Convergence of metric measure spaces satisfying the CD
condition for negative values of the dimension parameter

Mattia Magnabosco* Chiara Rigoni! Gerardo Sosa

April 7, 2021

Abstract

We study the problem of whether the curvature-dimension condition with negative values
of the generalized dimension parameter is stable under a suitable notion of convergence. To
this purpose, first of all we introduce an appropriate setting to introduce the CD(K, N)-
condition for NV < 0, allowing metric measure structures in which the reference measure is
quasi-Radon. Then in this class of spaces we introduce the distance dixrw, Which extends
the already existing notions of distance between metric measure spaces. Finally, we prove
that if a sequence of metric measure spaces satisfying the CD(K, N)-condition with N < 0
is converging with respect to the distance dixgrw to some metric measure space, then this
limit structure is still a CD(K, N) space.
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1 Introduction

In the last years, the class of metric measure spaces satisfying the synthetic curvature-dimension
condition has been a central object of investigation. These spaces, in which a lower bound on
the curvature formulated in terms of optimal transport holds, have been introduced by Sturm in
[33, 34] and independently by Lott and Villani in [I§]. For a metric measure space (X, d, m), the
curvature-dimension condition CD(K, N) depends on two parameters K € R and N € [1, o]
and it relies on a suitable convexity property of the entropy functional defined on the space of
probability measures on X: the CD(K, N)-condition for finite N is an appropriate reformula-
tion of the CD(K, 00) one introduced as the K-convexity of the relative entropy with respect
to m. Spaces satisfying the curvature-dimension condition are Riemannian manifolds [33, [34],
Finsler spaces [22] and Alexandrov spaces [29, B39]. In particular, in the case of a weighted
Riemannian manifold, namely a Riemannian manifold (M, g) equipped with a weighted mea-
sure m = e ¥vol, which leads to a weighted Ricci curvature tensor Ricy, being a CD(K, N)
space is equivalent to the condition Ricy > K that can be regarded as the combination of a
lower bound by K on the curvature and an upper bound by N on the dimension. Moreover, in
the setting of Riemannian manifolds, it turns out that for V > 0 it is possible to characterize
the CD(K, N)-condition in terms of a property of the relative entropy, as in the case of metric
measure spaces satisfying the CD(K, co)-condition, for brevity, the class of CD(K, 0o) spaces:
the required property is the (K, N)-convexity introduced in [I0]. This notion reinforces the one
of K-convexity, and can be generalized to the case of metric measure spaces.

In the Euclidean setting a direct application of the results in [9] ensures that given any convex
measure j, with full dimensional convex support and C? density ¥, the space (R",dgud., 1)
satisfies the CD(0, N)-condition for 1/N € [—o0,1/n] (i.e. N € (—00,0) U [n,0]), in the sense
that Ricy > 0. This class of measures, introduced by Borell in [§], extends the set of the so-
called log-concave ones and it has been largely studied for example in [5, [6, [16]. In particular,
following the terminology adopted by Bobkov, the case N € (—o0,0) corresponds to the “heavy-
tailed measures” (see also [4]), identified by the condition that 1/¥'/("=N) is convex. An explicit
example of these measures is given by the family of Cauchy probability measures on (R™, dgyc1.)

ma— e qp 4>, (1.1)
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where ¢, o > 0 is a normalization constant. Hence, (R", dgyc1., p™%) is a CD(0, —a) space.

Admitting N < 0 may sound strange if one thinks to NV as an upper bound on the dimension;
however, as explained in [26] and [27], in the case of weighted Riemannian manifolds, it is useful
to consider a generalization of the entropy, called m-relative entropy H,,(:|v), stemming from
the Bregman divergence in information geometry, which is closely related to the Rényi entropies
in statistical mechanics. More precisely, in these papers Ohta and Takatsu prove that if (M, w)
is a weighted Riemannian manifold and v = exp,,(¥)w is a conformal deformation of w in
terms of the m-exponential function, then the fact that H,,(-|v) > K in the Wasserstein space
(P2( M), Ws) is equivalent to the fact that Hess® > K and Ricy > 0 with N = 1/(1—m), where
Ricy is the weighted Ricci curvature tensor associated with (M,w). In this setting, depending
on the choice of the particular entropy, i.e., the value of m, the value of the dimension N can
be negative. Hence they show that the bounds Hess¥ > K and Ricy > 0 imply appropriate
variants of the Talagrand, HWI, logarithmic Sobolev and the global Poincare inequalities as
well as the concentration of measures. Moreover, using similar techniques as in [I5] B6] 24],



they prove that the gradient flow of H,,(-|v) produces a weak solution to the porous medium
equation (for m > 1) or the fast diffusion equation (for m < 1) of the form

op 1

— = —AY(p™) + div,(pV V), 1.2

5 = A0 (") + dive(pVE) (1.2)
A% and div,, being the Laplacian and the divergence associated with the measure w. This is
result was demonstrated also by Otto [28] in the case in which the reference measure v in the
m-relative entropy H,,(-|v) is given by the family of m-Gaussian measures, which is in turn
closely related to the Barenblatt solution to (1.2) without drift (see [211, [35]).

In [23], the author extends the range of admissible “dimension parameters” to negative
values of N in the theories of (K, N)-convex functions, of tensors Ricy and of the CD(K, N)-
condition in the more general setting of metric measure spaces. In particular, it is proved that
the (K, N)-convexity for N < 0 is weaker than the K-convexity, thus it covers a wider class of
functions. This means that the class of metric measure spaces satisfying the CD(K, N)-condition
for negative values of N includes all CD(K, co) ones; in particular, since a metric measure space
which satisfies the CD(K, N)-condition for some N > 0 is also a CD(K, c0) space, it follows
that:

(X,d,m)isa CD(K, N) space, (X,d, m)isa CD(K, N) space,
= | (X,d,m)isa CD(K, c0) space | =
for some N > 0. for any NV < 0.

The curvature-dimension condition for negative values of the dimension has not been largely
studied up to now. In the setting of metric measure spaces, the only paper devoted to the study
of this notion is the aforementioned work by Ohta [23]. Therein, many direct consequences
are extracted from the definitions, as in the case of the standard curvature-dimension bounds
theory and a number of results valid in the case of N > 0 are generalized to these spaces,
including the Brunn-Minkowski inequality and some other functional ones.

Nevertheless, most of the results on this topic are obtained in the case of weighted Rie-
mannian manifolds. A first example of a model space is provided in [20]: it is therein proved
that the n-dimensional unit sphere equipped with the harmonic measure, namely the hitting
distribution by the Brownian motion started at z € S”, |x| < 1 (which can be equivalently
described as the probability measure whose density is proportional to S* 3 y — 1/|y — z|*™1)
is a CD(n —1—(n+1)/4, —1) space. More generally, Milman provides an equivalent to the
family of Cauchy measures in R, showing that the family of probability measures on the
n-dimensional unit sphere having density proportional to

1
S"sy—
YTy —afte
satisfies the curvature-dimension condition CD(n — 1 — 242 —q) for all |z| < 1, @ > —n and

n > 2. In [19], the author studies the isoperimetric, functional and concentration properties
of n-dimensional weighted Riemannian manifolds satisfying a uniform bound from below on
the tensor Ricy, when N € (—o0,1), providing a new one-dimensional model-space under
an additional diameter upper bound (namely, a positively curved sphere of possibly negative
dimension). In this setting, many other rigidity results have been obtained, such as the splitting
theorem for weighted Lorentzian and Riemannian manifolds satisfying the CD (K, N)-condition
for any N < 1 (see [38, B3Il [32]). Other interesting geometric results have been proved when



the tensor Ricy for N € (—o0,0] is uniformly bounded from below: for example, in the paper
[17], Kolesnikov and Milman prove various Poincaré-type inequalities on the manifolds and
their boundaries (making use of the Bochner’s inequality and of the Reilly formula, when the
boundary is nonempty).

Finally, let us underline that Bochner’s inequality, generalized to the setting of weighted
Riemannian manifolds satisfying the CD(K, N)-condition for N < 0 in [23] and in [I7], in-
dependently, does not yet have a corresponding in the nonsmooth setting of metric measure
spaces. We recall that for N > 0, this important inequality has been extended to the setting of
singular spaces in a series of works, precisely in [25] for Finsler manifolds, in [13] and [39] for
Alexandrov spaces and in [2] for RCD(K, co) spaces.

Despite the progress made in [23], some fundamental questions remain open. The objective
of this paper is to address the question of whether the curvature-dimension condition with
negative value of generalized dimension is stable under convergence in a suitable topology.
Special attention has to be payed to establishing an appropriate setting. In fact, inspired by
some of the results found in [23], we prove that for any N < —1 the interval I := [—7/2,7/2]
equipped with the Euclidean distance and the weighted measure dm(z) := cos™ (z)dL'(z),
L' being the 1-dimensional Lebesgue measure on I, is a CD(N, N) space. This fundamental
example shows that the natural setting to introduce this curvature-dimension condition cannot
be the one of complete and separable metric (Polish, in short) spaces equipped with Radon
measures as in the case of CD(K, N) spaces with N > 0, but rather the one of Polish spaces
endowed with quasi-Radon measures, i.e., measures which are Radon outside a negligible set.
In fact, roughly speaking, the information that the weighted measure cos™ (x)dL!(z) is the
right one to consider in order to have a space with negative dimension comes from the theory
of (K, N)-convex functions (see [23| Section 2]). However, despite the fact that the “natural”
domain for the function cos’(z) with N < 0 would be the open interval (—m/2,7/2), the
theory of optimal transport forces us to consider the underling metric space to be complete
and separable, in order to ensure that also the Wasserstein space (22(X), W) enjoys the same
properties. Furthermore, we prove that also the space obtained by gluing together n-copies
of the interval (I,dgye., m) introduced above still satisfies the CD(N, N)-condition: this in
particular shows that the negligible set of points in which the reference measure explodes is not
just appearing in the “boundary” of our space, but also in the interior of it.

In this new and more general setting, a sequence of spaces satisfying the curvature-dimension
condition for negative dimension parameter may fail to be stable under the standard measured
Gromov-Hausdorff convergence of metric measure spaces. For example, it can be the case that a
well-defined limit of a sequence of CD(K, N) spaces does not exist due to failure of convergence
of the metric or the measure. We present some examples of this kind of behavior for metric
measure spaces whose reference measures are quasi-Radon:

1) (o-finiteness lost in limit) Consider the sequence of compact metric measure spaces given
by {([0, 1], dgyel., My, := 27 "dx) }nen. Since these measures are unbounded, it is not clear
a priori in which way we want the measures to converge. One possibility, however, is
the following: note that for every neighborhood U of 0 the measure my[jp)\¢ is finite,
therefore, up to being cautious with boundaries, one could ask for the weak*-convergence
of the restricted finite measures m,|x\; to some measure m{, for every neighborhood U
of the origin. Then using an extension theorem we would obtain a unique measure mq,
defined on the whole interval [0,1]. However this construction leads to a measure mq
which is infinite for every measurable subset of [0, 1], losing thus any regularity.



2) (Bounded measures to unbounded measures) Consider now the sequence of metric measure
spaces given by {([27",400),] - |,xNL'1)}neN for some fixed N < —1. For each n € N,
the reference measure of the space is Radon, but the limit measure is such that every
neighborhood of 0 has infinite mass.

We recall that in the setting of metric measure spaces, a suitable notion of convergence, called
measured Gromov-Hausdorff convergence, was introduced by Fukaya in [I2] as a natural variant
of the purely metric Gromov-Hausdorff one. Then the stability of the CD(K, N)-condition for
N € [1,00) was proved following these two approaches:

e Lott and Villani proved that the CD(K, N)-condition is stable under pointed measured
Gromov-Hausdorff convergence in the class of proper pointed metric measure spaces.
Roughly speaking, this means that for any R > 0 there is a measured Gromov-Hausdorff
convergence of balls of radius R around the given points of the spaces;

e Sturm worked in the setting of Polish spaces equipped with a probability with finite second
moment as reference measure. In this class of spaces he defined a distance D by putting

D((Xl, C|1, ml), (Xz, dg, mg)) = inf W2 ((Ll)ﬁml, (LQ)ﬁmQ),

the infimum being taken among all complete and separable metric spaces (X, d) and all
the isometric embeddings ¢;: (supp(m;),d;) — (X,d), ¢ = 1,2. He then showed that the
curvature-dimension condition is stable with respect to this D-convergence.

In particular, these two techniques produce the same convergence in the case of compact
and doubling metric measure spaces. Hence, in [I4] Gigli, Mondino and Savaré introduce a
notion of convergence of metric measure spaces, called pointed measured Gromov convergence,
which works without any compactness assumptions on the metric structure and for more gen-
eral Radon measures which are finite on bounded sets. Moreover, they prove that lower Ricci
bounds are stable with respect to this convergence.

The first achievement of this paper we propose a suitable setting to introduce the curvature-
dimension condition for negative values of the dimension parameter, extending and complement-
ing the work by Ohta [23]. We then propose an appropriate notion of distance, that we call
intrinsic pointed Kantorovich-Rubinstein-Wasserstein distance dixgrw, and we prove that the
curvature-dimension bounds with negative values of the dimension are stable with respect to
the dikrw-convergence. In particular, this distance extends the one introduced in [14] to the set
of equivalence classes of metric measure spaces with more general o-finite measures, allowing us
to analyze sequences of metric measure spaces in which the reference measures may “explode”
in some points and which are not necessarily finite on bounded sets (we underline that also in
this setting we do not require the locally compactness assumption on the metric structure).

More specifically, the structures we work with are isomorphism classes of pointed generalized
metric measure spaces (X,d, m,C,p) where:

e (X,d) is a complete separable metric space,
e m € .#Z(X) is a quasi-Radon measure, m # 0,
e C C Xis a closed set with empty interior and m(C) = 0,

e p € supp(m) C X is a distinguished point,



and (Xi,dy, my,Cq,p1) is said to be isomorphic to (Xa,ds2, mg, Ca, p2) if there exists
an isometric embedding i: supp(mi) — Xg such that i(C1) = Co, iymy = my and i(p1) = po.

Intuitively, here for “quasi-Radon measure” m on (X,d) (following the terminology introduced
in [I1, Volume 4]) we mean a complete o-finite measure with the following properties:

e there exists a closed negligible set with empty interior Sy, C X such that m(U) = oo for
every open neighborhood U of = € &,

e the restricted measure m|x\s, is Radon on the open set X\ Sp.

In this class of spaces we then introduce the intrinsic distance dikgrw. This is constructed by
taking partitions of the space: each element of the partition has finite measure and can be then
renormalized; hence, we measure the intrinsic Kantorovich-Rubinstein-Wasserstein distance be-
tween these renormalized elements. In doing so, we take inspiration from the ideas behind the
construction of the distance pGy in [14]. However, in contrast to their setting, the lack of
regularity of the measure becomes an obstacle to find a canonical and appropriate manner to
partition the metric measure space. In particular, it turns out that a control on the Hausdorff
distance of the singular sets in the definition of the dixrw-distance is actually necessary in order
to provide an extrinsic realization of the distance given an intrinsic one.

Then in this setting the CD(K, N)-condition for negative values of N is introduced requiring
a suitable convexity property of the extended Rényi entropy functional defined on the space of
probability measures on X, as in the case N > 0.

We prove that this notion is stable with respect to the dikrw-distance: our main re-
sult (Theorem shows that if a sequence of pointed generalized metric measure spaces
{(Xn, dn, My, Cr,, Pr) nen satisfying the CD(K, N)-condition for some N < 0 (and some other
technical assumptions) is converging in the dikrw-distance to some generalized metric measure
space (Xoo, doos Moo Cooy Poo), then this limit structure is still a CD(K, N) space.

This result in the case N > 0 strongly relies on the fact that the (standard) Rényi entropy
functional is lower semicontinuous with respect to the weak topology in %(X). Unfortunately,
the same property does not hold for the extended Rényi entropy functional Sy, when the
reference measure m is quasi-Radon. Therefore we provide a new argument to prove this
stability, which extends the proofs of Lott-Villani and Sturm when N > 0 and the one of Gigli-
Mondino-Savareé when N = oo (in all these classes of spaces the reference measure m is Radon,
namely Sy = 00). We show that Sy is weakly lower semicontinuous on the space

P25 (X) = {p € Po(X) : 1(Sm) = 0}

and that this will be enough to prove the desired stability result, provided that each one of
the spaces in the converging sequence { (X, dp, My, Cn, Pn) tnen is not accumulating “too much
mass” around any of the points in Sy, in a uniform way.

Finally, in Theorem we manage to adapt this Stability Result also in the case in which
we only have at our disposal a distance which is not explicitly dependent on the behavior of the
m-singular sets. Intuitively, one of the examples we would like to include in our theory consists
in approximating the CD(0, N + 1) space ([0,00), |- |,zV L"), where N < —1, making use of the
sequence of metric measure spaces ([27", +00), |-|, 2V L'): clearly each space in this sequence is
still a CD(0, N + 1) space for N < —1 but now the singularity of the measure is ruled out from
the domain, meaning that each metric space ([27", +00), |-|) is actually equipped with a Radon
measure. Hence, we rely on an extrinsic approach to convergence which does not require any



control on the Hausdorff distance between m-singular sets in the definition of the dixgrw-distance.
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2 DMetric spaces equipped with quasi-Radon measures

2.1 Measure theory background
2.1.1 Quasi-Radon measures

We begin by introducing some notation and concepts of measure theory. Let X be a set and
T, 3, m be, respectively, a topology, a o-algebra, and a positive measure defined on ». The
quadruple (X, 7,3, m) is referred to as a topological measure space if the condition 7 C ¥ is
satisfied. From now on we assume that m(X) # 0.

Definition 2.1. Let (X, 7,3, m) be a topological measure space. We say that the measure m is:
i) locally finite if for every x € X there exists a neighborhood U € T with m(U) < oo;

i1) effectively locally finite if for every A € ¥ with m(A) > 0, there exists an open set U € T
with finite measure such that m(ANU) > 0;

iti) o-finite if there exists {Ai}ien C X with m(A;) < oo for any i € N such that X = U;enA;;
iv) inner regular with respect to a family of sets F C X if for any E € ¥ we have that
m(E) =sup{m(A): A€ F and A C E}.

In the particular case in which F is the family of compact sets of X, this property is called
tightness.

We denote by B(X) the smallest o-algebra containing all open sets of a topological space (X, T).
Recall that B(X) is called the Borel sigma algebra of (X, 7) and that a measure defined on B(X)
is referred to as a Borel measure. In the following, with the expression ‘m is a measure on X”
we refer to the fact that m is a measure defined on B(X). If (X, 7) is a Hausdorff space, then
compact subsets are in B(X), since compact sets are closed in such spaces. An effectively locally
finite Borel measure on a metric space is inner regular with respect to closed sets: a proof of
this fact can be found in [11, Volume 4, Theorem 412E]. Furthermore, a finite Borel measure on
a complete and separable metric (in short, a Polish) space is tight (see [7, Volume 2, Theorem
7.1.7)).

At this point we recall the following useful characterization of tight measures (see [I1]
Volume 4, Corollary 412B] for a proof of this result):

Proposition 2.2. Let (X,d) be a Polish space and m a Borel effectively locally finite measure
on X. Then the following are equivalent:



i) the measure m is tight,

ii) for every measurable A € B(X) with m(A) > 0 there exist a measurable compact set K C A
such that m(K) >0 .

This in particular allows us to prove an important property of effectively locally finite
measures defined on a Polish space:

Lemma 2.3. Let (X,d) be a Polish space and m a Borel effectively locally finite measure on X.
Then the measure m is tight.

Proof. In order to prove the tightness of m, we show the validity of point i) in Proposition
by exhibiting the existence of a compact set K C X with m(K) > 0 in the case in which
X has finite measure. In fact, the assumption on m to be effectively locally finite guarantees
the existence of a set B C A with finite positive measure for any A C ¥ with m(A) > 0. Now,
since a Borel measure on a metric spaces is inner regularity with respect to closed sets, there
exists also a closed subset C C B of positive finite measure. We can then conclude noticing
that closed subsets of Polish spaces are Polish as well and recalling that a finite Borel measure
on a Polish space is tight. O

The following classes of Borel measures are of central interest to us.

Definition 2.4 (Radon and quasi-Radon measures). Let (X,d) be a separable metric space. We
say that a Borel measure m is

i) Radon if it is complete, locally finite, and inner reqular with respect to compact sets.

i1) quasi-Radon if it is complete, effectively locally finite, and inner reqular with respect to
closed sets.

Remark 2.5 (Assumptions on inner regularity). We underline that in Definition we can drop
the assumptions on the inner regularity of the measure whenever (X,d) is complete. Indeed in
this setting both locally finite and effectively locally finite measures are tight, in view of Lemma
and for Hausdorff spaces tight measures are inner regular with respect to closed sets.

Remark 2.6 (Compatibility of definitions). For general topological measure spaces it is required
to enrich the defining properties of Radon and quasi-Radon measures; this is understandable,
since generally this class of spaces have much less structure. A broad definition can be found
in [II, Volume 4, Definitions 411(a) - 411(b)]. Restricted to the framework in which we work,
it turns out that the just mentioned definitions are equivalent to ours.

Let us now list some properties that these classes of measures enjoy.

Proposition 2.7. For any (X,d) separable metric space equipped with a measure m, the follow-
ing implications are valid:

i) if m is a Radon measure, then m is a quasi-Radon measure;

it) assume that m is locally finite, quasi-Radon, and such that, for every Borel set E with
positive measure, there exists a measurable compact set K C E with the property that
m(E\ K) > 0. Then m is a Radon measure. If (X,d) is a complete metric space, then the
same conclusion holds just assuming that m is a locally finite quasi-Radon measure.

Moreover, if m is a quasi-Radon measure, then the following properties hold:



i11) X can be covered up to a set of measure zero by countable many open sets of finite measure.
Specifically, there exists a countable collection of open sets {U;}ien with the property that
m(U;) < oo for every i € N and m(X\ J;en Ui) = 0.

i) m is o-finite.

v) if m is inner regular with respect to compact sets, then there exists a closed set E C X
with m(E) = 0 such that m|x\g is a Radon measure on the open set X\ E.

In particular, for any quasi-Radon measure m defined on a Polish space (X,d) there exists a
closed set Sm with m(Sm) = 0 such that m|x\s,, is a Radon measure on the open set X\ Sp.

Proof. The first point 7) follows from the fact that on a separable metric space (X, d) a locally
finite tight measure is essentially locally finite (see [11, Volume 4, 416A] for a proof of this
result).

As for i), the first part follows directly from the characterization of tightness in Proposition
Hence Lemma implies the second part (see for example Remark .

Let us then prove iii). We start recalling that a topological space Y is called Lindelhof if
for every open cover of Y there exist a countable sub-cover. Moreover, Y is called hereditary
Lindelhof if the same property holds for every subset V C Y. Now we note that (X, d) is second
countable, since it is separable, and that second countable topological spaces are Lindelof.
Moreover since second countability is an hereditary property we have that a separable metric
space is hereditary Lindelof.

We then define V to be the union of all open sets V' C X which have finite measure and
let {U;}ien be a countable sub-cover given by the hereditary Lindelof property of X. We set
U := UjenU;. Observe that m(E) = 0, for the complement set £ = X \ U. Indeed, the claim
follows from the effectively locally finite property of the measure m, since the intersection of F
with all open sets of finite measure is empty, i.e., ENU = ().

At this point, the proof of iv) and v) are straightforward. In fact, the sets {{U; }ien, F'} defined
in 4i7) have finite measure and cover X while the set null set F C X is closed, being the
complement of a countable union of open sets. Lastly, note that m| x\£ is locally finite and, by
assumption, inner regular with respect to compact sets.

In the case of a Polish space (X,d), this last property v) together with Lemma guarantees
the existence of the closed set Sy, with the property that m(Sw) = 0 and m|x\s,, is a Radon
measure. O

Our goal now is to state a general version of the Radon-Nikodym Theorem valid for quasi-
Radon measures. With this aim, we first introduce another concept which is a strengthening of
absolute continuity between measures.

Definition 2.8 (Absolutely continuous and truly continuous measures). Let (X,X,m) be a
measurable space. We say that a measure p on X is

i) absolutely continuous with respect to a measure m if for any € > 0 there is 6 > 0 such
that w(E) < € for any measurable set E C X with m(E) < ;

i1) truly continuous with respect to a measure m if for every e > 0 there exists 6 > 0 and
a measurable set E C X such that m(E) < oo and p(F) < € for any measurable FF C X
with W(ENF) <9.

Proposition 2.9. Let (X,X, m) be a measurable space and p be a measure on . Then p is
truly continuous with respect to m if and only if the following two conditions are satisfied:



i) p is absolutely continuous with respect to m
it) for any E € ¥ with u(E) > 0 there is F' € ¥ such that m(F) < oo and u(ENF) > 0.

Moreover, if the measure m is o-finite, then p is truly continuous with respect to m if and
only if it is absolutely continuous.

Proof. Let i be a truly continuous measure. Directly from the definitions, it follows that
is also absolutely continuous. Then we take E' € ¥ with p(E) # 0 and we observe that there
exists F' € 3, with m(F') < oo, such that u(G) < p(E) whenever G € ¥ and GN F = (). This
in particular means that pu(E \ F) < u(E) and p(ENF) > 0.

Conversely, let 1 be an absolutely continuous measure such that condition i) is satisfied. We
want to prove that u is truly continuous. First of all we define S := sup{u(F) : F € ¥, m(F) <
oo} and we take a sequence {F,} C ¥ of sets with finite m-measure such that lim,_,c p(Fy).
Then we define the set F* := UpenF), and we observe that p(F*) > 0 and that

for any G € ¥ with GN F* = it holds u(G) = 0. (2.1)

Indeed, by contradiction, if u(G) > 0, then there would exist H € ¥ with m(H) < oo such that
m(H N G) > 0 and this would mean that G N F* #.

At this point for any n € N we define the set F; := Ug<, F}. We have that lim,, o p(F* '\
E¥) =0 and that m(F}) < oo, since the sequence {F,,} is such that m(F},) < oo for any n € N.

Now we take any € > 0. The fact that u is absolutely continuous with respect to m ensures
that there exists § > 0 such that whenever E € ¥ with m(E) < § it holds pu(E) < 3e. Hence
let n € N such that pu(F*\ F}) < 3e.

Therefore, if F' € ¥ with m(F N F*) <4,

W(F) = p(F OV ES) + u(F 0 (F*\ F) + p(F\ F*) < e,

since p(F'NFY) < e by the absolutely continuity of p, u(F N (F*\ F})) < p(F*\ E}) < 4e and
w(F\ F*) =0 by . As the choice of ¢ is arbitrary, this proves that y is truly continuous.
Finally, let m be a o-finite measure, {X,, },en a non-decreasing sequence of sets of finite
measure covering X, and p absolutely continuous with respect to m. For any E € ¥ such that
w(E) > 0, we have that lim,_,o #(E N X,,) > 0, which means that there exists a n € N with
w(E N Xy) > 0. This means that p satisfies condition 4i), and so it is truly continuous. O

Theorem 2.10 (Radon-Nikodym Theorem). Let (X,d, m) be a Polish space equipped with a
quasi-Radon measure, and i1 be a measure on X which is absolutely continuous with respect to
m. There exists a measurable function f on X such that for any B € B(X) it holds

/fdm

Proof. We refer to [I1, Volume 2, Section 232] for a proof of the Radon-Nikodym theorem for
measures p which are truly continuous with respect to m. Now, since in this setting Proposition
ensures that the measure m is o-finite, we can conclude just applying Proposition O
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2.1.2 Convergence of quasi-Radon measures

For a Polish space (X,d) and a set S C X we say that U € B(X) is a neighborhood of S, if
there exists an open V € B(X), such that S € V C U. We write Ng for the set of all the
neighborhoods of S in X. Let us fix a closed set with empty interior S C X to introduce the
following classes of measures:

P (X) := {m : m is a probability measure on X}.
M (X) := {m : m is a finite measure on X};
AE(X) == {m : m is a Radon measure on X s.t. m(B) < 0o,V B C X bounded};
Mg(X) = {m :m is a quasi-Radon measure on X, S is a m-null set and

m|x\p € ME(X), for every U € Ns}.
The next class of measures is of central importance in our work,

MIE(X) = {m :m is a quasi-Radon measure on X for which there exists S C X
closed with the property that m(S) =0 and m € .#Z5(X)}.

Notice that we have the following chain of inclusions: 2 (X) C .#(X) C 4% (X) C 41 (X).

The effective study of quasi-Radon measures will require us to monitor their singularities.
Intuitively said, given a closed set S C X with empty interior, in the definition above we isolate
the set of singular points of a quasi-Radon measure inside S. Thus one should regard .#s(X)
as the set of quasi-Radon measures which are locally finite and concentrated in X \ S. Observe
that the effectively locally finiteness implies that all singular sets .S of quasi-Radon measures
have empty interior, that is, .#s(X) = 0 if int(S) # (). The locally finiteness guarantees as well
that S is nowhere dense. Moreover, Proposition proves that for every m € .#97%(X) there
exists a singular set Sy, C X, closed with empty interior, providing that m € .#s,_ (X). Finally,
note that, in particular, .Z% (X) C //Z(DQR(X).

Let us now introduce the following sets of functions

Cs(X) := {bounded continuous functions with bounded support on X},
Cy(X) := {bounded continuous functions on X},

Cs(X) = {Continuous functions on X which vanish on some neighborhood of S },

where S is a closed set with empty interior, and proceed to define a convergence on .#s(X) in
duality with functions in Cps(X) N Cg(X). In detail, we say that

Definition 2.11 (Weak convergence for quasi-Radon measures). The sequence of measures
{m, Ypen C As(X) converges weakly to moy € Ms(X), written m,, — My, if

nh_)rrgo fm, = /fmoO for every f € Cps(X) N Cs(X). (2.2)

We wish to emphasize that many useful properties, which enjoy Radon measures, are not
necessarily valid, certainly not a priori, in the setting of quasi-Radon measures. An example is
presented in the Lemma below, the proof of which can be found in [30, Theorem 3.14].
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Lemma 2.12. Let (X,d) be a complete and separable metric space equipped with a Radon
measure m and let Cy(X) be the set of continuous and bounded functions on X. Then Cy(X) N
L'(m) is dense in L'(m).

The following proposition substantiates our choice of convergence.

Proposition 2.13. Let (X,d) be a Polish space, S C X be a closed set with empty interior, and
p,v € Ms(X) two quasi-Radon measures on X such that [ fdp = [ fdv, for every function
f € Cs(X)yNCs(X). Then p=wv.

Proof. According to [II, Volume 4, Proposition 415I], if m,n € .#%%(X) are such that
[ fdm = [ fdn, for every function f € C,(X)NLY(m)N L' (n), then m = n. In particular this is
valid for measures m,n € .#Zs(X) C .#%*(X). The conclusion is attained using an approximating
argument.

Let g € X\ S and, for any n € N, consider a sequence of Lipschitz functions g,: X — [0, 1]
with the property that

g = {1 on BQn(:L‘()) N {:U eX: d(CC, S) > 2—n}’ (2.3)

0 on X\ Bons1(zg) N{z € X : d(x,S) <271},
Now, for every f € Cy(X) N L*(m) N L'(n), the sequence f, := g, f is such that
{fn}nEN C Cbs(x) N CS(X)a nll_{go fn=f m,n-a.e., and |fn| < ‘f|>

since m(S) = n(S) = 0. We can then conclude applying the dominated convergence theorem.
]

Our definition of weak convergence for quasi-Radon measures turns out to be well-fitted for
our purposes. Indeed, we have tailored it precisely with this goal. So let us then conclude this
Subsection giving some observations regarding the corresponding topology.

Remark 2.14. i) For our purposes, we would like to have a disposal a notion of convergence
for quasi-Radon measures without making any a priori assumption on the uniformity of
singular sets. However, this seems out of reach: indeed, without having any control on
the singular sets of a given sequences, we would be able to generate unfavorable limiting
singular sets and thus, for instance, obtain that Cg_(X) = {f = 0}. In this case, the
weak convergence is trivial. As an example, consider a dense and countable collection of
points P = {pm}men C X in a complete and separable space, and non-atomic measures
Vpn C MI(X) such that for any neighborhood U™ C X of the set of the first n-points
P, :={p1,...,pn}, vn(U™) = oo, while v, (X\U™) < oo. Letting n — oo, we would expect
a limit measure having P as a singular set but, for the reason given above, convergence
defined against any meaningful subclass of continuous functions turns out to be trivial.
Furthermore, note that such a limit measure would fall outside the realm of quasi-Radon
measures.

i) Consistency. Let us underline that by considering S = () and by restricting the topology
to //llfc(X) the above definition coincides with the weak* topology (induced in duality
with Cps(X)); by further restricting the topology to .#(X), the weak topology agrees
with the narrow topology (defined in duality with Cp(X)).
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2.2 Pointed generalized metric measure spaces and their convergence
2.2.1 Metric spaces equipped with quasi-Radon measures

In the following we say that (X,d,m) is a metric measure space if (X,d) is a Polish space
equipped with a quasi-Radon measure m. We will refer to a generalized metric measure space
meaning a structure (X,d, m,C) where:

e (X,d) is a complete separable length metric space,
e m € .#Z(X) is a quasi-Radon measure, m # 0,
e C C X is a closed set with empty interior and m(C) = 0.

A pointed generalized metric measure space is then the structure (X,d, m,C,p) consisting of a
generalized metric measure space with a distinguished point p € supp(m) C X.

Two generalized metric measure spaces (X;,d;, m;,C;), i = 1,2 are called isomorphic if there
exists

an isometric embedding i: supp(my) — Xz such that i(C;) = C2 and iym; = my

and, in the case of pointed metric measure spaces (X;,d;, m;,Ci, p;), @ = 1,2, we further require
that i(p1) = p2. Any such i is called isomorphism from X; and Xa.
We denote by X := [X,d, m,C, p] the equivalence class of the given pointed generalized metric
measure space (X,d, m,C,p) and by M?% the collection of all equivalence classes of pointed
generalized metric measure spaces.
In particular, the portion of the space outside the support of the measure can be neglected since
(X,d,m,C) (resp. (X,d,m,C,p)) is isomorphic to (supp(m),d,m,C) (resp. (supp(m),d,m,C,p)).
Hence, we will assume that supp(m) = X, except when considering the associated k-th cuts, X*,
of a metric measure space, which we now turn to define.

For a quasi-Radon measure m € .Z9%(X), let S, C X be the m-singular set, or singular
set in short, namely the set of all points in X for which every open neighborhood has infinite
measure

Sm = {x € X : m(U) = oo for every open neighborhood U of z}. (2.4)
Recall that from Proposition we have that Sy is a closed set with m(Sy) = 0. Moreover
Sm = 0 if and only if the measure m is Radon. In particular, to any metric measure space

(X,d, m) we can associate a generalized metric measure space in a canonical way by considering
(X,d,m,Sp). Now we fix once and for all a cut-off Lipschitz function feu:: [0, 00] — [0, 1] such
that

faut(z) =1 for 0 <z <1,

feut(x) =0 for2 <z

and for k& € N we define the k-th cut of X as the generalized metric measure space XF :=
(X,d, m*, C, p) where the measure is given by

fcut(d(fap)Q_k)(l - fcut(d(xasm)2k)) if Sy ?é @7
fcut(d(x;p)Qik) if S = 0.

Intuitively, the k-th cut (X,d, m¥,C, p) resembles more X as k grows (see Remark below).

Remark 2.15 (Regularity of the measure m). We point out that since we are considering metric
measure spaces (X,d,m) endowed with measures m € .Z(X), it holds that

m* .= fFm, where f*(z):= { (2.5)
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e m*(X) < oo for any k € N, and that

e there exists a k € N such that for any k > k it holds m*(X) > 0.
We say that (X,d, m) is a metric measure space with m-regularity parameter k if the aforemen-
tioned condition is satisfied for k € N.

Finally, for a metric measure space (X,d, m), we define its k-th m-regular set, or k-regular
set in short, as

RE .— Boit1(p) \_/\[2_(k+1)(8m), for any k£ € N, (2.6)

Ea

where Ny (k41)(Sm) = UgeSyBo—+1)(z). Observe that m|gr is a finite measure and that
actually supp(m*) = RF.

2.2.2 Convergence of pointed metric measure spaces

First of all, we recall what is the intrinsic Kantorovich-Rubinstein-Wasserstein (iKRW, in short)
distance between two metric measure spaces of finite mass. For this aim, we start fixing a cost
function c, that is,

c € C([0,0¢0]) is non-constant and concave with ¢(0) = 0 and dlim c(d) < o0 (2.7)
—00
(e.g., c(d) = tanh(d) or c(d) = d A'1). Then the iKRW-distance between two probability
measures m,n € & (X) on a complete and separable metric space (X, d) is given by

We(m,n) :=  inf / c(d(z,y)) dvy(z,y). (2.8)
yeAdm(m,n) JxxX

Observe that the distance W, allows us to deal with all measures in Z2(X), rather than with the
ones in the restricted set #?3(X). Moreover, regardless of the choice of ¢ as in ([2.7), (2 (X), W¢)
is a complete and separable metric space and the convergence with respect to the weak topology
of probability measures is equivalent to the convergence provided by the Wc-distance (see [37,
Chapter 6]); the last claim is a consequence of the fact that ¢ o d defines a bounded complete
distance on X, whose induced topology coincides with the one induced by d.

In the same spirit as Sturm’s D distance, the iIKRW-distance is used to define an intrinsic
complete separable distance diflféw between pointed metric measure spaces with finite mass [14].
Let Xy := (Xq,dy,my,C1,p1), Xo := (Xg,da, ma,Ca,p2) € MI% be generalized metric measure
spaces with finite mass, then we set

dIJZrFL{W(Xl, Xg) =

o (0

> ‘ + inf {d(i1(p1)7 i2(p2)) + du (i1(C1),i2(C2)) + We((i1)gmy, (i2)ﬁﬁ12)}7
(2.9)

where the infimum is taken over all isometric embeddings i;: (X;,d;) — (X,d) onto a complete
separable metric space, m; := % is a normalization of the measure m;, for j € {1,2} and
dp is the Hausdorff distance between the two closed sets i1(C1) and i2(C2). In the following we
set dg (0, A) := 400 if A # 0 while dg(0,0) := 0.
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Notice that the distance diﬁ;w is defined only in the case in which the total mass of the two
measures m; and my is finite (and strictly positive). Therefore, in order to define a distance
between two generalized metric measure spaces in M?%, we recover the space making use of
the k-cuts and we sum up the contributions given by the diﬁ?{w—distance between them.

In particular, we need the mass of the k-cuts to be strictly positive: for that purpose, given
any k € N, we introduce the following class of spaces

M%R = {(X,d,m,C,p) e M. m’_“(X) > 0}

Let us observe that for any finite family of generalized metric measure spaces in M%%, there
exists a k € N such that the whole family is contained in M%R (in particular, it is sufficient to

take k := max k;, where k; is the regularity parameter of the i-th space). Nevertheless, for a
sequence in M9% it is necessary to assume the existence of a common regularity parameter in
order to introduce a meaningful distance. Hence, in the following, we will restrict ourself to the
class M%R for some k € N.

Definition 2.16 (Intrinsic pointed Kantorovich-Rubinstein-Wasserstein distance). For any
couple of metric measure spaces X; = (X;,d;,m;,Ci,p;) € M%R, i € {1,2}, k € N, we de-
fine the pointed iIKRW-distance as

1 . m
dikrw (X1, Xg) := Z o min {17 difKRw(X]f7 X’;)},
E>k
where X = (X;,d;, m¥,Ci, p;) is the k-th cut of X;, fori € {1,2}.

Notice that the distance dixgw depends on the common regularity parameter k, but we drop
this dependence, since it will be clear from the context.

Definition 2.17 (Converging sequence of pointed generalized metric measure spaces). We say
that the sequence of pointed generalized metric measure spaces {Xp}nen C M%R, for some

k € N, is iIKRW-converging to Xo € M%R if
Jim_ dicrw (X, Xoo) = 0.

Observe that the fact that di]cl'?;b?w is a distance function guarantees that also dikrw : M%R —
R U {0} defines a finite distance function.

Remark 2.18. Directly from the definitions of djxrw and difKnFliwv it follows that
lim dikrw (X, Xoo) = 0 if and only if lim dd (XE XE Y = 0 for every k >k, (2.10)

where k is the common regularity parameter associated to the converging sequence.

In the next result we prove an extrinsic approach to convergence. From now on we assume
that the generalized metric measure space (X, d, m,C) is the canonical one associated to (X, d, m),
namely C = Sy, is the m-singular set.

Proposition 2.19. Let {X;},enufoo} C MQR, Xpn = (Xp,dp,my, S, pn) be a sequence of
pointed generalized metric measure spaces, k € N. Then the following statements are equivalent:

i) 1imy— o0 dikrRw (Xn; Xoo) = 0,
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i1) there exists a complete and separable metric space (Z,dz), and isometric embeddings
in: Xn — Z, n €N, for which

k
log (%)‘ +dz (in(Pn), ics(Poo)) + (d2) 17 (in (S, ) oo (Sma))

(2.11)

n—00
=

for any k > k.

Such a space and embeddings ((Z,dz),{in}tnen) are referred to as an effective realization
for the convergence of {X,, }nen to Xo.

Proof. i) = ii) We start assuming that dixrw(X,,Xo) — 0. In this case, the metric
space (Z,dz) as well as the isometric embeddings {i, },en are constructed relying on a twofold
gluing argument. Roughly speaking, the strategy is the following: for any fixed k > k we use a
“gluing” procedure to construct a common space Z* equipped with the metric that makes all the
k-th cuts {Xﬁ}neNu{oo} be isometrically embedded. Next, we show that a certain compatibility
condition holds between the spaces {Z*}cn: this allows us to “glue” one more time, and obtain
the desired common complete and separable metric space (Z,dz) in which we will embed the
sequence {Xn}neNU{oo}' In the following we present the detailed argument, which is a suitable
adaptation of [14, Theorem 3.15].

For every fixed k > k, ensures the existence of a complete and separable metric spaces
{(ZF, dzg)}neN; and of two sequences of isometric embeddings ¥ : X — Z¥ and i’;o’n: Xk —
Z,’f, n € N, with the property that

o (L) 0 )+ (82, (865 50

(2.12)
+ We ((iﬁ)n‘ﬁﬁ, (i'éo,n)nﬁl'éo) 0.

We then define the set Z*¥ = U, enZF and the function d . : Z* x Z* — [0, 00) by setting

dzﬁ(x,y) if (1’,@/) GZ’E XZ]% HHEN,
dz (2, y):= infk dy (z, i (w)) +dg (5 (w),y) i (z,y) € ZF x ZF, 3n #m.
weXk " ’ " ’

Thus, we can define an equivalence relation ~ on Z* saying that v ~ w if and only if d (v, w) =
0, for v,w € Z*: we quotient Z* by this relation and we complete it. We denote by Z* the
resulting space. Note that d & canonically induces a distance function on Zk x ZF, which we
still denote by dzx, and that the operations made so far preserve the separability of the space.
Thus, the pair (Z k d i) is a complete and separable metric space. By construction, for n € N,
the composition
iﬁ::pkojﬁoiﬁ: XfL—>Zk
is an isometric embedding, where j¥: Z¥ — Z* is the canonical inclusion and p¥: ZF — ZF the
projection map. Moreover, the fact that the set j* (z’;on(Xoo)) is identified under the equivalence
relation with j,"jl(if;,m(xoo)), for every m,n € N, implies that the maps
pkojﬁoiﬁom:xlgoﬁzk and pkojﬁboik ‘X§0—>Zk

oo,m *
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coincide, for every n,m € N. In this manner, we see that also p¥ o j,’jl o zﬁom : Xclfo — ZF is an
isometric embedding, which is independent of m. Let us denote it by i’go. Convergence ([2.12])
yields the convergence

hog (B0 4 (o)) + (4), (K8 elm) "0 219

To finish the first step of the argument we note that the pushforward of a coupling under the
map (p¥ o jF) x (p¥ o k) : Zk x ZF — ZF x Z* is again a coupling between the pushforward of
the original marginal measures, namely

if € Adm((ik) mp, (i, ,)emE), then 7 : =((p" o j})?)ym € Adm((if)ymy, (ik, );mE, ).

Therefore, if we choose 7 € Opt((if)ymk, (%, )ymk,), we get
k k _
W2 ((h)mf, (Kb ) < W28 (@), (ik)mb. ).

since p¥ o jF . ZF — ZF is an isometry. Jointly with the last term in , this inequality
implies the convergence (if)ymF — (i% )ymk in (L@(Zk),WCZk) We have hereby shown the
existence of a complete separable metric space, (Z*,d ), and of a sequence of isometric em-
beddings, i¥: X,, — Z* for every n € NU {oc}, which provide a realization of the convergence

Xk Xk for any k > k.

For the second part of the argument, first of all we prove that for any k < j < k — 1, the
embeddings i¥ : X,, — Z* serve as an effective realization for the convergence X{ — XZo. To
that purpose, let us consider the function

gt 25— 10,1]

N feur (dzr (y,38 () 270HD) (1 = feue (dge (4,35 (Smy)) 27771))  if Sy, # 0,
Y feut (dzk (y,iE(pn)) 270FD) if S, = 0.

The Lipschitz continuity of the cut-off function f.y, together with the convergence of

{i% () tnen to i (poo) by (2:12), ensures that the sequence feue (dzr (y,i5(pn)) 27UFD) is
uniformly converging to feut (dzx (y, % (psc)) 27 (]H)) as n — oo. In the same way, the trian-
gular inequality ensures that

Az (9,75 (Sma)) = de (925 (Sma) )| < () (25 (Sm) 55 (Smc)) -

and the convergence (2.12)) guarantees that the sequence feut (dzx (y, 5 (Sm,)) 2771) uniformly
converges to feut (d k (y,z’cfo (Smoo)) 2j+1) as n — oo. Hence, for every y € ZF the sequence

{g%’k(y)}neN uniformly converges as n — oo to

FHy) | e (2 (5,35 (Poo)) 27 YD) (1= Feur (dze (v, 3% (Smec)) 2771)) - iF S # 0,
feut (dzr(y, 5 (po)) 27UD) if Sy, =0

This in particular implies the weak convergence of the sequence of measures
e kY @k P (k) @l ik ok =k
( )ti n = (gn )nmn - (ZOO)ﬁm] - (g] © ZOO)ﬁm
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(note that we ask for k < j < k — 1 so that the equalities in the above equation are accurate).

The former convergence, together with (2.13) and the fact that ‘log (%)) — 0, shows

that the embeddings zfi X, — Z* realize the convergence of the sequence of j-cuts, for every
E<j<k-—1.

The given argument indicates that for different values of k the necessary compatibility
between embeddings {iﬁ}neNu{m} and spaces Z* exists to perform a second “gluing” argument:
we can then construct a common complete and separable metric space Z := L Z* and a sequence
of embeddings in: X, = Z, n € NU {oc}. The pair (Z, {in}neNu{oo}) is the desired effective
realization of the iIKRW-convergence X,, — X.,. We omit the details of the construction, since
we can follow exactly the same lines of the one presented above.

ii) = i) Note that the existence of an effective realization of the convergence X,, "= X,
implies that dﬁgw(Xfwxﬁo) nzee 0, for all k¥ > k. Then, we can conclude by using .

O

In some situations, it would be practical to have to our disposal a metric which is not ex-
plicitly dependent on the behavior of the m-singular sets. For instance, we could gain flexibility
by not asking for a control on the Hausdorff distance between m-singular sets in the definition
of the dixrw-distance. However, as we just saw, this term is necessary to provide an extrinsic
realization of the distance given an intrinsic one. Therefore, the following definition turns out
to be useful.

Definition 2.20 (Extrinsic convergence). We say that the sequence of pointed generalized met-
ric measure spaces {Xptnen C M%R converges extrinsically to X, € M%R, k € N, if there
exists a complete and separable metric space (Z,dz), and isometric embeddings in: X, — Z,

n € N, for which

k
log (M) ' +dz (in(pn)s oo (oo)) + We((in) g, (ioo)smb.) "= 0, (2.14)

for any k > k.

Note that we dropped the assumption on the Hausdorff distance between singular sets at
the cost of presenting ourselves a space providing the extrinsic realization. Furthermore, by
Proposition we know that a iIKRW-converging sequence converges also in the extrinsically
manner.

We finish the Section with some remarks.

Remark 2.21. Connection to Gigli-Mondino-Savare’s pGy distance. In [14] the authors define
a distance between X; and X, metric measure spaces endowed with Radon measures giving
finite mass to bounded sets. Indeed, this is what inspired us to propose the definition of dikrw.
As a matter of fact, in this case the m-singular set of metric measure spaces in such family is
the empty set, and thus our definition coincides with theirs.

Remark 2.22. We recall that in [14, Theorem 3.17] the authors prove that the class of all metric
measure spaces equipped with Radon measures is complete with respect to the pGyy, distance.
It is worth to underline that in this context we cannot hope for a similar completeness result.
The main reason is that the set all of closed sets with empty interior is not closed for the
Hausdorff distance. Hence, intuitively, we cannot prevent a sequence of quasi-Radon measures
from converging to a measure which is not quasi-Radon.
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3 (CD-condition for negative generalized dimension

3.1 Basic definitions and properties

Let (X,d) be a complete and separable metric space. We denote by Z?(X) the set of all Borel
probability measures on X and by Z(X) C Z(X) the set of all probability measures with finite
second moment. On the space &2(X) we introduce the 2-Wasserstein distance

Wi = it [ dayP i) (31)
YEAdM (1) JXxX

The infimum in is always realized. The plans v € Adm(u, v) such that [d(z,y)?dy(z,y) =

W22 (u,v) are called optimal couplings, or optimal transport plans, and the set that contains

them all is denoted by Opt(u, v). It is well known that W5 is a complete and separable distance

on P(X). Moreover the convergence with respect to the Wasserstein distance is characterized

in the following way (cfr. [I, Section 7.1]):

Ln, LUEN W = pup— p and /d(mo,x)Qdun — /d(xo,:c)Zd,u Vxo € X.

This description shows in particular that, for a sequence of probability measures with uniformly
bounded support, the Wa-convergence is equivalent to the weak one and, consequently, to the
W.-convergence. Hence, in this case, of Proposition remains valid when we replace
the W,-distance with the Ws-one.

We introduce the Rényi entropy Snm for N < 0 with respect to the reference measure m as
the functional defined on &2(X) by

p(x) ¥ dm(z) if p<m, p=pm,

Snm(p) = /X

400 otherwise,

where p = dp/dm is the Radon-Nikodym derivative of p with respect to m, whose existence is
guaranteed by Theorem [2.10

Remark 3.1. We point out that for N > 1 the “standard” Rényi entropy is defined as Sy m(pm) :=
- Jx p(x)%dm(x). For N < 0, the minus sign is omitted to impose the convexity of the func-
tion h(s) = sV "D/N_ Note that, for N > 1, it suffices to define the “standard” Rényi entropy
on Polish spaces equipped with Radon reference measures. In this case, under a volume growth
condition on the reference measure m, the functional Sy n(-) is lower semicontinuous with
respect to the weak topology and, in particular, it is lower semicontinuous with respect to 2-
Wasserstein convergence in %(X). Unfortunately, the same property is not necessarily true,
for negative values of N < 0 and quasi-Radon reference measures m. However, we prove in
Proposition that Sy m(-) is lower semicontinuous with respect to weak convergence, on the

subspace
P (X) = {pu € Py(X) : Sy is the m-singular set and 1(Sy) = 0}.

In fact, we show a more general result stating that the Rényi entropy functional Sy »(v) is
a lower semicontinuous function of (n,v) € .#s(X) x 2°(X), where the convergence of the first
coordinate is intended to be the weak convergence of quasi-Radon measures.
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In order to give the definition of curvature-dimension bounds, we need also to introduce the
following distortion coefficients for N < 0:

00, if K6? < Nx2,
sin(t0/ K/N) if N2 < K6% <0
(t) (6) = sin(6/K/N)

3.2
TK.N " if K02 =0, 32)
S (10— K/N) e peg <
sinh(6\/—K/N)
and
Tg?N<9) — t1/NU§)/(N71)(9)(N71)/N_ (3.3)

Definition 3.2. For any couple of measures pg, 1 € P*(X), p; = pim, we denote by m €
P (X x X) a coupling between them, and by TIt(,N(ﬂm) the functional defined by

: (t)

Ty (wm) = /XX [T}ljvt) (d(z,9))po(x)™™ +TK,N(d(x,y))pl(y)_ﬂdﬁ(:c,y)-

X

We are ready to introduce the definition of metric measure space satisfying a curvature-
dimension condition for negative values.

Definition 3.3 (CD-condition). For fived K € R, N € (—00,0), we say that a metric measure
space (X, d, m) satisfies the CD(K, N)-condition if, for each pair j1g = pom, p1 = pim € F§°(X),
there ezists an optimal coupling m € Adm(uo, 1) and a Wa-geodesic {put}iejo) € P2(X) such
that

SN m(pe) < TI(QN/ (m|m) (3.4)
holds, for every t € [0,1], and every N’ € [N,0), provided that Sy’ w(10), Sn'm(p1) < 0.

Remark 3.4. Note that the CD-inequality becomes trivial when K < 0 and

W({@;,y) e X x X :d(z,y) > ﬂm}) > 0.

Furthermore, observe that, if K > 0, or if diam(X) < y/7(N — 1) /K when K < 0, the coefficients
T[(?N() are bounded. Now notice that Jensen’s inequality shows that Sy m(10), Svm(p1) are
finite, if the entropies Sy’ m(10), Sn7.m(11) are finite for some N’ € [N,0). Therefore, observe
that in this case the CD(K, N)-condition guarantees that the Wasserstein geodesics along which

inequality holds are absolutely continuous with respect to m.

Remark 3.5. Take notice that Definition [3.3]restricts the domain in which it is required to verify
inequality to D(Sn'm) = {1t : Snvvm(p) < oo}. This is a common assumption made
when dealing with convexity-like properties of functions which take values in the extended real
numbers. Nevertheless, we wish to comment in more detail with regard to this.

It turns out that it is not necessary to make this restriction in the classical theory of
curvature-dimension bounds for N > 1 since the Rényi Entropy is bounded for absolutely con-
tinuous measures on H5(X), as a consequence of the fact that CD(K, N) space posses reference
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measures with a controlled volume growth. A proof of the finiteness of some entropy func-
tionals, in particular of the Rényi entropy, under volume growth assumptions can be found for
example in [I8, Proposition E.17]. However, this is not necessarily the case when dealing with
negative parameters N and, therefore, we require the finiteness of the entropies at the marginal
measures.

We remark that for terminal marginals with bounded supports, Definition [3.3] coincides
with the one introduced by Ohta in [23]. Indeed, if the supports of 1y and 1 are bounded in
(X,d) the coefficients Tl((l J_\f)() are bounded below away from 0 on the support of any coupling
7 € Opt(po, p1), for fixed 0 < ¢ < 1. Thus, if for some N’ € [N,0) one of the terminal measures
has unbounded entropy Sy m, then T’ I(g)N, (wjm) = oo, for any t € (0, 1), and inequality is
always satisfied. 7

Lastly, we emphasize as well that the assumption on the entropy in Definition [3.3]is consis-
tent with the standard definitions of curvature-dimension conditions for positive values of N,
in which the requirement is not explicitly made.

We underline that, as in the case N > 1, the definition of curvature-dimension condition
is invariant under standard transformations of metric measure structures. Precisely, the CD-
condition is stable under isomorphisms, scalings, and restrictions to convex subsets of metric
measure spaces (this can be proved using the same techniques as in [33, Proposition 1.4] and
in [34, Proposition 4.12, 4.13 and 4.15]). We also point out, that the “hierarchy property” of
CD(K, N) spaces, with N < 0, remains valid. Specifically,

Proposition 3.6. If (X,d,m) satisfies the curvature-dimension condition CD(K, N) for some
K € R,N < 0, then it also satisfies the curvature-dimension condition CD(K', N') for any
K' < K and N’ € [N,0).

Proof. The monotonicity in N follows directly from Definition while the monotonicity in

K follows from the fact that the coefficient J,g)(ﬁ) is non-decreasing in x once ¢t and 6 are fixed
(see [3 Remark 2.2]). O

Let us conclude by recalling that the CD(K, N)-condition is weaker than the CD(K,0)-
condition [23] and, therefore, it follows that CD(K, o0) spaces are CD(K, N) space for every
N <0.

3.2 Examples

In this section we present some examples of negative dimensional CD spaces, referring to [20), [19]
17] for other model spaces satisfying the CD(K, N)-condition with N < 0. Moreover, we show
that singular points of the reference measure in negative dimensional CD spaces can appear
as inner points of geodesics. This fact motivates us to present the definitions of approzimate
CD-condition and w-uniform convezxity, object of Section [3.3], which will enable us to deal with
this kind of behavior in the proof of our Stability Theorem.

A fundamental notion in the presentation of the examples is the one of (K, N)-convexity of a
function on a metric space, for a negative value of N. This definition is the natural counterpart
of the one with positive N, and it was introduced by Ohta in [23].

Definition 3.7 ((K, N)-convexity). In a metric space (X,d), for every fired K € R and N €
(—00,0), a function f : X — R is said to be (K, N)-convez if for every xg,r1 € {f < +o0},
with d := d(zg,z1) < m\/N/K when K <0, there exists a constant speed geodesic vy connecting
xo and x1, such that

() < eV (@) (o) + o)y (@ fn(z) Ve (0,1], (3.5)
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where fy(x) = e f@/N,

The following result (|23, Corollary 4.12]) is used to produce examples of CD(K, N) spaces
with negative values of the generalized dimension.

Proposition 3.8. Let M be a n-dimensional complete Riemannian manifold with Riemannian
distance dy and Riemannian volume voly. Let us then consider a weighted volume m = e ¥ voly,
and let numbers K1, Ko € R, No > n and N1 < —Ns be given.

Then if (M,dg, voly) satisfies the CD(K2, No)-condition, the weighted space (M, dg,e_wm)
satisfies the CD(K1 + Ko, N1 4+ No)-condition provided that ¢» € C?(M) is (K1, Ny)-convez.

Example 3.9 (1-dimensional models). In the following we will denote by | - | the FEuclidean
distance and by L the 1-dimensional Lebesque measure.
(i) For any pair of real numbers K > 0,N < —1 the weighted space (R, |- |,V L) with

o) o () 5)

satisfies the curvature-dimension condition CD(K, N + 1) with no singular set, i.e. Sy 1 = 0.
(ii) For any pair of real numbers K > 0, N < —1 also the weighted space ([0, 00), ||, VL) with

Vo) o ()5

satisfies the curvature-dimension condition CD(K, N + 1) with singular set Sy p1 = {0}.

(iii) For any N < —1 the space ([0,00),| - |,#N L) is a CD(0, N + 1) space with singular set
S~ = {0}.

(iv) For any pair of real numbers K < 0, N < —1 the weighted space

(-5 3/] rree (+5) )

satisfies the curvature-dimension condition CD(K, N + 1) with singular set given by

Scos(xm)%:{ \f \f}

Example provides negative dimensional CD spaces, whose set of singular points is a
subset of their topological boundary. Unfortunately, this is not a general behavior and we
proceed now to show this. With this goal in mind, we will rely on a modification of Proposition
whose proof needs a preliminary result.

Lemma 3.10. Let f : I — R be a function on the interval I := [a,b] C R. Assume that
there exists ¢ € (a,b) N {f < +oo} such that f|, and flicy are (K, N)-conver and for every
xg € [a,c], x1 € [e,b] it holds that

( x1—c ) ( c—zq )
Tr1—xQ r1—xQ

fN(C) < UK/N (a:1 — xo)fN(ajo) + UK/ (581 . :L’o)f]v(ml). (36)

Then f is (K, N)-conver.
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Proof. 'We have to prove the convexity inequality (3.5) for every xg,z1; € I in the domain
{f < oo}. However, this holds by hypothesis, if xg,z1 € [a,c] or zg,21 € [c,b], thus it is
sufficient to consider the case where gy € [a,c) and x1 € (¢,b]. Without loss of generality, we
can assume that z; € [a, c), then the (K, N)-convexity of f|, . yields that

( c—xy ) TE—xQ )

c—z( c—z(

In(@e) <oyt (e —mo) (o) + 0 )™ 7 (€ = x0) [ ().

Combining this last inequality with (3.6) we obtain

(c—xt ) (ztfzo) ( x1—c )
C*IO C*IO 117"170

In(@e) < oy (e —=mo) + o)™ 7 (e —x0) oy ™ (21 — m0) | v (20)

(zt—l‘o) ( c—zq )
c—x( ] —xQ

+UK/N (c — x0) /N (x1 — o) fn(x1).

(3.7)

On the other hand it is easy to realize that

Tt—TQ c—xQ T—x
UI((/CNxO ) (C - 370) 0[((7}\/3:0) ($1 - (EO) = O-I((%on ) (1’1 — 330).

As an example, we consider K < 0. Then, it holds that
= PN €= D
OR/N (¢ —zp) O /N (r1 —x0) =
sin(y/K/N(z¢t—x0)) ) sin(y/K/N(c—x9)) _ sin(y/K/N(z¢t—x0)) _
sin(y/K/N(c—20))  sin(/K/N(z1—z0))  sin(y/K/N(z1—0))

(2)
UKJ}}\;QCO (.%1 — :L’o).

Moreover, with an explicit computation, using the sum-to-product trigonometric formulas, it is
also possible to prove that

(=2) (o) () ()
C—fl)o C—.’L‘O 1)1—10 CL‘l—fL‘O

Ok (c — o) + TR /N (c — ) OR/N (x1 — x0) = O /N (x1 — ).

Combining the previous trigonometric identities with inequality (3.7)) we obtain the (K, N)-
convexity inequality. O

An immediate corollary follows from the fact that fy(—o0) = 0.

Corollary 3.11. Let f : I — R be a function on the interval I := [a,b]. Assume that there
exists ¢ € (a,b) such that fliaq and |y are (K, N)-conver and that f(c) = —oo, then f is
(K, N)-convez.

Now, we present an alternative version of Proposition[3.8] in which we do not need to assume
regularity of the weight function ¢ at the price of restricting to the case M = R.

Proposition 3.12. Let ¢ : R — [—00,00) be a (K, N)-convex with N < —1, such that L' ({¢) =
—o0}) = 0. Then the metric measure space (R, |- |,e VL) is a CD(K, N + 1) space.

Proof. In this proof we denote with m the reference measure e ¥£!. In order to prove the
CD-condition we fix two absolutely continuous measures py = pom, u1 = pym € P»(R). Notice
that the assumption £'({¢) = —oc0}) = 0 avoids ambiguities and ensures that ug, u1 < L', we
are going to call pp and p; (respectively) their densities, that is pug = ;L' and py = p1L.
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Now, Brenier theorem ensures that there exists a unique optimal transport plan between g
and pp, and it is induced by a map 7', which is differentiable pg-almost everywhere. It is
also well known that the map T is increasing, thus 7”(z) will be non-negative when defined.
Moreover, the unique Wasserstein geodesic connecting po and p; is given by puy = (T3) 410,
where Ty = (1 — t)id + tT. Then, calling p; the density of u; with respect to the Lebesgue
measure L', the Jacobi equation holds and gives that

po(z) = pe(Te(x))Ir, (x) = pe(Ti(2)) (1 + H(T'(z) — 1)),

for po-almost every . On the other hand it is obvious that p; = e~¥p; for every t € [0, 1],
therefore

e " po(x) = e VT py (T (@) (1 + (T () — 1)) (3.8)
for every t € [0, 1] and po-almost every z. On the other hand notice that for every N’ < —

Sveaae) = [0 e = [0, T a@) 0] = [ T T (o)

1 1 (3.9)
= [ (e pata)) T (I 4 T ()~ 1)) T dpo o).

We can then prove the convexity pointwise, using the (K, N)-convexity of 9. In particular, 1) is
(K, N')-convex for every N' € [N, 0) (cfr. [23, Lemma 2.9]). Therefore, calling A(z) = T"(x) —
in order to ease the notation, for every N’ € [N, —1), it holds that

(e—zﬁ(Tt(z))(l + tA(:n)))ﬁ — [e—w(Tt( x))/N' ] e (1+ tA(z ))ﬁ
N/

<a +tA(a:))N’1+1 O’g/]\t}/“T( ) — z|)e ~(@)/N' J(t (|IT(z) — x|)e—¢(T(ac))/N/] N +1.

K/N’

Thus, by rewriting the last term, we obtain

!

[(1 AV i (T () = al)e N (1 A@) Vo) (1T () - |>e‘“T“”/N1 -
! 1 . /
< iy (T(@) = a)e P @/ 8 (T (@) — 2])(1+ A(a)) 7o eV T/,

(t)

where the last inequality is a consequence of Jensen’s inequality and of the definition of 7,7y,
(see (3.3)). Replacing the above inequality in (3.9) and using (3.8)) with t = 1, we obtain that

Swria () < [ 7880y (T) = al)pola)” 7o)

+ / 0o (1T(@) = )(1+ A(2)) ¥ (e po () "W U T@/ (N HD g ()
= / T (@) = 2 po(e)” ¥ dpo(@) + [ 748 ) (IT(@) — 2)pr(T(x)) ¥ dpaola)
= [ (7@ ) i ano@) + [ 1) (T~ a)r @) 75 ),

for every N’ € [N, —1), which is the desired inequality. O
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A direct application of the previous result leads to the following refinement of Example [3.9

Example 3.13. (ii’) For any pair of real numbers K > 0, N < —1, the weighted space

K\N
(R,| -, VEI) with V(x) = sinh (1: _N) ,

obtained gluing two copies of the half-line space in Example (iz'), satisfies the curvature-
dimension condition CD(K, N + 1) with singular set Sy 1 = {0}.
(iii’) Similarly, for any N < —1 the space (R,|-|, |z|N L) is a CD(0, N +1) space with singular
set S|$‘N£1 = {0}
(iv’) For any pair of real numbers K < 0, N < —1 the space which is obtained gluing J-copies
of the interval in Ezample (iv), for example by considering (U}]:1 |-, Vﬁl) with

. . J N
L 2j—)r |K (2j+ 1) |K . LK . K
I; = [ 5 N’ 5 i and V := ;]lfj-cos (x—z;) N, %= Jmy/ N’

satisfies the curvature-dimension condition CD(K, N + 1) with singular set given by

@ -yr [K
Svﬁl—{ 9 N]—l,,J—Fl .

We end this section by pointing out that there exist unbounded CD spaces with negative di-
mension, for every value of the curvature. In particular, unlike to what happens for positive
dimensional CD spaces, it is never possible to obtain a bound on the diameter of the space.
Actually, this not only happens for singular spaces, as in Example (iv’), since for example,
also the hyperbolic plane satisfies the CD(—1, N)-condition for any N < 0 (recall that every
CD(K, N) space with N > 1 is automatically a CD(K, N) space for any N < 0). Therefore,
there exists no counterpart of the generalized Bonnet-Myers theorem [34, Corollary 2.6] for
negative dimensional CD spaces.

3.3 Approximate CD-condition and regularity assumptions

Examples and exhibit that m-singular sets associated to CD(K, N) spaces are not
necessarily empty sets. Nevertheless, as already noticed, the geometric behaviour in these
examples can be extremely different: in opposition to Examples where points in Sy, appear
only as terminal points of geodesics in the space, singular points in Examples [3.13] occur as
inner points of geodesics. This observation shows that, in particular, the k-th regular set R¥ of
a space X, which was introduced in , is not necessarily geodesically convex. This turns out
to produce major difficulties in the proof of our main result. Indeed, we wish to approximate
metric measure spaces by considering their k-th regular sets but the CD-condition is precisely a
condition made on geodesics. We point out that this type of issues do not show up for positive
values of the dimensional parameter and, in fact, to surpass the problems arising from the
non-geodesically convexity will be the main challenge to overcome in the proof of the Stability
Theorem In order to do so we present the next two definitions.

Definition 3.14 (Approximate CD-condition). We say that a metric measure space (X,d, m)
satisfies the approximate curvature-dimension condition, CD*(K, N) in short, if the CD-condition
is satisfied by further requiring that the supports of the measures pg, 1 € P$(X) satisfy
supp(po), supp(p1) C R¥, for some k € N.

25



7
5

Figure 1: A visual representation of the property of w-uniform convexity. In particular the
shaded set has j;;-mass bounded above by w(k, h, M), if Sy m(10), SNm(p1) < M.

~

Note that in the definition above k is not fixed.

As discussed above, we need to carefully approach the topic of the non-geodesic convexity
of m-singular sets. The following concept directs us in this direction by quantifying in term of
masses - and thus, controlling - to which extent convexity of the k-th cuts is unsatisfied.

Definition 3.15 (w-uniformly convexity). A metric measure space (X,d,m) is w-uniformly
convex if there exists a function w: N x N x RT — [0, 1] with the following properties:

o for any po, p1 € P2(X), with Snm(po), Snm(p1) < M and supp(po), supp(p1) < RE,
every t-middle point of any geodesic {i}icpo,) C P2(X) between po and p is such that

pe(R") > 1= w(k, h, M);

o foranyk € N, M € RT
Tim w(k,h, M) = 0. (3.10)
—00

Figure [1| shows an schematic representation of the w-convexity.

Remark 3.16. We illustrate with some examples the concept of w-uniform convexity.

s If the k-th regular set R* is geodesically convex, then we can choose w(l,h, M) =0, for
all entropy bounds M > 0 and ¢ < k < h. This is the case, for example, of metric measure
spaces with empty m-singular set and the spaces presented in Example (3.9

* Conversely, if 110, p11 € P2(X) are supported in R* with bounded entropies and the support

of us, a geodesic joining pg and py evaluated at time ¢, is contained in the complement of
R, for some t € (0,1) and h € N, then w(k,h, M) = 1.
In particular, the metric measure space ([—1,1],]-|,m), with dm = §_1 + §; + 1/22dL!
serves as example of a metric measure space which is not w-uniformly convex. Indeed,
at time t = 1/2, the support of the unique 2-Wasserstein geodesic (0¢)¢c[o,1) is contained
inside X \ R", for any h € N, while its terminal points have entropy equal to 1.

x Lastly, a more interesting behaviour occurs in a convex subset of Example given by

(0.7,

,]I[O%]cos ()72 Lt + ]I[ x]COS (z —m) > £1> ,

uy
2

26



@
Yy aUAaN

Figure 2: A visual representation of the property provided by the function , that is i) in
Proposition In particular the shaded set in the center has p;-mass bounded above by
Q(k,h, M,0), if the shaded set on the left and the one on the right have pp-mass and pi-mass
(respectively) less than ¢ and Sy m(£0), Snm(p1) < M.

whose singular set is S = {§}. This is a CD(—2, —1) space as well as an w-uniformly
convex space for a non-trivial function w(k,h, M). Note that since there exist Wasser-
stein geodesics which are, at some time ¢, entirely contained in the complement of RF,
there are actually some values k,h € N, M € R* for which w(k,h, M) = 1. Also, for
fixed values of k € N and M € R*, w(k,h, M) — 0 as h — oo, since Wa-geodesics are
absolutely continuous and X \R" — 0 as h — oo. Indeed, the key observation here is that
we can not force arbitrarily large amounts of mass to transit through X \ R", at a given
time, without losing the upper bound on the entropy of the terminal points. Intuitively,
to produce such geodesics, we would have to consider measures with arbitrarily small
supports or which accumulate arbitrarily large masses around a point. However, these
type of measures have large entropy.

A concrete and useful property which w-uniformly convex metric measure spaces enjoy is
that we are able to quantify interpolated mass outside the set R", even if the marginals are not
necessarily supported on R¥, granted they supply sufficient mass to the k-th regular sets.

Proposition 3.17. Let (X,d,m) be a w-uniformly convex space. Then there exists a function
Q: Nx Nx Rt x[0,1] = R such that:

i) for any po, 1 € Po(X) with Sy (o), Snm(p1) < M and po(RF), u1(R¥) > 1 -6, then
any t-middle point of the geodesic {1 }ieo,1) s such that w(RM) >1—Q(k, h, M, 6),

ii) for every 0 <0 < % it holds that

limsup Q(k, h, M, d) < 20, (3.11)

h—o00

for every fized k € N and M € R™.

Proof. Notice that we can limit ourselves to the case when 0 < § < %, because we can simply
put Q(k,h, M,8) = 1if § > 1. Fixed po, 1 € Po(X) such that Sy m(to), Snm(p1) < M and
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po(RF), p1(R¥) > 1 — 4§, consider a t-middle point of a geodesic {#t}efo,1), connecting pp and
p1. Call n € Z(Geo(X)) the representation of {u}cjo,1) and define
1

n = WG) Nl € P(Geo(X)),

where
G := {y € Geo(X) : 7(0),7(1) € RF}.

Notice that 7 is actually well-defined, since our condition on g and pq ensures that n(G) >
1—2§ > 0. Moreover,

n=n(G)-n+mn for some 7 € .#(Geo(X)) with 77(Geo(X)) < 24. (3.12)

Observe that {fiz = (er)47}e[o,1] is a Wasserstein geodesic connecting two measures fig and iy,
which are supported on R* and satisfy

I-%
max{Sim(7i0), Syan(fi)} < MG)] max{Sxam(10), S (111)}
1 1

1-4 -
M <2'"~NM.

= [1 —26
Then, the w-uniform convexity of (X,d, m) ensures that, for every h,
i (RM) > 1 — w(k, h, 22~V M).
Moreover, taking into account , we can conclude that
(R > (1 - 26) - jue(R") > 1 — w(k, h, 2"~ M) — 26.
Therefore, to satisfy i), we can set
Q(k, h, M, 8) == w(k, h, 2"~ M) + 24.

With this definition, ii) is a straightforward convergence of condition (3.10) on w(k,h, M). O

4 Stability of CD-condition

The aim of the last section is to prove the main result,

Theorem 4.1 (Stability). Let K € R, N € (00,0), and {(Xn,dn, M, Sm,,pn)}, ey C MET
be a sequence of metric measure spaces converging to (Xoo,doo, Moo, Smo, s Poo) € M%R in the
iIKRW-distance, for some k € N. Assume further that:

(i) (Xn,dn,my) is a CD(K, N) space for every n € N;

(ii) there exists w : Nx N xR — [0, 1], for which (X,,dn, my,) is w-uniformly convez, for every
n € N; and

(i) Sup;enuoo} diam(X;, di) < /ﬁ, if K <O.
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Figure 3: Approximation procedure for the midpoints

Then (Xoo, doo, Mao) is a CD(K, N') space.

As a matter of fact, Theorem is concluded from the slightly more general statement
below, since Proposition [2.19] provides an effective realization for an iKRW-converging sequence
of metric measure spaces. Recall that the extrinsic convergence of metric measure spaces is
presented in Definition [2.20]

Theorem 4.2 (Extrinsic Stability). Let K € R, N € (00,0). Then the CD(K, N)-condition
is stable under the extrinsic convergence of metric measure spaces, granted conditions (i)-(iii)
from Theorem[4.1]. are satisfied by the converging sequence.

The following is an immediate result of Theorem [£.2]

Corollary 4.3. Let K € R, N € (00,0), and {(Xn,dn,mn,Smn,pn)}nEN - M%R be a sequence

converging to (Xoo, doos Moo, Smo, s Poo) € M%R, in the extrinsic or intrinsic manner. Assume
that the regular sets Rfl are geodesically convex, for all k,n € N. If for every n € N the
space (Xpn,dn,my,) satisfies the CD(K, N) condition (with sup;cnyoo} diam(X;, di) < m|K|7/2,

if K <0), then also (Xso,doo, Moo) s a CD(K, N) space.

When compared with Stability Theorem the advantage of Fxtrinsic Stability Theorem
4.2, is that no assumptions have to be made, regarding the limiting behaviour of singular sets
along the sequence. This contrasts with the Stability Theorem, which is stated in terms of the
intrinsic dijkrw-convergence, since the dixrw-distance controls the Hausdorff distance between
singular sets. Therefore, with the latter Theorem one gains some flexibility to study the afore-
mentioned sets; nevertheless, there is a price to pay in exchange. Namely, it is necessary to be
in possession of an effective realization for the convergence. In this sense, we find that both
results complement very well each other.

We fix some notation prior to outlining the argument in the proof of Theorem
In the remainder, we use the adjective horizontal to refer to the approximations we construct
inside a fixed space X,,, for n € N. Respectively, we denote as wvertical approximations those
approximations made over the sequence X, — X, when we let n — oco. Our objective is,
naturally, to demonstrate, for every pair of measures pg, 1 € Z$°(Xx), the existence of a 2-
Wasserstein geodesic {uu}eo,1] € P2(Xs) and an optimal plan q € Opt(uo, p11), for which the
curvature-dimension inequality is satisfied. We accomplish this by following the next steps.

1. We assume that supp(u;) € RE,, for i € {0,1} and fixed k € N, and construct a geodesic
(1e)eon] C P5°(Xoo) between pig and i1 and an optimal plan ¢ € Opt(uo, 1), for which
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the CD-inequality (3.4) is fulfilled, relying on the following vertical approximation argu-
ment. (Above, and in the following, we write RE C X,, to denote the k-th m,-regular set
of X,,, k-regular set in short, for n € NU {o0}.)

The assumption on the supports allows us to approximate vertically the marginal measures
wo and w1, by employing a canonical map between Wasserstein spaces P,’f P P Koo) —
P5°(Xy), induced via an optimal coupling of the normalized reference measures pfl €
Opt(mk,,mk). Let us denote these approximations by (jin:)nen, for i € {0,1}.

At this point we construct the pair (i, q) as the vertical limits of a sequence of geodesics
(Bnt)iefo,) C P59(Xn), between pno and pin1, and a sequence of optimal plans ¢, €
Opt(ftn,0, tn,1), both indexed by n € N. Furthermore, we provide these sequences using
the CD-hypothesis on (X, d,, m,), so in particular we can guarantee that, for n € N, each
pair (fn¢, gn) satisfies the CD-inequality, for every ¢ € [0, 1].

After demonstrating the lower semicontinuity Sy (1¢) < liminf Sy, (14n,¢) and upper semi-

continuity lim sup Tl(pN(qn|mn) <T I(;)N(q|moo), along our sequences as n — 0o, we Con-

clude the validity of the CD-inequality (3.4)) for (u, ¢), for every t € [0, 1].

(Look at Figure [3| for a schematic representation)

2. Additionally, we produce, for i € {0,1}, favorable horizontal approximations (u¥)zen C
P5°(Xoo), Wa-converging to p;, whose supports satisfy supp(,uf) C RE, for every k €
N. Subsequently, by approximating with the pairs constructed in Step 1, we show the
existence of the sought geodesic {u}ejo,1] C Z?5°(Xoo) and optimal plan g € Opt(po, p11)-
After showing that the appropriate semicontinuity of the functionals Sy’ (-) and

TI((t?N,(-|moo) hold, we are able to verify the CD-condition and conclude.

Let us now indicate where the complications arise.

By now the rough idea behind a proof of geometric stability in Wasserstein spaces is well
known. More precisely, for well-behaved measures, as a first step one shows that &?(X,) inherits
the CD-convexity from the stability of the geometry of &?(X,,) under vertical approximations.
Afterwards, one can conclude the same property for more general measures, by approximating
them horizontally with these well-behaved measures. On the way, the two main challenges that
one encounters are, of course, semicontinuity and precompactness.

Inspired by techniques used in [I8], we are able to provide a Legendre-type representation
formula for the entropy, which handles one of the functionals in question. At this point, inspired
by arguments of Sturm in [34], we conclude the upper semicontinuity of TI(;)N,(-]mOO).

The very challenging obstacles appear then when approaching the problém of the existence
of limits and of the convergence of inner points of geodesics. The general class of metric measure
structures which we consider is not even locally compact, while the “wildness” of quasi-Radon
measures prohibit us to control the reference measures in any uniform way, preventing us to
recover any tightness results from them. Thus, to overcome these problems original arguments
have to be provided here.

The crucial ingredient to get back into track will be the control of the mass given by Wasser-
stein geodesics to m-singular sets when taking the limits and this can be extracted from the
w-uniform convexity.

We advance to the presentation of some auxiliary results in the next Section. The vertical

approximation argument is presented afterwards in Section while Step 2. above is discussed
in the final Section 4.3l
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4.1 Auxiliary Results

Collected in this Section are preliminary results, which are needed to prove Theorem We
present in a first part results which prove useful in the approximation of t-midpoints of geodesics,
and semicontinuity results are included in a consecutive Subsection.

4.1.1 Approximation and compactness results

We start by exhibiting the existence of well-behaved horizontal approximations to measures.
Recall that for a reference measure m € .Z%%(X), m* is its k-cut defined by (2.5).

Lemma 4.4. Let (X,d,m) be an metric measure space, m € .A#%(X), and u € 25¢(X). Then:

1) The sequence of measures {m*} ey approzimates m, in the sense of quasi-Radon measures:

m* Som.
2) There exists a sequence of measures {i*}ren C P5¢(X), u* < m* for any k € N, con-
verging to p in the Wa-distance. In particular, for every k € N, we have that supp(u”*) C
RF := Boks1(p) \ Ny—rs1) (S™), thus these measures have bounded support.

Proof.  We start noticing that 1) follows directly from the definition of weak convergence
because supp(f) € R* holds eventually, for any function f € Cys(X) N Cgs(X).

As for 2), let us consider u* := c¥f¥u, where f* is the cut-off function defined in (2.14),
c* is a normalization constant providing x*(X) = 1, and k is a sufficiently large number, the
estimate of which will be determined along the proof. Clearly, u¥ < m*. At this point we recall
that supp(f*) c R* with 0 < f¥ < 1 for any k € N, and that f¥ — 1 pointwise m-almost
everywhere as k — co. As a consequence, f* — 1 pointwise p-almost everywhere, and supp(u*)
is bounded supp(u*) C supp(m¥) c R*.
By choosing kg sufficiently large, we can assume that supp(u)NRF # (), for all k > kg. (Although
the particular choice of kg does depend on u, there is no loss of generality, since such a bound
exists for every measure p and we are interested exclusively in the limit behavior of p*.) Let
b= ( Jx f kdp)~!: in view of the previous remarks, c¥ is well-defined and monotone decreasing
in k€ N and limj_,o cF = 1.
We can then conclude using the dominated convergence theorem, recalling that a sequence of
measures is Wa-convergent if and only if it is weakly convergent and the sequence of its second
moments is also convergent. O

Recall that, given a coupling p € Adm(mx,my), between probability measures mx on
(X,dx) and my on (Y,dy), we can consider a canonical map between its Wasserstein spaces
P PE™(X) — PsE™(Y), which is induced by pushing forward weighted versions of the
coupling p. We refer to these maps as Weighted Marginalizations and we will use them to
produce vertical approximations.

In detail, for each n,k € N we consider (and fix) an optimal coupling p¥ € Opt(mk,,mF).
Here it = n(Y) !n denotes the normalization of a finite measure n € .Z(Y). We then write
{Puk()teez € P(xxXp) = P(Xy) and { P 1 (y)}yez € P (Xoo X y) = P (Xo) the disintegra-
tions kernels of the coupling p¥ with respect to the projection maps p;: Xoo X X, — Xoo and
p2: Xoo X X, = X, respectively. More precisely, for n_l]éo—a.e. T € Xoo, and ﬁlﬁ—a.e. y € Xp,
we let P, (z) and P, ,(y) be the measures given by the Disintegration Theorem, which are
characterized by 7

P = [ Puade)(4) anl (o) = /X P d ).

Xoo
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for every measurable A C X, x X,,. Furthermore, we can define the Weighted Marginalization
maps between Wasserstein spaces, via the push forward, along the coordinate projections, of
weighted couplings f p,";. As an abuse of notation, we denote again these maps as PAk and P, 1.
Specifically, let

P}t P3(Xoo, doo, mEy) = 5 (X,,, dy, m)
p=pwl = Py (u) = (p2)s pp) = p' W, (4.1)
with (/)= [ p()PLato)(da).

The map Py, x: Po(Xp,dp, mE) — P5(Xs0,doo, mk) is defined in an analogous manner. Note
that, in particular, ppt € Adm(u, P! (). The following lemma shows that the well-known
properties of the weighted marginalization map Pvlz, i are still valid in our framework.

Lemma 4.5. Let u = pmF € 2,5(X), then P;Z,k satisfies the following properties:

(i) For every N < 0 the functional Sy,.(-) satisfies the contraction property:

Sk (Ph (1)) = W8 (X)) "N Sy e (Ph (1))
m (X,,) ] -% (4.2)

- SN,mk (M)

_ L

(ii) If the density p of u is bounded, then this Wasserstein convergence holds:

W2(u, P(n)) < / &2 (2, ) () dpk () — O,

k

where p = mk_ (X)) p is the density of u with respect to the normalized measure m~, .

Proof.  Observe that the two equalities in (4.2)) are obvious, then we just have to prove the
inequality. Consequently (i) follows directly from Jensen’s inequality applied to the convex
function ¢(r) := r1=~ . Indeed,

-4
Sas (Prali) = [ | [ soPiatoan] " anko)
< /xn /Xm ﬁ(x)l—%Py’L,k(y)(dm) i (y) = Sy ().

Regarding (ii), notice that the same holds for p, since p is bounded. Moreover, we have that
ppk € Adm(u, P, (1)), and consequently

W3 (1, Py (1)) < /d2($,y)ﬁ($) dply (2,y) < (17| oo (i ) W2 (W, 7) = 0.

g

The last result we are going to prove in this subsection is useful to conclude tightness for
a sequence of measures, provided that we have a uniform bound on their Rényi entropies, and
a tightness condition on the reference measures. The analogous result stated for the relative
entropy functional was proved in [14, Proposition 4.1], and this proof can be easily adapted.
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Lemma 4.6. Let {n, }nen, {tntnen C P(X) be two sequences of measures on a complete and
separable metric space (X,d), such that {n,}nen is tight and sup,cy Sy, (itn) < co. Then

{:un}nGN is tight.
Proof. First of all we observe that, being the entropy bounded, we can write p, = p,n,. Thus,

a direct application of Jensen’s inequality gives that, for every n € N and for every measurable
set ¥ C X,

A

1
Mn(E)l_N 1 / 1-% SNy, (fn)
dn, < ———=,
¥ T (B S5 n,(E)

The tightness of {n, },cn assures the existence of a sequence of compact sets {D; };cn such that
sup,eny (X \ D;) — 0 as | — oco. We write E; = X \ D; and we conclude from the above
inequality that {u, }nen is tight, since

l—00

_1 _1
sup i (E1)' ™V < supny,(Ep) ™ sup Sy, (ptn) =5 0.
neN neN neN

g

This result can be applied to the extrinsic converging sequence (X,,, d,,, m¥) LimiN (Xoos doo, mE),

with a straightforward normalization argument by recalling that m¥(X,,) approaches m* (X.),
as n — 00.

Corollary 4.7. Given a fized k € N, and {pin }neny C P(Z) a sequence of probability measures,
such that suppey Sy mk (fin) < 00, then {untnen is tight.

4.1.2 Semicontinuity properties

)

We present semicontinuity properties of Sy.(-) and TI(;/ v (-]-) conditioned to their domain of
definition. We start by proving the lower semicontimiity of Sy.(-) that we anticipated in
Section [3:1] This property is well known in classical frameworks, that is, for positive values
of N and well-behaved reference measures. For example, lower semicontinuity for a big class
of functionals, in which the Rényi entropy is included, was proved in [I§] for locally compact
spaces endowed with reference measures having uniformly bounded volume growth. Inspired
by the techniques used in [18], we provide below a Legendre-type representation formula for the
entropy to attain our result. With this aim, let us write

P3(X) = {p € 2(X) : u(S) =0}.
Proposition 4.8. Let (X,d,p) be a pointed Polish space and S C X a closed subset with empty
interior. Then the Rényi entropy functional Snn(v) is a lower semicontinuous function of
(n,v) € Ms(X) x 25(X). Specifically, for sequences
(M) nenufoo) € As(X) and (Vn)nenu{ooy C 25(X),
such that v, = v as quasi-Radon measures and v, — v, we have that,

Snm(p) < linrgioréf SN,my, (tin)-

In particular, the conclusion remains valid under Wa-convergence in the second argument.
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Proof. The semicontinuity of the Rényi entropy functional is verified by exhibiting Sy as the
supremum of a set of continuous functions on .Zs(X) x 225 (X) endowed with the corresponding
product convergence. In particular we define R* := Bori1(p) \ Ny—k+1)(S) and we show that,
for every pair (m, i) € As(X) x 25(X),

SN,m(M) =

4.3
sup{/Fd,u —/f*(F)dm : F € Cy(X) supported on R¥, for some k € N}, (4:3)

where f* is the convex conjugate function of f(z) = |x|1_%, for x € R. That is,

ff:R — [0,00)
N O\IN
v oo P st @) = (o)
zeR
For simplicity, let us denote the expression on the right-hand side of by Sym(p). And
do note that, G(m,u) = [ Fdu — [ f*(F)dm is indeed continuous in .#s(X) x 25(X) since,
fX(F) € Cps(X) N Cs(X), for all F € Cy(X) with support in R*, for some k € N.

We first verify that Sy m(u) > Snm(), for every (m,u) € #s(X) x 25(X). We assume
that © = pm since the aforementioned inequality is trivially satisfied when p €« m. We get
the desired result, integrating the expression f(z) > zy* — f*(y*) with respect to m which, by
definition of f*, holds for any z,y* € R, after replacing z = p(z) and y* = F(x), for F' € Cp(X)
with support inside some R¥.

Before proceeding with the converse inequality let us point out that Sy, (u) = oo granted
w & m. Indeed, in this case, there exists a Borel set A C X with m(A) = 0 and p(A4) > 0. At
this point, recall that every Borel finite measure in a Polish spaces is inner regular with respect
to compact sets and outer regular with respect to open sets (see for instance [7, Theorem 7.1.7]).
For this reason, since p € £25(X), it is possible to assume that ANS = (), and being A a compact
set. Observe also that compactness grants the existence of k € N for which A ¢ R*. Since m
and p restricted to RFT! are finite measures, there exists a sequence of compact sets (Kpn)neN
and one of open sets (A, )nen, such that K,, C A C A, C R¥! and (u+m)(A, \ K,,) < 1/n,
for any n € N. Then, for M > 0, Tietze’s Theorem ensures the existence of a sequence of
approximating functions (Fflw)neN C Cp(X) satisfying: 0 < FM < M, FM = M on K,,, and
FM =0 on X\ A,. Therefore, as n — oo, the functions FM converge, in L'(x + m), to the
scaled characteristic function My 4. On the other hand, since for every n, FM is an admissible
function for the supremum in S N,m, we have that

[ B [ An < Sxmln) < +ox. (1.4)

for any n € N. Passing now to the limit as n goes to infinity in , we obtain that M - u(A) <
Sn.m(i). The arbitrariness of M implies then that Sy m(u) = oo.

We proceed now to prove that Sy m(p) < Sym(p) and we will assume that Sy m(p) < +o0,
since otherwise there is nothing to prove. The paragraph above enables us to write u = pm.
We then have the following expression for Sy m(u):

Sn.m(i) = sup {/Fp — f*(F)dm : F € Cy(X) supported on R¥, for some k € N} )
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And, recalling that f(z) = (f*)"(z) = supyer{ry — f*(y)} because f is finite, convex and
continuous, it follows that

Sxanli) = [ 510 {p(@)s” = £*(s")}dmo).
s*€Q

By fixing Q = {¢n}nen, an enumeration of rational numbers with gy = 0, we introduce the

family of approximating functionals

{S?V,m = / sip  {p(x)s” —f*(s*)}dm<x>}

5*€{q0,--,qn} heN

Observe that the integrands are monotone increasing in h and that 0 = p(z)g0 — f*(g0). In
particular, Beppo-Levi’s Theorem ensures that S&m(u) — Snm(p), as h — oo. Therefore, it
suffices to show that S]}{Cm < Sn.m, for any fixed h € N. To this aim, one confirms directly that

S]}(,ym = sup {/(pF — f*(F))dm : F is a step function with values in {qo, ... ,qh}} . (4.5)

Note that the fact that S is an m-null set guarantees that we can further require that the
aforementioned functions are supported in R¥ for some k € N without modifying the supremum,
as an approximation argument using the Monotone Convergence Theorem shows. Finally, since
m and p are finite measures when restricted to R¥T!, every step function with support in RF
can be obtained as the L'(p-+m)-limit of continuous and uniformly bounded functions implying
that S ]}{,Jn <8 N,m, which concludes the proof. O

A couple of observations suffice to extract a useful corollary for extrinsic converging se-
quences of metric measure spaces {(X,dn, Mp) fpnenu{oo}- From Lemma |4.5( we deduce that, for
any k € N, the sequence of vertical projections (m%),cn approximates m=, € .#(X) C .#(X)
in narrow convergence. Moreover, Remark states that, granted we restrict ourselves to
the set .#(Z) on a Polish space (Z,dz) and set S = (), then weak convergence in the sense of
quasi-Radon measures coincides with the usual weak one.

Corollary 4.9. Given a fized k € N and {pn}neny C P2(Z) a sequence converging weakly to
w € Po(Z). Then it holds that

7ee n—00 e
We conclude the section with a corresponding continuity result for the functional T° I((t)N‘ We
stress that although, it would be sufficient for the proof of Theorem to have the upper
semicontinuity of TI(?N, we prefer to present a more general statement.

Proposition 4.10. Let K > 0 and N < 0 and (X,d,m) be a metric measure space. Further-
more, set g = pom,pu; = pim € P (X) to be absolutely continuous with respect to the quasi-
Radon reference measure m, with Sy m(10), SNm(p1) < oo. Consider a sequence (mp)nen C
P (X x X), weakly converging to m € (X x X) and such that

(p1)#mn =po and (p1)pTn = H for every n € N.
Then, fort € [0,1], it holds that

Tim T, (mm) = T ().

Additionally, the conclusion remains valid for K < 0, granted diam(X) < 74/ %
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Proof. Set t € (0,1), since the statement is clearly ture for the remaining values. We only
proceed to prove that,

lim Tien (d(z,9))po(x) N dr, = / Ten (d(@,y))po(z) Ndm,  (47)
n=o0 JXx X XxX

since the other term of T[(;)N(~\m) can be treated analogously. Notice that, since Sy m(po) < 0o,

then po(x)™"N € L'(u) thus, according to Lemma for every fixed ¢ > 0 there exists
1€ € Cp(X) such that ||p81/N = fll £1() < € Moreover, notice that the coefficients Tl(éj_\,t)(~|m)
are bounded and continuous. Indeed, this is always the case for K > 0, and since diam(X) <

N-1

m\/ “ is bounded by our assumptions, this holds as well for K < 0. Therefore,

e (d(z, ) ()

is itself bounded and continuous. Consequently, the weak convergence (), — 7 shows that,

O A S CTE P A N S CTEN PR
o0 JXx X XxX

(1—t)

Furthermore, the boundedness of TKl ;V't allows to deduce the following estimate

lim sup /X Xrﬁ,?(d(w,y))po(m)—%dm < lim T (d(@, ) 2 (@)dmn + ellrie )l oo
X

n—o0 n=o JXx X
— [ AW )+ e

< / Tien (d(@,9)po(x) "N dr + 22|70 3 [ e

Analogously, it follows that

liminf/X XT[(éA,t)(d(:U,y))po(q:)_}den2/ T d(z,y))po(z) N dr — 26|73 |
X

n—o0 XxX

and since € > 0 and can be chosen arbitrarily, equation (4.7)) holds true. We conclude by
recalling the arbitrariness of ¢.

O
4.2 Proof of the Approximate CD Condition
The objective of this section is to prove the next partial result
Theorem 4.11. Let K € R, N € (00,0), and {(X”’d”’m””Smn’p”)}neNu{oo} C M%R be a

sequence of metric measure spaces satisfying the assumptions of the Stability Theorem [{.1], for
some k € N. Then (Xoo,doo, Mso) s a CD*(K, N) space.

We follow the plan discussed at the beginning of the section and argue, in steps, using
vertical approximations. Specifically, Steps 1 and 2 serve the purpose of constructing useful
approximations of the marginals pg and p;. Next, we follow the argumentation of Sturm in
[34] in Steps 3 to 6, to exhibit the upper semicontinuity of T I(;)N along a sequence of optimal

36



couplings, provided by the curvature-dimension assumption. Additionally, we demonstrate the
existence of a favorable limiting optimal coupling. Step 7 focuses in proving the convergence of
inner points of a vertical sequence of Wasserstein geodesics, as well as, the lower semicontinuity
of the Renyi entropy along this sequence.

Let us fix first the notation. Set k > k and assume that pg, 11 € 28°(Xs) have supports
satisfying supp(uo), supp(p1) C RE-L. We denote by p; the density of y; with respect to m, for
i = {0, 1}. Define the set,

Ii={N"€[N,0) : SN’ mu (H0), SN"mo (1) < 00},

and observe that [ is an interval, as a consequence of Jensen’s inequality. Then, surely, we are
able to assume that (and set)

(M ::) max {SN,moo(,UO); SN,moo(:ul)} < 00,

and that, for every g € Opt(uo, 1),
Ti v (almss) < oo, (4.8)

since the CD-condition is trivial in failure of any of these inequalities. Therefore, the arbi-
trariness of k and initial measures shows that, in order to demonstrate Theorem we are
required to validate the CD-inequality , for every N’ € I, and every t € [0, 1].

Additionally, we fix as before an optimal coupling p, € Opt (ﬁlfﬁo, If‘llfl) between the normal-
ized k-cuts of the reference measures, for every n € N. And, as defined in Section4.1}, we consider
{Pp(x)}eex~ € P(Xy) and {P)(y)}yex, € P(Xx) the disintegration kernels of p, with re-
spect to the projections p; and ps respectively, and consider the map P} : %P(Xoo, doo,mléo) —
Po(Xy,dp, mE). Note that, in contrast to Section here we have omitted the dependence on
the number k, since it is fixed for now.

STEP 1: Horizontal approximation with bounded densities
During the argument it proves useful to work with bounded-density measures. Therefore we
construct here a horizontal approximation of pg and pp, for which its elements enjoy this
property.
For the construction, we fix an arbitrary optimal coupling ¢ € Opt(uo, 1) and define, for every
r >0,
E. :={(z0,71) € Xoo X Xoo : po(xo) <71, p1(x1) <71} (4.9)

and consequently, for sufficiently large r,
" = a 'q(.NE,),
where a, := G(E,). The measure §") € Z(Xs X Xoo) has marginals given by

s = (p1)p @™ and = (p2)y g, (4.10)
Notice that both u(()r) and /LY) have bounded densities and that Mz@ converges to u; in (22(Xs), Wa),
for i = 0,1. Moreover, notice that Sy m.. (MET)) — SN.mo (i) as r — oo, for i = 0,1. Then we
fix e > 0 and find r = r(g) such that o, > 1 — ¢ and that the following estimates holds:

Ly < )y _ My < pr4 L
ig{lig}Wz(m,m )<e and Z,g%%)z{}SN,m’go(:uz ) igig}szv,mm(m )sM+5. (411)

37



We point out that the parameter r depends on €, but we won’t be explicit on this dependence
for the sake of the presentation.

STEP 2: Vertical approximation

Once we have identified the horizontal approximations u(()r) and MY), we may proceed to their

vertical approximation. First of all, observe that ,u,g) and ugr) are absolutely continuous with

respect to the normalized reference measure m”,, so we denote by ﬁg") and ﬁY) their bounded

densities. Then, for every n € N, we define pg p, p1,n € P2(Xy, dn,m’;i) as
i = Py(") = pinil, (4.12)

where p;,(y) = [ p pZ y)(dz). Notice that po, and p1,, depend on r (and ultimately on

e), but, once agaln, we prefer not to make this dependence explicit, in order to maintain an
easy notation in the following. Anyway, we invite the reader to keep in mind that every object
we are going to define depends only on . Now, since m%(X,,) — m¥_(X,.), observe that Lemma
guarantees the existence of an 7 € N, such that if n > 7 it holds that

Wo (i, pin) < e. 4.13
hax, 21y s i) < € (4.13)

and that
e SN (Hin) < e SNk (Hin) < M + 1. (4.14)

Moreover, according to Lemma for every N’ € I, it holds that

m’ri (Xyn)

_1
Mn{Bn) | SN mk ([L(r)) < 0.
mk (Xso) e M

SN/vmn (/’Ll,n) < SN’,m’;L (/Lz,n) < |:

Therefore, for every n € N large enough, since (X,,d,, m,) is a CD(K, N) space, there exist
an optimal plan m, € Opt(uon,1,,) and a 2-Wasserstein geodesic (pen)icp,1) C P5°(Xn)
connecting ., and g1 5, for which,

SN m (M) < TI(QN, (7n|my,) (4.15)

holds, for every ¢ € [0,1] and every N’ € I. Note that Remark [3.4] together with the assumption
that sup;eny{ocy diam(X;, di) < 7|K|7Y/2, if K < 0, assures that the geodesic ¢ is absolutely
continuous with respect to m,,.

STEP 3: Estimate for TI({t’)N,

In this step we start the proof of the upper semicontinuity of the functional T’ [(f)N,. In particular,
we fix N’ € [N,0) and a time ¢t € [0, 1] and we call @,, and @, be the disintegrations of m, with
respect to po, and jiq,, respectively. Then we define the following two functions

wola) = | A @0, 3)@ulo0- )

and

o) = | i (. 0) @i o, ).
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A direct application of Jensen’s theorem leads to

Tl(( N/ 7rn|m Z / pzn yz 1 1/N, (yz) dm (yl)
1-1/N'
—Z/ [/ pi (i) é(yz‘,dl‘z')] -0i(yi) dimy (i)
< ) () TN Pl (i, da) - (i) dol ()
; /n/wp y y:) dmy (y

- ; /oo P (i) N {/xn Ui(yi)Pn(xivdyi)] dm, (7).

At this point we see that

/Uo(yo)Pn(%,dyo):/X y Tf(gljvt/)(d(yovyl))Qn(yo,d?ﬂ) (20, dyo)
n n>< n

~(7)
X
:/ TEJJ/)(d(yoayl))pl( ) P! (y1,dz1)Qn(yo, dy1) Po (o, dyo)
X X Xy X Xoo

pl,n(yl)
<[ @) + O A ) — 4o, o)
X XX X Xoo
A (1)
L= P (g1, d21) Qn(yo, dy1) Pa(0, dyo)
Pl,n( )
S/ [Tl((N/)(d(xval))+C'(d($07y0)+d($1,y1))]
X XX X Xoo
~(r)
m (Y1, A1) Qn (Yo, dy1) Pu (o, dyo),

and analogously that
/ 01(y1) P, dy) < / (e’ (w0, 21)) + C - (d(0,30) + d(x1,31))]
Xn X X X X Xoo

) (o)
po,n(Yo)

P! (yo, dzo)Qn (y1, dyo) P (1, dy1),

where C':= maxgeo,M],s€(0,1] %TI(;)N,(G) and M is the maximum between d(xg, 1) and d(x1,y1).
Observe that the constant C' is indeed finite because we know that sup;enyioc) diam(X;,d;) <

T/ \K\ if K <0, from assumption (iii) in Theorem {4.11{

Moreover we notice that

~(r) (. \1-1/N’ ﬁy)(l“ )
/ p; (o) / d(zo, yo) Pl (y1,dz1)Qn (Yo, dy1) Pr(z0, dyo) dm’, (x0)
o Xy % Xow X X pin(yr) "

:/ ﬁET)(:CO)ll/N’/ d(anyO)Pn(xoadyO) dﬁl’éo(l'())
Xoo Xn

Srl_l/N//x X d(o0, yo)dph (x0, o) < r' =N W (my;, ml,)
nX
(4.16)
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and

~(1)
~(7r — / X _
/ P(())(ﬂffo)1 1/N/ d(CCl,yl)pl ( l)PrlL(yladxl)Qn(yOvdyl)Pn(xmdyO)dm’;o(xO)
o Xy % Xow X X p1.n(y1)
A7 (1)

< r_l/N// d(z1,y1 P} (y1,dxy
X X X X Xoo X Xoo ( )p (y ) ( )
Qn(

Yo, dy1) Pa (20, dyo) 3 (o) Ak, (o)

~(7)
S a5 2T B ) Qs dyn o n (dyo)
X X X X X oo Pln(y )

- r_l/N// d(z,y0)Ay (1) P (y1, day)dmk (1)
X X Xoo

< gtV / d(@1,y1)dph (z1,51) < 'YV Wy (mh, mk),
Xn X Xoo

(4.17)

where the last inequality in both chains follows by the Jensen’s inequality. Consequently, for

every n € N, we define a — not necessarily optimal — coupling qﬁ") € Adm(,u((]r), ,ugr)) by imposing

that

d_(T)(x T )_/ N(T (1'0) (T)( ) ( dax ) ( da )dﬂ' ( )
qn 07 1 anxn pon(yo)pl,n(yl) y17 1 y07 0 n 3/073/1

~(r ~(T)
= / 20, (xl)PT/L(ylv dz1)Qn(yo, dy1) Pa(zo, dyo) A, (o)
X XX P1, n(yl)

~(r) (r)
:/ Py (0)py (w1 )P,'l(yljdl‘l)Q (y1,dyo) P, (xo,dyo)dm (z1).
X X X, ,OO,n(ZJO)

With this definition of ¢") and keeping in mind (4.16) and ([#.17)), we end up with
Ty (malmf) < Tid (a0 mk) 4+ 40 =N W (ml ).
Now, up to taking a greater n, we can require that for every n > n it holds that
_k < 3

N/—1"

4Cr N

for every N’ € [N,e). As a consequence we obtain that

T (malmh) < T (@0 [m5,) + <, (4.18)
for every n > 7 and every N’ € [N, e¢).

STEP 4: qg) converges to an optimal plan
The objective now is to prove that

/dQ(mo,xl)dq,(f) (xo, 1) — Wg(ug),ugr)) as n — oo. (4.19)
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=(r) (r)

First of all notice that, since every g, and ug ), then for

every n € N it holds that

is an admissible plan between

/ d?(z0, 21)dq (w0, 1) > W (ut)), 7). (4.20)
On the other hand the triangular inequality ensures that

d(zo,71) < d(20,%0) + d(yo,y1) +d(z1,y1)

and consequently, since d(yo,y1) < diam(RE) < 2%*2 for m,-almost every pair (yo, y1), we have
that

d*(z0, 21) — d*(y0, y1) < 2d°(wo, yo) + 2d* (21, y1) + 2°T3d(20, yo) + 2°3d (21, 1)

for m,-almost every pair (yo,y1). It is then possible to perform the following estimate

/ d* (0, 1)dg\" (zo, 71)
Koo XX

~(r) ~(7)
Po (x())pl (xl)
(o, ,dx ,dxg) dmy, (yo,
/ooxxoo 0 1>/Xn><Xn PO,n(ZJO)PLn(yl) (y1 Vb (’yo o) (30, 31)

/ %(yo, y1)dmn (yo, y1)
nxXn

IN

()
2 ( ) /
/ /X><X 2d" (w0, )POn(yO)P(y ,dzo) drn (Yo, 1)

/ / 25434 (o, yo) 2 iz o) p, P}, (yo, dzo) drry, (yo, y1)
o SXnxXon Y00 (o) Y0 0T 0 81

( )
/ / 2d2 l’l,yl) ( )Pfll(yhdxl)dﬂ-n(y()ayl)

p1n(y1)

50
28434 (2, (21 )P’ ,da1) dmy, (yo,
/oo /nXXn 1, Y1 )p1n(y1) (yl 1) (yo yl)

We can now consider one term at the time and start by noticing that, according to Lemma

> Ay (o) ,,
/ / 2d (0, yo ) P, (yo,dzo) dmp (o, y1)
o nXXn Po, n( )

_ / / 2% (20, yo) 1 (20) P (o, darg) i (yo)
//2d x0,Y0)P )(ﬂfo)dpn(il?o,yo) — 0,

and similarly

~(r)
xr
/ / 2d2($173/1)p1 ( I)Pé(yhdm)dﬂn(yo,yﬂ%0-
Xoo JXp %X P1n(Y1)

Moreover Holder’s inequality ensures that

P
/ / 2k 34 (29, 1) 2 (o )P/L(yo,dxo)dwn(yojyl)
. XX, POn( )

o=

k+3 2 ﬁ(()r) (wo)
S 2 d ($07y0) Pn(y(bdx()) dTrn(?JO’yl) — 07
o X0 x X0 pon(Y0)
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and analogously that

~(7)
T
[ 2% A o) s i) — 0.
Xoo J Xn xXn Prn(y1)

Therefore, putting together the estimates on every term, we can conclude that

limsup/d2(:v0,x1)dq£f)(wo,x1) < limSup/ d?(yo, y1)dmn (o, y1)
X XX

n—00 n—00
(r) (T))

= lim sup Wf(uo,n,m,n) = W22(Mo » M

n—oo

where we used that m, is an optimal plan and that pyg,, Wa, ,u(()r), Hn Wa, MY). This last

inequality, combined with (4.20f), allows us to conclude (4.19)).

STEP 5: Definition of approximating plan with fixes marginals
We have shown the existence of n(e) > n such that

] [ ¢ tan,adg, (oo, on) - WG )| < (4:21)
Recalling the properties of 7 proven in the previous steps, we also know that
t — t _(r _
TI((,)N’ (Wn(s)‘mﬁ(s)) < TI((?N’(qq(q,(zs)|mIéo) té, (4.22)

for every n > 7 and every N’ € [N,e). At this point, using ¢} () We define a coupling ¢°
between ug and w1 by

() = ondly + a0 (X \ Er). (4.23)
First of all, notice that

‘/d2(mo,x1)dqg()€)(xo,x1) — /dQ(xo,xl)qu(mo,xl) < (1 — o )diam(RE )% < 22+,
Consequently, putting together this last estimate with (4.11)) and (4.21]), we can conclude that

/d2($0,$1)dq5(560,x1) = W3 (10, 1) + O(e). (4.24)
On the other hand, it is immediate from the definition of ¢* that
“1/N'm(t) e = “1/N'p(t) = t _
(=) T @ lmk) < 0 VT (@ [mk) < T (amb). (4.25)

STEP 6: Convergence of plans
We turn now to prove the weak convergence of the plans ¢° introduced in the previous step, as
¢ — 0, and consequently the upper semicontinuity of T' I(QN,.
We first note that, since for every € > 0, it holds that ¢ € Adm(ug, 1), then the family (¢°):>0
is tight and Prokhorov Theorem ensures the existence of a sequence (,,)men converging to 0

such that ¢ — ¢ € Adm(uo, 11). Equation (4.24) ensures the optimality of ¢ € Opt(ug, 11)-
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Furthermore, putting together the estimates (4.22)) (that holds definitely for every N’ € [N, 0))
and (4.25]), we conclude that, for every N’ € [N,0) and t € [0, 1],

hfnnfllop T ;(()N/ (Tn(em) Mn(en)) < h,?j;lop T ;(f)N (T M)

1

= limsup Ty (Faey 05 )
mesoo Mk (Xp) YN T INRE) En(em)

1 ®) .y
T mk (Xoo) VN fim o Tie v (o) M e,0)
1 ® (- 192
< k(X)L 0 hmsupTKN,(q \m +éem (4.26)
1 . _
= O e T U, )
1 1

i (t) Em |k
S (Ko U e s T (47 )

= lim sup T[(?N, (¢Fm |mE).
m—0o0

Now, notice that every ¢°™ has as marginals pug and p;, which are supported on Rléo_ I and

therefore (
t t
T (g7 o) = Ti (5 [moo).

Thus we can apply Proposition |4.10| to T};)N/(qaﬂmoo), for N’ € I, which together with the
above estimate guarantees that

lim sup TI(()N’ (Tr(em) Mn(en)) < limjup Tl(ét’)]\,,(qEm |Meo) = T[(;?N,(q]moo) (4.27)

m—ro0

holds for every N’ € I and t € [0,1].

STEP 7: Convergence of midpoints
The goal of this step is to show the existence of a limit geodesic {Nt}te[o,1}7 such that for any
t € [0,1], 1 n(e,,) Wa-converges (up to subsequences) to py, as m — oo. Furthermore, we are
going to prove a suitable lower semicontinuity of the Renyi entropies that will allow us to pass
to the limit the CD inequality. In order to ease the notation we will denote the Renyi entropy
SN m, by Sn n(em)*

Claim 1. For every fived t € [0,1], the sequence (i p(e,,))meN converges (up to subsequences)
to a measure pi; € P (Xoo)-

First of all, notice that estimate (4.27)), the CD-condition (4.15) and assumption (4.8)) to-
gether ensure that the entropies Sy (c,.)(Ktn(e,,)) are uniformly bounded above by a constant

)
M’ for m € N. Moreover, for every n(e,,), the approximation Lemma provides the ex-
istence of a sequence (uff n(em))ZEN’ that Wa-converges to p pn(c,,), as I — oo, and such that

SUPP(ML”(E)) C R,ln(s). From the proof of Lemma we recall that ,uiﬁn(gm) = f Pt n(em) SO
we can easily notice that,

(Cl)il = /fl d:ut,n(sm) > Kt n(em) (Ril_(glm)) >1- w<k7l - 17 M + 1)
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Consequently, for sufficiently large [ it holds that, as measures,

1
l < .
:U’t,n(am) -1 W(k,l — 1, M + 1) :U’t,n(am).

(4.28)

Notice that we took into account that supp(uo n(e,.))s SUPP(H1,n(em)) RZ (em) and we have

used the w-uniform convexity assumption, keeping in mind that M + 1 bounds from above the
terminal entropies (4.14]). In turn, inequality (4.28]) implies that,

1
l
SN,n(am)(:u't,n(gm)> S (1 _ W(k,l _ 1’ M + 1))1_1/]\[ SN,n(Em)(/th,n(am))' (429)

Moreover, the fact that supp(to,n(e,,) ) SUPP(H1,n(epm)) Rﬁ(sm) shows that the measure iy (.,

Em Em

has bounded support. In particular, for every [ € N (and every m € N)

SUPP (4 y(e1y) S SUPP(Htn(en)) S B(Pn(e,n)s 27F7)-
As a consequence of this bound, it’s easy to deduce that,
W ey Bm(eny) < (22222 wo(k, 1 — 1, M + 1), (4.30)

because fiy n(c,,) < ui n(en) When restricted to Rif(alm), and ,ut’n(gm)(X\Rlnf(;m)) > w(k,l—1, M+
1), by w-uniform convexity. Now, for every fixed [ sufficiently large, such that w(k,l—1, M+1) <
1, observe that, according to (4.29), the entropies S an(gm)(,ui n( €m)) are uniformly bounded
above by the constant
1
M/
(1 —w(k,l—1,M +1))1-/N""

for all m € N. Notice also that, since /“L7lf,n( is supported on Rfl (em)? it holds that

Em)

SNt (o) = SNonem) (Htn(en)-

n(em)

Therefore, Corollary shows that ,uim(sm) weakly converges to some pl € 2(X.) as m — oo,
for some choice of a subsequence. Moreover, we extract the bound .S Nl (1}) < oo from Corol-
lary which guarantees the lower semicontinuity of Sy .(-) along our sequence. Consequently,
this implies that the support of ! is contained in R, Finally, note that then the sequence
of measures (“i,n(am))mGN is supported in a uniformly bounded set, since supp(,uim( am)) -

B (pn(em), 2k+2) and pp(e,,) = Poo, a8 m — 00. Thus, we are able to conclude, up to picking
again subsequence, that for every sufficiently large [ € N

l Wao 1
Pin(en) — 7 Mt @S M — 0.

As a matter of fact, we can show using inequality (4.30) that,
W3 (i, p1]) < 224 [w(k,i— 1, M +1)) +w(k,j — 1, M +1))],

for every (large enough) i, j € N. Then, our assumption on w ensures that (j);ey is a Cauchy
sequence, which therefore Wa-converges to uy € #(Xo). We conclude by noting that the
uniform estimate (4.30]) guarantees that ji; () — fi¢-

Claim 2. For every t € [0,1] the measure p; does not give mass to the set S of singular points.
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For every m € N and every [ € N sufficiently large, let us introduce the measures

oy = L=k, D= LM + D]l

t,n(em em)?

and notice that, for every [ € N sufficiently large,
:azlt,n(am) - lallf =[1-wk,l-1,M+ 1)]/‘5&'

Observe also that all measures fi! n(en) Dave total mass equal to 1—wk,l—1,M+1)], asm

varies. Thus, fil also has total mass equal to [I —w(k,l—1, M +1)]. On the other hand it follows
from the uniform convexity properties (and in particular from (4.28])) that for every m € N and

every [ € N sufficiently large, there exists a positive measure ﬂi’n(gm) such that

-1 1l
Ftn(em) = Htn(em) T Hin(em):

Notice that, since the sequences fi (c,,) and (/]ff n(sm))meN are weakly converging, the sequence

ﬂi,n(em) is also weakly converging to a (positive) measure fi., such that
e = fi + iy
As pointed out before y! is supported on R4E!, thus the same holds for ji}, and therefore
pe(REH > 1 —w(k, 1 —1,M +1).
Finally observe that this is sufficient to prove the claim, because of the arbitrariness of (.
Claim 3. The lower semicontinuity of the Renyi entropies holds, that is for every N’ € [N,0)
SN moe (1) < HMNF S e, (B n(ern))- (4.31)
First of all notice that, the result of Claim 2 combined with Proposition yields that
SN o (1) < 0 nf S (17)- (4.32)
On the other hand Lemma 4.9 ensures that for every [ € N large enough

SN’,moo (Hllt) = ‘Sfj\il;mlo‘c*;2 (lef) < lim inf SN/?'“ZES ) (lu’ff,n(sm)) = lim inf SN’,n(sm) (lu’ft,n(sm))' (433)

m—0o0 m—0o0
Moreover, we deduce as in Claim 1 the following estimate for every N’ € [N,0)

1
l
SN’m(Em)(:ut,n(am)) < (1 _ w(k,l — 1, M+ 1))1—1/N’ SN’,n(am)(,ut,n(am))

and consequently for every | € N

lim inf SN/,n(sm)(Mt,n(sm)) > liminf(1 — w(k,l — 1, M + 1))171/N/SN/7n(5m)(/’Li’n(gm))

m—0o0 m—0o0
> (1 —w(k, i —1, M+ 1)V S o (),
where the last passage follows from (4.33]). Then, since this last inequality holds for every [ € N,

we can conclude that

liminf Sy e,y (e n(ey) = liminf(1 = w(k, i — 1, M + 1) 7N Sop o (uh)

m—00 l—00

> SN’ moo (12)
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where we used (4.32)). This is exactly what we wanted to prove.

CONCLUSION
So far we were able to prove that for every fixed ¢ € [0, 1], the sequence (fi p(c,,))men converges
(up to subsequences) to a measure p; € P2(Xo) and

SN’,moo (/Lt) < lggiglof SN’,n(am)(:ut,n(am))v (4'34)

for every N’ € [N,0). Now, a diagonal argument ensures that, by selecting a suitable subse-
quence (that we do not rename for sake of simplicity),

W
(:ut,n(sm)) — Ht,

and that estimate (4.34) holds for every ¢ € [0,1] N Q. Our approximation ensures also that

HO,n(em) Wa, po and py (e, W, pa therefore, since pig p(c,,) is a t-midpoint of fig y(c,,) and
1 ,n(en), for every ¢ € [0,1] N Q the limit point s is a t-midpoint of g and p1. Now it is easy
to realize that we can extend by continuity 1y to a Wasserstein geodesic (connecting po and )
on the whole interval [0, 1], obtaining also that

(Bem(em)) Wa, Lt for every t € [0,1].
Moreover, we know from the proof of Claim 2, that for every [ € N
(RN > 1 —w(k,l —1,M +1),

for every t € [0,1] N Q. Then by continuity we can conclude the same inequality for every
t € [0,1], and consequently we know that u; gives no mass to the set of singular points.
Finally, inequality , combined with , allows to pass to the limit as m — oo inequality
at every rational time and obtaining that

SN’,moo (Ht) < Tl(é)N’ (Q‘moo)

holds for every ¢t € [0,1] NQ and every N’ € I. Finally, the lower semicontinuity of the entropy
(ensured by the fact that p; gives no mass to the set of singular points) and the continuity
of TI(;?N,(q|moo) in ¢ (which is a straightforward consequence of the dominated convergence
theorem), allow to extend this last inequality to every ¢ € [0, 1], concluding the proof of the
approximate CD-condition.

4.3 Proof of the CD Condition

This final section is dedicated to the proof of our main result, that is Theorem [£.2]. As already
mentioned, the proof of the approximate CD-condition and the approximation argument that
made it possible are the foundation to prove the CD-condition. As the reader will notice, we
are going to use basically the same techniques, but refining them a little bit to achieve the more
general result. We specify that we could prove the CD-condition directly, but we preferred to
divide the proof in order to be clearer.

Before going on, we prove a preliminary lemma, that will help us in the following. Notice
that a result of this type is now needed because the marginals may not have bounded support.
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Lemma 4.12. Given a metric space (X,d), for every n € N let (v');c01) € P2(X) be a
Wasserstein geodesic. Assume that for every t € [0, 1] the family (v]')nen is tight and that there
exist vy, v1 € Po(X) such that

W: W:
v —>3vy  and V! =S as n — 0o.

Then there exists a Wasserstein geodesic (v¢)iejo,1) C P2(X) connecting vo and v1 such that,
up to subsequences,

v — as n — oo, for every t € [0,1] N Q.

Proof. First of all, notice that applying Prokhorov theorem we deduce that, for every fixed ¢,
the sequence (1}"),en is weakly convergent, up to subsequences. Thus the diagonal argument
ensures that, up to take a suitable subsequence which we do not recall for simplicity, for every
t € [0,1] N Q there exists v, € FPo(X) such that

v — as n — oo, for every ¢t € [0,1] N Q.

It is well-known that the Wasserstein distance is lower semicontinuous with respect to the weak
convergence (see for example Proposition 7.1.3 in [I], then

Wa(v, ) < lirginf Wa(vy,vy) = lirginft -Walyy,vi') =t - Wa(w, v1)

and analogously
Wa(v,v1) < (1 —t) - Wa(v, 11).

Combining this two inequalities with the triangular inequality we deduce that
WQ(V(), l/t) =t WQ(I/Q, Ul) and Wg(llt, Vl) = (1 — t) . Wg(l/t, Vl),

which means that v; is a t-midpoint of vg and v;. The lower semicontinuity of the Wasserstein
distance also ensures that for every s,t € [0,1] N Q it holds that

Wa(v,vs) < liminf |t — s| - Wa(vy,v) = |t — s| - iminf Wa(vy, v7) = [t — s| - Wa(vo, v1).
n—oo n—oo

Finally, since for every r € [0,1] N Q v, is an r-midpoint of vy and vy, the triangular inequality
allow us conclude that

Wa(v,vs) = |t — s| - Wa(vo, v1), for every s,t € [0,1]NQ,

then we can extend 14 to the whole interval [0,1], finding a Wasserstein geodesic (1)ejo1]
connecting vy and vy. O

Now that we have this last result at our disposal we can proceed to the proof of Theorem
To this aim, we fix 119, 11 € £3°(X). In analogy with the previous section, we can assume
that Sy m.. (10), SN.m.. (#1) < oo and introduce the constant

M := max{Snm.. (10), SN mo (1)}

We can also define the interval
I:= {N/ € [N7 0) : SN’,moo (:U’U)?SN’,moo (Ml) < 00}7
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in particular we will need to prove (3.4]) for every N’ € I and every ¢ € [0,1]. Now, according
to Lemma there exist two sequences (uh)ien and (p))ien, Wa-converging to po and g
respectively and such that

supp(up), supp(pi) € RS for every 1 € N.

Moreover, keeping in mind the definition of u} and !, it is easy to realize that for [ sufficiently
large
SN e (15)5 SN (11}) < 00 for every N’ € T

and that the dominated convergence theorem ensures that
im Sy (2h) = Sy (o) and 1 Sy (1) = Sy (11)-
l—0o0 l—o0

Thus, for every [ large enough

SN meo (H0)> SNmee (1) < max { SN mey (H0), SNmee (1) } +1:= M +1

and then we can apply the argument presented in the last section and deduce the existence of
an optimal plan ¢' € Opt(yu}, ¢}) and of a Wasserstein geodesic (Mi)te[o,l] connecting ) and p,
such that

t
SN (1) < T (6 Imoc) (4.35)
holds for every t € [0,1] and every N’ € I. Now, we divide the proof in two steps, the first
dedicated to the convergence of the plans (¢!);ey and to the upper semicontinuity of TI(;)N,, the

second dedicated to the convergence of the measures (ul);cy and the lower semicontinuity of
SN’ e -

Step 1: Upper semicontinuity for TI(;,)N'

Notice that (¢');cn is a sequence of probability measures having as marginals two sequences
of converging, and thus tight, probability measures. As a consequence the sequence (¢');en is
itself tight, then up to subsequences it weakly converges to a plan ¢ € (X X Xoo). It is well
know and easy to prove that ¢ € Opt(ug, pu1). We are now going to prove that

lim sup Ty (¢ moo) < Tty (lmoc) (4.36)

l—o0
for every t € [0,1] and every N’ € I. The argument we are going to use is essentially the same
as the one explained in the proof of Proposition nevertheless we briefly recall it for the
sake of completeness, avoiding to repeat all the details.
In particular, for every [ € N let us call pé and p} the densities of uf) and p} with respect to the
reference measure my,, we just need to prove that

. _ _ 1 — _ L
lim [ {7 (d(e,y))ob(x) Vg = / The ) (d(x,y))polx) ¥ dg.

l—00

Notice that, the particular definition of ué (check Lemma |4.4)), ensures that the density pé is a
suitable renormalization of f!pg, then for a fixed € > 0 we can find [ € N such that

H(pé)il/N/ - po_l/N/HLl(%) < ¢ for every I > 1.
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Furthermore, for the same reason combined with Lemma m (up to possibly change I) we can
find f¢ € Cp(X) such that

—1/N’ —1/N’ _
lpg N Sl <€ and llpo /N Fllprguy <e forevery I > 1.

Putting together this last two estimates we end up proving that

||(pf))_1/N/ - fSHLl(ué) < 2¢ for every [ > 1.

On the other hand, since the function

e (d(z, ) f(x)

is bounded and continuous, the weak convergence of (¢'); to ¢ yields that

i [ 7050 (d(r ) f () g’ = / DA, y) £ (2)da.

l—00

Then, since definitely [ > [, we can deduce the following estimate

. - 1 , - _
hmsup/TI((lJ\;,)(d(x,y))pé(:v) Vdg! < l]g]élo/rf(é]\/t,)(d(x,y))fa(x)dql +2€HT[((1’]\;/)”L00

l—o00

1-t 1—t
— [ ) @)da + 22
1— _1 1-
< [ )n(e) W+ el e
and since £ > 0 can be chosen arbitrarily, (4.36)) holds true.

Step 2: Lower semicontinuity for Sy
In this second step we prove an additional property on u}, which is fundamental to prove the
CD-condition. Let us start with a preliminary lemma.

Lemma 4.13. Fix k < h € N and let v € Pyc(Xoo,Meo) with bounded density be such
that supp(v) C R’;gl. Then, for every € > 0, there exists n € N large enough such that,
P, (v)(REFL) > 1 — € for every n > 7.

Proof. Notice that, accordingly to Lemma both the sequences (P, ;. (v))nen and (P}, 1, (¥))nen
Wo-converge to v*. Assume that Pr’mh(y)(Rﬁjl) < 1 — € for some m € N. Observe that

inf {d(:z:,y) T x € an, y € (anﬂ)c} = 2_(k+2),
as a consequence, since P;n’k(uk) is supported on R,’fm we obtain that

W22( 7In7k(y)’ P,

m,h

(V) > €. 27 (@kHD), (4.37)

On the other, since the sequences (Pé’k(l/k))neN and (Pé’h(z/k))neN have the same limit, it holds
that
W ( /L’k(yk%PAh(yk)) —0 as n — oo.

Then definitely (4.37) cannot hold, proving the desired result. O

49



Fix e > 0 and take k(e) € N such that uo(Rﬁge)_l),ul(Rﬁée)_l) > 1—£. Then we take
[ > k(e) and repeat the argument of the previous section on ,ué and ,ull. We are also going

to use the same notation, forgetting for the moment the dependence on [. It is easy to real-

k(e) (e) (6)) k(e) k(e)—1

ize that there exist two measures v, and l/f with supp(ué€ ,supp(r)’) € Rao and

1/(]]€ © (Xoo), yf © (Xo0) > 1 —¢, such that for r sufficiently large (and thus for e sufficiently small)

/1((;) > yg © and /lgr) > yf © (in particular this tells us that I/g(e) and Vf ©

density). Then we can apply Lemma to the probability measures

have bounded

1 c 1 e
Vg( ) and 7Vf( ),

k(e k(e
/' (Xo) ' (Xo)
obtaining that for m sufficiently large (in particular such that n(e,,) > n) it holds that

10z R ), 1oy (R0 > (1= €2 > 1 = 2e.

Consequently our uniform convexity assumption ensures that
Pen(em) Rineny) = 1= Q(k(e) +1,h, M +2,2€),

for every t € [0,1] and every h € N. Proceeding as in Step 7 and Conclusion of the previous
section we can actually conclude that

(R > 1 — Q(k(e) +1,h — 1, M + 2, 2¢), (4.38)

for every t € [0, 1] and every h € N sufficiently large.

Claim 4. For a fized t > 0, the family (ub)en is tight.

Given a fixed § > 0, we have to find a compact set K, such that u!(Kj) > 1 — § for every
[ € N. To this aim we take suitable ¢ and h such that (4.38]) ensures that

pRIE) 212 (4.39)

Moreover, combining the result of Step 1 (that is ({.36))) with (4.35), we conclude that Sy m__ (1)
is definitely bounded. Then, since muo|zns1 is a finite Radon measure, we can argue as in

the proof of Lemma and prove the tightness of the family of measure (4| on+1)ien. As a
consequence, keeping in mind (4.39)), there exists a compact set K5 such that

1 (Ks) = pyl i (Ks) =16,

proving the claim.

Now, we can apply Lemma and find a Wasserstein geodesic (ut)icpo,1] C & (Xoo) con-
necting po and pq such that (up to subsequences)

k= € P(Xo0) as | — oo for every t € [0,1] N Q
Then, since the bound (4.38)) is uniform in [, we can conclude that

(RN > 1 — Q(k(e) + 1,7 — 1, M + 2, 2¢), (4.40)
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for every t € [0,1]NQ and every h € N sufficiently large. Moreover, by continuity we can deduce
for every time ¢ € [0, 1] (and every h € N sufficiently large). This is sufficient to conclude
that p; gives no mass to the set S of singular points, for every ¢ € [0,1]. In fact, assume by
contradiction that u:(S) = ¢ > 0, then condition on {2 ensures that there exist € and
h € N such that

Q(k(e) +1,h — 1, M + 2,2¢)) < 6,

and consequently
Mt(ngjl) >1-4,

which contradicts p:(S) = §. At his point we know from Proposition that
T inf Sx g (1) < Snmee (10), (4.41)
for every t € [0,1] N Q and N’ € [N, 0).

Finally, we can use (4.41]) and (4.36]) to pass at the limit as [ — oo the inequality (4.35]) and
deduce that

S e (1) < The (o) (4.42)
holds for every t € [0,1]NQ and every N’ € I. Then the lower semicontinuity of Sy’ . (granted

by (4.40)) and the continuity of 7' [(E)N, (glmoo) in t (which is a straightforward consequence of the
dominated convergence theorem), allow to conclude (4.42) for every ¢ € [0, 1], finishing the proof.
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