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Introduction

In the recent paper [24] the Cheeger-Colding-Gromoll splitting theorem has been generalized
to the abstract class of metric measure spaces with Riemannian Ricci curvature bounded
from below, the analysis being based on some definitions and results contained in [22]. These
two papers add up to almost 200 pages and as such they are not suitable for getting a quick
idea of the techniques used to work in the non-smooth setting. This is the aim of this note:
to provide an as short as possible yet comprehensive proof of the splitting in such abstract
framework. The focus here is thus to prove:

Theorem. Let (X,d,m) be a RCD(0, N) space containing a line, i.e. such that there is a map
3 : R — X satisfying
d(32,%s) = [t — 5], Vt,s € R.

Then (X,d,m) is isomorphic to the product of the Euclidean line (R,dgua, £') and another
space (X', d",m’), where the product distance d’ X dgyc is defined as

d' x dgaa((@,1), (1, 8))" = d' (@, )2 + |t — s>, Vo',y' €X', t,s€R  (#)
Moreover:
o if N >2, then (X',d,m’) is a RCD(0, N — 1) space,
e if N €]1,2), then X' is just a point.
Here ‘isomorphic’ means that there is a measure preserving isometry between the spaces.

Given that one of the scopes of this paper is to be reasonably short, all the necessary
definitions and intermediate results are stated in the form needed to get the splitting theo-
rem, without any aim of covering general situations as done in [22], [24]. Also, the proof of
some statements are only sketched: in these cases the main idea for the proof is given, but
technical details are only briefly mentioned. On the other hand, the exposition here is quite
self-contained in the sense that all the recently introduced tools of differential calculus on
metric measure spaces are recalled and discussed. The preliminary notions that are required
are contained in sections labeled as ‘things to know’. Here is their list together with relative
references:

- The definition of Sobolev space W2 of real valued Sobolev functions defined on a metric
measure space. There is a quite large literature concerning this now classical object, see
for instance [32] and references therein. Here we recall a definition proposed in [8] -
equivalent to the previous ones - which best suits our discussion.

- Some knowledge of optimal transport and of the curvature dimension condition in sense
of Lott-Sturm-Villani. General references for these topics are [52] and [2]. We shall also
make use of the recently proved ([46], [23]) generalization of Brenier-McCann’s theorems
about optimal maps in a way that simplifies the original arguments given in [24].

- The strong maximum principle for superminimizers, proved in the context of metric
measure spaces with doubling measures and supporting a weak local Poincaré inequality
by Bjorn-Bjorn in [11]. Very shortly and roughly said, the argument of the proof is based
on a generalization of De Giorgi-Moser-Nash techniques for regularity of solutions to
elliptic PDEs.



- The Gaussian estimates for the heat kernel and the Bakry—Emery contraction rate for
the heat flow. The Gaussian estimates have been proved by Sturm in [49], again as gen-
eralization of De Giorgi-Moser-Nash techniques. The Bakry—Emery estimate is instead
a consequence of the lower bound on the Ricci curvature (in a smooth world the two are
in fact equivalent) and has been proved in [25] on Alexandrov spaces with an approach
which has been then generalized to RCD(K, c0) spaces in [8].

- The fact that the product of two RCD(K, o0) spaces is again RCD(K, oo). This natural
but surprisingly non-obvious result has been proved in [6], see also [51] for the case of
CD(K, c0) spaces.

We now turn to the description of the statement of our main result and of the general
plan for its proof.

The original version of the splitting theorem is a classical and celebrated result in Rie-
mannian geometry proved by Cheeger-Gromoll in [18]. Among its numerous generalizations,
a crucial one has been obtained by Cheeger-Colding in [14] which extends the splitting to
spaces which are measured-Gromov-Hausdorff limits of smooth Riemannian manifolds.

In [37] and [50],[51] Lott-Villani on one side and Sturm on the other independently pro-
posed a definition of ‘having Ricci curvature bounded from below by K and dimension
bounded above by N’ for metric measure spaces, these being called CD(K, N) spaces (in
[37] only the cases K =0 or N = oo were considered). Here K is a real number and N a real
number > 1, the value N = oo being also allowed. In the technically simpler case N = oo the
CD(K, o) condition simply reads as the K-convexity w.r.t. the distance Wy of the entropy
functional relative to the reference measure.

The crucial properties of their definition are the compatibility with the smooth Rieman-
nian case and the stability w.r.t. measured-Gromov-Hausdorff convergence. Due to such sta-
bility property and to the almost rigidity result granted by Cheeger-Colding version of the
splitting, it is natural to ask whether the splitting theorem holds on CD(0, N) spaces. Unfor-
tunately this is not the case: as shown by Cordero-Erasquin, Sturm and Villani (see the last
theorem in [52]), the metric measure space (RY, d||.||,Ld), where £ is the Lebesgue measure
and d. is the distance induced by the norm || - ||, is always a CD(0, d) space, regardless of the
choice of the norm (see also [38] for the curved Finsler case). In particular, if we take d = 2
and consider a norm not coming from a scalar product, we see that although the space con-
tains a line (many, in fact) the splitting cannot hold, because “Pythagoras’ theorem” stated
in formula (#) fails.

The fact that geometric properties like the splitting fail in the class of CD(K, N) spaces
has been source of some criticism, especially in the community of geometers (see e.g. [43]).
The question is then whether there exists another - more restrictive - synthetic notion of lower
Ricci bound which retains the stability properties and rules out Finsler-like geometries.

A proposal in this direction has been made in [6] by the author, Ambrosio and Savaré
for the case N = oo, where the class RCD(K, 00) has been introduced. The basic idea is
to enforce the CD(K,o00) condition with the requirement that the heat flow is linear (see
also [3]). We briefly recall the genesis of this definition. In the celebrated paper [33], Jordan-
Kinderlehrer-Otto showed that the heat flow can be seen as gradient flow of the relative
entropy w.r.t. the W5 distance on probability measures. On CD (K, 0o) spaces, the information
that we have, which is in fact the only information available, is that the relative entropy is
K-convex w.r.t. the distance W and is therefore quite natural to study its gradient flow w.r.t.
Wj. This has been done by the author in [21], where it has been shown that such gradient



flow is unique. Notice that according to the analysis done by Ohta-Sturm in [40], despite
the fact that the normed space (]Rd,d”,”,Ld) is CD(0, 00), the distance Wy never decreases
along two heat flows unless the norm comes from a scalar product, in this sense the stated
uniqueness result is non-trivial and obtained with a very ad-hoc argument. In [21] it has
been also proved that such gradient flow is stable w.r.t. mGH-convergence of compact spaces
(see [6] and [27] for generalizations). On the Euclidean space, there is at least one other
way of seeing the heat flow as gradient flow: the classical viewpoint of gradient flow in L2
of the Dirichlet energy. The fact that these two gradient flows produce the same evolution
has been generalized in various directions. Among others, one important contribution to the
topic has been made by Ohta-Sturm in [39], where they proved that the two approaches
produce the same evolution on Finlser manifolds, leading in non-Riemannian manifolds to a
non-linear evolution. It is therefore reasonable to ask whether the same sort of identification
holds on general CD(K, 00) spaces. In such setting, the role of the Dirichlet form is taken
by the functional f — E(f) := % [ |V f|*dm, where the object |V f| is the 2-minimal weak
upper gradient behind the definition of Sobolev functions, see Section 1.1. Notice that E is
in general not a quadratic form, in line with the case of Finsler geometries. Following the
strategy proposed in [25] for the case of Alexandrov spaces, in [8] it has been proved that
indeed on CD(K, c0) spaces the two gradient flows produce the same evolution, which we can
therefore undoubtedly call heat flow.

With this understanding of the heat flow, the definition of RCD(X, 00) spaces as CD (K, 00)
spaces where such flow is linear comes out quite naturally: not only in the smooth case it
singles out Riemannian manifolds from Finsler ones, but in the non-smooth world also provides
a natural bridge between optimal transport theory and Sobolev calculus. Indeed, to require
that the heat flow is linear is equivalent to require that the energy functional E is a quadratic
form or, which is the same, that the Sobolev space W12 built on our metric measure space
is Hilbert. Also, the fact that on RCD(K, o0) spaces the energy E is a Dirichlet energy,
allows to make connections with the the Bakry—Emery I'y calculus, which furnishes a way to
speak about lower Ricci curvature bounds for diffusion operators in the abstract context of
Dirichlet forms. It turns out that the two approaches to lower Ricci curvature bounds, via
optimal transport and via I'y calculus, are in fact equivalent in high generality ([25], [6], [7]).

Then the appropriate finite dimensional notion of RCD(K, N) space can be introduced
as':

RCD(K,N) := CD(K,N) NRCD(K, o),

and the question becomes whether in this new class of spaces geometric rigidity results like
the splitting hold.

Let us informally notice that in principle it should be not too hard to prove the splitting
(and the other expected geometric properties) in the non-smooth setting: it should be sufficient
to ‘just’ follow the arguments giving the proof in the smooth case. In a sense, if we were able
to make analysis on non-smooth spaces as we are on smooth manifolds, then we would be able

'Bacher and Sturm introduced in [10] a different notion of curvature-dimension bounds: the so called
reduced-curvature-dimension, denoted as CD* (K, N). This condition has better local-to-global properties but
might produce slightly worse constants in some inequalities (an issue mitigated by the work of Cavalletti-Sturm
[12]). Hence, one can also define the RCD* (K, N) condition as CD*(K, N) N RCD(K, co). This has been the
approach in [20] and [9], where the link between this notion, the ‘dimensional’ I's-calculus and the ‘dimensional’
Bochner inequality A% > % +VAf-Vf+ K|Vf|* has been established. In the particular case K = 0
the two notions CD(0, N) and CD*(0, N) coincide, so for what concerns the splitting theorem this distinction
does not really matter.



to deduce the same results.

The problem in doing so is not really, or at least not just, the fact that the setting is non-
smooth, because we already know by Cheeger-Colding that the splitting holds in non-smooth
limits of Riemannian manifolds. The point is rather the lack of all the analytic tools available in
the smooth world which allow to ‘run the necessary computation’. Worse than this, a priori one
doesn’t even have the algebraic vocabulary needed to formulate those identities/inequalities
that he needs. To give an example, recall that a first ingredient of the proof of the splitting in
the smooth setting is the Laplacian comparison estimate for the distance function Ad(-, zg) <
% valid in the weak sense (either viscosity or barrier or distribution sense) on manifolds
with non-negative Ricci curvature and dimension bounded from above by N. Hence any
attempt to prove the splitting in the non-smooth setting should reasonably start from proving
the same inequality. However, before doing so one needs to define what such inequality means
in a setting where a priori differentiation operators are not available. In other words the path
is the following:

1) First there is algebra, i.e. we need to develop a machinery which allows us to formally
manipulate differential objects in the same way as we do in the smooth setting.

2) Then it comes analysis, i.e. we need to show that in presence of a curvature-dimension
bound, for these differential objects the same kind of estimates valid in the smooth
world hold.

3) Finally there is geometry, i.e. once the analytic setup is established, we can try to mimic
the arguments valid in the smooth world to deduce the desired geometric consequences.

These notes have been written following this heuristic plan.

For what concerns the first ‘algebraic’ step, it is worth to underline that the differential
calculus must be developed without relying on any sort of analysis in charts, because lower
bounds on the Ricci seem not sufficient to directly produce existence of charts (compare with
the case of Alexandrov spaces where Perelman [42], improving earlier results by Otsu and
Shioya [41], proved the existence of charts with DC' regularity, i.e. coordinates are Difference
of Convex functions). Recall that on non-smooth limits of Riemannian manifolds, Cheeger-
Colding proved in [17] (see also [15], [16]) the existence of charts with Lipschitz regularity,
but their approach is based on the fact that the spaces they consider are limit of smooth
manifolds, so that, very shortly said, they run the necessary computations in the smooth
setting, obtain estimates stable under convergence and then pass to the limit. As such, this
technique is not applicable in the RCD(K, N) class.

There are various approaches to differential calculus on metric measure spaces, most no-
tably by Cheeger [13] and Weaver [53], but these frameworks do not describe how to integrate
by parts in a non-smooth setting. This topic has been investigated in [22] where it is has been
shown how it leads to the notion of measure valued Laplacian and how to get the natural
Laplacian comparison estimates for the distance on CD(K, N) spaces.

In this direction, a good example about how to implement the ‘strategy’ outlined above
is the Abresch-Gromoll inequality [1]: in [28] it has been proved how the original argument,
which is based not on the smooth structure of the manifolds, but only on the Laplacian
comparison estimates, the linearity of the Laplacian itself and the weak maximum principle,
can be repeated verbatim on RCD(K, N) spaces leading to the same result.

For the splitting things are not so easy, essentially due to the fact that currently neither
the Bochner identity nor the Hessian are available in the non-smooth worlds. Because of



this, suitable modifications of the original technique need to be developed, see in particular
Sections 2.8 and 3.1.
I wish to thank Luigi Ambrosio for comments on a preliminary version of the paper

Notation

In order to prove the splitting theorem we will need some intermediate constructions like the
Busemann function, its gradient flow etc. To simplify the exposition, we collect here all the
objects that we will build and references to where they are defined.

These notations will be fixed throughout all the text.

(X,d,m) our RCD(0, N) space containing a line. In Section 1.2 we introduce in-
finitesimal Hilbertianity (Definition 1.5), then in Section 2.1 we define
the curvature-dimension bound (Definition 2.1) and finally from Section
2.5 on we assume the existence of a line.

bt b~ the two Busemann functions associated to the line in X. See the begin-
ning of Section 2.5.
b Busemann function associated to the line in X and defined as b := b* =

—b~ once it has been proved that b™ + b~ = 0. See Theorem 2.13 and
equation (2.16).

Fy gradient flow of b defined m-a.e.. See Proposition 2.15 for its introduction
and Theorem 2.16 for the proof of the measure preservation.
F, continuous representative of F;. Introduced in Theorem 3.3 where it is

also proved that provides a family of isometries.

(X’,d")  quotient metric space obtained from (X,d) by identifying orbits under
the action of the flow F;. See Definition 3.4.

s natural projection map from X to X’. See Definition 3.4.

L right inverse of 7 identified by m(c(2')) = 2’ and b(«(z")) = 0 for every

2’ € X'. See Definition 3.4.

natural ‘quotient’ measure on (X’,d’). See Definition 3.10.

T,S natural maps from X’ x R to X and viceversa given by
T(2',t) ;== F_4(«(2')) and S(x) := (w(z),b(x)). See Definition 3.8.

Notice that the proof of our main result is scattered along the text and the necessary
intermediate constructions. The crucial and almost final step is in Theorem 3.17, where we
prove that the maps T, S are isomorphisms of the spaces (X,d, m) and (X' xR, d’ X dgye, m’ X
LY. The fact that the quotient space (X', d’,m’) has non-negative Ricci curvature is proved
in Corollary 3.12, while the dimension reduction is given by Theorem 3.18.

1 Algebraic manipulation of basic differential objects

1.1 Things to know: Sobolev spaces over metric measure spaces

We will only work on proper metric spaces (X, d), i.e. such that closed balls are compact. By
C([0,1], X) we denote the space of continuous curves on [0, 1] with values in X, which we
endow with the sup norm. For ¢ € [0, 1] the map ¢, : C([0,1], X) — X is the evaluation at



time t defined by

et(7) =
Given a non-trivial closed interval I C R, a curve v : I — X is said absolutely continuous
provided there exists f € L'(I) such that

d(ve,vs) < / f(r)dr, Vi,sel, t <s. (1.1)
t

It turns out (see e.g. [4, Theorem 1.1.2]) that if 7 is absolutely continuous the limit

- . d(Yegn )
= lim —————=
|l i T

exists for a.e. t € I, defines an L' function on I called metric speed and this function is the
minimal f in the a.e. sense which can be chosen in the right hand side of (1.1). In the following
we will write the expression fab |4¢|? dt even for curves which are not absolutely continuous on
[a, b], in this case its value is taken +oo by definition.

To define the notion of Sobolev function we need to add some structure to the metric
space (X, d): a Radon non-negative measure m. The definition that we shall present is taken
from [8] (along the presentation given in [22]), where also the proof of the equivalence with
the notions introduced in [13] and [47] is given. See also [5].

Definition 1.1 (Test Plans). Let m € 2(C([0,1],X)). We say that 7 is a test plan provided
(e¢)ym < Cm, vt € [0, 1],

1
/ 5ul2 e (7) < oo
0

Notice that according to the convention fol |4¢|? dt = +o0 if y is not absolutely continuous,
any test plan must be concentrated on absolutely continuous curves.

Definition 1.2 (The Sobolev class S?(X,d,m)). The Sobolev class S*(X,d,m) (resp.
SZ (X,d,m)) is the space of all Borel functions f : X — R such that there exists a non-

loc

negative G € L*(X,m) (resp. G € L% (X, m)) for which it holds

for some constant C > 0, and

/|f 1) — f(yo)| dm(y / G(ve) || dt dm (), VY test plan. (1.2)

It turns out that for f € S?(X,d, m) there exists a minimal G in the m-a.e. sense for
which (1.2) holds: we will denote it by |V f| and call it minimal weak upper gradient. Notice
that in fact both the notation and the terminology are misleading, because being this object
defined in duality with speed of curves, it is closer to the norm of a cotangent vector rather
to a tangent one. Yet, from the next section on we are going to make the assumption that
the space is ‘infinitesimally Hilbertian’ which in a sense allows to identify differential and
gradients (see in particular the symmetry relation (1.20)), so that it is quite safe to denote
by |V f| the minimal weak upper gradient’. The minimal weak upper gradient |V f| is a local
object, in the sense that for f € S? (X,d, m) we have

loc
IVfl =0, on f7}(N), VN CR, Borel with L'(N) =0,
IVfl=1Vy|, m-a.e. on {f = g}, Vf,g € S2.(X,d, m).



Also, for any 7 test plan and t < s € [0, 1] it holds

) — £ )] < / VARl A, meae . (1.5)

In particular, the definition of Sobolev class can be directly localized to produce the notion
of Sobolev function defined on an open set Q) C X:

Definition 1.3. Let @ C X be an open set. A Borel function f : Q@ — R belongs to
SZ (Q,d,m) provided for any Lipschitz function X : X — R with supp(X) C Q it holds

loc

fx €S (X,d,m). In this case, the function |V f|: Q — [0,00] is m-a.e. defined by

loc
IVl :=|V(Xf)l, m-a.e. on X = 1,

for any X as above. Notice that thanks to (1.4) this is a good definition. The space S*()) C
SZ () is the set of f’s such that |V f| € L?(2, m).

loc

The basic calculus properties of Sobolev functions are collected below. 2 C X is open and
all the (in)equalities are intended m-a.e. on .
Lower semicontinuity of minimal weak upper gradients. Let (f,) C S?(©,d, m) and f : Q —
R be such that f,(z) — f(x) as n — oo for m-a.e. x € Q. Assume that (|V f,|) converges to
some G € L*(Q, m) weakly in L?(Q, m).

Then

fes* () and IV <G, mae. (1.6)
Weak gradients and local Lipschitz constants. For any f : 2 — R locally Lipschitz it holds

IV f] < lip™(f) < lip(f), (1.7)

where the functions lipi( £),lip(f) : © — RT denote the slopes and the local Lipschitz
constant defined by

(fly) = f(x)~
d

. - . _
1 + Ir) = 11mn 1 Tr) = 111mn
lip*(f)(a) = 1 () =

y—z d(y, ) y— ’

and lip(f) := max{lip~ (f),lip"(f)} at points z € Q which are not isolated, 0 otherwise.

Vector space structure. SIQOC(Q, d,m) is a vector space and

IV(af +B9)| < |||V +|8]|Vgl,  forany f,g€SE.(Q,d,m), a,B €R, (1.8)

similarly for S?(£2,d, m).
Algebra structure. S2 (€,d,m) N L

loc >.(£2,m) is an algebra and

IVl < IfIIVgl +gIVfl,  forany f,g € Sc(,d,m) N L5, (2, m), (1.9)

and analogously for the space S%(Q,d,m) N L>°(Q, m). Similarly, if f € S? (Q,d,m) and

loc

g : Q) — R is locally Lipschitz, then fg € S _(£2,d, m) and the bound (1.9) holds.

loc

Chain rule. Let f € S2 (Q,d,m) and ¢ : R — R Lipschitz. Then po f € S2 (Q,d, m) and

loc loc
[V(go NI=1¢To fIVSI,



where |¢'| o f is defined arbitrarily at points where ¢ is not differentiable (observe that the
identity (1.3) ensures that on f~*(N) both |V(¢ o f)| and [V f| are 0 m-a.e., N being the
negligible set of points of non-differentiability of ). In particular, if f € S?(2,d, m), then
o fe€S?Q,d,m) as well.

Finally, we remark that from the definition of Sobolev class it is easy to produce the one
of Sobolev space W2(Q,d, m) for Q C X open: it is sufficient to put

Wh2(Q,d, m) := L*(Q, m) N S*(Q,d, m) (1.10)

the corresponding W!2-norm being given by
11120y = 1FIF2(@) + IV FIE2@) = [ f2+ V> dm. (1.11)
@) @) Q) o

It is obvious that || - [|yy1.2(q) is @ norm on WH2(Q). The completeness of the space is then a
consequence of the lower semicontinuity property (1.6), see for instance the argument in [13].
Hence W12(Q,d, m) is always a Banach space although in general not an Hilbert space.

To simplify the notation, in the following we will often write W'2(X), S (X), S .(2)
ecc. in place of WH2(X,d,m), S (X,d,m), S2_(Q,d,m). Similarly, we will write LP(X),

LP(Q), LY (Q) in place of LP(X, m), LP(Q,m), L{ (2, m).

loc

In [8] the following approximation result has been proved, previously known statements
required the measure to be doubling and the space to support a 1-2 weak local Poincaré
inequality (see e.g. the argument in Theorem 5.1 of [11] which gives a Lusin’s type approxi-
mation under this further assumptions):

Theorem 1.4 (Density in energy of Lipschitz functions in W12(X)). Let (X,d, m) be a proper
metric measure space.

Then Lipschitz functions are dense in energy in WY2(X), i.e. for any f € WH2(X) there
exists a sequence (fn) C WH2(X) of Lipschitz functions such that f, — f, |V ful = |[Vf] in
L*(X).

Furthermore, these f,,’s can be chosen with compact support for everyn € N and to satisfy
lip(f) — |V£| in L*(X) as n — oo.

1.2 Infinitesimally Hilbertian spaces and the object (V f, Vg)

From this section on we will focus on those metric measure spaces which, from the Sobolev
calculus’ point of view, resemble a Riemannian structure rather than a general Finsler one.
The definition as well as the foregoing discussion comes from [22], which in turn is based and
extends the analysis done in [6].

Definition 1.5 (Infinitesimally Hilbertian spaces). Let (X,d, m) be a proper metric measure
space. We say that it is infinitesimally Hilbertian provided W2(X,d,m) is an Hilbert space.

We already noticed that W2(X) is always a Banach space, so to ask that it is Hilbert
is equivalent to ask that the Wh2-norm satisfies the parallelogram rule. From the definition
(1.11) and the fact that the L?(X, m)-norm certainly satisfies the parallelogram rule, we see
that (X,d, m) is infinitesimally Hilbertian if and only if

19+ 9lIZ + 119 = D22 = 2(IV AR +IVgllZ:),  VhigeSi(X).  (1.12)

9



Notice that thanks to the uniform convexity of W12(X), on infinitesimally Hilbertian spaces
Theorem 1.4 immediately yields the following statement:

Theorem 1.6 (Density in W12-norm of Lipschitz functions). Let (X,d,m) be an infinitesi-
mally Hilbertian space.

Then Lipschitz functions are dense in W12(X), i.e. for any f € WV2(X) there exists a
sequence (f,) C WY2(X) of Lipschitz functions such that f,, — f, [V(fa—f)| = 0 as n — oo
in L?(X).

Furthermore, these fn,’s can be chosen with compact support for everyn € N and to satisfy
lip(f) — |V£| in L*(X) as n — oo.

On infinitesimally Hilbertian spaces and for given Sobolev functions f, g one can define
a bilinear object (V f, Vg) which plays the role of the scalar product of their gradients. This
can be done without really defining what the gradient of a Sobolev function actually is, as in
metric measure spaces this notion requires more care (see e.g. [53] and [22]). Thus, the spirit
of the definition is similar to the one that leads to the definition of the carré du champ I'(f, g)
in the context of Dirichlet forms. Actually, on infinitesimally Hilbertian spaces the map

Wh?(X,d,m) > f > /nyyde,
X

is a regular and strongly local Dirichlet form on L?(X, m), so that the object (V f, Vg) that we
are going to define could actually be introduced just as the carré du champ I'(f, g) associated
to this Dirichlet form. Yet, we are going to use a different definition and a different notation
since our structure is richer than the one available when working with abstract Dirichlet
forms, because we have a metric measure space (X,d, m) satisfying the assumption (1.12) and
not only a topological space (X, 7) endowed with a measure m and a Dirichlet form €. One
of the effects of this additional structure is that in our context it is already given the m-a.e.
value of ‘the modulus |V f| of the gradient of f’, while in the context of Dirichlet forms this
has to be built. Also, it is worth to notice that the definition 1.7 given below makes sense
even on spaces which are not infinitesimally Hilbertian and in this higher generality provides
a reasonable definition of what is ‘the differential of f applied to the gradient of ¢’ (see [22]).
In this sense, the approach we propose is more general than the one available in the ‘linear’
framework of Dirichlet form and formula (1.13) can be seen as a sort of nonlinear variant of
the polarization identity.

Definition 1.7 (The object (Vf,Vg)). Let (X,d, m) be an infinitesimally Hilbertian space,
Q C X an open set and f,g € S2 _(Q). The map (Vf,Vg) : Q2 — R is m-a.e. defined as

loc
V(g +efHE = Vg2
(Vf,Vg) := inf 5 ,

(1.13)

the infimum being intended as m-essential infimum.

Notice that as a direct consequence of the locality stated in (1.4), also the object (V f, Vg)
is local, i.e.:

(V1 Vg) = (VI V3), maeon{f=fin{g=3g1nQ. (1.14)

In the following theorem we collect the main properties of (V f, Vg), showing that the expected
algebraic calculus rules hold.
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Theorem 1.8. Let (X,d, m) be infinitesimally Hilbertian and @ C X an open set.
Then WY2(Q) is an Hilbert space and the following hold.

o ‘Cauchy-Schwartz’. For any f,g € SIQOC(Q) it holds

(VY =V (1.15)
[ (V£,Vg) | < |VIIVgl, (1.16)

m-a.e. on Q.

e Linearity in f. For any f1, f2,9 € S2 (Q) and a, B € R it holds

loc

(V(afi +Bf2),Vg) =a(Vf1,Vg)+ B(Vfe,Vyg), m-a.e. on . (1.17)

e Chain rule in f. Let f € S2 () and ¢ : R — R Lipschitz. Then for any g € S, .(Q) it
holds

<v(900f)7v9> = gp’of(Vf’ v9>7 m-a.e. on Qv (118)

where the value of @'o f is taken arbitrary on those x € Q such that ¢ is not differentiable

at f(x).
e Leibniz rule in f. For fi, f2 € S2 _(Q) N LX.(Q) and g € S2 () the Leibniz rule

loc loc loc

(V(fi1f2),Vg) = f1(Vf2,Vg) + f2(Vf1,Vg), m-a.e. on 2, (1.19)
holds.

o Symmetry. For any f,g € S2 _(Q) it holds

loc
(Vf,Vg)=(Vg,Vf), m-a.e. on (. (1.20)
In particular, the object (V f,Vg) is also linear in g and satisfies chain and Leibniz rules
in g analogous to those valid for f.

proof The fact that W2(Q) is Hilbert is a direct consequence of the stated algebraic prop-
erties. Such properties are expressed as m-a.e. equalities on €2, hence, by the very definition
of S _(€2) and the locality property (1.14), to conclude it is sufficient to deal with the case of
Q) = X and functions in S?(X,d, m).

The identity (1.15) is a direct consequence of the definition. Taking into account that
V(g +ef) <|Vg|+¢e|Vf| for any € > 0, we get

(V£ Vg) < |VAIVgl,  meac. (1.21)

From the inequality (1.8) we get that the map S?(X,d,m) > f — |V f| is m-a.e. convex, in
the sense that

V(L =Nf+Ag)l < (1= NIVFI+AVgl,  m-ae VfgeS*X,dm), Ael01].

It follows that R ¢ — |V(g + ¢f)| is also m-a.e. convex and, being non-negative, also
R > e+ |V(g+¢ef)|?/2 is m-a.e. convex in the sense of the above inequality. In particular,
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the inf.~¢ in definition (1.13) can be substituted with lim.|o in L'(X,m), and thus we easily
get that for given g € S?(X,d, m)

the map S*(X,d,m)> f +— (Vf,Vg) is m-a.e. positively 1-homogeneous and convex,
(1.22)
and that

V(g +ef)PP = Vgl* _ [V(g+e I = [Vgl
2e - 2¢! ’

m-a.e. Ve,e' e R\ {0}, e <&/,

so that we obtain m-a.e.:

2 2 2 2
(V$.Vg) = int YO FEDE=[Vol" o IVl + NI = Vol
e>0 2e <0 %

—(V(=f),Vg). (1.23)
Now plug ¢f in place of f in (1.12) to get

/IV g+€f |2 Vol 4 /V —é?f !2 [Vgl?

dm—l—s/ V£ dm.

Letting € | 0 we obtain [(Vf,Vg)dm = — [(V(—f), Vg) dm, which by (1.23) forces

(Vf,Vg) = =(V(=f),Vg), (1.24)

and in particular, by (1.21), we deduce (1.16).

For given g € S?(X,d,m), (1.22) yields that f — — (V(—f),Vg) is m-a.e. positively 1-
homogeneous and concave, hence from (1.24) we deduce the linearity in f of (Vf,Vg), i.e
(1.17) is proved.

We now turn to the chain rule in (1.18). Notice that the linearity in f and the inequality
(1.16) immediately yield

[(V1,V9) = (V].Vg) | <IV(f = DIIVyl (1.25)

Moreover, thanks to (1.17), (1.18) is obvious if ¢ is linear, and since (1.18) is unchanged if
we add a constant to ¢, it is also true if ¢ is affine. Then, using the locality property (1.14)
we also get (1.18) for ¢ piecewise affine (notice that the property (1.3) ensures that letting
N C R be the negligible points of non-differentiability of ¢, both |V(yp o f)| and |V f| are 0
m-a.e. on f1(N)). To conclude in the general case, let ¢ be an arbitrary Lipschitz function
and find a sequence (y,,) of piecewise affine functions such that ¢/, (z) — ¢/(z) as n — oo for
Ll-ae. z € R. Let N C R be the union of the set of points of non-differentiability of ¢ and
the ¢;,’s with the set of z such that ¢/ (2) 4 ¢'(z). Then N is a Borel negligible set, and thus
(1.3) gives
gDZOf(Vf, v.g> - (p/of<Vf, vQ) ’ m-a.e.,

and similarly

[ (V(eo f),Vg) = (V(eno ), Vg) | V(¢ —¢n)o NIIVyl = I¢" — @)l o fIVFIIVg] =0,

m-a.e.. The chain rule (1.18) follows.
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The Leibniz rule (1.19) is a consequence of the chain rule (1.18) and the linearity (1.17):
indeed, up to adding a constant to both f; and fo, we can assume that m-a.e. it holds f1, fo > ¢
for some ¢ > 0, then notice that from (1.18) and (1.17) we get

(V(f1f2),Vg) = frfa(V(log(f1f2)), Vg) = fif2 (V(log f1 +log f2), Vg)
= fif2((V(log f1),Vg) + (V(log f2), Vg) )

—hfs (}1 (V1 Vo) + 4 (Ve Vg>) — 1o (V1.Vg) + i (Vfa, V).

To conclude it is now sufficient to show the symmetry relation (1.20). For this we shall
need some auxiliary intermediate results. The first one concerns continuity in g of the map
S*(X,d,m) > g — [(Vf,Vg)dm. More precisely, we claim that

given a sequence (g,) C S*(X,d, m) and g € S*(X,d, m) such that
hm /]V gn — 9)|*dm = 0, for any f € S*(X,d, m) it holds (1.26)
lim / (V £, Vgn) dm — / (Vf,Vg) dm

To see this, notice that for any € # 0 and under the same assumptions it holds

2 2 2
I R L P O R T

TL—>OO

[V (gn+ef)|*~|Van|?
g

Now recall that Rt > ¢ —
m-a.e. as € | 0 to get

is m-a.e. increasing and converges to (Vf, Vgy,)

im [ (Vf, Vg,) dm < 1Lm/|v(g”

n—oo

+ef)l? - IVgnl2 /IV +6f IVgl2
9

and eventually passing to the limit as € | 0 we deduce

i [ (V/,Vgn)dm < / (Vf,Vg) dm

n—oo

The lim inequality then follows replacing f with —f and using linearity in f expressed in
(1.17).
We shall use (1.26) to obtain an integrated chain rule for g, i.e.:

[ 099t g an= [ (V1.9 0g)dm (127)
To get this, start observing that letting € | 0 in the trivial identity

[V(ag +ef)PP —V(ag)l® _ a\V(g + )2 —|Vg|?
2e 2% ’

a#0,

and recalling the linearity in f (1.17), we obtain 1-homogeneity in g, i.e.

(Vf,V(ag)) =a(Vf,Vg), Va € R.
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From the locality property (1.14) we then get that for ¢ : R — R piecewise affine it holds
(VI,V(pog)) =¢ 0g(VfVg), mae, (1.28)

where, as before, the value of ¢ o g can be chosen arbitrary at those x such that ¢ is not
differentiable in g(x). To conclude we argue as in the proof of (1.18) using (1.26) in place
of (1.25). More precisely, given ¢ : R — R Lipschitz we find a sequence (¢,) of uniformly
Lipschitz piecewise affine functions such that ¢/, (2) — ¢/(2) for Ll-a.e. 2.

From |V(pog—pnog)| = l¢" — ¢l|og|Vg| — 0 m-a.e. and the fact that ¢, ,, n € N,
are uniformly Lipschitz we get lim, o0 [ |V(¢ 0 g — ¢y 0 g)|>dm — 0. Thus from (1.26) and
(1.28) we conclude

[ @590 9) = [ (95.9(0n0g)dm

= tim | ¢ og(Vf, Vg)dm= / o 0g(Vf,Vg)dm

n—oo

having used the dominated convergence theorem in the last step.
The last ingredient we need to prove the symmetry property (1.20) is its integrated version

/(Vf, Vg) dmz/(Vg,Vf) dm. (1.29)

This easily follows by noticing that the assumption of infinitesimal Hilbertianity yields

/ Vo 2 NIEZ IV 2 am / NP VIE L wgpam,  (1.30)

3

and then letting € | 0.
Now notice that (1.20) is equivalent to the fact that for any h € L (X, m) it holds

/h<Vf,vg> dm:/h(Vg,Vf) dm,  Vf gecS*X,dm). (1.31)

Taking into account the weak*-density of Lipschitz and bounded functions in L% (X, m), we
easily see that it is sufficient to check (1.31) for any h Lipschitz and bounded. Also, with the
same arguments that led from (1.30) to (1.29) and a simple truncation argument, (1.31) will
follow if we show that

S?(X,d,m) N L®°(X, m) > f S /h\Vf]Qdm €R s a quadratic form. (1.32)

To this aim, notice that from (1.19), (1.27) and (1.29) we get

/ BV fP? dm = / (V(FR). V) — f (VA V) dm

:/(V(fh),Vf>—<Vh V<f2>>dm:/(V(fh),Vf>—< ,Vh>

(1.3

1.3
By (1.17) and (1.29) we know that both f — f<v h), Vf> dm and f — f<v n), Vf>
are linear maps, hence f = [(V(fh),Vf)dm is a quadratic form. Again by (1.17) we also

get that f — f< Vh> dm is a quadratic form. Hence (1.33) yields (1.32) and the
conclusion. 0
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We remark that during the proof we showed that (V f, Vg) can be realized as limit rather
than as infimum, i.e. it holds

V(g +ef)I? — Vgl

2
N Vf,g € S3(Q), (1.34)

(Vf,Vg) = lim
e—0
the limit being intended both in L'(2) and in the essential-m-a.e. sense.

1.3 Horizontal and vertical derivatives, i.e. first order differentiation for-
mula

The definition of (V f, Vg) that we just provided has all the basic expected algebraic properties
one wishes. Yet, it does not really answer the question ‘what is the derivative of f along the
direction Vg7’ The way we defined it, this object is obtained by a ‘vertical’ derivative, i.e. by a
perturbation in the dependent variable, while the essence of derivation is to take ‘horizontal’
derivatives, i.e. perturbations in the independent variable. Notice indeed that in a smooth
Riemannian world, the value of (Vf,Vg) () (more precisely: of the differential of f applied
to the gradient of g) is defined as limy | M, where v is any smooth curve with vy =z
and 7, = Vg(x). It is therefore natural to ask whether a similar approach exists in the
non-smooth setting and if it provides the same calculus as given by Theorem 1.8. It turns
out that the answer is yes, see Theorem 1.10 below: this result, appeared first in [6] and
then generalized in [22], should be considered as the single most important contribution to
differential calculus on metric measure spaces among those presented in such papers.

Obviously on a non-smooth structure it makes no sense to say that a curve - satisfies
7 = Vg(z). Yet, we can implicitly give a meaning to this expression mimicking De Giorgi’s
definition of gradient flow in metric spaces (see [4]) arguing as follows. Let g € S _(X) and
7 a test plan such that supp((e;)sm) C € for some bounded open set © and all ¢’s sufficiently
small. Using the fact that g € S%(Q), for sufficiently small ¢’s we can integrate inequality (1.5)
and use Young’s inequality to get

[ ot -gtwant <3 [ / Vol dsdn(r) + 5 [ / [54[2 ds dre ()
3 [1vora( [ <es>wds) w5 ([l asanto),

From the fact that ffg [9s|? dsdm(y) < oo it is immediate to verify that (e;)ym — (eo)ym
weakly in duality with Cy,(X). Taking also into account that (e;)yw < C'm for every t € [0, 1]
and some C' > 0, dividing (1.35) by ¢ and letting ¢ | 0 we deduce

9(%);9@0)%(7) /|vg| d(eo)sm(7) 711m // s2dsdm(y).  (1.36)

In a smooth Riemannian world, this inequality reads as

(1.35)

lim
t10

i 9078) = 9(0) < %!VQ\Q(%)

1 /2
— 1.37
i T + 5hol, (1.37)

for any smooth function g and smooth curve v and we know that it holds 4, = Vg(~o) if and
only if the equality in (1.37) holds. We are therefore lead to the following definition:
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Definition 1.9 (Plan representing gradients). Let (X,d,m) be an infinitesimally Hilbertian
space, g € SE (X) and m € P2(C([0,1],X)). We say that w represents the gradient of g
provided:

i) there is T > 0 such that (e;)ym < Cm and supp((e;)ym) C Q for some constant C' > 0
and bounded open set 2,

i) [fy Ful?dtdm(y) < oo,

i) the inequality

lim g(%)tg( /]VgP o)y (y fhm // 15| ds dar (),

) 2tlot
(1.38)
holds.

Notice that plans representing gradients exist in high generality (see [22]). The following
simple and crucial result shows the link between differentiation of a Sobolev function f along
a plan representing Vg and the object (V f, Vg).

Theorem 1.10 (Horizontal and vertical derivatives). Let (X,d,m) be an infinitesimally
Hilbertian metric measure space, f,g € S2.(X) and m € 2(C([0,1], X)) be representing
the gradient of g. Then

i [ L2100 ny) = [ (97,99 a(eolem.

tl0

proof Write inequality (1.36) for the function g + £ f and subtract inequality (1.38) to get

1&615/ () /|V g+ef)> = |Vgl* d(ep)ym.
Divide by € > 0 (resp. € < 0), let € [ 0 (resp. € 7 0) and recall (1.34) to conclude. O

1.4 Measure valued Laplacian

Having understood the definition of (Vf,Vg), we can now integrate by parts and give the
definition of measure valued Laplacian.

For Q C X open, we will denote by Test(Q2) the set of all Lipschitz functions compactly
supported in €.

Definition 1.11 (Measure valued Laplacian). Let (X,d, m) be an infinitesimally Hilbertian
space and 2 C X open. Let g : 2 — R be a locally Lipschitz function. We say that g has a
distributional Laplacian in 2, and write g € D(A,Q), provided there exists a Radon measure
woon € such that

—/(Vf,Vg) dm:/fd,u, Vf € Test(Q). (1.39)

In this case we will say that p (which is clearly unique) is the distributional Laplacian of g
and indicate it by Ag‘Q. In the case = X we write D(A) and Ag in place of D(A,Q) and

Ag’Q.
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Notice that the integrand in the left hand side of (1.39) is in L'(f2), because g, being
locally Lipschitz, is Lipschitz on supp(f) and thus inequalities (1.16) and (1.7) grant that
the integrand is bounded. In this direction, the restriction to locally Lipschitz g’s is quite
unnatural and indeed unnecessary (see [22]), yet it is sufficient for our purposes so that we
will be satisfied with it.

The calculus rules for Ag are easily derived from those of (V f, Vg) from basic algebraic
manipulation. Start observing that since the left hand side of (1.39) is linear in g, the set
D(A,Q) is a vector space and the map

D(A,Q)>yg — Aglg >
is linear. We also have natural chain and Leibniz rules:

Proposition 1.12 (Chain rule). Let (X,d,m) be an infinitesimally Hilbertian space, Q C X
an open set and g € D(A, Q). Then for every function ¢ € C?(g(R)), the function po g is in
D(A, Q) and it holds

A(pog), = ¢ 0gAg|g+¢" 0 g[Vgl’m,. (1.40)

proof The right hand side of (1.40) defines a locally finite measure, so the statement makes
sense. Now let f € Test(€2) and notice that being ¢’ o g locally Lipschitz, we also have
f¢' o g € Test(2). The conclusion comes from the calculus rules expressed in Theorem 1.8
noticing that:

- [(V1.V@eg)dm =~ [ og(97,Tg)dn
—— [ (V{1 29).¥9) ~ £(V(# 09), Vg) dm
— [ 15 ogdagy + [ 1070 gIVgf dm,
which is the thesis. O

Proposition 1.13 (Leibniz rule). Let (X, d, m) be an infinitesimally Hilbertian space, Q C X
an open set and g1, g2 € D(A,Q). Then g1gs € D(A,Q) and

A(glg2)|9 = glA92|Q + ggAg1|Q + 2 <Vg1, Vg2> m|Q (1.41)

proof The right hand side of (1.41) defines a locally finite measure, so the statement makes
sense. For f € Test(Q2) we have fgi, fga € Test(€2), hence using the Leibniz rule (1.19) and
the symmetry (1.20) we get

— [ (V1.5 dm =~ [ 01 (V£.V62) + 02 (V£ V1)
—— [ (V(00).92) + (V(F92), V) ~ 2f (V1. V) dm
— [ f01d8niq+ [ f2dAgy,+ [ 27 (Vo Van)am.
which is the thesis. O
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We conclude with the following useful comparison property:

Proposition 1.14 (Comparison). Let (X,d, m) be an infinitesimally Hilbertian space, Q C X
an open set, g : £ — R locally Lipschitz and assume that there exists a Radon measure p on
Q such that

~[rvgams [ran  vreTe@), rzo
Then g € D(A,Q) and Ag‘Q < pu.
proof The map

Test(Q2) > f — L(f) :—/fd,u—l—/(Vf,Vg> dm,

is linear and satisfies L(f) > 0 for f > 0. To conclude we need to show that there exists a
non-negative Radon measure fi on 2 such that L(f) = [ fdp for any f € Test(1).

To this aim, fix a compact set K C 2 and a function X € Test(Q2) such that 0 < Xx <1
everywhere and Xxg = 1 on K. Let Vg C Test(f2) be the set of Lipschitz functions with
support contained in K and observe that for any f € Vi, the fact that (max|f|)Xx — f is in
Test(€2) and non-negative yields

0 < L((max|f)x - f) = (max | /) LY — L(S)-
Replacing f with —f we deduce

IL(AI < (max | £]) [L(X)];

ie. L: Vg — R is continuous w.r.t. the sup norm. Hence it can be extended to a (unique, by
the density of Lipschitz functions in the uniform norm) linear bounded functional on the set
Ck C C(X) of continuous functions with support contained in K. Since K was arbitrary, by
the Riesz theorem we get that there exists a Radon measure g such that L(f) = [ fdj for
any f € Test(Q2). It is obvious that & is non-negative, thus the thesis is achieved. O

2 Analytic effects of the geometric assumptions

2.1 Things to know: optimal transport and RCD(0, N) condition

Let (X,d) be a proper geodesic space. By &2(X) we denote the space of Borel probability
measures on X with finite second moment and by Ws the quadratic transportation distance
defined on it. In this setting Wa(u, v) can be defined as

1
Wn.v) = inf [ [ patan(s), (2.1)

the inf being taken among all plans w € Z(C([0, 1], X)) such that (ep)ym = p, (e1)ym = v. It
turns out that a minimum always exists and is concentrated on the set Geo(X) C C([0,1], X)
of constant speed minimizing geodesics on X, i.e. curves vy such that d(y,vs) = [t —s|d(70,71)
for every t,s € [0,1]. In the following, when speaking about geodesics we will always refer to
constant speed minimizing geodesics.
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The set of minimizers for (2.1) is denoted by OptGeo(u, v). For every m € OptGeo(u, v)
the map t — (e;)ym is a Wa-geodesic connecting p to v and viceversa for any (u;) C P2(X)
geodesic with g = p and p; = v there is w € OptGeo(p, ) (not necessarily unique) such
that 1, = (ey)ym for every t € [0,1]. Any such 7 is said to be a lifting of (1), or to induce
(it).-

A function ¢ : X — R U {—o0} not identically —oo is said c-concave provided there is
¥ X - RU{—o0} such that

o) = inf TEY _ .

yeX 2

Given a c-concave function ¢, its c-transform ¢¢: X — R U {—o0o} is defined by

& (2, y)
“(y) := inf LA )
¢(y) = nf —5 p(x)
It turns out that ¢ is c-concave if and only if ©° = . The c-superdifferential 9°p of a c-
2
concave function ¢ is the subset of X? of those couples (x, %) such that ¢(z)+ ¢°(y) = %,

or equivalently the set of (x,y)’s such that

2(z Xz
w(z)—cp(x)gd(27y)—d(2’y), Vz € X.

For x € X, the set 0°(x) C X is the set of those y’s such that (x,y) € 0°%(y).

It can be proved that a m € Geo(X) belongs to OptGeo((eg)s, (e1)y7) if and only if there
is a c-concave function ¢ such that supp((eg, e1)sm) C 0. Any such ¢ is called Kantorovich
potential from (ep)ym to (e1)ym and is said to induce . It is then easy to check that for
any Kantorovich potential ¢ from p to v, every m € OptGeo(u,v) and every t € [0, 1], the
function ty is a Kantorovich potential from p to (e;)y7, i.e. ty is c-concave and it holds

7 € Geo(X), m € p(0) = M E€I(y)(n),  Vte[0,1]. (2:2)

Notice that Kantorovich potentials can be chosen to satisfy the following property, slightly
stronger than c-concavity:

. d? T,y .
p(r) = inf Fzy) ©°(y),
yEsupp(v) 2

which shows in particular that if supp(r) is bounded, then ¢ can be chosen to be locally
Lipschitz.

Let m be a non-negative Radon measure on our proper geodesic metric space (X,d). For
N € [1,00) we define the functional Uy : Po(X) — [—00,0] as

Un(p) = —/pl‘flv dm,  p=pm+p’, p® Lm,
if N >1and

Ui(p) :=m({p>0}),  p=pm+p®, p° Lm

Notice that if p is concentrated on a bounded set, then Un(n) > —oo and for every B C
X Borel and bounded the restriction of Uy to the measures concentrated on B is lower
semicontinuous w.r.t. weak convergence.
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In the limiting case N = oo we consider the relative entropy functional Uy, defined on the
space of measures with bounded support given by

log pdm, if = pm,

400, if 1 is not absolutely continuous w.r.t. m.

Definition 2.1 (CD(0,N) and RCD(0, N) conditions). Let N € [1,00]. A proper geodesic
metric measure space (X,d, m) is said a CD(0, N) space provided for any couple of measures
o, 11 € Po(X) with bounded support there exists a geodesic (uy) C Po(X) connecting them
such that

Unr(pe) < (1= )Unr(po) + tUne (p1), YV €[0,1], (2.3)

for every N’ € [N, o).
A CD(0, N) space which is also infinitesimally Hilbertian will be called RCD(0, N) space.

Notice that the definition given in this way (i.e. with the measures pg, 11 with bounded
support instead of bounded and contained in supp(m) as in [51]) forces the support of m to
be the whole X. This is a bit dangerous only when discussing stability issues in the infinite
dimensional case, but in fact irrelevant for our discussion.

The restriction to proper geodesic spaces when dealing with the CD(0, c0) condition is
not natural (see e.g. [50], [52], [8]) but for our purposes it does not really matter, given
that our space is CD(0, N). In this direction, notice that choosing pup = 05, and p =
m(B R(xo))_lm‘ Bp(wo)’ & direct application of inequality (2.3) and of Jensen’s inequality yields
the sharp Bishop-Gromov volume comparison estimate ([37], [51]), valid on general CD(0, N)
spaces:

m(B;(z0)) > ﬂ

m(BR(.%'())) ~— RN’
which in particular yields that m is doubling and henceforth gives an estimate on the total
boundedness of bounded sets (see e.g. the last part of the proof of Theorem 3.18), so that we
have a precise quantification of ‘how compact’ bounded sets are.

Vege X, 0<r <R, (2.4)

An important and non-trivial fact about RCD(0, co) spaces is the following generalization
of the celebrated Brenier-McCann theorem proved in [46] and [23]:

Theorem 2.2 (Optimal maps in RCD(0,00) spaces). Let (X,d,m) be a RCD(0,00) space
and p,v € P2(X) two measures absolutely continuous w.r.t. m. Then there exists a unique
7 € OptGeo(u, v). Moreover, such plan is induced by a map and concentrated on a set of non-
branching geodesics, i.e. for every t € [0,1] there exists a Borel map invg-¢; : X — Geo(X)
such that

T = (invyr-e;)p(er)s . (2.5)

2.2 Improved geodesic regularity in the case N < >
From now on the space (X, d, m) will always be assumed to be a RCD(0, V) space.

Here we show how finite dimensionality can improve the result of Theorem 2.2 by weakening
the assumptions in ‘just one of u,v is absolutely continuous’, rather then asking for both of
them to be so. The discussion is taken from [29].
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Proposition 2.3. Let p; = pim € Po(X), i = 0,1, two given measures, w € OptGeo(uo, 1)
the unique optimal geodesic plan from pg to w1 given by Theorem 2.2 and put p; = (eg)y.
Then py < m for every t € [0,1] and writing uy = pym we have

1 1 1
pe(v)” ¥ = (1 =t)po(0)" ¥ +tpi(n) N,  wae . (2.6)
proof We start proving that u; < m for every ¢ € [0,1]. Fix Z € X and for M > 0 let
Gy C Geo(X) be defined by

Gy = {'y € Geo(X) : po(70),p1(711),d(v0,Z),d(71,7) < M}

For M large enough we have mw(Gys) > 0, thus the plan 7y, = CMT| is well defined,
ey = m(Gar) ! being the normalization constant. Put ud! := (eg)ymas, ui == (e1)ymas and
notice that MSJ , u{\/[ < m and that by construction and since optimality is stable by restriction
we get € OptGeo(ud!, ). Hence the uniqueness part of Theorem 2.2 yields that 7/ is
the only optimal plan from g to ul. Being (X, d, m) a CD(0, N) space it is also a CD(0, 00)
space and thus fact that Us (ud!), Use (1)F) < oo (because both have bounded densities and
support) gives U ((er)pmmar) < oo for every t € [0,1]. In particular, (e;)smayr < m for every
t € [0,1]. Since ¢/ (e)smar T (er)ym = 1 as M — oo, we deduce p; < m for every ¢ € [0, 1].

We turn to (2.6). Notice that to prove it is equivalent to prove that for any bounded Borel
set G C Geo(X) it holds

- / pr ¥ () dm () < / (1~ )po(r0) ¥ + tpr (1) ¥ dre(). (2.7)
G G

Fix such G C Geo(X), assume without loss of generality that w(G) > 0 and define wg :=
W(G)_IW‘G. Notice that since G is bounded, (e¢);7¢ has bounded support for every ¢ € [0, 1].
Let invg-e; : X — Geo(X) be the maps given by Theorem 2.2 and notice that the identity (2.5)
ensures that (e;)ymg = (G) " Xgoinvy-e; (e¢)47. In other words, letting pgm = (e;)ywa we
have pg+(vi) = w(G)tpi(y1) for m-a.e. v € G and therefore

- /G o ¥ () dm(y) = 7(G)F Un((eema), Ve [0,1], (2.8)

By construction, mg is optimal from pgom to pg,1m and by the uniqueness part of Theorem
2.2 we know that it is the only optimal plan, hence (2.7) follows from the CD(0, N) condition

and (2.8). O
Lemma 2.4. Let p,v € P2(X) such that p < Cm for some C > 0. Then there exists a
geodesic (jiz) from p to v such that py < ~—Sym for every t € [0,1).

(1-)¥
proof Let (v,) C P2(X) be a sequence of absolutely continuous measures weakly converging
to v and with uniformly bounded supports and m,, € OptGeo(u, v,) the unique optimal plan
given by Theorem 2.2. By Proposition 2.3 we know that (e;);m, < m and that denoting by
pn,t its density we have

Prt(1) < pro(r0)(1—8)™N,  mp-ae. y,

having dropped the term involving p, 1 in the bound (2.6). By the assumption p < Cm we
thus deduce

(et)ﬁﬂ'n < mm, vVt € [0, 1), n € N.
This bound is independent on n € N, hence with a simple compactness argument based on
the fact that (X, d) is proper we get the conclusion by letting n — oc. ]
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Theorem 2.5 (Exponentiation and optimal maps). Let ¢ : X — R a locally Lipschitz c-
concave function. Then for m-a.e. x € X there exists a unique geodesic T'(z) € Geo(X) with
T(x)o =z and T(x)1 € 0°%(z). For any t € [0,1) the map T : X — X sending x to T'(x); is
Borel and satisfies

(T})ym < m. (2.9)

In particular, for every p,v € P(X) with p < m, there exists a unique geodesic (u;) con-
necting them, a unique lifting @ € OptGeo(u,v) of it and this plan is induced by a map and
concentrated on a set of non-branching geodesics.

proof We start with existence. Let x € X and (y,) C X a sequence such that p(z) =
2 _
limn_mo% — ¢%(yn). Assume by contradiction that lim, o d(z,y,) = oo, let 4™ :
[0,d(z,yn)] — X be a unit speed geodesic connecting = to y, and put z, := ~}". Then

the sequence (z,) C X is bounded and the inequality

d2 ny JINn d2 ) JIN
plen) — oty < D) TEI) gy ) 41,

shows that lim, . ¢(z,) = —oo, contradicting the fact that ¢ is locally Lipschitz. Hence
(yn) C X must be bounded and a simple compactness-continuity argument shows that any
limit point y belongs to 9°p(x). Since (X,d) is geodesic and x € X was arbitrary, this is
sufficient to get existence of geodesics as in the statement.

For uniqueness we argue by contradiction as well. For x € Q let G(z) C Geo(X) be the
set of 7’s such that 79 = x and v € 0°(z) and assume that there is a compact set £ C 2
such that m(E;) > 0 and #G(x) > 2 for every z € Ej.

For some a > 0 there is a compact set Fy C Ej with m(E3) > 0 such that diamG(x) > a
for every x € Es. Pick such a and FEs. For t € [0,1] put Gi(z) := {y : v € G(z)} € X
and consider the set B C Ey x [0,1] of (z,t)’s such that such that diamGi(z) > §. It is
easy to check that B is compact and the continuity of geodesics grants that for any x € Fs
the set of #’s such that (z,¢) € B has positive £!-measure. By Fubini’s theorem, there is
to € [0,1] such that the compact set £3 C E» of 2’s such that diamGy,(z) > § has positive
m-measure. Notice that necessarily tg > 0. With a Borel selection argument we can find a
Borel map T : E5 — X such that T'(z) € Gy, () for every x € E3. Let 29 € X be such that
Tﬁ(m’EB)(B% (z9)) > 0 and put E4 := T‘l(B% (z9)), so that m(Ey) > 0. By construction, the
map Ey 3> x — Gy (x) \ Be(zo) is Borel and has non-empty values, thus again with a Borel
selection argument we can find Borel map S : By — X such that S(z) € Gy, (2) \ Bz (x0) for
every x € A.

Let p := m(E4)_1m’E4, v1 = Typ and vy := Syu. By construction v and v, have disjoint
support, and in particular 14 # vy. Furthermore, recalling property (2.2), the function typ
is a Kantorovich potential both from p to v and from u to 5. Apply Lemma 2.4 to both
(p,11) and (p,v2) to find geodesics (i), i = 1,2, from u to vy,vy respectively such that
pi < m for every t € [0,1), i = 1,2. By construction, for ¢ sufficiently close to 1 we have
pi # p2. Fix such t, let w8 € OptGeo(u,pi), i = 1,2 and notice that w! # w2 and that
supp((eg, e1)ym") C O°(ttop), i = 1,2.

Thus for the plan m := (m! + «?) it also holds supp((eq,e1)gm) C 0°(ttop), so that
7 is optimal as well. Moreover it satisfies (eg)37, (e1)s < m and, by construction, is not
induced by a map. This contradicts Theorem 2.2, concluding the proof of the first part of the
statement.
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For the last part, notice that if the optimal geodesic plan is not unique or not induced by
a map, there must be w € OptGeo(u,v) which is not induced by a map. With a restriction
argument we can then assume that p := (ep)y7r, and v := (e )7 have bounded support, with
p << m. But in this case there is a locally Lipschitz Kantorovich potential from p to v and the
first part of the statement gives the conclusion. This argument shows not only uniqueness of
7, but also that of the geodesic (p).

Finally, the property (2.9) is now a simple consequence of the uniqueness we just proved
and Lemma 2.4 g

We conclude with the following result which puts in relation optimal plans and Sobolev
calculus. Notice that it is in fact a restatement of the metric Brenier theorem proved in [8].

Corollary 2.6. Let p,v € Po(X) with bounded support, assume that p < Cwm for some
C >0, let m € OptGeo(u,v) be the optimal geodesic plan given by Theorem 2.5 and let ¢ be
a locally Lipschitz Kantorovich potential from p to v.

Then 7w represents the gradient of —p in the sense of Definition 1.9.

proof It is trivial that Uycpo1)supp(pe) is bounded, so the existence of Q as in (i) of Def-
inition 1.9 follows Lemma 2.4 and the uniqueness granted by Theorem 2.5 ensure that
(er)ym < = t)Nm for every ¢t € [0,1) and so property (i) in Definition 1.9 holds. Given

that ffol |42 dt dmw (y) = W2(u,v) < oo, property (i) holds as well, so we need only to check
(7i7). By construction, we have v; € 0%(~g) for m-a.e. v, therefore for m-a.e. v and every
z € X we have

d2(Z,’}/1) d2(70a/71)

p(2) = () < —5 - —— Sd(VS»Z)

(d(z,71) +d(v0,m))-

Dividing by d(70, z) and letting z — 79 we deduce lip™(¢)(v0) < d(v0,71), while choosing
z = = after little manipulation we get

tin [ZOZ 20 ) > [0, 70) () > 5 [ (lip+(¢))2d(eo)nﬂ+% [0 an(y).

10 t

Since 7 is concentrated on Geo(X) we have [ d?(vyo,v1)dm(y ffo |4¢|? dt d7r (y), hence
recalling the bound (1.7) we conclude. O

2.3 Laplacian comparison estimates

In this section we prove the sharp Laplacian comparison estimate for the distance on RCD(0, N)
spaces.

The idea of the proof, which relies only on the curvature-dimension condition and not, as
in the smooth case, on Jacobi fields calculus or on the Bochner inequality, is the following.
Fix a c-concave function ¢, a measure 1 = pm and consider the geodesic t — p; := (13)ym,
T; being given by Theorem 2.5. Then combine the inequality

Un (pe) — Un (o)
t

< Un(p1) — Un(po),

which follows directly from (2.3), with the bound

@uN( pt) — Un (o) > / >dm,
£10 t N
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which follows from the first order differentiation formula, to obtain
1 l_i
~Un (ko) = — <Vp N, Vs0> dm,

having recalled that U (u1) < 0. Given that Uy (po) = — f P -~ dm and using the fact that
p was chosen independently on ¢, we get the conclusmn from Proposition 1.14.
We turn to the details.

Proposition 2.7 (Lower bound on the derivative of Uy). Let Q C X be a bounded open set
and w € P(Geo(X)) an optimal geodesic plan such that:

o for every t € [0,1] the measure pi; := (e;)y7 is concentrated on (2,

e the measure pg is absolutely continuous w.r.t. m and for its density p we have that
Plg Q — R is Lipschitz and bounded from below by a positive constant.

Then we have

Uy (pe) — Un(po)
I;T%l ; > N/ (p'~ V<p>dm (2.10)

where ¢ : X — R is any locally Lipschitz Kantorovich potential inducing 7.
proof Notice that since p, p~! are Lipschitz and bounded on €, the function pl_% is Lipschitz

and bounded on § as well, in particular the right hand side of (2.10) is well defined and the

statement makes sense. For every v € %5(X) concentrated on 2 and absolutely continuous

. Z1 y
w.r.t. m, the convexity of uy(z) = —2'"% gives Un(v) — Un (ko) > [o u’N(p)(g—m — p)dm.

Then a simple approximation argument based on the continuity of p gives

Un(v) — Un(po) > / uy(p) dv — / uy (p) du, Vv € P5(X) concentrated on (.
Q Q

Plugging v := p, dividing by t and letting ¢ | 0 we get

_ ! _ !
lim Un () — Un(120) > hm/ uy(p) oer — uy(p) o ey dr. (2.11)
10 3 10 13

Now recall that by Corollary 2.6 the plan 7 represents V(—¢) and that by the assumptions
on p we have u/yy o p € S?(2). Thus by the first order differentiation formula given in Theorem
1.10 we can compute the right hand side of (2.11) and get

iy v ((e0)gr) = Unv((eo)s)
o t

> —/Q<V(UQvop),V<p>pdm-

To conclude, notice that u)y(z) = (—1+ %)z_% and apply twice the chain rule (1.18):

(L) /Q (V(5).9¢) pdm = (& — =) /Q pN (Vp, Vig) dm
_ ]1V/9<V(p1—}v),w> dm.
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Lemma 2.8. Let ¢ be a locally Lipschitz Kantorovich potential and Q C X an open bounded
set. Then there exists another open bounded set 0 and another locally Lipschitz Kantorovich
potential @ such that the following holds:

i) = onQ,
ii) for every x € Q and y € 0°(x) it holds y € 0°p(x),

iii) for every x € Q the set 0°¢(x) is non-empty and for every geodesic y such that o = x
and 1 € 0°¢(x) it holds v € Q for every t € [0,1].

proof Arguing as in the beginning of the proof of Theorem 2.5 we see that the set

B:={yeX : yed(x) for some x € O},

is bounded. Define ¢ : X — R by

o(x) := inf L(%y)

_ C
Jnf 35 ©°(y),

and notice that by construction ¢ is a Kantorovich potential satisfying (i) and (ii) of the
statement. Let s := supq ¢ and define

Q:={p<s+1}.
Obviously € is open, bounded and contains Q. Now let € Q and y € 9°@(z). The inequality

22 21'
B(2) - pla) < TG L)

shows that if d(z,%) < d(z,y), then $(z) < @(x) and thus z € . This applies in particular to
the choice z = 74, where v € Geo(X) is a geodesic from x to y, hence (i4i) is fulfilled as well.
g

Proposition 2.9 (Key inequality). Let u,v € P2(X) be two measures with bounded support,
@ a locally Lipschitz Kantorovich potential from p to v and assume that p < m with density
p such that pl_% s Lipschitz.

Then

Un () =) =~ [ (V!4). ) dm.

proof Let @ C X be an open bounded set containing supp(u) and use Lemma 2.8 above
to find ¢ and € fulfilling (4), (i2), (#ii) of the statement. For € > 0 define p. : X — RT as

N

0on X\ Q and as c.(c + plfﬁ)N—l on Q, ¢. 1 1 being chosen so that p. is a probability
density. Let T, : X — X, t € [0,1], be the optimal maps induced by ¢ as in Theorem 2.5
and put p. = pem and pug . = (T3)sp.. Notice that by (4ii) of Lemma 2.8 we know that ju .
is concentrated on Q for every € > 0, t € [0,1] and that by (i), (i) of Lemma 2.8 and the
uniqueness given by Theorem 2.5 we have (T7)su = v.

By construction we know that pu. — g as € | 0 in the total variation distance which in
particular implies that p1. — v as € | 0 in the total variation distance as well. Using the
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sublinearity of u N(z)~: —21=~ and the fact that all the considered measures are concentrated

on the bounded set {2, it is then immediate to see that

Un(e) —Un(pe) —  Un(v) —Un(p), as e 0. (2.12)

For given € > 0, the assumptions of Proposition 2.7 are fulfilled with p e := (T3)gpee in place
of puy and € in place of Q. Thus recalling the definition of p. we have

. uN(Mt,a) uN ,ua G 1- L
I;Trg " > N/ (b~ V<p>dm A <V(p N),W>dm,

(2.13)
where in the equality we used the fact that p is concentrated on €, the locality of the object
(Vf,Vg) and the fact that ¢ = ¢ on Q.

Now observe that the curve ¢ — p; . is a geodesic from p. to v, and that by Theorem 2.5
it is the only one. Hence the CD(0, N) condition (2.3) yields

Un(pre) < (1 —t)Un(pe) + tUn (ve), vt € [0,1],

and thus

Un (fie,c) t— Un (pee) < Un(ve) — Uy (pe), vt € (0,1].

This bound, (2.13) and (2.12) yield the thesis. O
Theorem 2.10 (Laplacian comparison). Let ¢ : X — R be a locally Lipschitz c-concave
function.

Then ¢ € D(A, X) and
Ap < Nm. (2.14)

proof By Proposition 1.14 it is sufficient to show that

—/ (Vf,Vy)dm < N/ f dm, Vf e Test(X), f>0. (2.15)
X X

Thus, fix a non-negative f € Test(X), f not identically 0 and let £ be an open bounded set

N N
containing supp(f). Define p := ¢f~¥-1, ¢ := ([ f¥-1)~! being the normalization constant,
let T' = Ty be the optimal map induced by ¢ given by Theorem 2.5 and put v := Tj(pm).
Then by Proposition 2.9 we get

Un(v) — uNpm>—/ (p'~ V<p>d

Now notice that Uy () < 0 and recall the definition of p to get (2.15) and the conclusion.
g

2.4 Things to know: strong maximum principle

In order to prove that the Busemann function is harmonic, we need some form of the strong
maximum principle. The following statement has been proved in [11], notice that it does not
require any notion of distributional Laplacian, being based on the variational formulation
of super-harmonicity. The simple link between such formulation and the measure valued
Laplacian has been established in [22], [26], see the proof of Theorem 2.13.
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Theorem 2.11. Let (X', &, m) be a metric ‘measure space supporting a 1-2 weak local Poincaré
inequality with @ doubling and let g € C(X)NSE (X) be with the following property: for any

non-positive f € Test(X) it holds
/ Vgl d g/ V(g + ) dm,
Q Q

where Q C X is any bounded open set containing supp(f). Assume that g has a maximum.
Then g is constant.

We shall not discuss the meaning of 1-2 weak local Poincaré inequality (see for instance
[11] and the discussion therein). For our purposes it is sufficient to know that our RCD(0, N)
space (X, d,m) fulfills the assumptions of the above theorem (see [36], [45] and [44]).

2.5 The Busemann function is harmonic and c-concave

From now on the space (X, d, m) will always be assumed to be a RCD(0, N) space
and it will be assumed that there is a line 4 : R — X, i.e. a curve satisfying

d(%e,7s) = [t — sl Vt, s € R.

This completes our set of assumptions on X to get the splitting theorem. It is a classical
and easy to prove fact that in presence of the line 4 the two functions b* : X — R, called
Busemann functions, are well defined by:
bT () := tggloot —d(x, %), b~ (z) := tginoot —d(x,y—¢).

Indeed, the triangle inequality gives that the limits exist and are real valued for any x € X.

In this section we first prove, following the original arguments of Cheeger-Gromoll [18],
that it holds b +b~ = 0 and that these functions are harmonic, i.e. Ab* = 0. Then we show
the technically useful fact that for any ¢ € R the functions tb* are c-concave. In particular,
this property is what links the geometric condition of existence of a line with the theory of
optimal transport on which the definition of the curvature-dimension condition is based.

We start with the following statement, which is a simple consequence of the Laplacian
comparison estimates for the distance.

Proposition 2.12 (Subharmonicity of the Busemann function). With the same notation as
above, we have b* € D(A) and Ab* > 0.

proof We shall prove the result for b™ only, the proof for b~ being similar. According to
Proposition 1.14 it is sufficient to show that
—/<Vf, Vb+> dm >0, Vf e Test(X), f>0.

Fix such f, let Q C X be a bounded open set such that supp(f) C 2 and notice that the

functions by(z) := t — d(x,%;) are 1-Lipschitz and uniformly converge to bt on  as t — oc.

For t big enough we have d(%;, ) > 0 and therefore applying the chain rule (1.40) to the
d2

Kantorovich potential g := £d*(-,%;) and the function ¢(z) := v/2z and taking into account
the comparison estimate (2.14) we deduce that for ¢ big enough it holds
d(o7) € D(A,Q),  Ad(,F) < 2 m
Y 9 ) V) S — )
! ! d(7 ’Yt)
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having also used the trivial bound |Vd(-, )| > 0 m-a.e.. It directly follows that for ¢ > 1 we

have by € D(A, Q) with AbT | > gfsm > glfosm| ) and therefore

N
— V£, Vb dm:/ dAb 2/ dm — 0, as t — 4o00.
J v an= [ fasby, > o | f

To conclude it is therefore sufficient to show that

lim [ (Vf, Vb)) dm = / (Vf,VbT) dm.
X

To see this, notice that {b;};>0 is a bounded family in W2(2) and therefore, since W12((2)
is Hilbert by Theorem 1.8, weakly relatively compact in W12(Q). The uniform convergence
of (b;) to b when t — 400 grants in particular the convergence in L?(Q2) and therefore (by)
weakly converges to bT as t — +o0o in W2(Q). Conclude observing that the inequality

/X (Vf,Vg) dm < /Q IV £|IVgldm < \/ /Q |Vf2dm\/ /Q Vgl2 dm < || f Iz lglwr ).

shows that the linear map W2(Q) 3 g — [y (Vf, Vg) dm is continuous. O

We now use the strong maximum principle to deduce that b +b~ = 0 and that Ab* = 0.

Theorem 2.13 (Harmonicity of the Busemann function). We have b™ +b~ =0 and Ab™ =
Ab™ =0.

proof Put g :=b' + b~ and notice that by the linearity of the Laplacian we have g € D(A)
with Ag > 0. It is obvious that g is Lipschitz, that g < 0 (by the triangle inequality) and that
g(3:) = 0 for any t € R. Thus according to the strong maximum principle (Theorem 2.11) to
conclude it is sufficient to show that for any non-positive f € Test(X) it holds

/ Vg2 dm < / V(g + )P dm,
9] Q

where 2 C X is any bounded open set containing supp(f). This is an obvious consequence of
the convexity of ¢ — [, |[V(g 4+ €f)|? dm and the inequality Ag > 0:

2 _ 2
/|v(9+f)’2dm/’V9|2dm21im/ V(g +efI* =1Vgl” ,
Q Q é‘io [¢) £

:2/9<vg,w> dm:—Q/fdAgZO,

and the proof is completed. ]

From now on, to simplify the notation we shall consider the Busemann function b : X — R
defined as
b:=b"T=-b". (2.16)

Theorem 2.14 (Multiples of b are Kantorovich potentials). For every a € R the function ab
is c-concave and fulfills

2
Ea

a2

—ab)¢ = ab — —.
(~ab)* = ab— %

In particular, (x,y) € 0°(ab) if and only if (y,x) € 0°(—ab).

(ab)¢ = —ab —
(2.17)
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proof Fix a € R and notice that since ab is |a|-Lipschitz we have

d*(z,y)  a?

ab(z) — ab(y) < lald(z,y) < =3+ T, Vay e X,

which yields % —ab(z) > —ab(y) — % for any x,y € X, and thus

(I2
(ab)(y) = —ab(y) = 5, VyEX.

To prove the opposite inequality, fix y € X and assume for the moment a > 0. Let 7Y :
[0,d(y,7)] — X be a unit speed geodesic connecting y to 4; and notice that since (X,d) is
proper, for some sequence t,, T 400 the sequence n — 'yé”’y converges to some point y, € X
which clearly has distance a from y.

Letting n — oo in

tn = d(¥as Ve.) = tn — d(75"Y, A,) = d(Yas ve"Y) = tn — d(y, 52,) + @ — d(Yas 75"Y),
and recalling that b = b™ = lim,, o0 t,, — d(+,z,,) we deduce
b(ya) > b(y) + a. (2.18)
Choosing y, as competitor in the definition of (ab)¢(y) we obtain

d? d? (2.18) 2
(aby(y) = int T8 o) < TG0t gy O _angy) - L,
T 2 2 2
as desired. The case a < 0 is handled analogously by letting y, be any limit of v@t’y as

t — +o0 and using the fact that b = —b™ = limy_, 4o d(-, 5—¢) — ¢.
This proves the first identity in (2.17). The second follows from the first choosing —a in
place of a. Finally, the c-concavity of ab is obtained by direct algebraic manipulation:

2 2

(ab)® = <—ab - ‘;) = (—ab)® + % = ab.

The last assertion follows from the fact that (z,y) € 0°(ab) if and only if (y, ) € 9°(ab)¢ and
identities (2.17). O

2.6 The gradient flow of b preserves the measure

Proposition 2.15. There ezists a Borel map R x X > (t,x) — Fy(z) € X such that for
m-a.e. x € X the curve t — Fy(x) is continuous and fulfills Fy(x) € 0°(tb)(x). Such curve is
unique up to m-a.e. equality. Furthermore we have

m < (Fy)ym < m, vVt € R, (2.19)
Fiis(z) = Fy(Fs(x)), m-a.e. z €F, t,s €R, (2.20)

and for m-a.e. x € X the curve R 5t — Fy(x) is a unit speed geodesic, i.e. a line.
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proof By Theorem 2.5 and the fact that tb is a Kantorovich potential for every ¢ € R we
deduce that there is a Borel negligible set N C X such that for z € X \ N and ¢ty € Q the
set 0°(tb)(x) is a singleton and there is a unique geodesic [0, 1] 3 ¢ — Ti(to, ) € X such that
To(to, z) = x and T1(tg, x) € 0°(tob)(z). By the property (2.2) we have that

T;f(t(bx) :Tl(tt()rx)a Vt7t0 GQv .’BEX\N
It follows that for any ¢t € R and = € X \ N the definition

Fi(z):= T% (to, ), Vto € Q such that % € [0,1],

is well posed and defines a curve which is a geodesic when restricted to [0, +00) and (—o0, 0].
The uniqueness of such F follows by the construction and a simple continuity argument gives
Fi(z) € 0°(tb)(x) for every t € R and x € X \ N. Notice also that by the property (2.9) we
deduce that (F;)ym < m for every ¢t € R.

For the group property (2.20), start assuming that ¢, s > 0 and pick x € X\ (NUF;1(N)uU
F.,(N)) (notice that NUF;1(N)UF, L (N) is Borel and m-negligible) and observe that from
Fs(z) € 0°(sb)(z) and the relations (2.17) we get

d?(z,Fs(z)) 82

b(z) — sb(F = 2
sh(z) — sb(Fy(x)) = T 2
which, due to the fact that b is 1-Lipschitz, forces
d(z,Fs(x)) = s, and b(z) — b(Fs(z)) = s. (2.21)

Similarly, from z ¢ F;1(N) we have Fy(Fs(z)) € 0°(tb)(Fs(z)) which forces
d(F¢(Fs(z)),Fs(z)) =t¢, and b(Fs(z)) — b(F¢(Fs(z))) =t (2.22)

From (2.21) and (2.22) we get b(x) — b(F¢(Fs(x))) =t + s and d(z,F(Fs(x))) < t 4+ s and
thus recalling the relations (2.17) again, we get

& (@, Fy(Fs (@)
2

which means Fy(Fs(z)) € 0°((t + s)b)(z). Given that z ¢ F, ' |(N), this forces F(Fy(z)) =
Fiis(x), as desired.

To get the full group property it is now sufficient to show that for t € Q and x €
X\ (NUF;'(N) UFZ}(N)) it holds

< (t+s)b(@) = ((t+ 5)b)“(Fu(Fs())),

F_i(Fy(x)) = =, and Fi(F_(z)) = =. (2.23)

To check the first notice that we have Fy(z) € 0°(tb)(x) and thus by the last assertion in
Theorem 2.14 that z € 9°(—tb)(F4(x)). Since z ¢ F;'(N) we know that 9°(—tb)(F;(x))
contains only the point F_;(Fy(x)), we deduce that the first equality in (2.23) indeed holds.
The second is proved analogously.

To prove that R 3 ¢ — Fy(x) is a geodesic for m-a.e. x € X it sufficient to prove that
[—T,T] >t~ Fy(z) is a geodesic for m-a.e. x € X and every T' > 0. This follows from the
group property, which grants that Fy(z) = Fypr(F_r(x)) for m-a.e. z € X, and the fact that
[0,27] > t — Fi(x) is a geodesic, as pointed out in the first part of the proof.

Finally, the first in (2.19) follows from the second one and the group property. O
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We shall refer to the map (¢,z) — Fy(z) as the gradient flow of b although in fact we
characterized it by the property F(x) € 0°(tb)(x). It is indeed easy to see that in the smooth
setting this is really the gradient flow of b in the sense that it satisfies 9,F; = —Vb(F}). In our
context, this property is expressed by the derivation rule (2.27) given below and the group
law (2.20).

Theorem 2.16 (The gradient flow of b preserves the measure). The map R x X > (¢, z) —
Fi(z) € X given by Proposition 2.15 satisfies

(F)ym = m, vVt € R. (2.24)

proof Pick t € R, p € P9(X) absolutely continuous w.r.t. m and with bounded support
and notice that since Fy(z) € 9°(tb) for p-a.e. z, tb is a Kantorovich potential from p to
(F¢)gu. It is trivial that (F;);u has bounded support, hence by Proposition 2.9 and the fact
that Ab = 0 we deduce Un((F¢)su) > Un(p). Proposition 2.15 grants that (Fi)su < m
and (F_;)4(F¢)spr = p, hence the same argument applied to the couple ((Fy)su, ) in place of
(i, (F¢)ppe) and with —t in place of ¢ yields the reverse inequality and thus that

Un(p) = Un((Fe)ep),  VEER, pe Py(X), p<m. (2.25)

From this identity the conclusion follows easily. Indeed, recalling the first in (2.19), for t € R
we define the map |dF| : X — R* m-a.e. by

|dFt| = ©) F_t.
Then for 4 = pm the equalities

/fd(Ft)Wz/foFtpdm:/fpoF_td(Ft)ﬁm:/f|d’1;t|oF_tdm,

valid for any Borel f : X — R show that A _ _p F_; and in particular

P\ P
= [ () RS,
(2w |dF| |dF,|~~

oF_1d(Fe)yu = —/ <|d/b)“t!>

Taking into account (2.25) and the arbitrariness of y = pm, the latter identity forces |dF;| = 1
m-a.e., which is the thesis. ]

2|~
2=

The measure preservation property just proved has the following important consequences
about the behavior of Sobolev functions along the flow:

Proposition 2.17. For f € S?(X) we have

/ FE(2) — f()? dm(z) < £2 / VP)dmz),  VieR, (2.26)
and F
%i_r)r(l) fotﬂ =—(Vf,Vb), weakly in L*(X). (2.27)
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proof Let f € S?(X). We claim that for every ¢ € R it holds

l[f(Fe(z)) — f(z)] < /0 IV fI(Fs(x))ds, m-a.e. r € X, (2.28)

with the obvious interpretation of the right hand side for ¢ < 0. Indeed, fix tg € R, and
let T : X — C([0,1], X) be m-a.e. defined by (T'(x)); := Fu,(x), let m € Z(X) be such
that m < m and m < m and put 7 := Tym € Z(C([0,1], X)). Then by Proposition 2.15,
7 is concentrated on geodesics of speed [tg| and (e;)ym = (Fi,)gm < (Fyyy)ym = m for every
t € [0,1]. Thus 7 is a test plan and inequality (1.5) yields

1 1
Fon) = Flo)l < /O 1V £17) sl ds = [l /0 Vil ds,  mae. v,

which by definition of 7r is equivalent to the claim (2.28). Now square and integrate (2.28) to
get

[ 1w - P amie) < [ ( / V| ds> dm(z) < t // IV 72(Fo()) ds dm()
Zt/IVf\2(x)d</0( Jmds) (s —t2/|Vf| ) dm(a),

which is (2.26). Finally, observe that (2.26) grants that the L?-norm of fOFtéf is uniformly
bounded, thus with a trivial density argument to conclude is sufficient to show that for any
non-negative g € L' N L>°(X) with bounded support it holds

1im/fOFtt_fgdm:/<Vf,Vb)gdm,

10

the proof of the limiting property as ¢t T 0 being analogous. Pick such g, assume g is not
identically 0 (otherwise there is nothing to prove), define p := ([ gdm)~tgm € 2(X) and
= Sy € Z((C([0,1],X))), where S : X — C([0,1], X) is given by (S(x)); := F¢(x). By
construction, for some bounded open set € it holds supp((e¢)sm) C € for any ¢ € [0,1] and
thus Proposition 2.15 and Corollary 2.6 grant that = represents the gradient of —b. By the
first order differentiation formula given by Theorem 1.10 we deduce

: foFy—f - /f(%)—f(%) _ /
ltli%l/ — 9 dm = ltlﬁ)l ; dm(y) = (Vf,Vb) gdm,
which is the thesis. O

Notice that the bound (2.28) applied to (a cut-off of) b gives, taking into account that b
is 1-Lipschitz:
|Vb| =1, m-a.e.. (2.29)

In fact, this could also be deduced by the fine results of Cheeger [13], but we pointed out this
argument in order to give an exposition independent on Cheeger’s analysis.
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2.7 Things to know: heat flow and Bakry-Emery contraction estimate

In the following we will need to work with the heat flow on our RCD(0, N) space (X, d, m): on
one side as regularizing flow in a setting where standard convolution techniques are unavailable
(see the proof of Theorem 2.19), and on the other as tool to get the hands on - under minimal
regularity assumptions - the Bochner inequality (see (2.33) below and its consequences in
Proposition 2.18).

Start noticing that being (X, d, m) infinitesimally Hilbertian, the map

L3(X) 5 f s &(F /|Vf]2dm

set to +oo if f ¢ W12(X) is a Dirichlet form. By polarization, it defines a bilinear map
W25 f g &(f,g9) € R so that E(f, f) = &(f) and from Theorem 1.8 and its proof it is
immediate to see that

e(f.g) = 2 / (Vf, V) dm

We can then consider the evolution semigroup associated to € in L?(X) or, which is equivalent,
its gradient flow in L?(X). This means that we define D(A) ¢ W12(X) and A : D(A) —
L?(X) by declaring that f € D(A) with Af = h provided for every g € W12(X) it holds

/ghdm:—/<Vf,Vg>dm

Notice that in fact this definition is nothing but a particular case of the one of measure valued
Laplacian given in Definition 1.11. Indeed, it is immediate to verify that

feDA)
is equivalent to
fe W1»2(X,d,m) N D(A) and Af = hm for some h € L2(X,m),

and that if these holds we also have h = Af: one implication is obvious, and the other one
follows from the approximation result in Theorem 1.4. Yet, to single out the definition of A
is useful because it allows us to directly use the regularization properties of the heat flow
classical in the context of linear semigroups, see in particular the proof of Theorem 2.19.

Then the heat flow h; : L?(X) — L?(X), t > 0 is the unique family of maps such that
for any f € L%(X) the curve [0,00) > t +— hy(f) € L?(X) is continuous, locally absolutely
continuous on (0, +00), fulfills ho(f) = f, hi(f) € D(A) for t > 0 and solves

%ht(f) = Ah(f), Llae t>0.

Notice that by direct computation we have %Hht(f) 12, = —4&(hy(f)), and using the fact that
€ is decreasing along the flow, after little algebraic manipulation we get the simple yet useful
bound:

eIz < }nfum. (2.30)

The fact that the measure m is doubling (see (2.4)) and (X, d, m) supports a 1-2 weak local
Poincaré inequality (see [36], [45] and [44]) already grant important properties of this flow.
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In particular, from the general results obtained by Sturm in [48], [49], we get the existence
of a mass preserving heat kernel satisfying Gaussian estimates, i.e. there is a map
(0,4+00) x X2 > (t,x,y) — pe[x](y) = pe[y](x) € R such that [ pi[z]dm =1 and

o d*(z, y)
0<plzl(y) £ ———F=5e 5t
m(B (z))
for some constant € depending only on (X,d,m) (in particular thanks to the polynomial
volume growth (2.4) this grants p;[z] € L*(X) for every ¢t > 0, x € X) and

n(£)(@) = [ Forle] dm, (231)

for every f € L?(X) and m-a.e. z € X. Very shortly and roughly said, the Gaussian bounds
are a consequence of a generalization to non-smooth spaces of De Giorgi-Moser-Nash type ar-
guments for regularity theory for parabolic equations, see [49] and references therein for more
details. The mass preservation follows instead from the volume growth estimate along tech-
niques that in the smooth setting are due to Grigoryan [30], see also the recent generalization
to non-linear heat flow in Finsler-type geometries given in [8].

Later on we will want to evaluate the heat flow starting from the Busemann function b,
which certainly is not in L?(X). Yet, this is not a big issue, because the Gaussian estimates
and the polynomial volume growth allow to extend the domain of the definition of the heat
flow far beyond the space L?(X,m). We will be satisfied in considering as Domain of the Heat
flow the (non maximal) space DH(X) = DH(X,d, m, z) defined by

DH(X) := {f . X >R Borel : /]f](x)ed(‘”’x) dm(z) < oo},

where T € X is a point that we shall consider as fixed from now on. It is immediate to check
that || f||pm := [ |fle™4¢®) dm is a norm on DH(X), that (DH(X), || - |[pn) is a Banach space,
that the right hand side of formula (2.31) makes sense for general f € DH(X) and that the
bound

Ihe(f)llpr < €@ flIpH, (2.32)

holds for some constants C(¢) depending only on ¢ and the space (X, d, m). We omit the simple
details.

The Riemannian curvature dimension condition RCD(0, N) ensures further regularizing
properties of the heat flow, in particular we have the Bakry-Emery contraction estimate

Vhi(H)P < h([VFP),  meae., VE> 0, (2.33)

valid for any f € WH2(X). We recall that in the smooth Riemannian case this inequality is
equivalent to the dimension free Bochner inequality

Wik
2

A

> (VA V), (2.34)
indeed to get (2.34) from (2.33) to just differentiate at time ¢ = 0, while for the other way

around differentiate in s the map hy(|V(h;_sf)[?), use (2.34) and integrate from s = 0 to
s = t. In the non-smooth setting, (2.33) has been proved at first in [25] in the context of
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finite dimensional Alexandrov spaces with curvature bounded from below with a technique
which, as shown in [6], generalizes to RCD(0, co) spaces (see also [7], [20], [9] for more recent
progresses). The argument of the proof uses in a crucial way the identification of the gradient
flow of the Dirichlet energy in L? with the one of the relative entropy in (P2(X), Wa) ([25],
[8]) together with a very general duality argument due to Kuwada [35].

2.8 The gradient flow of b preserves the Dirichlet energy

In this section we prove that the right composition with F; preserves the Dirichlet energy €.
Notice that being b Lipschitz, it certainly belongs to DH(X), so that h;(b) is well defined.
Then the fact that Ab = 0 strongly suggests that b is invariant under the heat flow, i.e.:

h:(b)(x) = b(x), m-a.e. z € X. (2.35)

This is indeed the case, the proof being based on the consistency of the notion of Laplacian
A in L? with that of distributional Laplacian A pointed out at the beginning of section 2.7
and an approximation argument. We omit the uninspiring technical details.

This invariance property and the Bakry-Emery condition (2.33) are the ingredient needed
to obtain the following crucial Euler’s equation of b:

Proposition 2.18 (Euler’s equation of b). For any f € WH2(X) it holds
he((Vb, Vf)) = (Vb, Vh(f)),  mae., (2.36)

and for every f € D(A) with Af € WY2(X) and every g € D(A) it holds

/Ag (Vb, V) dm = /g(Vb,VAf) dm, (2.37)

proof Pick f € WH2(X), e € R, put b. := b + ¢f and observe that b, € DH N SZ _(X).
Our first task is to write the Bakry-Emery contraction estimate (2.33) for b, Let (B,) be an
increasing sequence of bounded sets covering X and for every n € N let X, : X — [0,1] be a
1-Lipschitz function with compact support identically 1 on B,. Obviously, X, b. € Wh2(X)

so that (2.33) yields
IV(hi(Xnb )2 < he(IV(Xube)?),  meae.,  Vt>0. (2.38)

Since X, is 1-Lipschitz with values in [0, 1] we have |V (X, b:)|? < 2|Vb.|?+2|b.|? and it is easy
to see that the right hand side belongs to DH(X). Given that trivially |V (X,be)| = |Vbs| m-
a.e. as n — 00, by the dominate convergence theorem we deduce |||V (X,b:)|>—|Vb:|?||pag — 0
as n — oo. Hence inequality (2.32) grants that h;(|V(X,b:)[?) — h¢(]Vbe|?) in DH(X) and
thus, up to pass to a non-relabeled subsequence we get that

he(|V(Xnbe)|?) = he(|]Vbe|?) m-a.e. as n — oo for any ¢ > 0. (2.39)

A similar argument gives that h;(X,b:) — hy(b:) in DH(X) and m-a.e. as n — oo so that
taking into account the lower semicontinuity of minimal weak upper gradients (1.6), the
limiting property (2.39) and letting n — oo in (2.38) we deduce

|Vhe(be)|* < he(|Vbe|?),  m-ae.,  Vt>0, (2.40)
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as desired. Expanding both sides of this inequality using the linearity of the heat flow we get

[Vhe(b + 2 f)|> = [Vhy(b)[* + 22 (V(he(b)), Vhe(f)) + €2 Vh(f) [,
he(IVb + e f[?) = hy(IVb[?) + 2¢h,((Vb, V £)) + %y (IV f]?),

hence using (2.35), the fact that |[Vb| = 1 (recall (2.29)) and the mass preservation which
grants hy(1) = 1, from (2.40) we obtain (2.36). Then (2.37) follows multiplying (2.36) by
g € D(A), integrating and differentiating at ¢ = 0. O

From these Euler’s equations we can now deduce that the right composition with F;
preserves the Dirichlet energy. We shall need the identity

/(vg,Vb>fdm = /<Vf, Vb)gdm,  Vf,gec W'(X), (2.41)

which can be proved by first choosing sequences (f,,), (gn) C Test(X) converging to f, g respec-
tively in W12(X) (Theorem 1.6), then noticing that Ab = 0 yields [ (V(fg5), Vb) dm = 0
and thus

/ (Vgn, Vb) frdm = — / (V fn, Vb) g dm, Vn €N, (2.42)

then observing that (V f,,, Vb) (resp. (Vg,, Vb)) converge to (V f, Vb) (resp. to (Vg, Vb)) in
L?(X) as n — oo and finally passing to the limit in (2.42).

Theorem 2.19 (Right compositions with F; preserve the Dirichlet energy). For any f €
L?*(X) and t € R we have

E(f o Fy) = (f). (2.43)
proof We claim that (2.43) holds for f € W12(X). This will be sufficient to conclude by

applying such claim also to F_; and recalling the group property (2.20).
Fix such f and recall inequality (2.26) to get

/|foFs—foFt|2dm=/rfoFs_t—dems |s—t|2/|Vf\2dm,

which shows that the map R 3 ¢t + f; := f o F; € L?(X) is Lipschitz with Lipschitz constant
bounded by |||V f|| 2. Now notice that inequality (2.30) grants that

themap R>t +— ho(f) € Wh2(X) is Lipschitz for every e > 0, (2.44)

its Lipschitz constant being bounded by \/%HIVJ”\ (F22
In particular, the map t — 3 [ |Vh.(f;)[?
constant. Start from

dm is Lipschitz; our aim is to show that it is

/ T (frin)? — [Vhe(fo) [ dm = / 2 (Vhe(£0), Vhe(fin — ) + [V (he(fuen — fi))I2 dim,

and notice that (2.30) yields the bound [ |V (h(fisn — fo))[>dm < L[|V f][[22|h|* and thus
for any ¢ € R it holds

1im/’ f“h Wh ()l dmzillii%/<Vhe(ft),Vha(ft+h)_hg(ft)> d

h—0 h
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We compute the limit in the right-hand-side of this expression:

lim <Vh€(ft)’vha(ft+h) - he(ft)> dm = —%%/Ahe(ft)hé(m’ﬁm dm

h—0 h N
= —}Lig(l)/Ahzs(ft ftOF}? L
= — lim (Ah2€(ft)) oF_j — Ahoe(ft) frdm
h—0 h
_/<V(Ah2e(ft))7Vb> fr dm,
(2.45)

having used the measure preservation property in the third equality and the differentiation
formula (2.27) in the last one. We claim that

/<V(Ah2€ )),Vb) gdm =0,  Vge L*(X). (2.46)
Notice that the map L?(X) 3 g — Aha.(g) € WH2(X) is continuous, thus from the fact that
b is Lipschitz we get
L*(X)3g9 ~ (V(Ahx(g)),Vb) € L*(X) is continuous.

Hence it is sufficient to check (2.46) for g € D(A) such that Ag € WhH2(X), because - by
regularization with the heat flow - the set of such g¢’s is dense in L?(X). With this choice of
g, recalling the integration by parts formula (2.41) and the Euler equation (2.37) we have

[ (¥ (@hac(9)). Vb) gdm =~ [ Ahac(g) (79, 9) dm =~ [ hac(g) (VA Vb) .
(2.47)
On the other hand, the Euler equation (2.36) applied with Ag in place of f yields

[ (¥ (har(9). 7) gam = [ (¥ (he-(89)), T) geim = [ hac((T2g, 7)) g dm,
which together with (2.47) gives (2.46). According to (2.44) and (2.45) we thus obtained that
1
R>t — 3 / |Vhe(f¢)|* dm, is constant for every € > 0.

Letting e | 0 and recalling that from the very definition of heat flow we have £(g) =
lim. o 5 [ |Vhe(g)|? dm for any g € L?(X), we deduce that ¢ — E(f;) is constant, as desired.
g

3 Geometric consequences and conclusion

3.1 Isometries by duality with Sobolev functions

We just proved that the right composition with F; preserves the Dirichlet energy. In order to
translate this Sobolev information into a metric one we shall make use of the following result,
coming from [6]. Notice that we simplified the statement below by asking the measure to be
doubling, but this is actually unnecessary.
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Proposition 3.1. Let (f(,a,ﬁl) be an RCD(0,00) space and such that m is doubling. Then
every f € Wh2(X) with |Vf] < 1 m-a.e. has a I1-Lipschitz representative, i.e. there exists
f: X — R 1-Lipschitz such that f = f m-a.c..

v e .__ 1 oA €
Sketch of the proof Let z,y € X, e > 0, put u, = B @) B () My = (Bg |BE @)
and let w € OptGeo(ui,,uZ) be the unique optimal geodesic plan given by Theorem 2.2.
Arguing as in the proof of Proposition 2.3 and Lemma 2.4, we see that since both u$ and

py have bounded supports and densities, it holds (e;)ym < Cm for every ¢ € [0,1] where

C := max{ T Bi @) W Bi o) }. Thus the plan 7 is a test plan and for f as in the assumptions

we get
'/fdux /fdﬂy /|f Y1) = (o) dm(y // el dt de (y \// [5e|* dt de ().

By construction the rightmost side is equal to Wa(ys, p5,), which converges to d(z,y) as e | 0.
Now use the fact that m is doubling to deduce that m-a.e. = is a Lebesgue point for f (see
for instance [31]), so that [ fduS — f(z) for m-a.e. 2. The conclusion follows by considering
x,1y Lebesgue points and letting € | 0 in the above inequality. g

It is worth noticing that the same conclusion of the above proposition fails if (X , a,ﬁl) is
only assumed to support a weak local 1-1 Poincaré inequality with m being doubling. Indeed,
these assumptions are invariant under a bi-Lipschitz change of metric but it can be shown
that any proper space fulfilling the thesis of Proposition 3.1 must be a geodesic space. The
argument is the following. Define an e-chain connecting x to y as a finite sequence {x;}i—o,... n,
n € N, such that o = z, x, = y and a(xi,:riﬂ) < ¢ for every %, then consider the function
fe(y) :=1inf )", d(xj, xi1+1), the inf being taken among all e-chains connecting x to y and notice
that f. is locally 1-Lipschitz and thus, if the thesis of the above proposition holds, globally
1-Lipschitz. Then let € | 0 and use the assumption that the space is proper to find a geodesic
connecting x to y as limit of minimizing e-chains. Notice the analogy of this argument with
the one providing Semmes’ Lemma as given in [34].

Theorem 3.2. Let (X;,d1,my), (X2,d2, mg) be two RCD(0,00) spaces such that my and mo
are doubling and T : X1 — X2 an tnvertible map such that

Tﬁml = my,
Ei(foT) =¢&(f), VfeL*(Xy),

where &; is the natural Dirichlet energy on the space X;, i = 1,2. Then T is, up to a redefi-
nition on a my-negligible set, an isometry from (X1,d1) to (Xg,d2).

(3.1)

proof It is sufficient to prove that T has a 1-Lipschitz representative, as then the same
arguments can be carried out for the inverse.

Notice that from the assumptions (3.1) it directly follows that for f € W12(X5) we have
foT e Wh2(X1). We further claim that it holds

V(foT)|=I|VfloT, my-ae., VYfeWh?nL®(Xy). (3.2)

Fix such f and let g : X2 — R be Lipschitz with bounded support. Then f2,gf € W12(X)
and from the Leibniz and chain rules we get

/ gV f [ dmy = / (V(9f),Vf) — £ (Vg,Vf) dmg = / (V(gf).Vf) — (Vg,V(f2/2)) dmg.
Xo X Xo (3 3)
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Now notice that the second in (3.1) yields, by polarization, the identity

/X (V 1,V f2) dmy = / (V(foT),V(faoT)) dmy, Vi, fo € WE2(Xa).

X1

Using this equality in (3.3), putting for brevity f ;= foT, g:=goT and using again the
Leibniz and chain rules we get

/X29|Vf|2dm2 :/X1 <V(§f),Vf> —~ <vg,v<f2/2)> dm; = /X1§7|Vf]2dm1. (3.4)

By the first in (3.1) we also have [y g|Vf[?dmy = [ §|Vf|* o Tdmy, hence (3.4), the
arbitrariness of g, the fact that 7T is invertible and that |V f|? € L!(X3) give

/ hVf|?oTdm; = /hyV(foT)Pdml, Vh € L*®(X),
X2

which implies our claim (3.2).
Now let {x,, }nen be a countable dense subset of X5 and for k,n € N consider the functions
frn = max{0, min{d(-, z,),k — d(-,x,)}}. These are 1-Lipschitz and satisfy

da(x,y) = sup | fen(®) = fem(W)l, Va,y € Xo.

k,n

Given that they also have bounded support, we have f ,, € Wh2 N L*®(Xs) for any k,n € N
and the 1-Lipschitz property grants |V fi | < 1 mg-a.e..

By (3.2) we deduce that fy, o T also belongs to W12(X) with |V(fx, 0 T)| < 1 m3-
a.e.. Now we use Proposition 3.1 to deduce that for every k,n € N there exists a Borel
my-negligible set Ny, , such that the restriction of fj, o T to X \ Ny, is 1-Lipschitz. Hence
for any z,y € X \ Ugn Nk, we have

di(z,y) = sup |(fin 0 T)(2) = (frn © T)(W)| = sup | fen(T(x)) = frn(T ()] = da(T(2), T(y))-

k,n k.n

Given that Uy, Ny, , is Borel and negligible we conclude that 7" has a 1-Lipschitz representa-
tive, as desired. ]

3.2 The gradient flow of b preserves the distance

The duality statement proved in the previous section and Theorem 2.19 quickly gives that
there is a unique continuous representative of the gradient flow F; of b which is a family of
isometries.

Theorem 3.3 (The gradient flow of b preserves the distance). The following holds:
i) There exists a unique continuous map F : X x R — X coinciding m x L'-a.e. with F .

ii) For every to € R and x9 € X the maps X > x — Fy (z) and R 3 t — Fi(xg) are
isometries of X into itself and of R into X respectively.

iii) It holds Fy(Fs(x)) = Fis(x), for any x € X and t,s € R.
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proof

(i), (ii) Uniqueness is obvious. By Theorems 2.16 and 2.19 we know that the assumptions of
Theorem (3.2) are fulfilled with X; = Xy = X and T = Fy (recall (2.4) to get that m is
doubling). Hence by Theorem 3.2 we get the existence of an isometry F; of (supp(m),d) into
itself m-a.e. coinciding with Fy. Since ¢ — Fy(z) is a line for m-a.e. z, it is immediate to verify
that d(Fi(z), Fs(z)) = |t — s| for every z € X and t,s € R, which gives the continuity of F
jointly in ¢, z.

(iii) Direct consequence of the group property (2.20), the measure preservation property
(2.24) and what we just proved. O

3.3 The quotient space isometrically embeds
We are now ready to introduce the quotient metric space:

Definition 3.4 (The quotient metric space). We define X' := X/ ~ where x ~ y if Fi(z) =y
for some t € R and denote by m : X — X' the natural projection. We endow X' with the
distance d’ given by d'(7(x), 7(y)) := infier d(Fy(z),y).

Also, we denote by 1 : X' — X the right inverse of ™ given by 1(z') = x provided 7n(x) = x
and b(z) = 0.

/

From the fact that (F;) is a one-parameter group of isometries it is immediate to see that
the definition of d’ is well posed, i.e. that d’'(w(z),7(y)) depends only on w(x), 7 (y). Also, it
is easy to see that (X’,d’) is a complete, separable and geodesic metric space, and that the
topology induced by d’ is the quotient topology. We omit the simple proof of these facts.

What is a priori non trivial, and the focus of this section, is that ¢ is an isometric embedding
or, which is the same, that the minimum of the function t — Lgt(y)) is attained at that tg
such that b(z) = b(Fs,(y)). The lack of smoothness of the space prevents a direct proof of
the fact that such map is C!, thus creating problems when trying to write down the Euler
equation of the minimum. To overcome this difficulty, we first lift analysis from points to
probability measures with bounded densities in order to get the C! regularity expressed by
Proposition 3.5 below, and then come back to points in the space with a limiting argument.

Proposition 3.5 (A result about C! regularity). Let zg € X, p € P(X) be with bounded
support and such that p < Cm for some C > 0 and put py := (Fy)yp. Then the map R >t —
fd2 ,x0) du is C and its derivative is given by

dt2 2

proof It is obvious that R 3 ¢ — f d?(-, 20) duy is locally Lipschitz. For given ¢t € R we
know by Proposition 2.15 that b is a Kantorov1ch potential inducing the geodesic [0,1] 3 s +—
pi+s = (Fs)gpu, hence by the differentiation formula (2.27) (applied to f := d*(-, z9)X € S*(X),
where X is a Lipschitz compactly 5upp0rted function identically 1 on Ucpo 1) supp(x)) and
the identity [d?(-,z0) dpern = [ d?(,20) o Fj, dur we deduce that for any ¢ € R it holds

d?(-,z0)d — [d¥( )d
Of ,20) At — [ d*(-, o) pe /{V 1), VbY dys.

3 [ ECadue == [ (V). Vb) da (3.5)

h¢ 2h

To conclude it is therefore sufficient to show that the right hand side of (3.5) is continuous.
But this is obvious, because (V(d?(-,z)),Vb) € (X) and the curve t — p; is weakly

loc
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continuous in duality with C,(X), made of measures with uniformly bounded densities (by
the measure preservation property (2.24)) and, locally in ¢, the supports of p; are contained
in a bounded set. 0

Corollary 3.6. Let p € Py(X) be with bounded support and such that p < Cm for some
C >0 and put py := (Fy)pp.
Then for every xg € X the map t — fd2(-,xo) dpy has a unique minimum and such
minimum is the only t € R for which [bdps = b(xzo).
proof It is clear that the map ¢ — fd2(~,x0) dur = W3 (pe, 6z,) has at least a minimum to.
Fix it, let w € OptGeo(pu,, 0z,) be the unique optimal geodesic plan (_Theorem 2.5) and put
vs := (eg)yw. We claim that for each s € [0, 1] the map ¢ — 1/1/22(6%77 (F¢)pvs) has a minimum
for t = 0. Indeed, if by absurdum for some ¢ € R it holds W2(04,, (F¢)svs) < Wa(6z,,vs), the
fact that F; : X — X is an isometry would give
Wa (8o (Fe)gtieg) < Wa(0ugs (Fe)svs) + Wal(Fo)gvs, (F)gpieg)
< WQ((sm()a VS) + WZ(Vsalut()) - WQ(écC())/j’t())7
thus contradicting the minimality of ¢g.
2
Put ¢ = 9C:20) and notice that W3 (v,65) = [dv for every v € P5(X). Hence

2
Proposition 3.5 and the minimality of v gives

0= Sy, (F)evs)]_ = — / (V,Vb) dvs,  Vse[0,1]. (3.6)

Now notice that s — [ bdy; is Lipschitz and compute its left derivative. Given that, trivially,
¢ is a Kantorovich potential for the geodesic [0,1] 3 r + v4_,), Corollary 2.6 and the first
order differentiation formula in Theorem 1.10 ensure that for any s € (0, 1] it holds:

bdv,_, — [bdv, bdvy_p — [ bdus _
fg I D Womn = Dy SOV = [ b :_1/<V<p,Vb> dv, &0,
hl0 h hl0 sh s

Hence s — [ bdus is constant, i.e. for any minimum to of ¢ — [ d?(-, 20) dg it holds [ bduy, =
b(xzg). It is now obvious that such ¢y must be unique, hence the proof is completed. ]

Corollary 3.6 allows us to prove the main result of this section:

Theorem 3.7 (The quotient space isometrically embeds into the original one). ¢ is an iso-
metric embedding of (X',d") into (X,d).

proof Let 2',y € X' and z := ('), y := «(¢/). By definition of d" and ¢ it certainly holds
d'(«',y") < d(z,y). To prove the converse inequality amounts to prove that the minimum of
the function f(t) := d(x,F¢(y)) is attained at t = 0. For € > 0 let p. € P5(X) be given by
fe = m(BE(y))_1m|Be(y) and define f.(t) := Wa(dy, (F¢)spe). Notice that f. is 1-Lipschitz
and that it holds

|fe(t) = F@O] = [Wa(de, (Fi)gpe) — Wa(de, (F1)0y)| < Wal(Fi)gpe, (Fi)gdy) = Walpe, ) < e.

By definition, we have | [ b dpe| < e, thus letting ¢, be the minimizer of f., Corollary 3.6
and the trivial identity [ b d(F¢)spe = [ bdu.—t valid for any ¢ € R yield |t.| = | [ bdp.| <e.
Thus for any ¢ € R we have

f(0) e+ f(0) <e+ fe(te) + [te] <22+ fe(t) < 3e+ f(P)
so that letting € | 0 we conclude f(0) < f(t) for any ¢t € R, as desired. O
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3.4 The quotient measure m’ and basic properties of (X', d’, m’)

Theorem 3.7 has a number of simple consequences about the structure of X’. We start defining
the natural maps from X’ x R to X and viceversa.

Definition 3.8 (From X’ x R to X and viceversa). The maps T: X' xR — X andS: X —
X' x R are defined by

T(2',t) :=F_4(u(2"))
S(z) := (m(z),b()).

Proposition 3.9 (T and S are homeomorphisms). The maps T,S are homeomorphisms each
one inverse of the other. Furthermore it holds

1
ﬁ\/d’(x’l,xé)g + [t —taf? < d(T(x'l,tl),T(x’Q,tg)) < \/5\/d’(37’1,3l7’2)2 + [t1 —t2]?,  (3.7)

for any !, zh, € X', t1,t2 € R.

proof 1t is clear that ToS =1Idx and So T = Id /g, thus we only need to prove (3.7).
For the first inequality notice that since both 7 : (X,d) — (X’,d") and b : (X,d) —
(R, dgyel) are 1-Lipschitz, it holds

2 1
d(T (2, 1), T(wh, t2))” > max{d' (¢}, 25)%, [t1 — 2} > §(d’(w’17fc’z)2 + [t — t2]?).

The second follows from:

d(T(mllatl)aT(xéatQ)) = d(F*h (L(xll))aF*tz(L(xé))) = d(FtZ*tl (L(ZL‘D),L(:L‘IQ))
< d(Fry—ty (1)), e(2)) +d(e(@h), e(2h)) = [ta — ta| +d' (27, 2)

< VR, 25)% + [t — tol?.

We can now introduce the natural measure on X’ as follows:

Definition 3.10 (The measure m’). We define the measure w' on (X', d’) as:
m'(E) := m(w_l(E) nb~1([0,1])), VE C X' Borel.

Notice that the definition is well posed because from Proposition 3.9 we know that for

E C X' Borel the set 77 }(E) C X is also Borel. Also, the definition is made in such a way
that the identity

Sim(E x I) =w'(E)LN(I), (3.8)

holds for every E C X’ Borel and every interval I of the form I = [a,a + 1), a € R. Then
a simple dichotomy argument based on the measure preservation property of F; shows that
(3.8) also holds for I of the form [a,a + 2%), a € R, n € N. Thus, by density, it holds for any
interval I C R and since the class of sets of the form E x I, with £ C X’ Borel and I C R
interval, is closed under finite intersection and generates the o-algebra of X’ x R, by general
results of measure theory (see e.g. Corollary 1.6.3 in [19]) we deduce that

Sym=m’ x L1 and Ty(m' x L) =m. (3.9)
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The metric information given by Theorem 3.7 and the measure theoretic one which we
just proved grant natural relations between Sobolev functions on X and X’. To emphasize
the fact that the minimal weak upper gradients depend on the space and to help keeping
track of spaces themselves, we write |V f|x (resp. |V f|x) for functions f € S _(X) (resp. in

SZ (X")).

Proposition 3.11. The following holds.
i) Let f €S2 (X) and fort € R let f&) : X’ = R be given by fO(z) := f(T(2',t)). Then

loc

for L'-a.e. t it holds f® € S2 (X') and

loc

VIOlo@) < [Vfx(T@,0), ' x Llae (@1) € X' xR.

i) Let g € S% (X') and define f : X — R by f(z) :=gom. Then f € S} _(X) and

IV flx(x) =|Vyg|lx (7(x)), m-a.e. ¢ € X.

Sketch of the proof Denote by lipx(f) (resp. lipy/(g)) the local Lipschitz constant in the
space (X,d) (resp. (X’,d")) of a real valued function f on X (resp. g on X').
For point (i) observe that we have the simple inequality

lip () @) = Fim @ —SW 5 gy [0 (@) - 1O ()

= livw (FPEN (1 (2
y—x d(z,y) T2 d'(w(z), 7(y)) lip ./ (f )(m(2)),

then approximate a generic f € W12(X) with Lipschitz functions as in Theorem 1.4, apply
the inequality above to the approximating sequence and observe that by construction the
leftmost side converges to |V f|x in L?(X), while the measure preservation property (3.9) and
the semicontinuity property (1.6) ensure that any weak limit of the rightmost side bounds
m’-a.e. from above |V f(®)|x for L'-a.e. ¢, where ¢ = b(x). The case of general f € S _ is the
obtained with a cut-off argument using the locality of minimal weak upper gradients.

Similarly, point (i7) follows from point (i) and from the relaxation of the inequality

@) _

— lg(7(y)) — g
z,y) yoz d(m(z), m(y))

ipx (g o) (o) = Jimy 27

= lipx/(g)(m(z)).

It is now easy to prove the following:
Corollary 3.12. (X',d",m’) is an RCD(0, N) space.

Sketch of the proof
Infinitesimal Hilbertianity Let f/,¢ € S2 (X') and define f,g : X — R as f(z) :=

loc

f'(m(z)), g(z) := ¢'(n(x)). By Proposition 3.11 above we know that f,g € S (X), hence,
since (X, d, m) is infinitesimally Hilbertian, we have

IV(f+ 9k +IV(f -9k =2(IVfIX +|Valk), mae.

Then noticing that (f+g)(z) = (f'+¢')(n(z)), using the measure preservation property (3.9)
and Fubini’s theorem we deduce

V(' + 5 + IV =g =2(VF R +IVg'R),  whae.,

43



which, by the arbitrariness of f/, ¢’ € S? (X)), yields the claim.

loc

Curvature Dimension condition Define J: Z(X’) — Z%2(X) by putting

I(u') == Ty(p' x Ll‘ vu' € 2y9(X).

[071])’
Recalling that d'(2/,y') = d(T(x,t), T(y,t)) < d(T(2',¢),T(y/,s)) for any ',y € X’ and
t,s € R, it is easy to see that J is an isometry of (P2(X’), Wa) with its image in (P2(X), Wa).
Denoting by Uy (-|m) and Uy (-|m’) the Rényi entropies functional on 2(X), Z(X') respec-
tively, it is also immediate to check that Un/(I(p')|m) = Upn/(p/|m’) for any ' € Po(X').
Furthermore, by the uniqueness part of Theorem 2.5 we also get that the only geodesic con-
necting absolutely continuous measures in J(Z2(X’)) completely lies in J(F(X")).

The conclusion then follows by reading the CD(0, N)-inequality on X’ as an inequality on
X via the map J and then recalling that the latter is a CD(0, V) space by assumption. O

3.5 Things to know: Sobolev spaces and Ricci bounds over product spaces

It is a simple exercise to check that the standard definition of Sobolev space W2(IR) coincides
with the one given by the formula (1.10) in the metric measure space (R, dguc, £1), dgua being
the Euclidean distance, and that for f € W12(R) its minimal weak upper gradient coincides
with the modulus of its distributional derivative. To keep consistency of the notation we shall
denote this object by |V f|r.

We endow the set X’ x R with the product measure m’ x £! and the product distance
d’ x dgya defined by

dl X dEuCl((x/at)7 (yl7 S)) = \/d/(xla y/)2 + |t - S|2

Our next goal is to show that (X’ x R,d’ x dgua, m’ x £1) is isomorphic to (X, d, m). To this
aim, it is of course necessary to know how the structures of X’ and R reflect in the one of
X' x R.

We shall use the following result, proved in [6], which we restate to match the current
setting.

Theorem 3.13. The space (X' x R,d’ x dgye,m’ x £1) is RCD(0,00). Furthermore, the
following holds:

i) Let f € S2 (X' x R) and for t € R denote by f® : X' — R the function f(2) :=

loc

f(@,t) and similarly for 2’ € X' let f*) : R — R be given by f@)(t) :== f(a',t). Then:

— for L'-a.e. t we have f) € S (X'),

loc
— for w'-a.e. ' we have f(x/) € S%OC(R)7
— the formula

IV cr(@t) = VO 1% () + VR (1), (3.10)

holds m! x L1-a.e..

ii) Let g € S2 (X') and define f : X' x R — R by f(a',t) := g(2'). Then f € S? (X' x R)

loc loc

and |V f|x:xr(2',t) = |[Vg|x/ (2) for m' x Ll-a.e. (2, 1).

iii) Let h € S2 (R) and define f : X' x R — R by f(a',t) := h(t). Then f € S (X' x R)
and |V flxxr(2',t) = |[Vh|r(t) for m' x Ll-a.e. (2/,).
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We remark that the proof of the curvature bound is quite simple to obtain once Theorem
2.2 is at disposal, following the original argument given in [50]. On the other hand the structure
of minimal weak upper gradients in the product space provided by formula (3.10) (which is the
one granting that the product space is infinitesimally Hilbertian) seems surprisingly difficult
to obtain and currently relies on some fine regularizing properties of the heat flow.

3.6 The space splits

Aim of this section is to prove that (X,d) and (X’ x R,d" x dgyc1) are isometric and we will
prove this with a duality argument based on Theorem 3.2. Our goal is therefore to put in
relation the Sobolev norm in X with the one in X’ x R. We start with the following statement,
analogous to Proposition 3.11:

Proposition 3.14. The following holds.
i) Let f € S2 (X) and for ' € X' let f@) : R — R be given by f&)(t) = f(T(z,1)).

loc

Then for w'-a.e. 2’ it holds f*) € 2 (R) and

loc

V() < VAT 1), wx Llae (1) € X' xR

ii) Let h € S§.(R) and define f: X — R by f(z) :=hob. Then f € S _(X) and

|V flx(z) = |Vh|r(b(z)), m-a.e. x € X.

Sketch of the proof The same arguments used in the proof of Proposition 3.11 can be applied
also in this case recalling that the following are true:

- for any t,s € R it holds [t — s| = min,ep-1(s), yeb-1(s) (T, Y),
- for any o € X the map t + Fy(x) provides an isometric embedding of R in X,
- it holds Ty(m' x £') = m and Sym = m’ x L.
We omit the details. g

Now we introduce the following class of functions:

G:= {g:X’xR—)R : g(2',t) = g(2') for somengSQﬂLoo(X’)},

H:= {h X' xR =R : h(a',t) = h(t) for some h € S ﬂLOO(]R)}.

Notice that both G and H are algebras, i.e. are closed w.r.t. linear combinations and products.
Using Theorem 3.13 and Proposition 3.11 we get
g€SE(X'xR), goSeSE (X)and
ges§ = (3.11)
IVglx'xr oS =|V(goS)|x m-a.e..

Similarly, Theorem 3.13 and Proposition 3.14 give
heSE (X'xR), hoSeSE (X)and

loc

heH = (3.12)
|IVh|x'xr oS =|V(hoS)|x m-ae..
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Now we introduce the algebra of functions A as:
A := algebra generated by §U H.

Notice that A C S2 (X’ x R). A has two crucial properties which will allow us to prove that

loc

the Dirichlet energy of a function f on X’ x R is the same as the energy of foS in X:

i) such invariance property is easy to establish for functions in A once we realize that
functions in § and H have ‘orthogonal gradients’ in W12(X’ x R) (by formula (3.10))
and - after a right composition with S - also in W12(X) (by the differentiation formula
(2.27)).

i) ANWH2(X’ x R) is dense in W12(X’ x R) and similarly A oS N W52(X) is dense in
WH2(X). The case of X’ xR follows by a simple approximation arguments, then the one
of X makes use of the measure preservation property (3.9) and fact that the distances
on X’ x R and X are, after a composition with S, equivalent (recall Proposition 3.9).

We shall denote by €x : L?(X) — [0, +oo] the Dirichlet energy on (X,d,m) and by &x/xr
the one on (X’ x R,d" x dgya, m’ x L1).

Proposition 3.15. With the same notation as above, we have

Exxr(f) = Ex(foS), VfecANL* (X' xR).

proof A generic element f of A can be written as f = . _; g;h; for some finite set I of indexes
and functions g; € G, h; € K, i € I. The fact that foS € S2 _(X) is a direct consequence of

loc

(3.11) and (3.12). The infinitesimal Hilbertianity of X’ x R (Theorem 3.13) gives
|vf|§('xR = Z 9i9; Vi, V) o m + 9ihi (Vhi, Vi) rm
i,j5€1
+ hig; (Vgi, VIj) xrg + hih (V9i, Vg5) i

similarly, writing f,g;, h; in place of f0S,g; 0S,h; oS for simplicity, from the infinitesimal
Hilbertianity of X we have

VI = 595 (Vhi, V)« + 8ihy (Vhi, VG5)  + higi (V3i, VR)  + hibj (VGi, V) x -
i,j€l

Taking into account the relations (3.11) and (3.12), we see that to conclude it is sufficient to
show that for any g € G and h € J{ it holds

(Vg,Vh)xir =0, m' x Llae., (3.13)

and
(V(goS),V(hoS))y =0, m-a.e.. (3.14)

To check (3.13) let § € S2N L®°(X’) and h € S N L®°(R) be such that g(z’,t) = §(z') and

h(x',t) = h(t). Then apply point (i) of Theorem 3.13 to the function g-+h and points (ii), (44)
to g, h to get

2(9. 1) xrm = V(g + )5 wr (@' t) = VR (@) = [VAIR() =0,  m'x Llae. (2',8).
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To get (3.14), notice that the chain rule (1.18) (and the symmetry relation (1.20)) and the
trivial identity hoS = hob grants that (V(goS),V(hoS))x = h ob(V(goS),Vb)y m-a.c..
Hence to conclude it is sufficient to show that (V(goS),Vb)y = 0 m-a.e.. If go S € S*(X)
then the result follows from the derivation rule (2.27) applied to f := g oS, indeed in this
case the left hand side of (2.27) is identically 0. The general case follows by a simple cut-off
argument based on the local nature of the claim, we omit the details. O

Proposition 3.16. With the same notation as above, the set AN W1H2(X' x R) is dense in
WH2(X" xR) and the set Ao SNW1L2(X) is dense in WH2(X), where by A oS we intend the
set of functions of the kind f oS with f € A.

Sketch of the proof We start with the first claim. With a diagonalization argument it is
sufficient to prove that for f € W12(X’ x R) bounded with compact support there exists a
sequence (f,) C ANW12(X’ x R) converging to f in W12(X’ x R). Fix such f and for n € N
and i € Z define

(i+1)/n
gin(z') := n/ f(2',s)ds, and hin(t) == Xn(t —i/n),

n

where X, : R — R is given by

0, ift <—1/n,
Xo(t) = nt + 1, if —1/n<t<0,
e 1 — nt, if0<t<1/n,
0, if 1/n < t.

Then define f,, : X' xR = R by fu(2',t) == > ez hin(t)gin(2’). It is obvious that f, €
ANWH2(X" x R) and with simple computations we also see that

[ frllzcxrxry < fllz2x ) vn €N

lim [ ¢f,dm’dLt = / of dm’ dL!, Vo : X’ x R — R Lipschitz with compact support,

n—o0

which ensures that f,, — f in L?(X’ x R).
Also, some algebraic manipulation - we omit the details - shows that

[ OB < e < [ TR d x L)),
X’'xXR X'xR

and
[ iR am <@ < [ 9r R do < 2o,
X’'xR X'xR
Taking into account the characterization of the Sobolev space W2?(X’ x R) given in Theorem
3.13 and the L2-lower semicontinuity of the W?-norm we deduce that || f,|[w1.2 = || f]lw1.2-
Since W12(X’ x R) is Hilbert, L2-convergence plus convergence of the Sobolev norm yield
W12_convergence.

For the second part of the proof notice that directly from the definition of Sobolev space
we have that if (Y,dy, my) is a metric measure space and d{, < dy is another distance
on Y inducing the same topology of dy, then for every f € W12(Y,d{,, my) it holds f €
Wh2(Y, dy, my) with IV Fl(vdy,my) < ‘Vf|(y7dly7my) my-a.e.. Similarly, if a distance is scaled
by a factor A > 0, the corresponding gradient part of the Sobolev norm is scaled by % The
conclusion then comes from the first part of the proof, the identity T4(m’ x £!) =m and the
inequalities (3.7). O
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The main theorem of this section now follows easily.

Theorem 3.17 (“Pythagoras’ theorem” holds). The maps T,S are isomorphisms of the
spaces (X,d,m) and (X' x R, d" x dgua, m’ x L), i.e. they are measure preserving isometries.

proof We already know that
Tim=m' x L1, and Sp(m’ x R) =m, (3.15)
and by Proposition 3.15 we know that the equality

Exixr(f) = Ex(feS), (3.16)

holds for every f € AN L?*(X’ x R). Hence using (3.15) and Proposition 3.16 we deduce that
(3.16) holds for every f € L}(X’ x R).
Now recall that (X,d,m) is an RCD(0, N) space and thus RCD(0, 00) with the measure
m being doubling. Similarly, we know by Theorem 3.13 that (X’ x R,d’ x dgye, m’ x L) is
RCD(0, c0) and from the fact that both m’ and £! are doubling measures it is easy to get
that m’ x L' is doubling as well.
Hence we can apply Theorem 3.2 to deduce that T,S have 1-Lipschitz representatives.
Given that we already know that they are continuous (Proposition 3.9), the proof is complete.
O

3.7 The quotient space has dimension N — 1

It remains to prove that the quotient space (X’,d’,m’) has ‘1 dimension less’ than (X,d, m).
This, of course, should be interpreted in terms of the synthetic treatment of curvature-
dimension bounds, the precise statement being given below. Notice that our argument for
such dimension reduction is in fact the same used by Cavalletti-Sturm in [12].

Theorem 3.18 (The quotient space has dimension N — 1). The following holds.
i) If N > 2, then (X’,d’,m’) is an RCD(0, N — 1) space.
ii) If N € [1,2), then X’ contains exactly one point.

proof

(i) We already know by Corollary 3.12 that (X’,d’,m’) is an RCD(0, N) space and a simple
approximation argument ensures that to conclude it is sufficient to check the CD(0, N — 1)
condition for given pg, u1 € P2(X’) with bounded support and absolutely continuous w.r.t.
w’, say p; = pm’, i = 0,1. By Proposition 2.3 we know that there exists a unique m €
OptGeo(pig, 1), and that the measures p; := (e¢)y7 are absolutely continuous w.r.t. m’, say
pe = pp’, for every t € [0,1].

Let o, 8 > 0 be arbitrary, put vy := éLl‘[O o V1T %Ll‘m g 50 that vy, 11 € P2(R),
let t — 1y, = (1—t)++tﬁﬁl|[o,(17t)a+tﬁ] be the unique geodesic connecting 1y to v; and 7 the

unique element of OptGeo(vp, v1).
Define J : C([0,1], X’) x C([0,1],R) — C([0,1], X’ x R) by

I, 72)e = (Y1,6:72,8),
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and the plan m ® © € 2(C([0,1], X’ x R)) as Jy(7 x 7). It is then immediate to verify that
7™ ® 7 € OptGeo(po X vo, 11 X v1) and that it satisfies (e;)y(7 ® ') = py x v4. Thus

d(et)ti(ﬂ'@’ﬂ'/)( Ay = — 2w

d(m’ x £1) A—ta+ipg T~ w'-a.e. (7,9). (3.17)

By assumption we know that (X,d, m) is an RCD(0, V) space and by Theorem 3.17 that it is
isomorphic to (X’ x R,d" x dgue, m’ x £1). Thus the latter is an RCD(0, N) space and T by
(3.17) and Proposition 2.3 applied to the plan = ® 7 we get that for every ¢ € [0,1], a, f > 0
and 7-a.e. 7y it holds

In particular, for every ¢ € [0,1] the inequality (3.18) holds for mr-a.e. v and every «, 3 € Q,
a, B > 0. Being the terms in (3.18) continuous on «, 8 € Q, «, 5 > 0, (3.18) also holds for

1 1
m-a.e. v and every a, f € R, o, 8 > 0. Choosing « := (po(70)) ¥-1 and S := (p1(n)) V-1,
after little algebraic manipulation we obtain

__1 __1 __1
pe() N1 = (1=1)po(0) N1 +tpi(n) M1, meae. 7,

which integrated w.r.t. 7 yields Uns—q (p) < (1—=)Upnr—1 (o) +tUnr—1 (1) for every N’ > N,
as desired.

(ii) It is clear that X’ is non empty. Assume by contradiction that it contains more than one
point. Then, since (X', d’) is geodesic, it contains an isometric copy I C X’ of some non-trivial
interval in R. Given that X’ x R D I x R, the Hausdorff dimension of X’ x R is at least 2 and
since by Theorem 3.17 we know that (X’ x R,d’ X dgye) is isometric to (X,d), to conclude
it is sufficient to show that for any R > 0 and N’ € (N, 2) we have 1™ (Bg(z0)) = 0, where
HN" is the N’-dimensional Hausdorff measure and zy € X a fixed point. As pointed out in
[51], this is a standard consequence of the doubling condition (2.4). We sketch the argument.
We have

!

ﬂ{éV/(BR(a:O)) = wyr inf { Z (dIamQ(EZ)> cdiam(E;) <4, Vi € N and Bpg(zg) C U EZ}
€N i€EN

N’ k
< wpr (g) inf {k‘ eN:3uzq,...,z € X with Br(zg) C U B(;/Q(xi)}.
j€el

The inequality (2.4) grants that there are at most (8R/8§)" disjoint balls of radius §/4 with
center in Br(zp). Fixing a maximal package of such disjoint balls, the balls with same centers
)N

and radius 0/2 cover Bg(zo) and therefore S{f;V/(BR(xO)) < 5N/*N(82%. The conclusion

follows recalling that HN' (Bg(zq)) = lims o ngV/ (Br(xo)). O
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