This completes the proof. O

5.2 Proof of Example 2.3

We prove inequalities (2.5). The proof uses a classical strategy but is reproduced for completeness. Define
ap : M x (0,4+00) — [0,+00) by

p(B(z, 7))

S (5.6)

ap(z,r) =

so that a— < ap(x,r) < at by assumption. Let € M and 0 < € < r be fixed. Let z1,...,zn5 be a
minimal e-net for B(z,r) of size N = N(B(z,r),d,e). Then, by monotonicity and subadditivity of p, it
follows that

N N
ap(e, )P = p(B(w, 1) < Y p(Blie)) = > ap(aie).
i=1 i=1

By definition of a_ and o, we deduce that a_r” < a, NeP which proves the first inequality. To prove
the second inequality, define the e-packing number Npaec(B(x,7),d,€) of B(x,r) as the maximal number
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m of points x1,..., 2, € B(z,r) such that d(z;,z;) > ¢ for all i # j. A collection of such points is called
an e-packing of B(x,r). It is a classical fact that the covering and packing numbers satisfy the duality

property
N(B(ZL’,T’),d,€) < Npack(B($7T)7d7€) < N(B(:L',’f’),d,&/Z).

In particular, to upper bound the e-covering number of B(z,r) it suffices to upper bound its e-packing
number. Hence, let 1, ..., z,, be a maximal e-packing of B(xz,r) of size m = Npaek(B(z,r),d, ). Notice
that the balls B(x;,£/2), i = 1,...,m are disjoint by definition and included in B(x,r + £/2). Hence, by
monotonicity and additivity of u, it follows that

oner+5) (5 =n(m(ar+)) >

The definition of «— and a4 implies once again that

e\D e\D
mo_ (5) < ag (7’—1‘5) )

ay [ 2r b ot [ 3r b
ez )
oa_ \ € a_ \ €

and therefore

which concludes the proof.

5.3 Proof of Theorem 2.5

The proof is identical to that of Theorem 2.1 up to a minor modification. Here, the control on the
complexity of set M is only global. Hence, the inequality

19 [Kakg/ 250872 uw\ &
<2i — * VK368 —
Eon(d) < 2;121{; 2e + \/ﬁ/s log N | B(z*,/ K30P),d, <K2> du p,

used in the proof of Theorem 2.1, while still valid, cannot be exploited as such. We simply replace it by
the upper bound

19 [KaKg/2508/2 w )\ ®
<9 it —
Epn(d) < 2;2% 2e + \/ﬁ/e log N | M,d, <K2> du

From then on, the proof is similar to that of Theorem 2.1.

5.4 Proof of Theorem 3.2
The proof of Theorem 3.2 follows by combining Lemmas 5.7 and 5.8 below.

Definition 5.4 (Exponential barycenter). For any P € Po(M), a point x* € M is said to be an exponential
barycenter of P if

[ o8 @. 108 ) aP@1PG) <0
M JM
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For the definition of log, and (.,.), we refer the reader to Appendix A. Exponential barycenters where
introduced in [EM91]. The definition of an exponential barycenter mimics that of the Pettis integral of
a Hilbert valued function and stands as an alternative way to define the analog of the mean value of an
element of Py (M). Next is an important property of exponential barycenters.

Theorem 5.5 (Theorem 45 in [Yok12|). Suppose that curv(M) > 0. Let =* be an exponential barycenter
of P € Po(M). Then the linear hull of the support of P o log;*l is isometric to a Hilbert space.

Remark 5.6. Note that Theorem 45 of [Yok12] requires the tangent cone to be separable. It is not clear to
us whether the tangent cone of a separable geodesic space with curvature bounded below is always separable.
However, separability is used only to approzimate (a countable number) of integrals w.r.t a measure by the
same integral w.r.t. a finitely supported measure. This can be derived from the law of large number and
thus separability is not necessary.

Using Theorem 5.5 we prove next that the identity of Theorem 3.2 holds for exponential barycenters.

Lemma 5.7. Suppose that curv(M) > 0. Let P € Pyo(M) and x* be an exponential barycenter of P.
Then, for all x € M,

d(z, )2 /M k2. (y) dP(y) = /M<d<x,y>2 —d(z",y)?) dP(y).

where, for all x # x* and all y, kZ.(y) is as in (3.3).

Proof of Lemma 5.7. Fix an exponential barycenter z* of P. For brevity, denote log = log«, ||.|| = ||-||z*
and (.,.) = (., .)z+. Given any x € M, let x; be a geodesic connecting x* to x in M. It is an easy exercise
to check that t — log(z;) is a geodesic connecting log(z*) to log(x) in Ty« M. According to Theorem 5.5,
and the geometry of a Hilbert space, it follows that, for all z,y € M and all ¢ € [0, 1],

ly = zel* = (1= )lly — 2> + tlly — 2> — (1 = )| — 2*|]%,

where here and throughout, we denote both a point x € M and its image log(z) in the tangent cone T« M
by the same symbol = when there is no risk of confusion. Now since curv(M) > 0, we have d(z,y) < ||z—y||
for all z,y € M, with equality if x = ™ or y = 2*. Hence, it follows from the previous identity that, for
all z,y € M and all t € (0,1),

t(1—t)d(z,z*)* = (1 — t)d(a*,y)* + tlly — 2| — [ly — |
= t(d(z,y)* — d(=*,y)*) + (ly — =*[> = lly — /")
+t(1— Kkl (y)) d(m,m*)2.

Reordering terms and dividing by ¢, we obtain
* * 1 *
(kg (y) — t)d(w,2*)* = (d(z,y)* — d(z*,y)?) + sy —= 1 = lly = l*). (5.7)

Integrating with respect to P(dy), we obtain

(PK%.(\) — t)d(z,2")? = P(d(z,.)? — d(z*,.)%) + P(fl=z" - 'Hzt_ |z — -Hz).
Finally, using Theorem 5.5, we get that
P(lla* = |7 = llae = ) = —#||l=* — 2|>.
Hence, letting ¢ — 0 in the previous identity leads to the desired result. O
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Lemma 5.8. Suppose that curv(M) > 0 and let P € Po(M). Then a barycenter of P is an exponential
barycenter of P.

Proof of Lemma 5.8. Fix a barycenter * of P. As in the proof of the previous Lemma, denote log = log,.,
Il = |I.llz+ and (.,.) = (., .)z+ for brevity. Also, we denote both a point z € M and its image log(z) in
the tangent cone T« M by the same symbol 2 when there is no risk of confusion. Since curv(M) > 0, the
first statement of Theorem 45 in [Yok12| implies that

/M /M<x,y> dP(2)dP(y) > 0.

Moreover, we know that d(z,y) < ||« —y|| for all z,y € M with equality if z = 2* or y = «*. In particular,
x* also minimises

y s / e — gl dP(2).
M

Thus, for all y € M, letting y; be a geodesic connecting x* to y we get for all t € (0, 1],

2 = z — x*||? T
/Muxu dP(x) = /Mu 12 dP(x)
T — Y 2 T

< /Mu w2 dP(x)

:/ |z —t - y|>dP(x)

M

:/ (22 = 2t(z, y) + 2 [y|?) dP(z),
M

where we have used the properties log and ||.|| stated in section A.5. Simplifying the above expression, we
obtain, for all t € (0, 1],

2 [ (o,0) dP() < ol
M
Letting ¢ — 0, we get

/ (2, 1)dP(z) < 0.
M

Integrating with respect to y, we obtain

/M /M<x,y> dP(z)dP(y) < 0.

Combining this observation with the first inequality of the proof shows that x* is an exponential barycenter.
O

5.5 Proof of Theorem 3.3

Consider y in the support of P, denote yx = 7, (1 + A) = ex(y) and consider the map oy, : [0,1] — M
defined by o,(t) = %T(t(l + A)). By assumption, o, is a geodesic connecting z* to yx. In addition, we

have by construction that
1

1+ A
It follows from the properties of the map log, listed in appendix A that

oy(t) =y where 7=

y=(1—71)z" + Tyy,
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where we identify a point u and its image log, (u) in T, M. Now since curv(M) > 0 (see Proposition A.8),
we know that curv(7,M) > 0 so that, for all x € T),M,

e —yll2 > (1 = 7)lz — ™2 + 7llz — yalls — 7(1 = 7)|lya — 2™
A 1
D) 14+ A

A
lz = yally — =gl — 2115

k(|2
o~ 213+ R

Using the fact that |lyx —2*||2 = (1 + A)?|ly — 2*||? and the fact that d(u,v) < [lu — v||,, with equality if
u =y or v =y, we deduce from the inequality above that

A 2
- e <
1+Ad<x’x) T 1+

< d(ﬂl‘, y)2 -

lz — =*[13

1
14+ A

_|_
= (d(z,y)* - d(z",)?)

lz = yally + Ad(z*, y)?

. . 2 * 2

Integrating this inequality with respect to dP(y), it follows that

e a) < /M<d<x,y>2 —d(a",y)*)dP(y)
1

# [ (@ N2 - sl - i) aP)

To conclude the proof, it remains to show that, for all z € M,

plo)i= [ (M = e = ) ap) <o

Observing that
(1+A)%d(a*,y)* = d(z",yx)* and that d(z,yx) < |z = yally,

we deduce that

pla) < 1y [ @ ) = dla ) AP)
-5 [ a0 — de ) Pan ).

where we have used the fact that yy = ex(y) and the fact that Py = (e)).P. Hence, for all z € M,
inequality p(x) < 0 follows from the fact that z* is a barycenter of Py by assumption.

5.6 Proof of Theorem 3.5

We start by a technical lemma. Below H is a Hilbert space with scalar product (.,.) and associated norm

Lemma 5.9. Let ¢ : H — R be a convez function and ¢ C H? its subdifferential defined by
(z,y) €0 = Vze H, ¢(2) = ¢(z) + (y,2 — x).
Then, for all ¢ > 0,

(‘Tay) G@(b(:)VzEH, gb(Z) 2¢($)+<yaz_$>_cuw_z”2
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Proof of the Lemma. One implication is obvious. For the second implication, suppose (z,y) € H? is such
that
¥z € H, ¢(2) > ¢(2) + (.2 —a) — cl|z — zl*. (5:8)

Then, on the one hand, we get by convexity of ¢ that, for all z € H and all ¢ € (0, 1),

(@(tz + (1 = t)x) — ¢(x)). (5.9)

B(e) o) >

On the other hand, applying (5.8), we obtain for all z € H and all ¢t € (0,1),
Ptz 4+ (1 —t)x) — op(x) > t{y,z — ) — ct?||z — z|)°. (5.10)
Hence, combining (5.9) and (5.10), we deduce that for all z € H and all ¢ € (0,1),

$(2) = d(x) > (y, 2 — x) — etf|z — 2|°.
Letting ¢t — 0 proves the other implication. O

We are now in position to prove Theorem 3.5. Fix p,v € S = Po(H) and denote v : [0,1] — S a
constant speed shortest path between p and v. By the Knott-Smith optimality criterion (see Theorem
2.12 in [Vil03]), 7 is an optimal transport plan of (u,v) if and only if its support lies in the graph of the
subdifferential of a convex function ¢, i.e.

(x,y) € suppr = Vz € H, ¢(z) > ¢(x) + (y,z — x). (5.11)

Suppose first that, for some A > 0, v : [0,1] — S can be extended to a function v* : [0,1 + \] — S
that remains a shortest path between its endpoints p = 4+ (0) = 4(0) and v* := y7(1 + ). Then, by
Theorem 7.2.2 in [AGS08], there exists an optimal transport plan 7 of (u,*) such that {7} = T',(u,v)
is that the law of

A T
XY)= (X, —2—x %
(X,Y) < TEAT TTEa )

where (X,Y?) ~ 7*. In particular Y* = (1 + \Y) — AX. Therefore, there exists a convex function ¢*
such that denoting y* = (14 \)y — \z

(z,y) € suppr < (2,y") € suppr
= Vz € H,¢*(2) > ¢*(z) + (¥, 2 — x)
eVze H ¢MNz) > oMa)+ 1+ Ny, z —z) — Nz, z — )

A A 1
©Vz e H ¢M\(z2) + §||ZH2 > ¢M(x) + §|le2 + A+ Ay z —a) + Az e — 2|?

M) | AP M) | Al
H > _
SV e Tt ST Ty T WA

= Vze H ¢(z) > o(x) + (y,z — x), (5.12)

where we denote
M 1 A
+ —
1+ 21+ X

Thus, suppr lies in the subdifferential of ¢ that is 1J%\—convex, since ¢ is convex.

1117

o=

Conversely, suppose that there exists a H%\—convex function ¢ such that suppm for 7 € T',(u, v) lies in
the subdifferential of ¢. Denote (X,Y) ~ 7 and set Y* =Y + A(Y — X) ~ v* and (X,Y?) ~ 7*. Then
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7 is an optimal transport plan between p and v if and only if there exists a convex function ¢* such

that the suppz™ lies in 4. In that case,

(1+X)2

Wi () = BV = X = (14 0 Wi, v) = =

W3 (v, %),

so that by Lemma 7.2.1 of [AGS08], v is in the shortest path joining ; to v*, which is the desired result.
It thus just remains to prove that there exists a convex function ¢* such that suppz™ lies in 9¢*.
Set

1
Ot = (1+ )9 — S|
¢ is convex since ¢ is 1J%\—convex. Then, denoting again y* = (1 + \)y — Az,
(z,y") € suppr™ & (x,y) € suppm

=Vze H, ¢(z) > o(x) + (y,z — x)

M) | AP L M) | Al
H > _
eV el Tt TN Taan TWET

¥z e HoMNe) > 0\a) + (02— 2) — Agfle — 2| (5.13)

Since ¢ is convex, by Lemma 5.9, (5.13) is equivalent to
Vz € H,¢(2) 2 ¢'(2) + (v, 2 — ),

that is, suppr™ lies in the subdifferential of the convex function ¢*.

5.7 Proof of Theorem 3.7

For all x € M, denote
V) = [ FPlpdre).
M
Now fix x € M and let v : [0,1] — M be a path connecting z* to x and along which V is (k, 3)-convex.

Then, for all ¢ € [0, 1],
2
Vin) <A —t)V(a™) +tV(z) — kt(1 — t)d(z,z")5.
Reordering these terms we obtain, for all ¢t € (0, 1),
V() -V | V) - Vi)
1—t t(1—¢t)
V@) - V)
- 1—t

k:d(x,x*)% <

since V(z*) < V() by definition of z*. Letting ¢ tend to 0 concludes the proof.

5.8 Proof of Theorem 4.1

For any p € M C Py(E), let g, be the density of p with respect to the reference measure m. Fix
v, i, i/ € M and denote for brevity

G O (@) = )
au(:E)_ gy( )7 u( ) gy( ) d 5#,#( ) au(x)—au/(x) .
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Then, we obtain

Dy v) — Dy, v) = / (f(ap(x) — < \(2)))gu ()dm(z)

flau(x)) — ()) Al (z
-/ e _%() (dpu(w) — A ()
— [ G @)(@n(o) — du' (o)) (5.14)

Let us prove that d,, s is Lipschitz. To that aim, observe that since f’is L-Lipschitz, for all z,y € E,

|5,u,u’( r) — ,uu y)l = / (1—-1) au( )+ ta,u’(:n)) - f,((l - t)au(y) + tau’(y))) dt|
< /0 (L= t)au(@) + tay (2)) = f/((1 = t)auly) + tay(y))|dt
1
< L/O (1 =t)(an(@) = au(y)) + tlaw (@) — aw(y))|dt
< Lmax{|a,(2) — au(y)], law (x) — aw (y)[}- (5.15)
Then, we see that

9u(2)90(y) — 9u(y) 90 ()

au(:p) - a“(y) =

9v() g (y)
_ 9u(®)(90 () = 90 (%)) + 90 () (9u(2) — 9u(y))
9v()gv (y) ’

which implies, under the conditions of the theorem, that

2Ac
lau(z) —au(y)] < Cg+\|$—y\|- (5.16)

Combining (5.15) and (5.16) we deduce that 4, is Lipschitz with constant at most 2LAc; /c?. Using
(5.14) and the Kantorovich-Rubinstein formula (see remark 6.5 in [Vil08|) we therefore obtain that

2LAC+

|Dy(p,v) — Dy(p,v)] < Wi (p, 1t').

The result follows by observing that Wy (u, 1) < Wa(u, p') (see remark 6.6 in [Vil08]).

5.9 Proof of Theorem /4.2

First note that the second statement of the theorem follows by Theorem 3.7. Hence, we need only to prove
that, for all ug, u1 € M, there exists a geodesic u; connecting g to 1 such that, for all 0 <t <1,

Dy (pt,v) < (1= t)Dg(po,v) + tDg(pur,v) — eAt(1 — )W (po, p11)*.

If either pp or py is not absolutely continuous with respect to v, then the right hand side is 400 and
the inequality trivially holds. Suppose now that pg < v and u; < v. Since v, and therefore pg, has a
density with respect to the Lebesgue measure, there exists an optimal transport map 7' : £ — E pushing
o to pi. Letting Ty(x) = (1 —t)x +tT'(x), the curve py = (T})xpo defines a geodesic connecting fig to juq
in M. For all ¢t € [0, 1], we denote

o) = 1 (a),
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so that, letting dv(z) = e~V®@)dz,
dp(z) = py(2)eV @ du(z).
Letting DTi(x) = (1 —t)I + tDT(x) denote the differential of T} at x, the change of variables formula
po(x) = pi(Ti(x))det(DTi(x)),

implies that

) p(w)eUW DY det(DTi(x)
_/f ( c(i)et(DTt(:E)) > po(z)el (t(x))pO(!E)dﬂ;‘

= /h(s(t,x))po(l?) dz,

where
s(t,x) = =U(Ty(x)) + log det(DTi(x)) — log po(x). (5.17)

The transport map 7" being the gradient of a convex function, the map ¢ € [0,1] — logdet(DT;(x)) is
concave for any fixed # € E. The A-convexity of U therefore implies that, for all ¢ € [0, 1],

s(t,z) > (1 —)s(0,z) + ts(1,z) + M(1 — t)||z — T(z)|*.

Using the assumptions on h, which imply in particular that it is decreasing, we deduce that

h(s(t,x)) < h((1 = )s(0,2) + ts(1,2) + At(1 = t) ||z — T(2)]*)
< h((1 —1)s(0,z) +ts(1,z)) — eAt(1 — t)||z — T(z)|
< (1 —=t)h(s(0,z)) + th(s(1,x)) — cAt(l — t)||x — T(a:)H2

Integrating the last inequality with respect to po(z)dx yields

Dy(pe,v) < (1= )Dy(po.v) + tDf(p1,v) — At (L — )W (o, 1),

which is the desired result.

5.10 Proof of Theorem 4.3

Denote dyu; = g;dv. The linear interpolation ¢ = (1 — t)ug + tp; therefore satisfies

déy

11—t t
D = ( )90 + tg1.

It follows from the k-convexity of f that

Dy(ty,v) = /f (iﬁ) dv
— [ £t + tgn) v
<=0 [ o+t [ gav— k-1 [lg - g0 av

— (1~ )Dy(uo, ) + Dy (1, v) — k(1 — 1) / g1 — gol? du.
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According to Theorem 6.15 in [Vil08], we know that

Wa(po, p1)? < 2/ |1z[1*]91(2) — go()| dv (=)

Hence, we deduce that

Dy(b,v) < (1 =t)Dy(po,v) + tDy(p,v) — ﬁ(mt(l — )Wa(po, )",

which proves the first statement. The second statement follows directly from Theorem 3.7.

5.11 Proof of Theorem 4.4

For fixed y € E, the fact that x € F — g(z,y) is L-Lipschitz, the Kantorovich-Rubinstein formula
(see remark 6.5 in [Vil08]) and the fact that W7 < W (see remark 6.6 in [Vil08|) implies that, for all

p, i € Po(E),
| / o, y)(du() — A (2))] < LW (s 1) < LWa (i ).

Integrating with respect to v € Py(FE) implies that

1T, (o) — I (4 )] < / | / o(z,y) (dpu() — dpd'(2))|dv(y)
< LWa(p, ')

5.12 Proof of Theorem 4.5

Given that (FE,p) is separable, complete, locally compact and geodesic, the space (Po(E), Ws) is also
geodesic according to Corollary 7.22 in [Vil08]. In addition, given pug, 1 € P2(E), a curve (ui)o<t<i in
Py(E) is a geodesic connecting pi to pq if and only if there exists a probability measure I on the set G(FE)
of all geodesics v : [0,1] — F in E such that

pt = (evalg).(IT),

where evaly(y) = 7, for all v € G(E), and where (evalp, evaly).(II) is an optimal coupling of po and p.
For such a geodesic,

Iy(pe,v) Z//g(w,y) dpg (z)dv(y)
- / / 9, ) ATI(7)dw (y)
< [ [ (0= 096000 + toln.v) ~ kt(1 = 1)p00.m)F) vy

= (1 —=t)Iy(po,v) +tly(p,v) — kt(1 — t)/p(yo,%)% dII(y)

=

< (1= 8)Ig(po, v) + tlg(p1,v) — kt(1 —t) </ p(70,7)? dH(v))

= (1 — t)Ig(,UQ, V) + tIg(,ul, V) — kt(l — t)WQ(,UQ,,ul) .

This completes the proof of (1). Statement (2) follows directly by combining the first statement and
Theorem 3.7.

[
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A Metric geometry

A.1 Geodesic spaces

Let (M,d) be a metric space. We call path in M a continuous map « : I — M defined on an interval
I C R. The length L(y) € [0,400] of a path v : I — M is defined by

n—1

L(y) ==sup Y _ d(v(t:),(ti+1)),

=0

where the supremum is taken over all n > 1 and all tg < --- <t, in I. A path is called rectifiable if it has
finite length. Two paths v, and 7o are said to be equivalent if v; o w1 = 79 0 g for non-decreasing and
continuous functions ¢ and @s. In this case, 71 is said to be a reparametrisation of 49 and we check that
L(v1) = L(72). A path v : [a,b] — M is said to have constant speed if for all a < s <t <,

t—s
b—a

L) = L(v), (A1)

where 7|,y denotes the restriction of v to [s,?].
Proposition A.1. Any rectifiable path has a constant speed reparametrisation + : [0,1] — M.

Given z,y € M, a path v : [a,b] — M is said to connect = to y if v(a) = x and v(b) = y. By
construction of the length function L, d(z,y) < L(v) for any path v connecting = to y. The space M is
called a length space if, for all z,y € M,

d(z,y) = inf L(7), (A.2)
gt
where the infimum is taken over all paths 7 connecting x to y. A length space is said to be a geodesic
space if, for all z,y € M, the infimum on the right hand side of (A.2) is attained.

Definition A.2. In a geodesic space, we call geodesic between x and y any constant speed reparametrisation
v :10,1] = M of a path attaining the infimum in (A.2).

For a geodesic =, it follows from its minimising properties that

d(v(s),7(#) = L(vis1),

for all 0 < s <t < 1. In particular, (A.1) translates in this case as

d(v(s),~(t)) = (t = s)d(v(0),~(1)),
for all 0 < s <t < 1. We end by a general characterization of geodesic spaces.
Proposition A.3. Let (M,d) be a metric space.

(1) If M is a geodesic space, then any two points x,y € M admit a midpoint, i.e. a point z € M such
that

d(w,2) = d(y, ) = 5d(z,y)

(2) Conversely, if M is complete and if any two points in M admit a midpoint, then M is a geodesic
space.
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A.2 Model spaces

Given a real number k € R, a geodesic space of special interest is the (complete and simply connected)
2-dimensional Riemannian manifold with constant sectional curvature x. For given x € R, this metric
space (M2, d,) is unique up to an isometry, and modelled as follows.

o If k <0, (M2,d,) is the hyperbolic plane with metric multiplied by 1/y/—x.
o If k=0, (Mg, dp) is the Euclidean plane equipped with its Euclidean metric.

o If k>0, (M2,d,) is the Euclidean sphere in R?® of radius 1//k with the angular metric.

The diameter @, of M2 is
o T if k<0,
" w//E i k>0,

For k € R, there is a unique geodesic connecting  to y in (M2, d,) provided d(z,y) < w.. By convention,
we call triangle in M2 any set of three distinct points {p,z,y} C M2, with perimeter

peri{p, z,y} := du(p, ) + d(p,y) + de(z,y) < 2w,.

Side lengths of triangle {p, x,y} are the numbers d,(p, x), dx(p,y) and d.(x,y). Given a, b, c > 0 satisfying
the triangle inequality and such that a + b+ ¢ < 2w, there exists a unique (up to an isometry) triangle
{p,z,y} in M? such that du(p,z) = a, de(p,y) = b and du(z,y) = ¢ The angle <f(x,y) at p in
{p,z,y} C M? is defined by

a? + b — 2
2ab
cx(c) — cx(a) - ()
K- sk(a)sg(b)

where a = d,(p,x), b = dx(p,y), ¢ = dx(x,y) and ¢, := s/, with

[ sin(rv/k)/VE if K >0,
5w(r) = { sinh(ry/—k)/v/—r if kK <O. (A-3)

We end by observing that the angle is constant along geodesics in the model space (M2, d,.).

if k=0,
cos T (z,y) =
if kK #£0,

Proposition A.4. Let k € R and {p,z,y} C (M?2,d,.) be a triangle. If v, and vy are geodesics from p to
x and from p to y respectively, then for all (s,t) € (0,1]?,

G (8), (1) = <G (=, y).

A.3 Curvature

In this section, we describe the notion of curvature bounds of metric spaces. Curvature bounds in general
metric spaces are defined by comparison arguments involving the model surfaces (M2, d,) discussed in the
previous section. The fundamental device allowing for this comparison is that of a comparison triangle.
Given a metric space (M,d), we define a triangle in M as any set of three points {p,z,y} C M. For
k € R, a comparison triangle for {p,z,y} in M2 is an isometric embedding of {p,z,y} in M2, i.e. a set
{Prs T, Y} C M2 such that

d/i(pm xn) = d(p, JZ), dn(pm yn) = d(p7 y) and d/i(xm y/i) = d(a:, y)

Such a comparison triangle always exists (and is unique up to an isometry) provided

peri{p, z,y} := d(p,z) + d(p,y) + d(x,y) < 2.

We are now in position to define curvature bounds for geodesic spaces.
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Definition A.5. Let k € R and (M,d) be a geodesic space.

(1) We say that curv(M) > k if for any triangle {p,x,y} C M satisfying peri{p,z,y} < 2w, any
comparison triangle {pe, Tx, Yy} C M2, any geodesic v joining x to y in M and any geodesic 7y
joining x, to y,. in M2 , we have for all t € [0,1],

d(p,Y(t)) > di(pr, Ve (1)) (A4)

(2) We say that curv(M) < k if the above definition holds with opposite inequality in (A.4).

The previous definition has a natural geometric interpretation: if curv(M) > &k (resp. curv(M) < k) a
triangle {p, z,y} looks thicker (resp. thiner) than a corresponding comparison triangle {py, Zx,y.} in M2.
In the context of k = 0, the above definition may be given an alternative form of practical interest.

Proposition A.6. Let (M,d) be a geodesic space. Then curv(M) > 0 if, and only if, for any points
p,x,y € M and any geodesic v joining x to y, we have

We have curv(M) < 0 if, and only if, the same statement holds with opposite inequality.

The proof follows immediately from Definition A.5 by exploiting the geometry of the Euclidean plane.
Note indeed that, whenever {p,z,y} C R? and R? is equipped with the Euclidean metric |. — .||, the
unique geodesic from z to y is y(t) = (1 — t)z + ty and, for all ¢ € [0, 1],

lp =~ = (1 = t)llp — 2|* +tp — y[I* - t(1 = )| — y|>

For k # 0, an equivalent formulation of Definition A.5, given only in terms of the ambient metric d, is given
in the next subsection using the notion of angle. A (complete) geodesic space (M, d) with curv(M) < &
for some k > 0 is sometimes called a CAT(k) space in reference to contributions of E. Cartan, A.D.
Alexandrov and V.A. Toponogov. A CAT(0) space is also referred to as an NPC (non positively curved)
space or an Hadamard space. Similarly, M is also called an PC (positively curved) space if curv(M) > 0.
If (M,d) is a Riemannian manifold (complete for instance) with sectional curvature lower (resp. upper)
bounded by k at every point, then curv(M) > k (resp < k) in the sense of Definition A.5. It is worth
noting that the previous definitions are of global nature as they require comparison inequalities to be
valid for all triangles (that admit a comparison triangle in the relevant model space). Some definitions
of curvature require the previous comparison inequalities to hold only locally. The local validity of these
comparison inequalities is known, under suitable conditions depending on the value of k, to imply their
global validity. Results in this direction are known as globalisation theorems.

A.}, Angles and space of directions

Angles, as defined below, allow to provide alternative characterisations of curvature bounds. Let (M, d)
be a metric space and let k € R. Given a triangle {p,z,y} in M with peri{p, z,y} < 2w, we define the
comparison angle < (z,y) € [0,7] at p by

d(p,x)? + d(p,y)? — d(z,y)*
2d(p, )d(p, y)
cx(d(z,y)) — culd(p,2)) - culd(p,y)) .
i 5(dp, 2)5n (AP )) e 0,

where ¢, and s, are as in (A.3). In other words, given any comparison triangle {py, ., yx} of {p,z,y} in
M2,

if k=0,

cos <, (7, y) =

K

<IZ(‘T’ y) =<, (‘Tm yn)'
This allows to give an equivalent definition of curvature lower bounds that has the advantage of making
sense on arbitrary metric spaces, not necessarily geodesic.
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Definition A.7 (Quadruple comparison). Let (M,d) be a metric space. Let k € R. We say that
curv(M) > &, if for any four disctinct points p,x,y,z € M such that every three points have a perimeter
less than w,,

Glay) + Gly.2) + Glez) < 2m

Proposition A.8. If (M,d) is a geodesic space, then curvature lower bounds as defined in Definition A.5
and Definition A.7 are equivalent. Moreover, even if (M,d) is not geodesic, and satisfies Definition A.7,
then, equation (A.4) is satisfied for all t € [0,1] and y(t) € M such that

d(v(0),7(8))/t = d(v(t),7(1))/(1 = 1) = d(7(1),7(0))-

The next result presents a characterization of curvature bounds in terms of the monotonicity of the
comparison angle.

Proposition A.9 (Angle monotonicity). Let (M, d) be a geodesic space and let k € R. Then curv(M) > k
(resp. curv(M) < k), in the sense of Definition A.5, if and only if, for any triangle {p,x,y} in M and
any geodesics 7y, and 7y, from p to x and from p to y respectively, the function

(S7t) € [07 1]2 = <IZ(PYI(S)7’Yy(t))7
is non-increasing (resp. non-decreasing) in each variable when the other is fized.

In a geodesic space (M,d), if p € M and +, and ~, are two geodesics connecting p to  and y
respectively, we define

(Y yy) = J?EO G (72(8), (1)),

when it exists. It follows from Proposition A.9 that this limit exists provided curv(M) > & or curv(M) < k.
It may be shown furthermore that this limit is independent of k. Hence, whenever M has upper or lower
curvature bound, we denote <((7;,7,) the angle between these two geodesics. Given a third geodesic
vz ¢ [0,1] — S such that 7,(0) = p and v,(1) = 2, we have the triangular inequality

V2, Yy) < <<y 72) + <1z, %), (A.5)

so that < defines a pseudo metric on the set G(p) of all geodesics emanating from p. Defining the
equivalence relation ~ on G(p) by o ~ < <(a, ) = 0, the angle < induces a metric (still denoted <)
on the quotient set G(p)/ ~ and we call space of directions the completion (£,, <) of (G(p)/ ~,<(). An
element of ¥, is called a direction.

A.5 Tangent cones

Metric spaces considered so far have a priori no differentiable structure. In this context, an analog of a
tangent space is provided by the notion of a tangent cone. This section shortly reviews this notion. Below,
M denotes a geodesic space with lower or upper bounded curvature in the sense of Definition A.5.

Definition A.10 (Tangent cone). Let p € M. The tangent cone T,M at p is the Euclidean cone over the
space of directions (X, <0). In other words, T,M is the metric space:

e Whose underlying set consists in equivalent classes in ¥, X [0,4+00) for the equivalence relation ~
defined by
(a,8) ~ (B,t) & ((s=0andt=0) or (s=t and a = 3)).

A point in T,M is either the tip of the cone oy, i.e. the class ¥, x {0}, or a couple (a,s) €
Y, x (0,400) (identified to the class {(c,s)}).
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e Whose metric dy, is defined (without ambiguity) by

dy((a, 8), (B,1)) := /s + 2 — 2st cos <t(a, B).
For u = (o, s) and v = (B,t) € T, M, we often denote ||u — v||, := dp(u,v), ||ull, = dp(0p,u) = s and
(u, v)p = st cos <(a, B) = (|[ully + V5 — llu = vl7)/2.

Proposition A.11. Let (M,d) be a geodesic space and p € M be fized. If carv(M) > k for some k € R,
then T,M is a metric space with curv(T,M) > 0 (in the sense of Definition A.7).

Note that the tangent space is not always a geodesic space, see discussion before Proposition 28 in
[Yok12| and the Proposition itself for the proof. Notation ||.||, and (.,.), introduced above is justified by
the fact that the cone T, M possesses a Hilbert-like structure described as follows. For a point v = (a, t)
and A > 0, we define X - u := (o, At). Then, the sum of points u,v € T,,M is defined as the mid-point of
2-wu and 2 - v as defined in Definition A.3. Finally, it may be checked using the previous definitions that,
for any u,v € T,M and any A > 0, we get

13-l = Mull, and (h- o)y = (A v)p = Aus ),

Next we define logarithmic maps. Fix p € M. Since M has upper or lower bounded curvature, the
angle monotonicity imposes the following observation. If there are two geodesics 7! and 2 connecting p
to = such that <t(y},~72) = 0, then 4! = 42. In other words, the set of points x € M for which there is
not only one equivalence class of geodesics connecting p to x is exactly the set of points x connected to p
by at least two distinct geodesics. This set of points is denoted C'(p) and called the cut-locus of p. For all
x € M\ C(p), we denote 1, the direction of the unique geodesic v, : [0,1] — M connecting p to x.

Definition A.12 (Logarithmic map). Let (M,d) be a geodesic space with curvature bounded from above
or below in the sense of Definition A.5 and fix p € M. We denote

log, : x € M\ C(p) — (15, d(p,v)) € T,M.
For all t € [0,1] and all z € M \ C(p), one checks in particular that

log,(72(t)) =t - log, ().

More generally, if v : [0,1] — M is a geodesic in M and if we denote p = (t) for some ¢ € [0, 1], then
provided v(0) = z and (1) = y both belong to M \ C(p), we check that, for all s € [0, 1],

log, (7(s)) = (1 = s) - log,(x) + s - log,(y).

Note finally that C'(p) is empty for spaces of curvature bounded from above by 0. It is often practical to
extend the definition of log, to the cut locus C'(p). To that aim, it suffices to select, for any = € C(p),
a geodesic connecting p to x. Denoting as above 17 the direction associated to this chosen geodesic, we
simply extend log, to M by setting log,(z) = (1}, d(p, z)). This extension depends a priori on the choice of
geodesics connecting p to 2 € C(p). However, note that when (M, d) is a Polish space, this extension log,,
can be chosen to be measurable on M, by application of the measurable selection theorem of Kuratowski
and Ryll-Nardzewski (see Theorem 6.9.3 in [Bog07]). Next is a fundamental result.

Proposition A.13. Let (M,d) be a geodesic space and p € M be fized. If curv(M) > 0, then for all
x,y €M,
d($7y) < H Ing(IE) - 10gp(y)||p7

with equality if xt = p or y = p.
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