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On the differential structure of metric measure spaces and
applications

Nicola Gigli *

May 31, 2012

Abstract
The main goals of this paper are:

i) To develop an abstract differential calculus on metric measure spaces by investigat-
ing the duality relations between differentials and gradients of Sobolev functions.
This will be achieved without calling into play any sort of analysis in charts, our
assumptions being: the metric space is complete and separable and the measure is
Borel, non negative and locally finite.

ii) To employ these notions of calculus to provide, via integration by parts, a general
definition of distributional Laplacian, thus giving a meaning to an expression like
Ag = p, where g is a function and p is a measure.

ili) To show that on spaces with Ricci curvature bounded from below and dimension
bounded from above, the Laplacian of the distance function is always a measure
and that this measure has the standard sharp comparison properties. This result
requires an additional assumption on the space, which reduces to strict convexity of
the norm in the case of smooth Finsler structure and is always satisfied on spaces
with linear Laplacian, a situation which is analyzed in detail.
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1 Introduction

The original motivation behind the project which lead to this paper, was to understand if
and up to what extent the standard Laplacian comparison estimates for the distance function
- valid on smooth Riemannian manifolds with Ricci curvature bounded from below - hold on
a non smooth setting. Recall that if M is a Riemannian manifold with Ricci curvature not
less than, say, 0, then for every z¢ € M the function g(z) := d(z, x¢) satisfies

N -1

< P on M\ {zo}, (1.1)

Ag

where N is (a bound from above on) the dimension of M. Similar bounds from above hold if
the Ricci is bounded from below by K € R. Even in a smooth context, the distance function is
not smooth, in particular is not C2, therefore the inequality must be properly interpreted.
The correct way to do so is to think as an inequality between distributions, so that its
meaning is: the distributional Laplacian of g is a measure whose singular part w.r.t. the
volume measure is non positive on M \ {zo} and such that the density of the absolutely
continuous part is bounded from above by =1,

In the seminal papers [24] and [39], [40] Lott-Villani on one side and Sturm on the other
proposed a general definition of metric measure space with Ricci curvature bounded from
below by K € R and dimension bounded from above by N € (1,00] (for finite N’s, in [24]
only the case K = 0 was considered), in short, these are called CD(K, N) spaces. The study
of the properties of these spaces is still a very active research area. Broadly speaking, a central
question is ‘which of the properties valid on a manifold with Ricci curvature bounded below
and dimension bounded above are true in the non smooth context?’.

As said, this paper addresses the problem of the Laplacian comparison for the distance
function. Given that we expect such Laplacian to be a measure, part of the work that will be
carried out here is to give a meaning, in the setting of metric measure spaces, to expressions
like Ag = u, where g is a function and g a measure. This is a non trivial task because the
standard analytic tools available in this setting are only sufficient to speak about ‘the norm of
the distributional gradient’ of a Sobolev function (sometimes called minimal generalized upper
gradient [10], or minimal weak upper gradient [37]), which is not enough to give a meaning to
an integration by parts formula. We refer to [19] for an overview on the subject and detailed
bibliography (see also [6] for recent progresses). In terms of defining the differential of a



function, in the seminal paper [10], Cheeger, assuming a doubling condition on the measure
and the validity of a local weak Poincaré inequality, proved the existence of an abstract notion
of differential for which the Leibniz rule holds (for a comparison of his approach with ours,
see Remark . Yet, this is not sufficient to deal with the Laplacian, as also a suitable
notion of ‘gradient’ in needed. We underline that on one side, the constructions we will make
on this paper are based only on the assumptions that the metric space (X,d) is complete
and separable and the reference measure m is Borel, non negative and locally finite, on the
other, we will make use of some of Cheeger’s results when proving the Laplacian comparison
estimate on CD(K, N) spaces.

The distinction between differentials and gradients is particularly important in this frame-
work, because CD(K, N) spaces include Finsler structures (as proved by Ohta in [26] by
generalizing the analogous result valid for flat normed spaces proved by Cordero-Erasquin,
Sturm and Villani - see the last theorem in [41]), so we must be ready to deal with situations
where tangent and cotangent vectors - whatever they are - can’t be identified. Recall also that
on a Finsler setting the Laplacian is not a linear operator (see e.g. [38]). In particular, since
the construction we propose reduces to the standard one on Finsler spaces, the Laplacian we
define is different from the linear, chart dependent Laplacian introduced in [10].

Shortly said, what we will do is to define the m-a.e. value of D f(Vg), i.e. the differential of
f applied to the gradient of g, for Sobolev functions f, g. Then the definition of distributional
Laplacian Ag = p will be given by

[ tan=- [ Ds(vg)am,

for any f in an appropriate class of Lipschitz test functions. In order to illustrate the con-
struction we will use, we open a parenthesis and show how it works in a flat normed situation.
This will deserve as guideline - intended for non specialists - for the rest of the introduction
and provide a quick and simple reference for the procedures that will be used in the paper.
Also, it will hopefully make clear why the distributional Laplacian, in general, is not only not
linear but also multivalued.

1.1 The simple case of normed spaces

Consider the space (R, || - ||, £%), where || - || is any norm, possibly not coming from a scalar
product. Assume for the moment that || - | is smooth and strictly convex. Given a smooth
function f : R — R, its differential D f is intrinsically well defined as a cotangent vector field,
so that we may think at it as a map from R? to its dual (R%)*. To define the gradient V£,
which is a tangent vector field, we need some duality map from the cotangent to the tangent
space. This is produced by using the norm || - ||: the differential of the map w ‘R - R at
some point v € R? is a linear map from T,R% ~ R? to R, i.e. a cotangent vector. In other
words, the differential of w is a map Dual : R — (R%)*. If || - || is strictly convex, as we
are assuming for the moment, Dual is injective and can therefore be inverted to get a map
Dual ™! : (R%)* — RZ Then the gradient Vg : R? — R? of the smooth function g is defined
by
Vg := Dual™!(Dg).



The divergence operator V-, which takes a smooth tangent vector field £ and returns a func-
tion, is defined as (the opposite of) the adjoint of the differential operator, i.e.:

/fV-{de ::—/Df(g)de, Vf e C(RY)

In particular, in order to define the divergence, we need to use the reference measure.
Finally, the Laplacian of the smooth function g is defined as

Ag:=V-(Vg) =V (Dual !(Dg)).

(in particular, in order to define A we had to use both the norm and the reference measure.
This is an heuristic explanation of why the correct abstract setting where a Laplacian can
be defined is that of metric measure spaces) Notice that the differential and the divergence
operators are always linear functionals, but the duality map Dual ™! is linear if and only if the
norm comes from a scalar product. Hence, in the general normed situation, the Laplacian is
non linear.

Now suppose that we want to give a meaning to a formula like Ag = u, where u is some
measure on R?, i.e., suppose that we want to provide a notion of distributional Laplacian.
An effect of the non linearity of A, is that there is no hope to ‘drop all the derivatives on the
test function’, that is, we can’t hope that a formula like

/fdAg ::/Atrfgde, Vf e C*(RY),

holds, whatever the operator A" is. Simply because the right hand side would be linear in
g, while the left one is not.
Hence, the best we can do is to drop only one derivative on the test function and define

/fdAg ::—/Df(Vg) act,  vfe comd). (12)

Observe that an effect of this approach, is that in order to define the distributional Laplacian,
we need to first impose some Sobolev regularity on g in order to be sure that Vg is well
defined. This is of course different from the standard approach in the Euclidean setting, where
distributional derivatives make sense as soon as the function is in Llloc. Yet, a posteriori this
is not a big issue, see Remark for comments in this direction.

In proposing definition , which is the standard one in Finsler geometries, we worked
under the assumption that || - || was smooth and strictly convex, so that the gradient of a
Sobolev function was a well defined vector field. Actually, we didn’t really use the smoothness
assumption: if this fails but the norm is still strictly convex, then the duality map Dual is
possibly multivalued, but still injective, so that its inverse Dual™! is still uniquely defined.
A new behavior comes if we drop the assumption of strict convexity: in this case the map
Dual is not injective anymore, which means that its inverse Dual™' is multivalued. Hence
the gradient Vg of a function is typically a multivalued vector field. A simple example which
shows this behavior is given by the space (R?, || - ||oo) and the linear map g(x1,z2) := x1: all
the vectors of the kind (1, x2), with x9 € [—1, 1], have the right to be called gradient of g.

Thus in general, the object D f(Vg) is not single valued, not even for smooth f, g, so that
the best we can do is to define the two single valued maps D f(Vg), D~ f(Vg) by

+ T):= max v - r):= min v .
D*f(Vo)a) = max Df(v). D f(Vo)(a) = min D). (13



and then the distributional Laplacian of g by the chain of inequalities
- [Drrvgact< [rang< - [Dopvgact  vrecx®). ()

A clear drawback of this approach is that in general the Laplacian can be multivalued (see
Proposition for explicit examples). Yet, even for this potentially multivalued notion, a
reasonable calculus can be developed, see Section [1.2]

Both for theoretical and practical reasons, it is good to have an alternative description of
the objects D* f(Vg). Here it comes a key point: it holds

2 2
f ID(g +ef)lli — | Dgllx

DT f(Vg) = inf 5 : (1.5)
2 2
D" 1(V) = sup 1D (g +6f;!* IDgll? (1.6)

To see why, observe that for any g € CSO(Rd), any = € R% and any tangent vector v € T,R? ~
R? it holds ) )
1Pg()lli vl

Dg(v) <
g(v) < 5 5

and that v € Vg(z) if and only if

D 2 2
Do) = DI Iol®

Write the first inequality with ¢ replaced by g + €f, subtract the second and divide by € > 0
(resp. € < 0) to get that < holds in (L.5) (resp. > in (1.6))). The fact that equality holds
can be deduced with a compactness argument from the convexity of ¢ ~— || D(g + f)||?(x),

by considering v € V(g + ef) and letting € | 0 (resp. € 1 0).
1.2 The general situation

Let us now analyze how to deal with the case of metric measure spaces (X,d, m). Recall that
our assumptions are: (X,d) is complete and separable and m is a Borel, non negative and
locally finite measure. There is a standard notion concerning the meaning of ‘f : X — R has
a p-integrable p-weak upper gradient’, p € (1,00), one of the various equivalent ways (see [4]
and Appendix [Bf) of formulating it is: there exists G € LP(X, m) such that

1
[1760 = feoldnt) < [ /0 G)ln] dt dre(), (L.7)
for any w € 22(C([0,1], X)) such that:

1
. // |4¢|? dt dmr () < oo, ¢ being the conjugate exponent of p,
0

o (e)ym < Cm for any ¢t € [0,1] and some C' € R, where ¢; : C([0,1],X) — X is the
evaluation map defined by e;(y) := v, for any v € C([0,1], X).



The class of such f’s will be called p-Sobolev class and denoted by SP(X,d, m). Notice that
we are not asking for any integrability of the functions themselves. For f € SP(X,d,m)
there exists a minimal G satisfying (1.7)), which we will denote by |Dfl. (|Dflw is typically
called minimal p-weak/generalized upper gradient, but from the perspective we are trying to
propose, this object is closer to a differential than to a gradient, given that it acts in duality
with derivative of curves, whence the notation used). For the (non) dependence of |D f|,, on

p, see Proposition 2.5 and Remark [2.6]

Chapter (3| The real valued map |D f|,, is what plays the role of the norm of the distributional
differential for Sobolev functions f € SP(X,d,m). Hence by analogy with (L.5)), (1.6), for
f,g € SP(X,d, m) we define m-a.e. the maps DT f(Vg): X — R by:

D(g+ef)le — [Dgls, D(g +ef)lw —|Dglw

Dt inf ~inf |
f(vg) €>0 26 21;0 pE|Dg|p_2 ’
Dlg+eNB—IDok __ Dg+enf—IDgls
D™ f(Vg) :=su L Y —=su
Vo) s<]f:)) 2e s<I(? pe|Dglh 2

Since in general D* f(Vg) # D~ f(Vg), for given g the maps f + D*f(Vyg) are typically
not linear, yet some structural properties are retained even in this generality, because f —
DT f(Vg) is pointwise convex, and f + D~ f(Vg) pointwise concave. For given f, the maps
g — DT f(Vg) have some very general semicontinuity properties, see Proposition We will
call spaces such that D f(Vg) = D™ f(Vg) m-a.e. for any f,g € SP(X,d, m), g-infinitesimally
strictly convex spaces: in the Finsler setting this notion reduces to the strict convexity of the
norm in a.e. tangent space. On such spaces, the common value of DT f(Vg) and D~ f(Vg)
will be denoted by D f(Vg).

From the definition it is not hard to prove that D* f(Vg) satisfies natural chain
rules. The Leibniz rule could then be proved as a consequence of them, see Remark [3.20] Yet
we will proceed in a different way, as this will give us the opportunity to introduce important
concepts which play a key role in the proof of the Laplacian comparison: we will define the
notion of gradient vector field. The idea is the following. On general metric measure spaces
we certainly do not have tangent vectors. But we have curves. And we can think at a tangent
vector as the derivation at time 0 along a sufficiently smooth curve. Even on R¢, in order
to get this interpretation it is not sufficient to deal with Lipschitz curves, because nothing
ensures that their derivatives at 0 exists. In order to somehow enforce this derivative to exist
in a non smooth setting, we will take advantage of ideas coming from the gradient flow theory:
notice that from it is not difficult to see that for any g € SP(X,d, m) and 7 as in
it holds

lim de /|Dg|p (o) d7 (7 hm// 4|7 dtde (v (1.9)

tl0 t

Therefore if for some g, 7 it happens that

i [ SO0 4o > 2 g ) am) + S [t anam(). (a0)

t10

it means that the curves where 7 is concentrated ‘indicate the direction of maximal increase
of g at time ¢ = 0’. In a smooth setting, this would mean 7 = Vg(y) for m-a.e. 7. We



then use ([1.10)) as definition and say that if it holds, then 7 is a plan which g-represents Vg.
Arguing exactly as at the end of the Section (l.1]), we get the following crucial result: for
fyg € SP(X,d,m) and 7w which g-represents Vg it holds

[ D 5(vIDglt > an(on) = T | dem,
(1.11)
/D f(Vg)|Dgltr2dm (o) < hm/ f(n) dm (7).
t10
Notice that if the space is g-infinitesimally strictly convex, then tells that the limit
limy o [ M dm(v) exists and in particular the map

weedmss ot [ 109200400,

is well defined and linear, so that we can really think at plans 7 representing gradients as
differentiation operators (see Appendix |Al).

The non trivial task here is to prove that plans ¢-representing gradients exist. This is
achieved by calling into play optimal transport as key tool: we will combine gradient flow
theory, a powerful duality principle due to Kuwada [20] and a general superposition principle
due to Lisini [22], see the proof of Lemma Such existence result as well as part of the
computations done in this chapter were already present, although in an embryonal form and
for some special class of spaces, in [5].

Coming back to the Leibniz rule, it will be easy to show - essentially as a consequence
of its validity on the real line - that for 7 which g-represents Vg, g € SP(X,d, m) and non
negative f1, fo € SP(X,d, m) N L>°(X,m) it holds

% f1(%)f2(%)—tfl(%)fé(%) dre () Sltiﬂ[)l/flwo)fz(%);fz(%) dre (")

+12j51/f2(70)f1(%);f1(%) dr ().

From this inequality and a little bit of work, taking advantage of ((1.11)) it will then be possible
to show that the Leibniz rule holds in the following general form:

DT (f1f2)(Vg) < /iD* [2(Vg) + f2D* f1(Vg),

D™ (f1f2)(Vg) = 1D~ f2(Vg) + f2D™* f1(Vyg),
m-a.e., where s; :=signf;, i =1, 2.
Chapter [4] Once a rigorous meaning to D¥ f(Vg) is given, the definition of Laplacian can
be proposed along the same lines of (1.4). We say that g : X — R is in the domain of the

Laplacian, and write ¢ € D(A), provided it belongs to SP(X,d, m) for some p € (1,00) and
there exists a locally finite Borel measure p such that

- [prvgam< [ ran<~ [ D f(vg)am, (1.12)

holds for any f : X — R Lipschitz, in L*(X,|u|) and with support bounded and of finite
m-measure - see Definition In this case we write 4 € Ag (we use the bold character



to emphasize that we will always think the Laplacian as a measure). The calculus tools
developed in Chapter [3] allow to prove that also for this general potentially non linear and
multivalued notion of Laplacian, a reasonable calculus can be developed. For instance, the
chain rule

A(pog) D¢ ogAg+¢"og|Dglsm,

holds under very general assumptions on g, ¢ (see Propositions and .

A particularly important class of spaces is that of ‘infinitesimally Hilbertian spaces’, i.e.
those such that W12(X,d, m) is an Hilbert space. In these spaces, the Laplacian is unique and
linearly depends on g, at least for g € S?(X,d, m). The key consequence of this assumption is
that, as already noticed in [5], not only the space is 2 infinitesimally strictly convex, so that

Df(Vg) is well defined for f,g € S?(X,d, m), but also
Df(Vg) = Dg(Vf), m—ae. vf,g € SA(X,d,m).

This common value will be denoted by Vf - Vg to emphasize its symmetry. An important
consequence of such symmetry is that the Leibniz rule for the Laplacian

A(g192) = 1Ag2 + g2Ag1 +2Vg; - Vgom

holds, see Theorem [4.28]

On a smooth setting, a completely different approach to a definition of distributional
Laplacian is to look at the short time behavior of the heat flow. It is therefore natural to
question whether such approach is doable on abstract spaces and how it compares with the
one we just proposed. Certainly, in order to do this, one has to deal with spaces where a ‘well-
behaved’ heat flow exists. We will analyze this approach, and show that under pretty general
assumptions it produces the same notion as the one coming from integration by parts, on
spaces with Riemannian Ricci curvature bounded from below. This class of spaces, introduced
in [5], is - shortly and roughly said - the class of infinitesimally Hilbertian C'D(K, c0) spaces,
see Definition [£.29

Chapter [5| Our task is now to prove that the sharp Laplacian comparison estimates for the
distance function are true in abstract CD(K, N) spaces. The problem here is that the typical
proof of these comparison results relies either on Jacobi fields calculus, or on the Bochner
inequality. None of the two tools are available, at least as of today, in the non smooth setting.

The only information that we have is the one coming from the C'D(K, N) condition.
In order to illustrate how to get the Laplacian comparison out of this, let us assume for
a moment that we are dealing with a smooth Finsler manifold (F,d, m) that satisfies the
CD(0, N) condition and such that the norms in the tangent spaces are all strictly convex. The
CD(0,N) condition tells, in this case, that for any po, u1 € Z(F) with bounded support the
unique (constant speed and minimizing) geodesic (u¢) on the Wasserstein space (P2(F'), Wa)
connecting g to wy satisfies

1 1 1
—/pt1 N dvol < —(l—t)/p(l) Ndvol—t/pi N dvol, vt € [0, 1], (1.13)

where p; is the density of the absolutely continuous part of u; w.r.t. m. Fix xg € F, let

2
o(z) = LQ’IO) and let pg be an arbitrary smooth probability density with compact support.



Put p := pom and notice that the only geodesic connecting pg := p to p1 = 0, is given by
i = (exp(—tVy))su. Hence, letting p; be the density of i, by explicit computation we get

_ 1 _ 1
— p: Ndm + p(l) N dm
lim L /D(plzlv)(vga) dm (1.14)
10 t N ) '

On the other hand, (|1.13]) gives

_1 _1
—/pszm—k/péNdm -
Ii < N d 1.1
i ; _/po m, (1.15)

so that it holds ) ) )
-1 1—-L

Given that pg is arbitrary, non negative and was chosen independently on ¢, we get Ap < N,
which - up to a chain rule - is ([.1). For bounds on the Ricci curvature different than 0,
is modified into a distorted geodesic convexity of — [ pl_% dvol, and the very same
computations give the general sharp Laplacian comparison estimate (we also remark that on
a smooth setting, taking two derivatives of the internal energy instead than one leads, via the
CD(K, N) condition, to the Bochner inequality - see [17]).

The difficulty in proceeding this way in a non smooth setting relies in proving that
holds, at least with > replacing =. Notice indeed that we don’t have any sort of change of
variable formula. The idea to overcome this issue, which was also used in [5], is to first notice

- as in the proof of Proposition 3.36 of [24] - that the convexity of z — un(2) = o
yields
1—L 1—L
—/ptNdnH—/poNdm 1 1
> [t o= pyam = ¢ [ ut(n) o~ ui(n) 0o,

t —t t

where m € 22(C([0,1], X) is such that (e;)ym = i for any t € [0,1] and ffol |%¢|? dt dm(y) =
WZ(uo, p1). Then, taking advantage of Cheeger’s results in [10], one can see that m 2-
represents V(—¢) (see Corollary for the rigorous statement), hence the limit as ¢ | 0 of
the last term in the previous expression can be computed using to get

tim ;[ (o) oer — () o codm = [ D (uy(p)(V(~¢)podm

t}0
= —/D+ ) (V) dm.

Using (|1.15)), which remains valid in the abstract setting, we then get

/D+ ) (V) dm < N/p0 ¥ dm, (1.16)

this inequality being true for any Lipschitz probability density pp with compact support (see
the proof of Theorem for the rigorous justification). Notice that from and the def—

1 1
inition (1.12]) we could deduce that Ay < Nm if there was D~ (pé V) in place of D*( )



in the left hand side. This means that at least for spaces which are g-infinitesimally strictly

1 1
convex for some ¢ € (1,00), where D (pé N) (V) =D~ (p(l) M) (Ve), we can conclude that
the Laplacian comparison holds, in line with what is known in the smooth Finsler setting (see
[28]).

I wish to warmly thank L. Ambrosio, C. De Lellis, G. Savaré and K.-T. Sturm for valuable
conversations I had with them while writing this work.
In preparing this paper, I was partially supported by ERC AdG GeMeThNES.

2 Preliminaries

2.1 Metric spaces and Wasserstein distance

All the metric spaces (X,d) considered will be complete and separable. The open ball of
center x € X and radius r > 0 is denoted by B,(z). C([0,1],X) is the space of continuous
curves from [0, 1] to X equipped with the sup norm, which is complete and separable. For
t € 0,1], the evaluation map e; : C([0,1], X) — X is given by

e(7) =m,  ¥yeC(0,1],X).
For ¢,s € [0, 1], the restriction operator restr; : C'([0,1], X) — C([0, 1], X) is defined by

(restry (7)) := Yerr(s—t), Vv € C([0,1], X). (2.1)

So that for t < s, restr{ restricts the curve + to the interval [¢, s] and then ‘streches’ it on the
whole [0, 1], for ¢t > s also a change in the orientation occurs.

A curve v € C([0, 1], X) is said absolutely continuous provided there exists f € L([0,1])
such that

d(ve,vs) < /ts f(r)dr, Vt,s €10,1], t < s. (2.2)

The set of absolutely continuous curves from [0, 1] to X will be denoted by AC([0,1], X).
More generally, if the function f in belongs to LI(]0,1]), g € [1, 00], 7y is said g-absolutely
continuous, and ACY([0,1], X) is the corresponding set of g-absolutely continuous curves. It
turns out (see for instance Theorem 1.1.2 of [2]) that for v € AC?([0, 1], X) the limit

11m d (’yt“rh? ,‘Yt) ,
h—0 |h|

exists for a.e. t € [0,1], and defines an LY function. Such function is called metric speed or
metric derivative, is denoted by |¥;| and is the minimal (in the a.e. sense) L? function which
can be chosen as f in the right hand side of .

(X,d) is said to be a length space provided for any z,y € X it holds

1
d(z,y) :inf/ | 9| dss,
0

the infimum being taken among all v € AC([0,1], X) such that 79 = =, 71 = y. If the
infimum is always a minimum, then the space is said geodesic, and a geodesic from x to y

10



is any minimizer which is parametrized by constant speed (they are sometime referred as
constant speed and minimizing geodesics). Equivelently, v is a geodesic from x to y provided

d(’Y.ﬂ’Yt) = ‘8 - t|d(70a’Yl)a Vtas € [07 1]5 Y0 = 7T, =Y.

The space of all geodesics on X will be denoted by Geo(X). It is a closed subset of C([0, 1], X).

Given Borel functions f: X — R, G : X — [0, 00] we say that G is an upper gradient of
f provided

1
Fn) - F(0)] < /0 Gl dt, ¥y € AC(0, 1], X).

For f : X — R the local Lipschitz constant |Df|: X — [0, 00| is defined by

Df|(x) = Tom LW = F@)]

, if = is not isolated, 0 otherwise. (2.3)
y=e o d(z,y)

The one sided analogous |D™ f|,|D~ f|, defined by

D% () = iy WSO D fl(a) = T LW =S

; , 2.4
M i) T 24)

if  is not isolated and 0 otherwise, are called ascending and descending slope respectively,
where 2T := max{z,0}, 2~ := max{—z,0}. It is easy to check that if f is locally Lipschitz,
then |D*f|, |Df| are all upper gradients of f.

Notice the change of notation with respect to previous papers on similar topics (even by
the same author as the current one): the local Lipschitz constant and the slopes are sometime
denoted by |V f|,|V*f|. We are proposing this switch because, being these objects defined in
duality with the distance, they are naturally a cotangent notion (from this perspective, the
wording ‘upper gradients’ might be a bit misleading, as they should rather be called ‘upper
differentials’)

The space of all Lipschitz real valued functions on X will be denoted by LIP(X).

Given a Borel measure o on X, by supp(c) we intend the smallest closed set where o is
concentrated.

The set of Borel probability measures on X will be denoted by #(X). For q € [(,00),
Pq(X) C P(X) is the set of measures with finite g-moment, i.e. p € P (X) if p € Z(X)
and [d?(z,z0)dp(z) < oo for some (and thus every) zgp € X. Z4(X) is endowed with the
g-Wasserstein distance W, defined by

Wil,v) = int [ di(a.y) dy(ay),

where the inf is taken among all transport plans =, i.e. among all v € £(X x X) such that
711117 = u, 7Tt127 =v.

We recall the following superposition result, proved by Lisini in [22] as a generalization of
an analogous result proved in [2] in the Euclidean context.

11



Theorem 2.1 (Lisini) Let (X,d) be a complete and separable metric space, q € (1,00), and
0,1] 5t = w € P¢(X) a g-absolutely continuous curve w.r.t. W,. Then there exists a
measure w € Z(C([0,1], X)) concentrated on AC1([0,1], X) such that

(et)ﬁﬂ- = M, vt € [07 1]7

3, |4 — |19 (25)
[Ye|?dm (y) = | e, ae. t.

We remark that for a plan v € Z2(C(|0, 1], X)) such that ffol |9¢|? dt d7r () < oo and satisfying
(et)ym = p for any ¢ € [0,1], it always holds [ |7 dm(y) > |@|? for a.e. ¢ € [0,1], so that
Lisini’s result is of variational nature, as it selects plans with minimal energy.

Although we will have to work with general g-Wasserstein distances, we will reserve to the
special case ¢ = 2 the wording of ‘c-concavity’, ‘Kantorovich potential’ and ‘optimal geodesic
plan’. Thus the c-transform ¢¢: X — RU{—o0} of a map ¢ : X — RU{—o00} not identically
—o0 is defined by

d*(z,y)

¢°(y) = inf 5 — p(z).

zeX
A function ¢ : X — RU {—o0} is called c-concave provided it is not identically —oo and it

holds ¢ = 3¢ for some 1. Notice that for a generic function ¢ : X — RU {—oc0} it always
holds ¢ = ° and

0 = p, (2.6)

thus ¢ is c-concave if and only if ¢ < ¢. The c-superdifferential 9°p of the c-concave map
¢ is the subset of X? defined by

d*(z,y)

(z,y) € 0% & p(2) +¢°(y) = —

The set 0°p(x) C X is the set of those y’s such that (z,y) € 0.
Given p,v € P5(X), a Kantorovich potential from u to v is any c-concave map ¢ such

that
*WQ sV /«pdwr/

The set OptGeo(u,v) C Z(Geo(X)) is the set of those 7’s such that
Wa((es)g, (er)gm) = |s—t|Wa((e1)gmr, (e0)ymr), Vt,s € [0, 1], (eo)gm =p, (e1)ym = .

Recall that (u:) C P2(X) is a constant speed geodesic if and only if for some 7w €
OptGeo(pug, p1) it holds
(er)pm = pt, vt € [0,1].

We conclude with the following simple result, whose proof is extracted from [15]. We remind
that (X,d) is said proper, provided bounded closed sets are compact.

Proposition 2.2 Let (X,d) be a proper geodesic space and ¢ : X — R a locally Lipschitz
c-concave function. Then for every x € X the set 0°(x) is non empty, and Uyer0°p(x) is
compact for any compact set K C X.
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proof Fix x € X and notice that since ¢ is c-concave, there exists a sequence (y") C X such
that

i (z,y")
o) ="

d2 n
‘P(Z)S(zmgoc(y"), VneN, ze X.

Now let 4™ : [0,d(x,y™)] — X be a unit speed geodesic connecting = to y", choose z = ~] in
the inequality above and subtract ¢(x) to get
d2 n o,n d2 n 1
lim o(77') —¢(z) < lim (712’y o) gy —d(z,y") + 5

n—00 n—oo 2 n—o00 2

—°(y"),

The set {77}, is bounded by construction, hence, since ¢ is Lipschitz on bounded sets, the
left hand side of the inequality is finite, which forces lim, o d(z,%,) < co. Thus, since the
space is proper, the sequence (y") converges, up to pass to subsequences, to some y € X,
which can be easily seen to belong to 0%p(x).

This argument also gives the quantitative estimate d(z,y) < Lip(g0| By (I)) + % for y €
0°p(x). Therefore for a compact K C X, the set Uzegd°p(x) is bounded. Since it can be
easily checked to be closed, the proof is finished. O

2.2 Metric measure spaces

The main object of investigation in this paper are metric measure spaces (X, d, m), which will
always be of the following kind

(X,d) is a complete separable metric space, 2.7)
m is a Borel locally finite and non negative measure on X, '

where by local finiteness we mean that for every x € X there exists a neighborhood U, of x
such that m(U,) < oo.

From the fact that m is locally finite and (X, d) separable, using the Lindel6f property it
follows that there exists a Borel probability measure m € &?(X) such that

m<m < Cm, for some constant C,

.. dm o (2.8)
with am locally bounded from below by a positive constant,

where again by locally bounded from below we intend that for any x € X there exists a

neighborhood U, and a constant c; > 0 such that m-a.e. on U, it holds % > c,. It is also

not difficult to see that m can be chosen so that
/dq(q:,xo) dm < oo, Vg > 1, for some, and thus any, o € X. (2.9)

We fix once and for all such measure m: its use will be useful to get some compactness in the
proof of Theorem (in particular, in Lemma [3.13). Yet, we remark that m is not really
part of our data, in the sense that all our results do not depend on the particular measure m

satisfying (2.8)) and ({2.9).
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2.3 Sobolev classes

In this section we recall the definition of Sobolev classes SP(X,d, m), which are the metric-
measure analogous of the space of functions having distributional gradient in LP when our
space is the Euclidean one, regardless of any integrability assumption on the functions them-
selves. Definitions are burrowed from [3], [4], but the presentation proposed here is slightly
different: see Appendix [B]for the simple proof that the two approaches are actually the same.
The basic properties of the Sobolev classes are recalled mainly without proofs, we refer to [4]
for a detailed discussion (see also [I] for the case p = 1).

Definition 2.3 (¢-test plan) Let (X,d, m) be as in (2.7) and m € Z(C([0,1],X)). We say
that 7 has bounded compression provided there exists C' > 0 such that

(e)ym < Cm,  Vte[0,1].

For q € (1,00) we say that 7 is a q-test plan if it has bounded compression, is concentrated

1
on ACY([0,1], X) and
1
// |9¢|? dt d7r () < o0.
0

Definition 2.4 (Sobolev classes) Let (X,d,m) be as in (2.7), p € (1,00) and q the con-
jugate exponent. A Borel function f: X — R belongs to the Sobolev class SP(X,d,m) (resp.
SP (X,d,m)) provided there exists a function G € LP(X,m) (resp. in LI (X,d,m)) such that

loc loc

1
1560 = ol ant) < [ [ Gaokildsan().  Votestptanw. - (210)
In this case, G is called a p-weak upper gradient of f.

Since the class of g-test plans contains the one of ¢’-test plans for ¢ < ¢/, we have that
Sh (X,d,m) CS) (X,d,m) for p>p/, and that if f € S] (X,d,m) and G is a p-weak upper
gradient, then G is also a p/-weal upper gradient.

The following result has been proved in [4]: the proof relies on Fuglede’s lemma and of the
equivalence of this approach to Sobolev functions with the one proposed by Shanmugalingam

in [37]:

Proposition 2.5 Let (X,d,m) be as in , l1<p <p<ooand fes] (X,dm)C
S%C(X, d,m). Then G is a p-weak upper gradient if and only if it is a p'-weak upper gradient.
proof In Theorem 7.4 of [4] it has been proved that G is a p-weak upper gradient if and only
if it is a p-upper gradient in the sense of Shanmugalingam, and in Proposition 5.5 of [4] that
the p-minimal upper gradients in the sense of Shanmugalingam of a function in SP(X,d, m) is
equal to the p’-minimal upper gradient in the sense of Shanmugalingam for any 1 < p’ < p.
Notice that in Theorem 7.4 of [4] it is assumed that (X,d) is compact, that f € L9(X, m) and
that m € Z(X), but arguing as in Sections 8.1 and 8.2 of [4] we see that these are unnecessary

hypothesis. ([l
Arguing as in Section 4.5 of [4], we get that for f € SP(X,d,m) (resp. S (X,d, m)) there

loc
exists a minimal function G, in the m-a.e. sense, in LP(X,m) (resp. L] (X, m)) such that
(2.10) holds. We will denote such minimal function by |Df|,. As for the local Lipschitz
constant and the slopes, we switched from the notation |V f|,, used in [3] and [4] to |Df|, to

underline that this is a cotangent notion, a fact which plays a key role in our analysis.
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Remark 2.6 Notice that in denoting the minimal p-weak upper ‘gradient’ by |D f/|,,, we are
losing the reference to the exponent p, which plays a role in the definition as it affects the
class of test plans. A more appropriate notation would be |D f/y p.

We chose to avoid the reference on p both to avoid overcomplications on formulas, and
because by Proposition [2.5| we know that the role of p is almost marginal. Indeed it implies
that for f € S} .(X,d,m) and p’ < p, we have |Df|yp = |Df|ypy m-a.e.. Yet, |Dfly,, might

depend on p because there are spaces (X,d,m) and functions f € S? (X,d,m) such that

loc

|D f|wpy € LP(X,m) for some p > p/, but such that f ¢ S (X,d, m). The problem being that
the larger p is, the larger is the set of test plans considered. An example of this behavior -
due to Koskela - is reported in [4].

In summary, for a function f belonging to some Sobolev class S} (X,d, m), the functions
|D fly are either all well defined and the same for every p’ € (1, 00), or well defined and the
same for p’ below some threshold and not defined at all for p’ large enough.

For this reason we believe that the risk of confusion in denoting the p-minimal weak upper
gradient of f € S} (X,d, m) simply by |Df|, is minimal. |
Notice that if 7 is a ¢-test plan and I' C C([0, 1], X) is a Borel set such that 7 (I") > 0, then
also the plan W(F)_lﬂ"r is a g-test plan. Also, for any ¢,s € [0,1] the plan (restr);m is a
g-test plan as well (recall definition ) Then a simple localization argument yields that

from ([2.10]) it follows that
Vt < s€0,1] it holds lf(vs) — fm)] < / | D fw ()| 4| dr, ™ —a.e. vy, (2.11)
t

whenever 7 is a g-test plan and f € S? (X,d, m).

loc
It is obvious that SP(X,d,m) and S? (X,d, m) are vector spaces and that it holds

loc
[D(af + B9)lw < lal|Dflw + [Bl[Dglw,  m—ae., Vo,BeR, (2.12)

and that the spaces SP(X,d, m) N L>(X, m) and SV (X,d,m) N L{2,(X, m) are algebras, for
which it holds

[D(f9)lw < [fIDglw + [9llDflw, — m—a.e. (2.13)
It is also possible to check that the object |Dfl|,, is local in the sense that

Vf e S (X,d,m)it holds [Df|, =0, m—ae. onf'(N), VNCR, st. L}N)=0,
(2.14)
and
|Dflw = |Dg|w, m—a.e. on{f =g}, Vf,ge St (X,d,m). (2.15)

loc

Also, for f € SP(X,d,m) (resp. SP (X,d,m)) and ¢ : R — R Lipschitz, the function ¢ o f

loc

belongs to SP(X,d,m) (resp. SP (X,d, m)) as well and it holds

loc
ID(po f)lw=1¢ o flIDflw  m—a.e. (2.16)

The object |Df],, is local also in the following sense (see Theorem 4.19 of [5] for the case
p = 2 and Section 8.2 of [4] for the general one).

Proposition 2.7 Let (X,d,m) be as in (2.7), p € (1,00) and @ C X an open set. Then the
following holds.
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i) For f € SP(X,d,m) (resp. f € SV (X,d,m)), the restriction of f to Q0 belongs to
fesP(Q,d,m) (resp. feS) (Q,d,m)) and it holds

(IDflo)x = (IDfl)g,  m—a.e. in 2, (2.17)

where by (|Dflw)x (resp. (|Dflw)g) we are denoting the minimal p-weak upper gradient
of f in the space (X,d, m) (resp. of the restriction of f to 2 in the space (£, d,m|§)).

it) Viceversa, if f € SP(Q,d,m) (resp. SV (Q,d,m)) and supp(f) C Q with d(supp(f), X \
Q) > 0, then extending f to the whole X by putting f = 0 on X \ Q we have [ €
SP(X,d,m) (resp. fe8S] (X,d,m))and (2.17) holds.

proof In [B], (i) was stated under the additional assumption that m(9€2) = 0 and then the
conclusion was given m-a.e. on ). To check that the statement is true also in the
current version, just notice that from the local finiteness of m we can easily build an open set
Q' C Q such that supp(f) € @, d(, X \ Q) > 0 and m(9Q') = 0. O

We endow SP(X,d, m) with the seminorm

I fllsex,dm) = D flwll e xm)- (2.18)

We don’t know if (the quotient of) SP(X,d, m) is complete w.r.t. || - ||se.
The Sobolev space W1P(X,d,m) is defined as W1P(X,d,m) := SP(X,d,m) N LP(X, m)
endowed with the norm

LBy = 1 ey & 1By

WLP(X,d, m) is always a Banach space (but we remark that in general W12(X,d, m) is not
an Hilbert space). The completeness of W1(X,d, m) is a consequence of the following result,
whose proof follows from the definitions and Mazur’s lemma.

Proposition 2.8 Let (X,d,m) be as in (2.7), p € (1,00), (fn) C SP(X,d,m) and (Gn) C
LP(X,m). Assume that G, is a p-weak upper gradient of f, for every n € N, that f, — f
pointwise m-a.e. and G, = G in LP(X,m) for some functions f,G

Then f € SP(X,d,m) and G is a p-weak upper gradient of f.

In [3], [4] the following non trivial result has been proved.

Theorem 2.9 (Density in energy of Lipschitz functions) Let (X,d,m) be as in (2.7),
p € (1,00) and assume that m is finite on bounded sets. Then for every f € WiP(X,d, m)
there exists a sequence (f,) C WYP(X,d, m) of Lipschitz functions such that

nh_{]go |frn — f||LP(X7m) =0,

Jim | frllse (x,dm) = Jim ID falll e (xm) = Jim ND falllr(xm) = 1 fllsp(x,d,m)>

where given g : X — R, the function |Dg| : X — [0,00] is 0 by definition on isolated points
and

Do) = inf  sup 198 =90l
7>0y tyoeBo (@) d(Y1,92)

on the others.
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proof The proof given in in [4] for p € (1,00) was based also on the assumption that m
was finite. If m is only finite on bounded sets we can argue as follows. We pick a sequence
(Xn) of 1-Lipschitz functions with bounded support and values in [0,1] such that X, = 1
on B, (%), for some fixed T € X. Then we fix f € WYP(X,d, m) and notice that by the
dominate convergence theorem we have fXx, — f in LP(X,m) as n — oo, by that
|ID(fXn)|lw = |Dflw m-a.e. on B,(T) and from that |D(fXn)|w < |Dflw + |f| so that
[/ Xnllse(x.am = Ifllsp(x.dm) as n — oo (([2.13) was stated for bounded functions, but it
is true also with f € LP(X,m) if, as in our case, the other function is both bounded and
Lipschitz). Thus (fX,) converges in energy in W?(X,d, m) to f as n — oco. Since fX, is in
WP(X,d, m) and has bounded support, taking into account Proposition the fact that m
is finite on bounded sets and the result in [4], a diagonalization argument gives the result.
O

In particular, the following holds:

Corollary 2.10 Let (X,d,m) be as in (2.7) be such that m is finite on bounded sets and
p € (1,00). Assume that WHP(X,d, m) is uniformly convex. Then LIP(X)NWYP(X, d,m) is
dense in WHP(X,d,m) w.r.t. the WP norm.

For later use, we collect here some basic duality properties between SP(X,d, m) and the
set of g-test plans. It will be useful to introduce the g-energies of a curve v € C([0, 1], X): for
€ (1,00), and t € (0, 1], the g-energy E,; : C([0,1],X) — [0, 00] is defined by

1 t
(/— ¥s |2 if AC1 X
By {3 [ elrds it e ac(o.n, ) (2.19)
+-00,

otherwise.

Proposition 2.11 Let (X,d,m) be as in (2.7), p € (1,00) and q the conjugate exponent,
feSP(X,d,m) and ™ a q-test plan. Then the following are true.

’Wp<1/t’Df‘ﬁ}(fys)ds, m™—a.e. vy, YVt € [0,1], (2.20)

0

o _ P

i [ 10900 am) < / D15 (20) de (), (221)
ltiJI})l/ f(%);fw /\Df|p o) d7r (~y +11m // [9s|?dsdm(y). (2.22)

proof From (2.11)) we obtain

F0) — f(20)] < /0 \Df|w<fys>|f'ys|dss(/ /0 IDf!{’u(%)dS‘\z/ /0 Fale ds,

which is a restatement of (2.20)). Integrate (2.20]) w.r.t. 7 to get

[P 00 ey <1 [ [ 1nspateaimas = [ 1011z (4 [ puds) am,
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where p; is the density of (es);m w.r.t. m. Conclude observing that |Df|}, € L*(X, m), that p,
weakly converges to pg as s | 0 in duality with Cy(X) and that ||ps|/ is uniformly bounded
to get weak convergence of ps to pg in duality with L'(X,m), thus it holds

13%1/|ny1’ (/ psd5> dm = /|Df|f” dm,

and (2.21)) is proved. For (2.22)) just notice that for mw-a.e. v it holds

[f(ve) = f(o)l _ [F(ve) = f(0)] eq ‘f V) ( 0) [* 1‘Eq,t(7) ! (2.23)
t Eq,t(’)/) q t ’
then integrate w.r.t. 7 and use (2.21]) in passing to the limit as ¢ | 0. U

Proposition 2.12 Let (X,d,m) be as in (2.7), p € (1,00) and q the conjugate exponent,
feSP(X,d,m) and ™ a q-test plan. Then

lim \/ / DB oesds = |Dflwoco,  in LP(m). (2.24)

10

Furthermore, if the family of functions % is dominated in LY(7), then the family of functions
M is dominated in L'(m).

proof To prove (2.24)) it is sufficient to show that
1 t
ltiﬁ)lt/ |IDfP oesds = |DfP o e, in L(m). (2.25)
0

To this aim, associate to a generic h € L'(X, m) the functions H; € L(w), t € [0,1], defined
by

1 t
Ht::t/hoesds, Hy := hoey,
0

and notice that if h is Lipschitz, the inequality |H¢(y) — Ho(vy)| < Lip(h fo (Vs,70) ds <

Lip(h) fg [Vs| ds easily yields that ||H; — Hol[z1(n) — 0 as ¢ | 0. Now recall that Lipschitz
functions are dense in L!(X, m) and use the uniform continuity estimates

[3|[ wowras

/W%WMWSCWUWW
where C' > 0 is such that (e;)yw < Cm for any ¢ € [0,1], to conclude that (2.25) is true by
choosing h := |Df|L,.
For the second part of the statement, observe that (2.23)) and (2.20) give

B t

dm () /|h%mﬂﬂ)<@Wme

q

)

that (2.25)) yields that the family of functions z%t fg |Df5(vs) ds is dominated in L'(#), and
use the assumption to conclude. O
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2.4 The Cheeger energy and its gradient flow

In Section [3:2] when discussing the existence ‘plans representing a gradient’, we will need to
call into play some non trivial link between gradient flows in L? and Wasserstein geometry.
In this short section we recall those results which we will need later on.

We start with the following statement concerning the dependence of the Sobolev classes
w.r.t. the reference measure, proven in Section 8.2 of [4].

Proposition 2.13 Let (X,d) be a complete and separable metric space and m,m’ two lo-
cally finite, non negative Borel measures on it. Assume that m < m’ < m with ‘éﬂm locally
bounded from above and from below by positive constants. Then for every p € (1,00) the sets
Sh (X,d,m) and S} (X,d,w’) coincide and for f € S} (X,d,m) =S} (X,d,w') a function

G is a p-weak upper gradient of f in SV (X, d,m) if and only if it is so on S (X, d,m’).

loc loc

In summary, the notion of being a Sobolev function is unchanged if we replace the reference
measure m with an equivalent one m’ such that log(%—";:) € LX (X, m).

Now let (X,d, m) be a space as in and m € Z(X) our fixed measure satisfying
and . As a consequence of Propositon above and the inequality m < C'm for some
C > 0, we also get that SP(X,d,m) C SP(X,d,m).

For p € (1,00) define the Cheeger energy functional Ch,, : L?(X,m) — [0, 00] by

1 -
! / IDFP, din, if f € SP(X,d, m) N L2(X,m),

Chy(f):={ P (2.26)
+00 otherwise.

And similarly (%p : L2(X,m) — [0, 0] by

1 - - -

N ! / IDFJP i, if f € SP(X,d, @) N LA(X, @),

Chy(f):={ P (2.27)
+00 otherwise.

The name ‘Cheeger energy’, introduced in [3] for the case p = 2, has been preferred over
‘Dirichlet energy’, because in general it is not a Dirichet form - not even for p = 2, and
because its first definition, which is equivalent to the one we gave, was based on a relaxation
procedure similar to the one done by Cheeger in [10].

The properties of Chy, in particular of Chg, are linked to some special case of the definition
of Laplacian - see Proposition -, while those of Gﬁp will be of key importance in order to
get some sort of compactness in the proof of the crucial Lemma [3.13]

Notice that Ch, is convex, lower semicontinuous and with dense domain, thus for any
f € L*(X,m) there exists a unique gradient flow of Cth starting from f.

The following theorem collects the main properties of this gradient flow. In an abstract
setting it has been proved firstly in [I§] (in Alexandrov spaces and for p = 2), generalized
in [3] (for a class of spaces covering in particular those as in , and for p = 2) and in its
current form in [4]. The difficult part of the statement is the fifth, where the Wasserstein
geometry is linked to the dissipation of équ: the key tool which allows to get the sharp bound
on |fi| is Kuwada’s lemma, appeared at first in [20].
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Theorem 2.14 Let (X,d,m) be as in (2.7) and m € P (X) as in (2.8), (2.9). Also, let
p € (1,00), f € L*(X,m) and (f;) C L*(X,m) be the gradient flow of Ch, starting from f.
Then the following hold.

i) Mass preservation /ft dm = /fdtﬁ for any t > 0.

ii) Maximum principle If f < C (resp. f > ¢) m-a.e., then f; < C (resp. fy > ¢) m-a.e.
for any t > 0.

i4i) Entropy dissipation If ¢ < f < C m-a.e. and u : [c,C] — R is a C? map, then
t = [u(fi)dm belongs to C1(0,00) and it holds

d

T u(fy)dm = /u”(ft)|th|ﬁ) dm, for any t >0, (2.28)

iv) Dissipation at t =0 With the same assumptions as in (iit), if furthermore f €
SP(X,d,m), then (2.28) is true also for t =0 and it holds

i [ (DAL A = [ (7)1 i (2:29)

v) Control on the Wasserstein speed Assume that ¢ < f < C for some ¢,C > 0 and that
[ fdm = 1. Then the curve t — py := fym (which has values in Py(X) thanks to (i),
(i1) and (2.9)) is g-absolutely continuous w.r.t. Wy, where q € (1,00) is the conjugate
exponent of p, and for its metric speed |fut| it holds

Dfilw -
| e S/‘f{_tL dm,  ae. t. (2.30)
t

3 Differentials and gradients

3.1 Definition and basic properties

Following the approach described in Section our first task toward giving the definition of
distributional Laplacian on a metric measure space (X, d, m) is to give a meaning to D* f(Vyg)
for Sobolev functions f, g. We will imitate the definition given in the right hand sides of (1.5)),

([6).
Start noticing that if ¢ : R — R™ is a convex function, the values of
p_ P . p_ P
lim P8 w(g) 7 i ) so(g)
0 pep(0)P- 10 pep(0)P-

are independent on p € (1,00), and equal to ©(0)¢’(07), ©(0)¢'(07) respectively, as soon as
©(0) # 0. The convexity also grants that the limits exist and can be substituted by inf.~

and sup, ., respectively.
Fix p € (1,00), let f,g € S? (X,d,m) and observe that (2.12) ensures that the map

loc
e+ |D(g+ ef)|w is convex in the sense that

ID(g+ (1= XNeo+Aer) flw < (L =XN)|D(g+cof)|lw + AD(g+e1f)|w, m—a.e.,

for any A € [0,1], e0,e1 € R.
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Definition 3.1 (D*f(Vyg)) Let (X,d,m) be as in 2.7), p € (1,00) and f,g € Sh(X,d,m).
The functions D f(Vg) : X — R are m-a.c. well defined by

D b —|Dglk,
D+f(Vg) ::@| (g+€f)| _2| g‘ ’
10 pe|Dglk,
—|D(g+ )l — Dglh
D~ £(Vg) i [Pl +ef)] _2! gl
eto pe| Dyl

9

on {z : |Dglw(z) # 0}, and are taken 0 by definition on {x : |Dg|y(x) = 0}.

The initial discussion ensures that the right hand sides in do not depend on p € (1,0),
that the limits exist and that they can be substituted by essential inf.~, sup, o respectively.

Throughout this paper, the expressions D= f(Vg)|Dgl% * on the set {z : |Dg|u(z) = 0}
will always be taken 0 by definition. In this way it always holds

P _ p
Dt f(Vg)|DglP% = inf ID(g +ef)|% — | Dglb
g

)

pe

D p _ D p

D~ (V)| Dyt = sup LDl Z Dol
<0 pe

m-a.e. on X.
Notice that the inequality |D(g + ef)|w < |Dglw + €|D fly yields

|D¥£(Vg)| < |Dflw|Dglw, — m—a.e, (3:2)

and in particular D= f(Vg)|Dglt % € L*(X,m) for any f, g € SP(X,d, m) (resp. in L} (X,m)
for f,g €SP (X,d,m)).

loc

The convexity of f + |D(g+ f)[5 gives
D™ f(Vg) <D f(Vg), m—ae, (3.3)

and

D*f(Vg)|Dgli? = inf D f(Vg.)|Dg.[1? = inf D* f(Vg.)|Dg.li%, m—ae.,

3.4
D™ (V) Dyli? = up D F(Vg.) Dyl = sup DS (Va0 Dacft?, m—ae, Y
€ 3
where g ;== g+ ¢f.
Also, from the definition it directly follows that
DY (=f)(Vg) =-D" f(Vg) = D" f(V(-g)), m—ae, (3.5)
and that

D*g(Vg) = |Dg]%, m— a.e.. (3.6)

As a consequence of the locality properties (2.14) and (2.15)) we also have
D¥f(Vg) =0, m—ae on f~H{N)Ug L(N), VN CR  such that L'(N) =0 (3.7)

and
D*f(Vg)=D*f(Vg), m—ae on{f=ftn{g=g} (3.8)
Some further basic properties of D* f(Vg) are collected in the following proposition.
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Proposition 3.2 Let (X,d,m) be as in (2.7), p € (1,00) and g € S! (X,d,m). Then

loc

Sp

loc

(X,d,m)> f = DT f(Vy),
1s positively 1-homogeneous, convex in the m-a.e. sense, i.e.
DH((1=Nfo+Af1)(Vg) < (L =NDTfi(Vg) +AD* fo(Vg),  m—ae.,

for any fo, f1 € S? (X,d,m) and X € [0,1], and I-Lipschitz in the following sense:

loc

|D* f1(Vg) — DT f2(Vg)| < |D(f1 — f2)|w|Dglw, m—a.e. Vf,fo€S (X,d,m). (3.9)

loc

Similarly,

Sp

loc

(X,dm)>f = D f(Vyg)

s positively 1-homogeneous, concave and 1-Lipschitz.
Conversely, for any f € S (X,d, m) it holds

loc

geS’ (X,d,m) w DVf(Vg) is positively 1-homogeneous and upper semicontinuous,

loc

ges, (X,dm) — D7 f(Vg) is positively 1-homogeneous and lower semicontinuous,

where upper semicontinuity is intended as follows: if gn,g € SfOC(X,d,m), n € N, and for

some Borel set E C X it holds fE |Df|5 dm < oo, sup,, fE |Dgn|t dm < oo and fE |D(gn —
g)lﬁ dm — 0, then it holds

lim DT f(Vgn)|Dgnl? 2 dm < / DT f(Vg)|Dg|P;? dm, V Borel sets E' C E.
E/

n—oo E
Similarly for lower semicontinuity.

proof Positive 1-homogeneity in f, g is obvious.
For convexity (resp. concavity) in f, just notice that from (2.12) we get

[Dg+e(1=N) fo+ Al =IDglu < A=X)(ID(g+ef0)lu=[Dgl ) +A(ID(g+2 1) =Dyl ).

so that the conclusion follows dividing by € > 0 (resp. € < 0) and letting £ | 0 (resp. € 1 0).
The Lipschitz continuity in f is a consequence of

‘ ID(g+ )l —1Dglo  1D(g+f)lw — [Dglu

<ID(f = Plws Ve #0.

9 £

For the semicontinuity in g, let £ C X be a Borel set as in the assumptions and V C
S) .(X,d,m) the space of ¢’s such that [, |Dglt,dm < co. Endow V with the seminorm

loc

llgllse. & == {/IE | Dgl%, dm and notice that for any e # 0 the real valued map

D b —|DglP
Vg = /I (g+6f])?|6 |Dy| dm

)

is continuous. Hence the map

|D(g +ef)lw — |Dgle
pe

gev e DV (V)| Dgl?2 dm = inf / dm,
E' E’/

e>0

is upper semicontinuous. Similarly for D~ f(Vg). O
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We now propose the following definition:

Definition 3.3 (g-infinitesimally strictly convex spaces) Let (X,d,m) be as in (2.7),
p € (1,00) and q the conjugate exponent. We say that (X,d, m) is g-infinitesimally strictly
convex provided

/ D f(Vg)|Dglt,? dm = / D™ f(Vg)|Dglt?dm,  Vf,g€ SP(X,d,m). (3.10)

In the case of normed spaces analyzed in Section g-infinitesimal strict convexity is equiv-
alent to strict convexity of the norm, whatever ¢ is, which in turn is equivalent to the dif-
ferentiability of the dual norm in the cotangent space. Formula describes exactly such
differentiability property, whence the terminology used. Notice that g-infinitesimal strict con-
vexity has nothing to do with the strict convexity of W'?(X,d,m) as the former is about
strict convexity of the ‘tangent space’, while the latter is about the one of the ‘cotangent
space’.

We don’t know whether there is any general relation between infinitesimal strict convexity
and non branching (not even under additional assumptions like doubling of the measure,
validity of a weak local Poincaré inequality or bounds from below on the Ricci curvature),
but observe that the former makes sense also in non geodesic spaces.

From inequality we get that the integral equality is equivalent to the pointwise
one:

DY f(Vg) =D f(Vyg), m-—a.e., Vf,g €S’ (X,d,m). (3.11)

loc

Then a simple cut-off argument and the locality (3.8]) ensures that (3.11]) is true also for f, g €
SP (X,d,m). In particular, from Proposition we get that if a space is g-infinitesimally

loc
strictly convex, then it is also ¢’-infinitesimally strictly convex for any ¢’ < q.

On g¢-infinitesimally strictly convex spaces, we will denote by D f(Vg) the common value
of DY f(Vg) = D™ f(Vg), for f,g € S} (X,d,m). As a direct consequence of Proposition
we have the following corollary:

Corollary 3.4 Let (X,d,m) be as in (2.7), p,q € (1,00) be conjugate exponents. Assume
that the space is g-infinitesimally strictly convex. Then:
e Forany g € S} (X,d, m) the map
1s linear m-a.e., i.e.
D(aifi + aof2)(Vg) = an D f1(Vg) + aaDf2(Vyg), m—a.e.

fO’)” any f17f2 € SfOC(X,d,m), a1, Q2 € R.

e Forany f € S} (X,d, m) the map
Spe(X,d,m) > g > Df(Vy),

is 1-homogeneous and continuous, the latter meaning that if gn,g € SfOC(X,d,m), n €

N, and for some Borel set E C X it holds sup,, [5|Dgnlhdm < oo and [, |D(gn —
9)|t dm — 0, then

lim Df(Vgn)|Dgn|t? dm = / Df(Vg)|DglE % dm, V Borel sets E' C E.
E/

n—0o0 E/
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Remark 3.5 (Weak semicontinuity in f) As a direct consequence of Proposition we
get the following result. For p € (1,00) and g € SP(X,d, m) the map

Sdmsf o [DUA(VeIDgl

is weakly lower semicontinuous in SP(X,d, m), in the sense that if L(f,) — L(f) as n — oo
for any bounded - w.r.t. the seminorm || - ||g» - linear functional L : SP(X,d, m) — R, then

n—oo

lim | D*f,(Vg)| Dyl dm > / D* f(Vg)| Dgl? 2 dm.

(in other words, we are picking the quotient of SP(X,d, m) w.r.t. the subspace of functions
f with || f||ls» = 0, taking its completion and then considering the usual weak convergence in
the resulting Banach space. This abstract completion has some right to be called p-cotangent
space of (X,d, m), see Appendix [A| for some results in this direction).

To prove this weak lower semicontinuity, just notice that f +— [ D% f (Vg)|Dglty % dm is
convex and continuous.

Similarly, [+~ [ D~ f(Vg)|Dglb? dm is weakly upper semicontinuous in S?(X,d,m). M

3.2 Horizontal and vertical derivatives

In Section we proved that on a flat normed space, for any two smooth functions f,g it
holds

o 1D+ 2D @) ~ |1 Dg(@)]?

- D

e>0 2 L85 DT (3.12)
2 _ 2 |

sup PO eN@IE = 1D9@)IE _ L pre.

b ¢ veVg(x)

In this section we investigate the validity of this statement in a metric setting. More precisely,
in Theorem [3.10| we will prove an analogous of
1D + @2~ D)2 1D( + =) (@)I2 ~ | Dy(a) 2

*> D >
2 > Df(v) = sup 2

. (3.13)

for any v € Vg(z), given that this will be sufficient for our purposes. The non smooth
analogous of will be proved in Appendix [A] see Theorem [A.4

The ideas behind the main results of this part of the paper, namely Theorems and
already appeared in [5] as key tools both to find a formula for the differentiation of
the relative entropy along a Wasserstein geodesic, and to develop some notions of calculus in
spaces with linear heat flow. In this paper, these ideas are extended and generalized, see in
particular the next section for general calculus rules.

The definition we gave of DT f(Vg) and D~ f(Vg) are what play the role of the leftmost
and rightmost sides in (3.13]). In order to define a metric-measure theoretic analogous of the
middle term, we need to introduce the notion of plan representing the gradient of a function.

We start with the g-norm of a plan. Recall that the g-energies E,; of a curve were defined in
(2.19)).
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Definition 3.6 (¢-norm of a plan) For g € (1,00) and m € Z(C([0,1], X)) we define the
g-norm ||m||4 € [0,00] of 7 by

T, Eq,t 1
|7 llg = lgfg < p ) dr (3.14)

so that ||m||d = limy o 1 ffg 95|97 ds dar () if (vestrd)ym is concentrated on absolutely continu-
ous curves for some T € (0,1] and +o00 otherwise.

Notice that Z(C([0,1], X)) is not a vector space, so that in calling || - ||, a norm we are
somehow abusing the notation. Yet, this wording well fits the discussion hereafter, and a
rigorous meaning to it can be given, see Appendix [A]

If 7 is of bounded compression and ||7||; < oo, then not necessarily 7 is a g-test plan,
because it might be that ffol |4¢|9 dt dm (y) = oo. However, for T > 0 small enough, (restr] )ym
is a g-test plan. Hence if p,q € (1, 00) are conjugate exponents, 7 is of bounded compression

with ||7||; < co and g € SP(X,d, m), (2.22) yields that

_ Dglu|l® q
Tm 9(y) — 9(0) dr < IlDg] ”LI’(X(eo)uﬂ) i H""Hq. (3.15)
tl0 t p q

We then propose the following definition.

Definition 3.7 (Plans representing gradients) Let (X,d, m) be as in (2.7)), p,q € (1,00)
conjugate exponents and g € SP(X,d, m). We say that w € Z(C([0,1],X))) g-represents Vg
if 7 is of bounded compression, |||, < co and it holds

_ 1Dl 7o (x eg), ;
fim (900 =900 4o Lr(X(eo)sm) | [lmlla.

3.16
10 t D q (3.16)

Remark 3.8 Notice that the definition we just gave is not too far from De Giorgi’s original
definition of gradient flow in a metric setting (see [2] for a modern approach to the topic).
Differences are the fact that here we care only about the behavior of the curves in the support
of 7 for ¢ close to 0, and the fact that we are considering a Sobolev notion, rather than a
metric one. |

Remark 3.9 The key information encoded by a plan 7 g-representing Vg is contained in
the disintegration {m;},ex of @ w.rit. ep: this provides a Borel map X > = — m, €
2(C([0,1], X)) which “associates to (ep)ym-a.e. = a weighted set of curves which is a gradient
flow at time 0 of g starting from z”. Once this disintegration is given, for every measure p
such that p < C(eg)gm for some C' > 0, the plan 7, := [ 7, du(z) also g-represents Vg, see
also Proposition below.

Yet, it is curious to observe that the property of ¢-representing a gradient can be fully
described by looking at the marginals (e¢);7 only. Indeed, assume that 7 g-represents Vg.
Then the curve t — p; := (e¢)y7 is g-absolutely continuous w.r.t. Wy in a neighborhood of 0.
Now let # € Z2(C(]0,1], X)) be any plan associated to (u:) via Theorem We have

[ 20D o = ([ g~ [ gauo) = [ 27900 gy
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11Dglwll Lo (x (eo)pm) = I1Pghwll (X u0) = 1 Pglwll Lo (x,(e0)s7) and

1 t _ 1 t 1 t

lim — |7 de d > lim - 1|7 dt = lim — |7 dt de 3.17

i [[ praran) =i L=t [ praere). e
which gives that 7 also ¢-represents Vg. This argument also shows that the inequality in
(3.17) must be an equality, or else for the plan 7t the inequality (3.15]) would fail. |

The following theorem is the key technical point on which the theory developed in this paper
relies. It relates the ‘vertical derivatives’ D¥ f(Vg) (so called because D* f(Vg), D~ f(Vg)
are obtained by a perturbation in the dependent variable), with the ‘horizontal derivatives’
lim, | i m dm, lim, 10 m dmr (so called because f is perturbed in the dependent
variable).

Theorem 3.10 (Horizontal and vertical derivatives) Let (X,d, m) be as in (2.7)), p,q €
(1,00) conjugate exponents and f,g € SP(X,d, m). Then for every plan = € Z(C([0,1], X))
which q-represents Vg it holds

[ P rgIDgl dteoyem > Ty [ LO0ZT00 )

> tim [ LOI0 gn) > [ D99 0gle dfeope.

t10
(3.18)

proof By the inequality (3.15)) applied to g + ¢f we have

p
[ @Dt =g +eho) oo PO FDblbecem |
t10 t - P q

and by the assumption on g and 7 we know that

_ 11 Dgluw|l} g
@ g(’yt) g(ryo) dﬂ'(’y) Z Lp(Xv(eO)ﬁﬂ') + ||7T”q

) 13 P q

Subtract the second inequality from the first to get

. _ D p —|Dglk,
ltiféw/f(%) tf(%) dw(v)ﬁ/‘ (g+€f)p |Dg| d

(eo)ﬁ'ﬂ'.

Divide by € > 0 (resp. € < 0) and use the dominate convergence theorem to get the first
(resp. the third) inequality in (3.18]). O

The rest of the section is devoted to the study of the properties of plans g-representing
gradients. In particular, in Theorem [3.14] we will show that they actually exist for a wide
class of initial data (i.e. given value of (eg)y7r).

Proposition 3.11 Let (X,d,m) be as in (2.7), p € (1,0), g € SP(X,d,m) and © €
2(C([0,1], X)) a plan of bounded compression.
Then w q-represents Vg if and only if

q

. goeg—goey .. [ Egi\? .
lim =———C —lim [ =2Y )" = | Dyl o e, LP(C([0,1], X), ). 1
., tlfél( . ) [Dglw © eo in (€([0,1], X), ) (3.19)
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proof The ‘if’ is obvious, so we turn to the ‘only if’.
Thanks to (3.15]) and its proof, (3.16]) and the equality case in Young’s inequality, we have

w— [ §°€ —goe€o

- e goes—goep _ _ p —
) el e dm =l = Dl ey =
(3.20)
Define the functions A¢, By, Cy : C([0,1], X) — RU {£o0} by
geet—goep Bt p1/t P
A LA By i= —= C = - D d
t Eq7t P t n ) t \/t 0 ’ g‘woes S,
and notice that from (2.20)) we have
|As] < C, ™ — a.e., (3.21)
and that from ([2.24) we know that
Ct = |Dg|w © e, in LP(m). (3.22)
From (3.20)), (3.21)) and (3.22)) we deduce
L=1lim [ 1287 9°0 4p lim/AtBt dr <lim [ |A¢|B;dn
tl0 t tlo 10
AP By||? A 1B
< lim I tHLP(ﬂ') + I tHL"("') < lim Ht”ﬂ +lim Htuﬂ (3.23)
110 p q to P 1o g

P
Tim HCtHU’(W) + [kl
- to P q

=L

[[A¢

. . . :Zp(ﬂ-) ||BthLq(ﬂ—) Er . ||At||ip(ﬂ-) T ”Bt”qu(ﬂ_) .
In particular it holds lim, 10 = limy o T—i—hmt 0= which

P q
forces the limits of HAtHIzp(w), B¢l % (m) @8t 1 0 to exist. Then, since the last inequality of
(3-23) is an equality, we also get that limy o HAtHIzP(ﬂ_) = limy g HC’tHip(ﬂ), which together with
(3.21) and (3.22)) gives that |A¢| — |Dg|woep as ¢t | 0 in LP(7r). Since also the first inequality
in is an equality, we deduce also that Ay — |Dgl|, 0eg ast | 0 in LP(7).

Using again we get that lim; o HBthLq(ﬂ_) = L. Let B € Li(m) be any weak limit of
By ast ] 0in Li(w). From

I1Dglw OeOHZip(ﬂ-) . HBH%q(ﬂ-)

<L, (324
5 . (3.24)

L:hﬁ)l AtBthr:/|Dg|woe0 Bdr <
t

we deduce ||B||%, (m) = L so that the weak convergence of By is actually strong. Finally, since

the first inequality in (3.24)) is an equality, we deduce BY = |Dg|, o ¢y m-a.e., and the proof
is achieved. n

Direct consequences of characterization (3.19) are the following. For g € SP(X,d, m) it holds:

e if 7t1, o are plans which g-represent Vg then

= Am + (1 — \)mo q — represents Vg, for any A € [0, 1], (3.25)
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e if 7w is a plan which g-represents Vg and F': C(]0, 1], X) — R is a non negative bounded
Borel function such that [ Fdm = 1, then

n.=Fmx q — represents Vg. (3.26)

We turn to the existence of plans representing gradients.

Remark 3.12 In connection with Remark[3.8] it is worth stressing the following. The general
existence results for gradient flows in metric spaces are based either on some compactness
assumption, possibly w.r.t. some weak topology, of the sublevels of the function (see e.g.
Chapters 2 and 3 of [2]), or on some structural assumption on the geometry of the space,
which, very roughly said, expresses the fact that the metric space ‘looks like an Hilbert space
on small scales’ (see e.g. Chapter 4 of [2] and [30]).

In our current framework, none of the two assumptions is made. Yet, it is still possible to
prove that this sort of ‘infinitesimal gradient flow of a Sobolev function’ exists. The necessary
compactness is gained by looking at the evolution of the probability densities in L?(X,m),
and then coming back to measures on Z(C(][0, 1], X)) via the use of Theorems and

|

Recall that we fixed m € &2(X) satisfying (2.8)) and (2.9) and that we defined the Cheeger
energy functional Ch,, : L*(X,m) — [0, o0] in (2.27).

Lemma 3.13 Let (X,d,m) be as in (2.7), m as in (2.8) and (2.9), p,q € (1,00) conjugate
exponents and g € SP(X,d, m)NL>(X,m). Then there exists a plan 7 which q-represents Vg
and such that cm < (eg)ym < C'm for some ¢,C > 0.

proof Define the convex function u, : [0,00) — R as
2371~ (3—¢q)z
B-9)2-q "’

ug(z) := zlog z — z,

ug(2) == if ¢ # 2,3,

us(z) := z — log z.

If ¢ = 2 put po := ¢ée™9 otherwise find a € R such that 1+ (a — ¢)(2 — ¢) > b > 0 m-a.e. and
define

1

po = 5(1+ (a—g)(2—q)>ﬂ,

where in any case ¢ is chosen so that [ podm = 1. Notice that by construction it holds
c < pg < C m-a.e. for some ¢,C > 0, ufl(po) = —g + constant and, by the chain rule ,
po € SP(X,d,m) C SP(X,d, m).

Now consider the gradient flow (p;) of the Cheeger energy éTlp in L?(X,m) starting from
po. Part (i) of Theorem ensures that the densities p; are non negative and uniformly
bounded in L>°(X,m), while (¢) of the same theorem grants [ p; dm = 1 for any ¢ > 0. Hence
we have p; := pym € Z(X), and the L* bound on p; in conjunction with yields that the
measures f; have finite g-moment for any ¢ > 0. Furthermore, from (v) of Theorem we
also have that the curve [0,1] 3 t — p is g-absolutely continuous w.r.t. W,. Hence we can use
Theorem to associate to (u¢) a plan w € Z(C([0,1], X)) concentrated on AC?(|0, 1], X)

satisfying (2.5)).
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We claim that 7 ¢-represents Vg. Since we already know by construction that ecm <
(eg)ym < Cm for some ¢, C' > 0, this will give the thesis.

Since the p;’s are uniformly bounded and m < Cm for some C > 0, 7 has bounded
compression. Using again (v) of T heorem and @ we get

q q |Dp8|p // P
\’ysl dsdm(y |u |7ds < dsdm ()| Dps|t, ds dm.
Recall that py € SP(X, d,m) so that applying (2 we get

t t
Hﬂ%%ﬁ/MHK%M/WMM%®M=ﬁ%MW%M.(Mﬂ
0 0

On the other hand, the convexity of u, gives

[ 200 gy [ alen0) O ) L) )

t
1 -
> 5 [ uaon) —uglp) @

so that using part (ii7) and (iv) of Theorem we get

ti [ 290290 4m5) > [ o) Dt a (3.28)
£40
Since uj (po)|Dpolt = po|Dgliw m-a.e., we have [ u/(po)|Dpolt, din = |||Dg|w\|Lp (oo TS

the thesis follows from ([3.28] - -

Theorem 3.14 (Existence of plans representing Vg) Let (X,d, m) be as in (2.7), @ as
mn and (2.9), p,q € (1,00) conjugate exponents, g € SP(X,d,m) and p € Z(X) a
measure such that p < Cm for some C' > 0.

Then there exists w € 2(C([0,1], X)) which q-represents Vg and such that (eg)ym = fi.

proof Let ¢ : R — [0, 1] be defined by

(2) = z—2n if x € [2n,2n 4+ 1), for some n € Z,
PEE on— g , if x € [2n — 1,2n), for some n € Z,

and ¢ := 1 — ¢. Clearly, both ¢ and v are 1-Lipschitz. Apply Lemma above to
@ ogand ¢ og to get plans 7!, w2 g-representing V(¢ o g), V(¢ o g) respectively and with
em < (eg)ym’, < Cm, i = 1,2, for some ¢, C > 0. Let A:= {g~'(U,[2n,2n + 1))} C X, define
FLF?:0(0,1]X) = R by

F1(3) = Xa30) ooty (),
F?(y) = XX\A(’YO)d(;iﬂ_Q(VO)a

and notice that since iecoy is bounded from below, i = 1,2, F! and F? are bounded.

Also, we know from (2.14]) that m-a.e. on g~1(Z) it holds |Dgl, = |D(—g)|w = 0. Now let
m = Fla' + F?n? and use (3.25) and (3.26) to conclude that 7 indeed g-represents Vg.
Since by construction it holds (eg)y7 = j, the proof is concluded. g
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3.3 Calculus rules

In this section we prove the basic calculus rules for D* f(Vg): the chain and Leibniz rules.

Proposition 3.15 (Chain rules) Let (X,d,m) be as in (2.7), p € (1,00), f,g €
SP (X,d,m) and I,J C R open sets such that m(f~'(R\ I)) =0 and m(g~'(R\ J)) = 0.
Then for any ¢ : I — R locally Lipschitz it holds

DE(po f)(Vg) = ¢ o f DFENf(Tg),  m—ae, (3.29)

where the right hand side is taken 0 by definition at points x where ¢ is not differentiable at

f ().
Sitmilarly, for any ¢ : J — R locally Lipschitz it holds

D¥f(V(pog)) =¢ og DFE9Df(Tg)  m—ae, (3.30)

where the right hand side is taken 0 by definition at points x where p is not differentiable at
g(x).
proof We start from ([3.29). By the very definition of D f(Vg), the thesis is obvious if ¢

is affine. By the locality principles (2.15) and (2.14), the thesis is also true if ¢ is piecewise
affine. For general ¢, find a sequence of piecewise affine functions ¢, such that ¢}, — ¢’

Ll-a.e. on f(X). Then by the continuity property (3.9, the chain rule (2.16)) and (2.14)) we
have

|DE(p0 )(Vg) — DE(pn o £)(Vg)| < [D((¢ — ¢n) © f)lw|Dglw
=o' — ¢yl o fIDflw|Dglw =0  m—ae..

We pass to (3.30). With a cut-off argument we can assume that f,g € SP(X,d, m) and

using (3.5) we can reduce ourselves to prove that DT f(V(p o g)) = ¢ o g D¥e"#'°9) f(Vg).
Notice that the trivial identity

|[Dlag +ef)l — [D(ag)lts _ |D(g+ 5o — |Dgli
pe|D(ag)[i pEDgl®

valid for any €, a # 0 together with (3.29)), yields (3.30]) for ¢ linear. Hence (3.30) also holds

for ¢ affine and, by locality, also for ¢ piecewise affine.

Let J C J be an interval where ¢ is Lipschitz, and (¢y,,) a sequence of uniformly Lipschitz
and piecewise affine functions such that ¢/, — ¢’ L£!-a.e. on J. By construction, for every
E C g~1(J) the sequence of functions ¢/, o g DS82#1°9) £(V¢)| D(¢p 0 g)|5 2 is dominated in
L\(E, m‘E) and pointwise m-a.e. converges to ¢’ o g D89 £(Vg)|D(p 0 g)[% 2. From the

m—a.e.,

fact that fE |D(pnog—¢@og)hdm — 0asn— oo and the upper semicontinuity statement
of Proposition [3.2] we deduce

| D f a0 g)t 2 am > T | D7 (V0 9)ID(gn 0 )l dm

n—oo

= Tim [ ¢}, 0g D) £(Vg)| D(gy 0 g)[5 % dm
E
- / o 0g DY £(Tg) D(ip 0 g)|2 dm.
E
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By the arbitrariness of J and E we get
DY f(V(pog)) > ¢ og DB f(Vg),  m—ae. (3.31)

Roughly said, the conclusion comes by applying this very same inequality with g replaced
by ¢ o g and ¢ replaced by ¢~!. To make this rigorous, assume at first that ¢ is in C’lloc.
Notice that equality in holds m-a.e. on g1 ({¢’ = 0}). Now pick z such that ¢'(z) # 0,
say ¢'(z) > 0 (the other case is similar) and let (a,b) > z be an open interval such that
inf(,4)¢" > 0. Put § := min{max{g,a},b}, notice that ¢ is invertible on §(X) with C},_

inverse and use (3.31)) to get

=D (Vo)

m-a.e.. From the locality principle (2.15)) and the arbitrariness of z we conclude that (3.30))
holds for generic Clloc functions . The general case follows by approximating ¢ with a

sequence () of CL  functions such that £'({¢, # ¢} U {¢), # ¢'}) = 0 as n — oo and
using again the locality principle. O

DT f(VG) =D f(V(e " o(pod)) = (") o(pod) DT f(V(pog)) = %

The following simple lemma will be useful in proving the Leibniz rule.

Lemma 3.16 Let (X,d,m) be as in (2.7), p,q € (1,00) conjugate exponents, fi,fs €
SP(X,d,m)N L>®(X,m), g € SP(X,d,m) and m € Z(C(]0,1], X)) a plan q-representing Vg.
Then

lim
£10

dm(y) =0.

/ ‘ (Fi() = £1(70)) (falr) — Fo(30))
t

proof Let Fi(y) = fi(v) — fi(), i = 1,2, t € (0,1]. From (3.19) we know that the family

% is dominated in L?(7), so that from the second part of Proposition we get that the

family FTtl is dominated in L'(7r). By definition we also know that ||Ft2||Loo(ﬂ-) < 2[| foll oo (m)
for any ¢ € (0,1]. Hence to conclude it is sufficient to check that m-a.e. it holds F? — 0 as

2
t } 0. But this is obvious, because F% is dominated in L!(7r) as well. O

Proposition 3.17 (Leibniz rule) Let (X,d,m) be as in 2.7), p € (1,00), fi,f2 €
SP (X,d,m)N L (X, m) and g € ST (X,d,m).

loc loc loc

Then m-a.e. it holds

D*(f1f2)(Vg) < /1D* f2(Vg) + f2D* f1(Vy),
D™ (f1f2)(Vg) > 1iD™* fo(Vg) + f2D™* f1(Vyg),

where s; :==signf;, i =1, 2.

(3.32)

proof With a cut-off argument and from the locality property , we can assume that
fi, f2 € SP(X,d,m) N L>°(X,m) and g € SP(X,d, m). Also, replacing f1, fo with |fi], |f2| and
using Proposition above, we reduce to the case fi, fo > 0.

Under this assumptions, we will prove that for any measure p € Z(X) with 4 < Cm for

some C > 0 (with m as in (2.8)), (2.9)) it holds
/D+(f1fz)(Vg)!Dg\fu‘2 dp < / (1iD* 12(Vg) + 2D* [1(V9) ) IDgli 2, (3.33)
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which implies, since p is arbitrary and m < m, the first inequality in . The other one
will then follow putting —¢g in place of g and using .

Fix such p and notice that if f;fo = 0 p-a.e., then is obvious, thus we can assume
[ fidp>0,i=1,2.

Fix e > 0, put g. := g+efif2 € SP(X,d, m) and let 7€ be a plan g-representing Vg, with
(eo)g = p (Theorem here ¢ is the conjugate exponent of p) and, recall , to
get

/ D (f1£2)(Vg)| Dalt 2 du < / D~ (f1f2)(Vg2)| Dgelt2 du

<hm/ fi(ve) f2(n) = f1(70) f2(70) dn ()
£10 t
Ji(ve) fa(ve) — f1(70)f2(’¥0) e
= uo/ t ™).

Taking into account Lemma we have

% fl(')/t)f2('}’t) - fl(')’O)f?('YO) dﬂ_é‘(,y)

—hm/f1 fQ(PYO) ﬂL,}”z(Vo)Md7r “(v)

< Iim / f1(7 f Rolw) = 200) 4 7) +1lim / fo(m fl(%) dm* (7).

From we know that the plans 7§ := m fioeom®, i = 1,2, g-represent Vg. with
(eo)ﬁﬂ' Than f o fi o eg . Hence using again we obtain

i [ 7602220 4ne) < [ D% (w0 Dl
i [ 2o 200 4ne) < [ 0 (90 Dl
In summary, we proved that for any € > 0 it holds
/ D*(f1f2)(Vg)| Dyl % dp < / fiD* f5(Vge)|Dgelt® + f2D* f1(Vge) | Dgelhy? dps.

Notice now that the integrand in the right hand side is dominated in L'(X, ) and use (3.4))
in considering its limit as € | 0. The thesis follows. g

Remark 3.18 (The infinitesimally strictly convex case) If (X,d, m) is q-
infinitesimally strictly convex, ¢ being the conjugate exponent of p, then under the
same assumptions of Propositions and we have the following m-a.e. equalities:

D(po f)(Vg) = ¢ o f Df(Vyg), (3.34)
Df(V(pog)) =¢ og Df(Vy), (3.35)
D(f1f2)(Vg) = f1Df2(Vg) + f2D f1(Vg). (3.36)

n

32



Remark 3.19 It is natural to question whether it is valid a Leibniz rule of a form like

Df(V(g192)) = 1 Df(Vg2) + 92 Df(Vg1),  Vf,g1,92 “smooth” (3.37)

provided possibly we replace the equality with an inequality an do appropriate sign choices
in D*.

This is well known to be false even in a smooth world. For instance, in the flat normed
setting considered in Section the above equality holds for any couple of smooth f,g if
and only if the norm comes from a scalar product. Indeed, recall that Vg = Dualfl(Dg), SO

that (3.37)) holds for any f, g1, g2 if and only if
Dual_l(D(gng)) = ngual_l(Dgg) + ggDual_l(Dgl).

By the Leibniz rule for the differentials, we know that the left hand side is equal to
Dual™!(g1Dgy + g2Dg1). Therefore, since Dual™! is always 1-homogeneous, (3.37) is true

if and only if Dual™! is linear. That is, if and only if the norm || - || comes from a scalar
product (compare this fact with the Leibniz rule (4.16|) obtained in Section under the
assumption that the space is infinitesimally Hilbertian). |

Remark 3.20 (The different roles of horizontal and vertical derivation) In devel-
oping this abstract differential calculus, we proved the chain rule as a consequence of the
‘vertical’ derivations and the Leibniz rule as a byproduct of the ‘horizontal’ ones. We chose
this path to present a first direct application of both the approaches and to show how they
relate, but actually this is unnecessary, because the Leibniz rule can also be proved via the
‘vertical’ approach only. Indeed, notice that as in the proof of Proposition we can reduce
to prove that

DY (f1f2)(Vg) < ADT fo(Vg) + foDT f1(Vg), m—a.e.,

for positive fi, fo € SP(X,d,m) N L>°(X,m) and g € SP(X,d,m). Then use the chain ruleﬂ
(3-29) and the convexity and positive 1-homogeneity of f — DT f(Vg) to get

D*(f1f2)(Vg) = fufa DT (log(f1.f2))(Vg) < fif2 (DF (log(f1))(Vg) + DT (log(f2))(Vg))
= f1iD" f2(Vg) + f2DT f1(Vyg), m—a.e..

On the other hand, a calculus can also be developed starting from the ‘horizontal’ approach
only (but this would be much more cumbersome to do w.r.t. Definition .

Therefore the point is not which one of the two approaches is the best, because they pro-
duce an equally powerful calculus. The point is that they produce the same calculus. Notice
that the ‘horizontal’ derivation is common when working with the Wasserstein geometry, while
the ‘vertical’ one is typical of the L? world. So that every time these two geometries are put
in relation, in a way or another the same principle underlying Theorem [3.10| comes into play.
For instance, the relation between horizontal and vertical derivation was already present, al-
though well hidden, in the first proof in a non smooth context of the equivalence between the
gradient flow of Chy in L?(X, m) and the one of the relative entropy in the Wasserstein space
(P2(X), Ws), provided in the case of Alexandrov spaces with lower curvature bounds in [I§].

o saw this approach to the proof  of  the Leibniz rule at the page
http://planetmath.org/7op=getobj&from=objects&id=8438, where it is acknowledged to W. Buck
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In several situations, one specific approach works better than the other, and their inter-
action has fruitful consequences. For instance, in getting the Laplacian comparison out of
the CD(K, N) condition (see the introduction and Theorem it is crucial to take an
horizontal derivative, which is not surprising given that the C D(K, N) condition is given in
terms of the Wasserstein geometry: the same result seems hardly achievable working with
the vertical approach only. On the other hand, the vertical approach is needed if one wants
to know under which conditions the limit of

exists as t | 0, where here f € SP(X,d, m) and 7 g-represents Vg for some g € SP(X,d, m). In
other words, if we want to know up to which extent we can consider plans 7 as differentiation
operators. Using Theorem we know that this is the case as soon as (X,d,m) is ¢-
infinitesimally strictly convex, a fact which would otherwise be not at all obvious from the
horizontal approach only. Also, consider the following question: let fi, fo € S?(X,d,m) and
1, w2 plans of bounded compression with (eg);m! = (eg)ym? =: p such that m; 2-represents
Vfi, i = 1,2. Assume that the seminorm || - ||z satisfies the parallelogram rule. Can we
deduce that the equality

lim/WdW2<7) = lim/Wdﬂl(’y),

tl0 tl0

holds? This is expected, as the fact that || - ||g2 satisfies the parallelogram rule should mean
that we can identify differentials and gradients, so that both the expressions above should be
equal to something like

[ v Vi

This is indeed the case, as we will see in the Chapter [4.3] and once again this will follow from
the ‘vertical” approach, rather than from the ‘horizontal” one (studies in directions have been
firstly made in [5]). |

Remark 3.21 (Comparison with Cheeger’s differential structure) In the seminal
paper [10], Cheeger built a differential structure and defined the differential of Lipschitz
functions in a completely different way. Working under the assumption that the measure is
doubling and that the space supports a weak-local Poincaré inequality, he proved (among other
things) that the space has a finite dimensional cotangent space, in the following sense. There
exists N € N, a measurable decomposition X = U;enU; and Lipschitz functions x; : U; — RN,
N; < N, such that for any ¢ € N and any Lipschitz function f : X — R there exists a unique
- up to negligible sets - map df; : U; — RY¢ such that

) — (@) — dfi(@) - (xily) —xi(2)) | _ rm—ae z €U
;5% iy 2) =0, for m —a.e. z € U;. (3.38)

This result can be interpreted as: the U; are coordinate charts, the map x; provides the
coordinate maps of the chart and formula (3.38]) is the first order Taylor expansion of f in
this chart.
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Relying on this result, he then interpreted (i.e. defined) the function df; as the differential
of the Lipschitz map f on the set U;. From the construction, it is obvious that it satisfies the
Leibniz rule in the following form, sharper than (3.32):

d(f1f2)i = fi(df2)i + f2(df1):. (3.39)

In particular, this holds without any sort of infinitesimal strict convexity. Yet, even in
Cheeger’s paper the issue of possibly not strictly convex norms in tangent spaces arose,
in particular in connection with the surjectivity of a certain natural map on tangent cones.
This issue was worked out using the finite dimensionality of the cotangent spaces to define
equivalent well-behaved norms: his resulting Theorem 13.4 in [I0] should be compared with
our, weaker but valid in higher generality, Theorem

Using the tools described in Appendix [A| (see Theorems and one can check that
is a consequence of , which means in particular that the two constructions are
compatible.

The fact that formula is in form of inequalities rather than being an equality, is due
to the fact that with the approach we proposed ‘we don’t really know who is the differential of
a function before applying it to a gradient’, and gradients in general are not uniquely defined.
On the contrary, Cheeger’s approach allows for a more intrinsic definition of differential, but it
passes through the finite dimensionality of the cotangent space, a property which on arbitrary
spaces certainly is not satisfied. |

4 Laplacian

4.1 Definition and basic properties

Having in mind the discussion made in Section [I.I] and the tools developed in the previous
chapter, we will now discuss the definition of Laplacian. We start noticing that Proposition
allows to define the Sobolev class S () in the following way:

Definition 4.1 (The Sobolev class S} () Let (X,d,m) be as in (2.7), Q& C X an open
set and p € (1,00). The space SV () is the space of Borel functions g : Q@ — R such that
gx € S}, (X,d,m) for any Lipschitz function X : X — [0,1] such that d(supp(x), X \ ) > 0,

where gX is taken 0 by definition on X \ €.

It is immediate to verify that this is a good definition, and that for g € SV () the function
|Dgl,, € LY (Q,mm) is well defined, thanks to (2.15)), by

loc
|Dglw := |D(gX)]|w, m —a.e. on {X =1}, (4.1)

where X : X — [0,1] is any Lipschitz function such that d(supp(X), X \ 2) > 0. Using the
locality property it is easy to see that the objects D* f(Vg) are well defined m-a.e. on
) and that the chain rules , and the Leibniz rule hold m-a.e. on 2 for
functions f,g € SE (Q), p € (1, 0).

To define the Laplacian of g we will need to ask for an integrability of |Dgl,, which on

non-proper spaces is slightly stronger than L7 (£, m,| Q):

Definition 4.2 (The class Int(2) and ‘internal’ Sobolev spaces) Let (X,d, m) be as in
(2.7) and Q@ C X an open set. The class Int(Q) is the collection of all open sets Q' C Q such
that
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i) ' is bounded,
i) d(Q, X\ Q) >0,

i) m(Q) < oo.

P

Forp € (1,00) we define the space S; () of functions Sobolev internally in Q as

$2,(2) = {g: $1,.() - /Q [Dylf,dm < oo, WO € Tnt(2) )

We also introduce the class Test(2) of test functions in €2 as follows.

Definition 4.3 (Test functions) Let (X,d,m) be as in (2.7) and Q C X an open set. The
space Test(Q2) is defined by

Test(Q) := {f € LIP(X) : supp(f) C Q, for some Q' € Int(Q)}.

Recall that if f : X — R is a Lipschitz function, then f € S} (X, d, m) for any p € (1,00) and
the object |Df|, is well defined, independent on p (Proposition and bounded (because
|Dflw < Lip(f) m-a.e.).

Clearly, for g € S? () and f € Test(2) it holds g+¢f € SE ,(Q) for any e € R. Thus for
g€ St . (Q) and f € Test(12), thanks to the functions D* f(Vg) are m-a.e. defined on
by

D*f(Vg) := D*f(V(gx)),  omn{x =1}, (4.2)

for any X : X — [0, 1] Lipschitz with supp(Xx) C €’ for some Q' € Int(f2). From the bound
(3.2) and the fact that m(supp(f)) < co we have D* f(Vg) € L (Q,m‘g).
We are now ready to give the definition of distributional Laplacian.

Definition 4.4 (Laplacian) Let (X,d,m) be as in (2.7), @ C X an open set and g: Q@ — R
a Borel function. We say that g is in the domain of the Laplacian in ), and write g €
D(A,Q), provided g € St (Q) for some p > 1 and there exists a locally finite Borel measure

p on § such that for any f € Test(2) N LY(Q, |u|) it holds

—/QD+f(vg) dmé/ﬂfduﬁ —/QDf(Vg) dm. (4.3)

In this case we write | € Ag’Q. If Q = X we simply write g € D(A) and p € Ag.

We are using the bold font for the Laplacian to emphasize that in our discussion it will always
be a measure, possibly multivalued.

Remark 4.5 (A coincidence about a priori regularity) We already observed in Sec-
tion[I.I]that in a non Riemannian-like situation, in order to define the distributional Laplacian
of a function g, we need to impose some a priori Sobolev regularity on it. The minimal one is
then that - in the appropriate local sense - g € S'(€2). Yet, we didn’t define the Sobolev class
S': the problem is that it is not clear whether for the natural generalization of the classes S?
to S', Proposition holds or not. Something can be said using Shanmugalingam’s definition
of weak upper gradients, but we preferred not to overcomplicate the discussion with an ad
hoc approach for p =1 (for recent results in this direction, see [1I]), so that we just asked for
g to locally belong to SP for some p > 1.
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Notice that not only this allows to write down D¥ f(Vg), but is in perfect duality with
the integrability of | D f|,, for the smoothest functions available in this setting, i.e. Lipschitz
f’s, because as we already remarked it holds |D f|,, € L*°.

Here there is an interesting coincidence. Definition [4.4]differs from the one of distributional
Laplacian on the Euclidean setting R¢, as in this framework in order for the expression
Ag = p to make sense, the only a priori condition that is imposed on g is to be locally in
L'. Yet, standard regularity theory gives that if Ag = i in the sense of distributions, then
the distributional gradient Vg is a function which locally belongs to LP for any p € [1,1+ é)
Therefore if we are in a Euclidean setting and we ‘don’t know the dimension’, we are anyway
sure that Ag = p implies Vg € L} (X, m) for some p > 1.

This is precisely the a priori condition on g we asked for in Definition [£.4, Which means
that we are, in practice, not asking more than what is already true in the classical situation.
In particular, our definition reduces to the standard one in a Euclidean setting. |

A drawback of Definition is that in general the Laplacian might be non unique: in Propo-
sition below we will actually see that explicit counterexamples to uniqueness can be
produced as soon as the space is not 2-infinitesimally strictly convex. Yet, it is immediate to
verify that the Laplacian is one-homogeneous, i.e.

g€ D(AQ), pe Aglq = Ag € D(A,Q), A\u € A(Ag) VA eR, (4.4)

o

invariant by addition of a constant, i.e.

g€ D(A,Q), pe Ag, = c+ge D(AQ), peAlc+yg) Ve € R,

Io%

that the set Ag| o is convex and that it is weakly closed in the following sense: if p, € Ag| 0

for any n € N and p is a Borel locally finite measure on € such that f € Test(2) N LY(€, |u|)
implies f € L'(, |pn|) for n large enough and

lim [ fdpn = /fdu,

n—o0

then p € Ag‘Q (see also the proof of Proposition .
Another direct consequence of the definition is the following ‘global-to-local’ property

Q C Q open sets, g€ D(AQ), pe Ag|Q = g e D(A,Q), Hs € Ag|§, (4.5)

and the fact that measures in Ag’ o are always concentrated on supp(m).

By the definition of D¥f(Vyg), we easily get the following sufficient condition for the
Laplacian to be unique.

Proposition 4.6 Let (X,d,m) be as in (2.7), @ C X an open set and g € D(A, Q). Assume
that for some p € (1,00) the space (X,d,m) is g-infinitesimally strictly convexr and that
g €St .(Q), q being the conjugate exponent of p.

Then Ag|Q contains only one measure.
proof By the definition and , we deduce that for any f € Test(£2) it holds
Dt f(Vg) = D™ f(Vg) m-a.e. on . The thesis follows. O
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The definition of Laplacian we just proposed is compatible with those available on Alexandrov
spaces with curvature bounded from below, see Remark [4.24]

We conclude this introduction by comparing our definition with the one appeared in [3].
Recall the definition given in of the Cheeger energy functional Chy : L2(X,m) — [0, o0],
and that Chs is convex and lower semicontinuous.

Definition 4.7 (Laplacian as defined in [3]) Let (X,d,m) be as in (2.7) and g €
L?(X,m). We say that g is in the domain of the Laplacian provided Chy(g) < oo and the sub-
differential 0Cha(g) of Chy at g is non empty. In this case the Laplacian of g is the element
of minimal L*(X,m) norm in (the closed conver set) —OCha(g).

Proposition 4.8 (Compatibility) Let (X,d,m) be as in (2.7), g € L*(X,m) and h €
L?(X,m). Assume that Cha(g) < oo and —h € ~Cha(g). Then g € D(A) and hm € Ag.

proof Fix f € L?(X,m) with Cha(f) < oo and notice that the definition of subdifferential
yields

Chg(g)—s/fhdmg(Jhg(g—iref), Ve € R.

Hence for € > 0 it holds

2¢e

—/fhdmg/’D(g+€f)|72“_|Dg|12” dm

Passing to the limit as € | 0 and noticing that the integrand at the right hand side is
dominated, we get

—/fhdmg/DJrf(Vg)dm.
In particular, this holds for f € Test(X) C {Chy < oo} N LY(X,|h|m). Replacing f with —f
we also get the other inequality in (4.3) and the conclusion. ]

Therefore from the perspective of Definition there is nothing special about the element
of minimal norm in —0~Cha(g), as any of its elements is (the density of) an admissible
distributional Laplacian. This is not so surprising, as in [3] the choice of the element of
minimal norm was done essentially only for cosmetic reasons, as it allowed to identify uniquely
who the Laplacian was, and to write the equation of the gradient flow of Chs in the form
% ft = Afi. Yet, the weak integration by part rules provided in [3] are valid, as the proof
shows, for all the elements in —0~ Cha(g).

The main technical difference between the approach in [3] and the current one is then -
beside the integrability assumption on g and |Dg|,, - that in [3] the Laplacian is well defined
‘only when it belongs to L?’, while here we are giving a meaning to the abstract distributional
Laplacian, allowing it to be a measure.

Remark 4.9 It natural to ask if the converse of Proposition holds, i.e. if the following
is true: suppose that g € D(Chg) N D(A) and that for some u € Ag it holds p < m with
density h € L?(X,m). Can we deduce that —h € 9Chy(g)? Without further assumptions, it
is unclear to us whether this is true or not, the point being that we would like to deduce from

Cha(g) — /fhdm < Cha(g + f), Vf € Test(X),
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that
Chg(g)—/fhdmgChQ(g—i—f), f € L2(X,m).

This implication seems to rely on a density result of Lipschitz functions in W12(X,d, m)
finer than the one expressed in Theorem Indeed, we would like to know that for any
f,g € D(Chy) there exists a sequence of Lipschitz functions (f,,) converging to f in L?(X,m)
such that Cha(g + f5,) converges to Cha(g + f) (Theorem ensures this fact only when g is
itself Lipschitz).

If W12(X,d, m) is uniformly convex and m is finite on bounded sets, then such ap-
proximation result is indeed true, because Corollary ensures the density of Test(X)
in W12(X,d, m), see for instance the argument in Proposition for the case in which W12
is Hilbert. |

4.2 Calculus rules

In this section we collect the basic calculus properties of the Laplacian.

Proposition 4.10 (Chain rule) Let (X,d,m) be as in (2.7), Q@ C X an open set, g €
D(A,Q). Assume that g is Lipschitz on Q' for any Q' € Int(Q) and let ¢ : () = R a C’llo’cl
map. Then pog e D(A,Q) and for any p € Ag|Q it holds

Apog)lg 2 i:=¢ ogu+¢"og|Dglym. (4.6)
proof Notice that since g is continuous, the expression ¢’ o g u makes sense and defines a
locally finite measure. Similarly, " o g|Dgl|? € ijc(Q,m’Q), so that [ is a locally finite
measure and the statement makes sense.

More precisely, ¢ o g is Lipschitz on €' and ¢" o g|Dg|?, is bounded on Q' for any € €
Int(Q2). Therefore if f € Test(2) N L (Q, |f]), we have f¢' o g € Test(2) N L(|u|). Fix such

f, recall the chain rules (3.29)), (3.30]), the Leibniz rule (3.32)) and (3.6]) to get that m-a.e. on
Q it holds

DT fV(pog) = ¢ 0 gDV fVg > DT (f¢' 0 g)(Vg) — fD (¢ 0 g)(Vg)
= Dt (f¢ 0 g)(Vg) — f¢" 0 gDsEI¥"9) (g)(Vg)
= DT (f¢' 09)(Vg) — f¢" 0 g|Dgl2.

Integrating we obtain [ D f(V(¢og))dm > — [ fdji. Replacing f with —f we conclude.
O

Remark 4.11 The assumption that g was Lipschitz in €' was needed to ensure that f &
Test(2) implies f¢' o g € Test(£2), so that from assumptions one could deduce

[ D oo @gyam= - [ ap.

Yet, it would be more natural to have the chain rule to hold under the only assumption that
g € 52.,(Q) N C(Q), because these are the minimal regularity requirements needed for the
right hand side of to make sense.

To get the chain rule under this weaker assumption on g, a suitable generalization of the in-
tegration by parts rule is needed, which looks linked to the uniform convexity of W12(X,d, m).
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See for instance the proof of Lemma for the case of proper spaces such that W1? is
Hilbert. [

The following proposition provides a sufficient condition on g which ensures that it is in the
domain of the Laplacian and gives a bound on elements of Ag| - Technicalities apart, it can
be seen as a rewording of the statement ‘a non negative distribution is always a non negative
measure’ valid in a Euclidean context.

Proposition 4.12 (Laplacian existence and comparison) Let (X,d,m) be as in (2.7
and assume also that (X,d) is proper. Let Q@ C X be an open set, g € St (Q), p € (1,00),

and i a locally finite Borel measure on Q. Assume that for any non negative f € Test(€2) N
LY, |fi]) we have

_/ D f(Vg)dm < / fdi. (@7)
Q Q
Then g € D(A,Q) and for any p € Ag|Q it holds p < fi.

proof Consider the real valued map Test(Q?) > f — T(f) := — [, D™ f(Vg)dm. From
Proposition [3.2] we know that it satisfies

T(Af) = AT(f), Vf € Test(Q), A >0,
T(fi+ fo) <T(f1) +T(f2), Vf1, fa € Test(£2).

Hence by the Hahn-Banach theorem there exists a linear map L : Test(€2) — R such that
L(f) <T(f) for any f € Test(2). By (3.5) we then have

_/ D (V) dm < L(f) < _/D—f(vg) dm,  Vf € Test(Q).
Q Q

Our goal is to prove that L can be represented as integral w.r.t. some measure u. By (4.7)
we get

/fd/]—L(f)z(), Vf e Test(Q2), f>0.
Q

Fix a compact set K C Q and a function Xx € Test(€2) such that 0 < Xx < 1 everywhere
and Xxg = 1 on K. Let Vi C Test(2) be the set of those functions with support contained in
K and observe that for any non negative f € Vi, the fact that (max f)Xx — f is in Test(Q2)
and non negative yields

L) = ~E(max fyvic = )+ El{wmax f)x0) = — [ (max e = £ i+ (mae )i
> — (max f) (fi(supp(Xx)) + L(XK))-
Thus for a generic f € Vi it holds
L) = L(f* =) = LY = L(f ) < /Q ¥ dji+ (max £7) (i(supp(Xx) + L(Xx))
< (maxx | 1) (f(K) + f(supp(X)) + L(Xk))

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
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set Cx 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 locally finite Borel measure p such that

L(f) = /fdu, Vf € Test(Q).

Thus g € D(A,Q) and p € Ag|Q.
Finally, from ([4.7) it is immediate to get that for any ' € Ag| o it holds w < fi. O

Remark 4.13 In the proof of Proposition 4.12] we used the Hahn-Banach theorem, which
means that some weak form of the Axiom of Choice (but still stronger than the Axiom of
Dependent Choice) is required in the argument. In full generality, it seems hard to avoid such
use of Hahn-Banach.

Yet, if furthermore (X,d,m) is g-infinitesimally strictly convex and g € St () - p,q
being conjugate exponents - then the map T is linear and the proof goes on without any use
of Choice. This is the situation we will work on when proving our main Laplacian comparison
result in Theorem [5.141 [ |

We now turn to the stability of Ag under convergence of g. Since in our definition of Laplacian
we required some Sobolev regularity of g, in order to get stability we need to impose some
sort of Sobolev convergence as well. This is clearly a much stronger assumption than the
usual convergence in LlloC which is sufficient in the Fuclidean context, but looks unavoidable
in this general non linear setting.

Proposition 4.14 (Stability) Let (X,d,m) be as in (2.7) , Q C X an open set and p €
(1,00). Let (gn) C S, (Q) be a sequence and g € S, ,(Q) be such that [, |D(gn — g)|wdm — 0

int

for every ' € Int(Q2). Assume also that g, € D(A,Q) for every n € N, let p, € Agn‘Q and
suppose that for some locally finite measure p on ) it holds

f € LY, |pn|) for n large enough and
lim /fd,u,n = /fdu.
n—o0

Note: if (X,d, m) is proper and the measures p, are equibounded - in total variation norm -
on compact subsets of €2, then the convergence in (4.8]) is nothing but weak convergence in
duality with C.(€2).

proof The argument is similar to that of the proof of Proposition It is easy to check that
for any f € Test(2), g € S? ,(Q) it holds

[ P saram =g [ gl

/ D~ f(Vg) dm = sup / Dl P9
e<0

feTest(QNLYQ ) = (4.8)

Then g € D(A,Q) and p € Ag|Q.

~—

‘w - |D9’w

dm,

~— M

‘w - |Dg|w dm

™
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By our assumptions we have that for any f € Test(€2) it holds fsupp(f) |D(gn—g)|wdm — 0, the

sequence |D(gn+5f)€‘w_|Dgn‘w

o |D(g+5f)€‘w*‘Dg‘w in Ll

is uniformly bounded in LOO(Q,m‘Q) (by Lip(f)) and converges

(Q, m| o) for any € # 0. It easily follows that

h_)m D+f(Vgn dm</D+f Vg)d
(4.9)
lim Dngndm>/Dng

n—oo J )

If furthermore f € LY(Q,|u|), (.8)) ensures that f € LY(Q, |un|) for large n, so that from
Wn € Agn|Q we have

/D+f(Vgn)dm < /fdun < /D_f(Vgn)dm, Vn > 0.

Using (4.9) and (4.8) we can pass to the limit in these inequalities and get the thesis. O

The next statement shows that the definition of Laplacian is compatible with local mini-
mizers of the Cheeger energy Chs.

Proposition 4.15 Let (X,d, m) be as in , Q C X an open set and g € S?
Jo |Dgl2 dm < co. Assume that it holds

(Q) with

int

/ |Dg|? dm < / |D(g + h)|% dm, Vh € S*(X,d,m) such that supp(h) C Q.  (4.10)
Q Q

Then g € D(A,Q) and 0 € Aglq

proof Notice that for f € Test(2) we certainly have supp(f) C 2 and f € S?(X,d, m). Thus
for f € Test(f2) and € € R, (4.10) yields

/ D(g + /) dm > / Dyl dm.
Q Q

Therefore
/!Dg+6f e — \Dg\wdm>0 Ve >0,
/|Dg+€f|w_‘ g|“’dm<0 Ve < 0.
Letting € | 0 and € 1 0 we get the thesis. (|

Another expected property of the Laplacian is the ‘local-to-global’ property. Shortly said,
one would like a theorem of the following form: if for some measure p on €7 U s it holds
Ag|QZ_ > Mg, 1 = 1,2, then Ag|QlUQ2 5 p. Unfortunately, it is not clear - to us - whether
this is true in the general case or not (actually, this is not so obvious not even in normed
spaces, when the norm is not strictly convex). Yet, at least for infinitesimally strictly convex
and proper spaces the result holds, and follows by a standard partition of the unit argument.
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Proposition 4.16 (Local-to-global) Let (X,d,m) be as in and assume also that
(X,d) is proper. Let p € (1,00) and q the conjugate exponent, assume that (X,d,m) is
g-infinitesimally strictly convex, let Q C X be an open set and {§;}icr a family of open sets
such that Q@ = U;Q;. Let g € St (), with g € D(A, ;) for every i € I and let p; be the only
element of Ag’Qi. Then

Mi’QimQj - 'uj’Ql-ﬁQj’ Vi, j €1, (411)
g € D(A,Q) and the measure p on Q defined by
Mg, =i, Vi€l (4.12)

is the only element of Ag’Q.

proof Since ()g ,d) is proper, for any Q) C X open and Borel locally finite measure v on € and
any f € Test(£2), it holds f € L'(Q, |v|), because supp(f) is compact.
Let 4,5 € I, f € Test(2; N Q;) and notice that by definition it holds

[ = [ DpVgam== [,
QN0 QN0 N0,

g J

which yields . In particular, the measure p is well defined by .

Fix f € Test(€2). Since supp(f) is compact, there exists a finite set Iy C I of indexes
such that supp(f) C Ujer, €. From the fact that (X, d) is proper it is easy to build a family
{Xi}ier, of Lipschitz functions such that Zz‘elf X; = 1 on supp(f) and supp(X;) is compact
and contained in §; for any i € Ir. Hence fX; € Test(§;) for any i € Iy and taking into
account the linearity of the differential expressed in Corollary [3.4] we have

/Df(Vg) dm = /D(ZXJ)(VQ) dm = Z/D(in)(Vg) dm

i€ly i€ly
= —Z/indui = —/fd<z><z'uz‘>,
icly i€ly
which is the thesis. OJ

We conclude the section discussing the effect of a change of the reference measure. As
for the locality, the correct formula shows up under the assumption that the space is ¢-
infinitesimally strictly convex.

Proposition 4.17 (Change of the reference measure) Let (X,d, m) be a metric mea-
sure space and V : X — R a locally Lipschitz function, which is Lipschitz when restricted
to bounded sets. Define the measure m’ := e~V'm and let A’ be the Laplacian in (X,d,m’),
where in Deﬁmtion we replace m with w'. Let Q C X be an open set, g € D(A)NSE (Q)
for some p € (1,00) and assume that (X,d, m) is g-infinitesimally strictly convez, q being the
conjugate exponent of p. Then g € D(A’,Q) and the measure

p=eVyu—DV(Vg)e Vm,

1s the only element in A’g’Q, where here i is the only element of Ag|Q (Proposition .
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proof Let Test'(Q) be defined as Test(Q2) with the measure m’ replacing m (the role of the
measure is in the definition of Int(£2)).

Since e~V and |DV|,, are locally bounded, 1 is a locally finite measure and the statement
makes sense. For f € Test'(Q) N LY(Q, |¢/]), the fact that supp(f) is bounded yields that
the restriction of V' to supp(f) is Lipschitz and bounded. It easily follows that fe™" €
Test () N L(, |u|), so that from the chain rule and the Leibniz rule we get

/ fdu = / fe=Vdu — / fDV (Vg)e " dm
—~ [ Dise ) g) - e V) (V) dm =~ [V DF(Tg)dm,

which is the thesis. OJ

4.3 The linear case

In this section we introduce a sufficient, and in most cases also necessary, condition in order for
the Laplacian to be linear, and analyze its properties also in connection with Ricci curvature
bounds.

Definition 4.18 (Infinitesimally Hilbertian spaces) We say that (X,d, m) is infinites-
imally Hilbertian provided it is as in (2.7) and the seminorm || - [[g2(x,dm) On S%(X,d,m)
satisfies the parallelogram rule.

In particular, infinitesimally Hilbertian spaces are 2-infinitesimally strictly convex, hence
for any f,g € S? (X,d,m) the object Df(Vg) is well defined m-a.e., and for g € D(A) N
S%(X,d, m) the set Ag contains only one element, which - abusing a bit the notation - we will

denote by Ag.

Remark 4.19 (About stability) In the class of compact and normalized (i.e. m € Z(X))
metric measure spaces, the class of infinitesimally Hilbertian spaces is definitively not closed
w.r.t. measured Gromov-Hausdorfl convergence. Actually it is dense, because any compact
normalized space is the mGH limit of a sequence of discrete spaces, and on discrete spaces
Sobolev analysis trivializes, i.e. |Df|,, = 0 for any f. The fact that infinitesimal Hilbertianity
is not a closed condition w.r.t. mGH convergence is not at all surprising, because the former
is a first order condition on the space, while the latter is a zeroth order convergence.

It is worth underlying, however, that the class of spaces which are both infinitesimally
Hilbertian and CD(K, N) for some K € R, N € (1,00}, is closed w.r.t. mGH convergence.
This can be seen - at the very heuristic level - as the stability of a first order condition w.r.t.
a zeroth order convergence under a uniform second order bound (the curvature bound). The
proof of this stability passes through the identification of the gradient flow of Chy in L? with
the one of the relative entropy in the Wasserstein space (proved in [3]) and the stability of
gradient flows of a sequence of K-geodesically convex functionals which I'-converges (proved
n [16]) along the following lines:

i) (X,d,m) is infinitesimally Hilbertian if and only if Chy is a Dirichlet form (obvious, see
Proposition below and the discussion thereafter for the details)
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ii) Chy is a Dirichlet form if and only if its gradient flow linearly depends on the initial
datum (obvious)

iii) The gradient flow of Chy in L? coincides with the gradient flow of the relative entropy
in the Wasserstein space (Theorem 9.3 of [3])

iv) If (X,,dy, m,) converges to (X,d, m) in the mGH sense, then the relative entropies I'-
converge (this is the heart of the proof of stability of the C'D(K, o0) condition proved,
up to minor technical differences, by Lott-Villani in [24] and Sturm in [39])

v) If a sequence of K-geodesically convex functionals I'-converges to a limit functional,
then gradient flows of the approximating sequence converge to gradient flows of the
limit functional (Theorem 21 of [16])

So that in the end we know that on the limit space the gradient flow of the relative entropy
linearly depends on the initial datum and we conclude using again (i), (i7), (7).

We remark that the combination of (iv) and (v) above is sufficient to prove that a compact
smooth Finsler manifold is the mGH-limit of a sequence of Riemannian manifolds with Ricci
curvature uniformly bounded from below if and only if it is Riemannian itself. To prove it just
recall that the heat flow on a Finsler manifold is linear if and only if it is Riemannian and
that (iv), (v) yield that the heat flow passes to the limit under a uniform lower Ricci bound.

The fact that Finsler manifolds cannot arise as limits of Riemannian manifolds with a
uniform Ricci bound from below is certainly not a new result, at least under the additional
assumption that the dimension of the approximating sequence is uniformly bounded: in [I1],
[12], [13] Cheeger and Colding proved the same thing (and much more). The proof we propose
has the advantage of being simple and of avoiding the use of the almost splitting theorem,
although clearly to (hope to) recover the results in [11], [I2], [I3] in the non smooth context
a lot of work has still to be done.

It is natural to think that the right condition to add to C D(K, N) spaces in order to enforce
a Riemannian-like behavior on small scales and to rule out Finsler geometries, is infinitesimal
Hilbertianity. Yet, from the technical point of view it is not so clear whether this is sufficient
or not to derive the expected properties of the heat flow (e.g., K-contractivity of W5 along two
flows): the first attempt in this direction has been done in [5], where infinitesimal Hilbertianity
was enforced with a notion of K-geodesic convexity of the entropy stronger than the standard
one (see Definition below and Theorem for a - non complete - overview of the
results of [5]). Recent results by Rajala (see [34]) suggest that infinitesimal Hilbertianity plus
CD(K, ) are actually sufficient to recover all the properties obtained in [5], without any
strengthening of the curvature condition, but the situation, as of today, is not yet completely
clear. |

We start proving that infinitesimal Hilbertianity can be checked by looking at the symmetry
of the map S? > f, g — Df(Vg). The proof follows the same lines of Section 4.3 of [5].

Proposition 4.20 Let (X,d, m) be as in (2.7). Then it is an infinitesimally Hilbertian space
if and only if it is 2-infinitesimally strictly convex and for every f,g € S (X,d,m) it holds

loc

Df(Vg) =Dg(Vf), m— a.e.. (4.13)
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proof Assume at first that the space is 2-infinitesimally strictly convex and that (4.13)) holds.
Fix f,g € S?(X,d,m) and notice that

LS|
lg + flIZ = lgllZ = 1D(g + flwlliz = 1 Dglwl?e :/0 &|||D(g+tf)\w||%z de
1 1
:2//0 Df(V(g+tf))dtdm2//0 D(g + tf)(Vf)dt dm

_ g/pg(w>dm+ 1£122,

having used the linearity of the differential (Corollary in the last step. Exchange f with
—f and add up to conclude.

We pass to the converse implication. With a cut-off and truncation argument we can
reduce to the case f, g € S?(X,d, m)NL>(X, m). The fact that ||-||s2 satisfies the parallelogram
rule easily yields

Hg+€fH§; —llgllz= _ Hf+69||§; — || fII3= L0

(e),  VfgeS*X,dm),

so that by the very definition of D f(Vg) and (3.6 we get

/Df(vg) dm = /Dg(Vf) dm,  Vf geS*X,d m). (4.14)

We want to pass from this integrated equality, to the pointwise statement (4.13)). The thesis
will follow if we prove that

S*(X,d,m) N L>®(X,m) > f > /h\Df|fUdm €R

is a quadratic form for any h € S?(X,d, m)N L>(X,m). Fix such h and use (3.6, the Leibniz
rule (3.36) and the chain rule to get

[ #iDsdm = [0V dm = [ D@O)(VS) ~ FDHT ) dm
= [ D)V yam 5 [ DRI dm
— [ D)V an 5 [ D)) dm,

having used in the last step. Now recall from Corollary that the map S%(X,d,m) >
g+~ [ Dg(Vh)dm is linear, hence the map S?(X,d,m) N L*>°(X,m) > f — [ D(f?)(Vh)dm
is a quadratic form. Similarly, from the fact that both the maps S?(X,d,m) N L>(X,m) >
g [ D(hg)(Vf)dm and S*(X,d,m) > g +— [ D(hf)(Vg)dm = [ Dg(V(hf))dm are linear,
we get that S?(X,d,m) N L®(X,m) > f+— [ D(hf)(Vf)dm is a quadratic form. O

On infinitesimally Hilbertian spaces we will denote D f(Vg) by V f - Vg, in order to highlight

the symmetry of this object (as it was done in [5]). A direct consequence of (4.13)) and the

linearity of the differential expressed in Corollary is the bilinearity of V f - Vg, i.e.
Viarfi+asfs) - Vg=0a1Vf1-Vg+aVfa-Vg,  Vfi, f2,9 € Sy 1,00 ER,

(4.15)
Vf-V(Big1+ B2g2) = /1Vf - Vg1 + V[ - Vs, V£, 91,92 € Sies Br, B2 ER,
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and from (3.36)) we also get

V(fif2)-Vg= fiVfa-Vg+ 2V fa- Vg, Vf1, f2 € Sie N Ly, g € Sies

(4.16)
vf ! V(QIQQ) = glvf ! v.q? + ngf : Vglv Vf € Sl20c7 g1,92 € SIQOC N Lf:cv

all the equalities being intended m-a.e..
The following proposition collects some different characterizations of infinitesimally
Hilbertian spaces.

Proposition 4.21 Let (X,d, m) be as in (2.7). Then the following are equivalent.
i) (X,d, m) is infinitesimally Hibertian.
ii) For any Q0 C X open with m(9Q) = 0 the space (£2,d, m‘Q) 1s infinitesimally Hilbertian.
i5) W12(X,d, m) is an Hilbert space.

iv) The Cheeger energy Chy : L? — [0, 00| is a quadratic form, i.e.

Cha(f +g) + Cha(f — 9) = 2(Cha(f) + Chalg)), Vg € I3 (X,m).  (417)

proof

(i) = (ii) Follows from Proposition and the equivalence stated in Proposition

(ii) = (i) Obvious: just take 2 := X.

(i) = (iii) Obviously follows from the definition of the W2 norm.

(iii) = (i) We know that W'?(X,d,m) 3 f — [||[Df|w||7: is a quadratic form, and we want
to prove that the same its true for its extension to S?(X,d,m). Arguing exactly as in the
proof of Proposition above we have that

Wh2(X,d,m) > f — |Dflw € LY(X,m), is a quadratic form. (4.18)

Now use the local finiteness of m and the Lindel6f property of (X,d) to build an increasing
sequence (K ) of compact sets such that m(X \ U,K,) = 0 and an increasing sequence (Xy,)
of Lipschitz bounded functions such that m(supp(X,)) < oo and X,, = 1 on K, for every
n € N. Then for every f € S?(X,d,m) N L>®(X,m) and n € N it holds fX, € W"2(X,d, m).
Since |Dfly = |D(fXn)|w m-a.e. on K,, from and letting n — oo we get that
S%(X,d,m) N L>®(X,m) > f ~ |Df|? € L'(X,m) is a quadratic form as well. With a
truncation argument we get that also S?(X,d,m) > f — |Df|? € L' is a quadratic form.
Integrate to conclude.

(iii) < (iv) The formula || f[|%,.2 = [|f]|72 4+ 2Cha(f) shows that Chy satisfies the parallelo-
gram rule if and only if so does the W? norm. g

A property of particular importance of infinitesimally Hilbertian spaces is that the Lapla-
cian is linear, as explained in the following proposition. We will denote by Dig, (A, Q) C
D(A,Q) the set of those ¢g’s whose Laplacian has ‘internally finite mass’, i.e. for any u € Ag‘ﬂ
it holds |u|(Q') < oo for any Q' € Int(Q2). If (X,d) is proper, then Dign(A, Q) = D(A, Q).

Proposition 4.22 (Linearity of the Laplacian) Let (X,d,m) be an infinitesimally
Hilbertian space. Then for any Q C X open, the set Dy (A, Q) N'S? (Q) is a vector space

wnt
and for g € D (A, Q) NSZ,,(Q), Ag‘Q is single valued and linearly depends on g.
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proof Fix Q C X open. Being (X, d, m) 2-infinitesimally strictly convex, by Proposition
we know that Ag|, is single valued for any g € S2 (QND(A, Q). With a cut-off argument we

deduce that (4.15)) is satisfied also for functions in S2,,(€2). Pick g1, 92 € Dim (A, Q)NSZ,,(Q),
81,82 € R. Observe that [Ag;|(supp(f)) < oo for any f € Test(Q), so that in particular
Test(Q) C LY(Q, |Ag|Q])7 i =1,2. Also, it holds Test(Q2) C S*(X,d,m). Let f € Test(2) and

conclude with

/Qfd(ﬁ1Ag1|Q+62Agz|Q)—ﬁ1/ﬂfdAgl|Q+Bz/QfdAgg|Q

:—Bl/QVf'Vgldm—Bz/QVf'ngdm
- /Q Vf-V(Bigi + faga) dm.

0

The fact that on infinitesimally Hilbertian spaces the Cheeger energy Chy satisfies (4.17))
yields that the formula

E(f,9) == Cha(f + g) — Cha(f) — Cha(g),
defines a symmetric bilinear form on W2(X,d,m). The chain rule (2.16) gives that the

form is Markovian and the semicontinuity of Chy means that the form is closed. Hence, € is
(more precisely, can be extended to) a Dirichlet form on L?(X,m). As a consequence of the
locality principle (2.15)), € is strongly local. The generator of € will be denoted by A, so that
A:D(A) C L*(X, m) —> L?*(X,m) and A and its domain D(A) are defined by

g€ D(A), h=Ag if and only if /fh dm, Vfe D). (4.19)

Notice that D(€) = D(Chy) = W12(X,d, m).
In the following proposition we compare the various definitions of ‘the Laplacian of g
exists and is in L?’. Notice that the results are sharper than those of Proposition

Proposition 4.23 (Compatibility) Let (X,d,m) be an infinitesimally Hilbertian space, g €
Wh2(X,d,m) and h € L?*(X,m). Consider the following statements:

i) g € D(A) and Ag = hm,
ii) h € —0~Cha(g),
iii) g € D(A) and Ag = h.
Then
(i) < (i) = (1),
and if m is finite on bounded sets it also holds

(i) = (i), (iii).

proof
(iii) = (ii). We need to prove that for any f € L?(X,m) it holds

Chy(g) — / (f — g)hdm < Cha(f). (4.20)
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If f ¢ D(Chy) = D(E) there is nothing to prove. Otherwise f — g is in D(€) and we can use
the definition of A to get

~ [ = ghdm = £(f ~ g.9) = £(0.9) ~ E(0.9) < 3(.5) ~ 5(5.9)
which is .

(ii) = (iii). Pick f € D(&) and notice that by definition of 9~ Chsy(g) it holds
Chia(g) — [efhdm < Cha(g +2f). veeR

Conclude observing that Cha(g+¢cf) = Cha(g) +2Cha(f) +E(f, g), dividing by ¢ and letting
el 0ande10.

(ii) = (i). This is a particular case of Proposition

(i) = (iii). Here we assume that m is finite on bounded sets. We know that

—/Vf-ngm:/fhdm, Vf € Test(X) N L (X, |hlm)

and we want to conclude that the same is true for any f € W2(X,d,m). Pick f €
Wh2(X,d,m) and assume for the moment that supp(f) is bounded. Let X be a Lipschitz
bounded function with bounded support and identically 1 on supp(f). Also, let (f,) be
a sequence of Lipschitz functions converging to f in W12(X,d, m) (Corollary . Then
faX — fin WH2(X,d,m) and f,X € Test(X) N LY(Jhjm) for any n € N. Thus passing to
the limit in — [V (f,X) - Vgdm = [ foxhdm we get — [Vf - Vgdm = [ fhdm for any
f € Wh2(X,d, m) with bounded support.

To achieve the general case, let (X,,) be an increasing sequence of non negative, 1-Lipschitz
functions with bounded support and such that X,, = 1 on By, (xg), where zyp € X is some
fixed point, for any n € N. Then fix an arbitrary f € W1'2(X,d, m), notice that fx, €
WH2(X,d, m) as well and has bounded support. We claim that fx, — f in WH2(X,d, m).
Indeed and by the dominate convergence theorem we immediately get that || f — fXy| 2 — 0
as n — oo. Also, we have |D(f — fXp)|w — 0 m-a.e. as n — oo and |[D(f — fXn)|w <
|Dflw|l — Xn| + | f| m-a.e., so that again by dominate convergence we get |[D(f — fXpn)|w — 0
in L?(X, m) as n — oo. Conclude by letting n — oo in

—/V(fxn)-ngm:/anhdm.

0

Remark 4.24 (Compatibility with the theory of Alexandrov spaces) In [2I], using
key results of [31] and [32], it has been proved that finite dimensional Alexandrov spaces with
curvature bounded from below are infinitesimally Hilbertian.

On these spaces there are three - compatible - ways of defining a Laplacian:

i) To use the fact that W2 is Hilbert to build a natural Dirichlet form and then considering
its generator.
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ii) To use the DC structure of the space to define the Laplacian of DC! functions on
X \ Ss by direct calculus. Recall that DC functions are functions which are locally the
Difference of Concave functions, DC! functons are also C!, that a DC chart is a chart
made of maps with DC components and that Perelman showed in [32] that ‘most’ of
an Alexandrov space (i.e. all of it with the exception of a small singular set Ss) can be
covered by DC charts.

iii) To use the Riemannian structure of the space to give a meaning to the integration by
parts formula.

For the first two approaches see [21I]. Due to Proposition the first is clearly in line with
the theory built here. The same is true for the second, because the approach we propose
clearly reduces to the standard one on Riemannian manifolds equipped with a metric tensor
locally uniformly elliptic, which is the case for DC manifolds.

The third approach was introduced by Petrunin ([33]) for the case of DC functions. To
define the Laplacian of these functions, he used the integration by parts rule: for g which is
DC on some open domain €2 he proposed

/ fdAg:= —/ (grad f,grad g) dH", Vf :Q — R Lipschitz with f‘aﬂ =0, (4.21)
Q Q

where n is the dimension and H™ the corresponding Hausdorff measure and the object
(grad f, grad g) is defined H™-a.e. via the use of DC charts. He used this definition of Lapla-
cian to prove that for DC functions the measure A actually exists and that it is non negative
for convex functions.

To see that defines the same measure as the one given in , start observing that
the requirements ‘ f log = 0’ and ‘supp(f) CC Q are easily seen to be interchangeable in this
setting, so that it is sufficient to prove that H"-a.e. it holds (grad f,grad g) = Vf - Vg. This
follows from the fact that H"-almost all the space can be covered by DC charts, and that on
these charts the two objects are clearly the same. |

In the next two lemmas we prove that the higher the regularity of g and Ag is, the wider is
the class of functions for which the integration by part rules holds.

Lemma 4.25 Let (X,d,m) be a proper infinitesimally Hilbertian space, Q@ C X an open set
and g € D(A,Q) N S? .(Q). Then for every ¢ € S?(X,d,m) N Ce(X) with support contained

wmnt
in € it holds
/V@Zngdm:/wdAgQ
Q Q

proof Since (X,d) is proper, supp(?) is compact and therefore ]Agm\(supp(w)) < 0o. Simi-
larly, we have m(supp(z)) < oo and thus ¢ € L?(X,m). Hence v € W2(X,d, m) and from
Corollary we know there exists a sequence () C W5H2(X,d, m) of Lipschitz functions
converging to 1 in W2(X,d,m). Define 1>+, ¢4~ : X — R by

d*(z,y)

2 X
d(e,y) W (@) = supab(y) — .

t,+ e
(0 (w)-—lgfw(y)Jr 55 ! 5

It is not hard to show that since 1 € Cp(X), the functions b+ b~ are Lipschitz, equi-
bounded and it holds %" (x) 1 ¥ (z), ¥t~ (x) L ¥(x) as t | 0 for any x € X (see for instance
Chapter 3 of [3]).
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Put 9, ¢ := min{max{¢,, "}, "} and observe that 1, is Lipschitz for any n € N,
t > 0. Let x € Test(Q2) be identically 1 on supp(?), and consider the functions X, ; €
Test(£2).

Since %T 4t~ X are Lipschitz, an application of the dominate convergence theorem
ensures that for any ¢ > 0 the sequence n +— 1, ; converges to 1 in energy Wh2(X,d,m) as
n — oo. Thus this convergence is also w.r.t. the W12 norm and from supp(X,, +) C supp(X),
m(supp(X)) < oo we get

n—o0

lim [ V(X¢n:) - Vgdm = / Vi - Vgdm, vt > 0. (4.22)
Q Q

By construction 1, is uniformly bounded in n,t and pointwise converges to ¢ as t — 0
uniformly on n. Taking into account that supp(X¢n,) C supp(X), |Ag|,|(supp(X)) < oo and
the dominate convergence theorem we get

lti&l ; Xn ¢ dAg‘Q = /wdAgm, uniformly on n. (4.23)
Since Xty € Test(€2), (4.22) and (4.23) together with a diagonalization argument give the
thesis. 0

Lemma 4.26 Let (X,d, m) be a proper infinitesimally Hilbert space, 2 C X an open set and
g € D(A,Q)NS? .(Q) with Agl, < m, Ag|, = hm and h € L? (Q,mm). Then for every

int loc

v € WH2(X,d, m) with bounded support contained in §2 it holds

—/va-ngm:/ﬂwhdm

proof By Corollary we know there exists a sequence (¢,) € W12(X,d, m) of Lipschitz
functions converging to v in W2(X,d,m). Let X € Test(Q2) be identically 1 on supp(¢) and
notice that X1, € Test(Q2) N LY(,|h|m) and Xtb,, — ¢ in W12(X,d, m). Hence we can pass
to the limit in

_Awwmvwm§LWMM,

and get the thesis. ]

Proposition 4.27 (Chain rule) Let (X,d,m) be an infinitesimally Hilbertian metric mea-
sure space, Q@ C X an open set, g € D(A,Q)NS? (), I C R an open set such that

wnt

m(g YR\ 1)) =0 and p € C*(I). Then the following holds.

loc

i) Assume that 9|oy is Lipschitz for every ' € Int(Q). Then
pog e D(AQ), and A(<,oog)|Q :@/ogAg’Q+<p'/og|Dg|12Um’Q. (4.24)

ii) Assume that (X,d) is proper and g € C(Q2). Then (4.24) holds.

dAg|
dm

iii) Assume that (X,d) is proper, g € L (X, m) and Ag|, < m with

loc
Then (4.24]) holds.

e [7,.(Qm|,).

loc
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proof
(i) This is a particular case of Proposition
(ii) Let ' € Int(Q) and observe that since ' is compact, g(€’) is compact as well and thus
¢" is bounded on ¢(€?'). It easily follows that the formula i := ¢’ og Ag|, + ©'og ]Dg\imm
defines a locally finite measure on ), so that the statement makes sense.

Now notice that Test(2) C LY(Q, |f]), pick f € Test(Q2) and use to get

Vf-V(pog)=¢' ogVf-Vg=V(f¢' og)-Vg—fV(¢ og) Vg

, " ) (4.25)
=V(f¢'og) Vg— fe'oglDgl, m—ae,
which by integration gives
- [ 1 Vieogin=— [ V(e 0g) Vadm+ [ £ glDgE am. (4.26)
Hence to conclude it is sufficient to show that
—/V(fgo/ og)-Vgdm = /f(pl o gdAgq, (4.27)

This is a consequence of Lemma applied to ¥ := f¢’ o g, which by our assumptions
belongs to S?(X,d, m) N C.(9).

(iii) From the assumptions we know that ¢’ o g € LIQOC(Q,mm) and ¢" o g € L2 (9, lo)-
Therefore, since Ag|, < m with L?  density, the formula fi := ¢/ o g Agl,+ Y'og ]Dg\?umm
defines a locally finite measure on {2 and the statement makes sense. As before, we have
Test(Q) € L'(Q,|a]). With the same computations done in ([4.25), we reduce to show
that holds also in this case. This is a consequence of Lemma applied to ¢ := f¢'og,
which belongs to W2(X,d, m) and has bounded support contained in €. ]

The next theorem shows that in this linear case, the Leibniz rule holds also for the Laplacian,
a property which, being consequence of the second identity in (4.16)), is not available in the
general non linear setting. As for the chain rule, the theorem is stated in 3 different ways,

depending on the assumptions on g;, Agi| o and the space.

Theorem 4.28 (Leibniz rule for the Laplacian) Let (X,d,m) be an infinitesimally
Hilbertian space, Q@ C X an open set and g1,go € D(A,Q) N S2.(Q). Then the following
s true.

i) If 91,92 are Lipschitz on Q' for every Q' € Int(Q), and g1,92 € Dim(A,Q), then
9192 € D(A,Q) and

A(9192)|q = 91892, + 92A91|, +2Vg1 - Vgam. (4.28)

ii) If (X,d) is proper and g1, g2 € C(Q2), then g1g2 € D(A,Q) and (4.28)) holds.

iii) If (X,d) is proper, g1, g2 € L? (Qﬂm‘Q)mLoo

loc loc

(Q,m|,) and Ag;|, < m with L? (Q,m,)
density, i = 1,2, then gi1g2 € D(A,Q) and (4.28]) holds.

loc

proof
(i) Being Lipschitz, g1, go are bounded on Q' for any € € Test(Q), hence g1g2 € S?,,(Q). It
is also clear that the right hand side of (4.28)) defines a locally finite measure p on €2, so that
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the statement makes sense. The fact that \Agi‘Q](Q’) is finite for every Q' € Int(2), i = 1,2,
grants that Test(Q2) C L1(, |Agi’Q|), i =1,2, and Test(Q) c L'(Q, |u|). To conclude, pick

f € Test(Q2), notice that fgi, fgo € Test(2) and take the Leibniz rule (4.16)) into account to
get

Vf-V(g9192) = 1V f Vg2 + ¢V f-Vgr =V(fg1) Vg2 + V(fg2) - Vg1 —2f Vg1 - Vgo,
(4.29)

which integrated gives the thesis.

(ii) As before, the right hand side of defines a locally finite measure u, and as before
g1g2 € S2.,(Q), Test(Q) C Ll(Q,|Agi|Q|), i = 1,2, and Test(Q) C LY(Q,|u|). Pick f €
Test(€2) and notice that with the same computations done in the thesis follows if we
show that

/V(fgl)'ng dm = —/ fg1dAgs)q,
2 @ (4.30)

/Qv(f92)'V91 dm:—/gfgszqu-

These are a consequence of Lemma applied to ¥ := fg1, g := g2 and ¥ := fgo, g 1= g1
respectively.

(iii) Same as (#i) with Lemma in place of Lemma to justify (4.30)) O

In the discussion we made up to now, the Laplacian has always been understood by means
of the integration by parts formula in On a Euclidean setting there is at least another
completely different approach: to look at the behavior of the heat flow for small times. It
is therefore natural to try to understand whether a similar approach is possible also in the
non smooth context. Although it is always possible to define the heat flow as the gradient
flow of Chy in L2, in practice, in order for it to have at least some of the regularization
properties available in a Euclidean context, it seems better to restrict the attention to spaces
with Riemannian Ricci curvature bounded from below. This class of spaces was introduced
in [5] as a strengthening of the standard CD(K, 0o) class which rules out Finsler geometries.
On such spaces the heat flow can be equivalently regarded as gradient flow of Chy in L? or
as gradient flow of the relative entropy in (Z22(X), Wa), it is linear, self adjoint and has some
very general regularization properties, see Theorem [£.30] below.

Recall that for m € Z(X) the relative entropy functional Enty, : Z(X) — [0, +00] is
defined as

log pdm, if p = pm,
Entu (1) := / plogp H=p
400, otherwise.

By D(Enty) we denote the set of p’s such that Enty (1) < oo.

Definition 4.29 (Riemannian Ricci curvature bounds) Let (X,d,m) be as in
with m € P(X) and K € R. We say that it is a RCD(K,00) space provided it is in-
finitesimally Hilbertian and for any p,v € D(Enty) N Po(X) there exists w € OptGeo(pu, V)
such that the inequality

K = yw2 ((eo)smr. (e2)gmr).

Entm((et)ﬁwF) < (1 — t)Entm((eo)ﬁﬂ'F) + tEntm((el)ﬁﬂ'F) — Et
(4.31)
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holds for any t € [0,1], where F : Geo(X) — R is any Borel non negative bounded function
such that [ Fdw =1 and wp := Fxr.

Notice that the usual K-geodesic convexity of the entropy is enforced by asking it along all
weighted plans 7wg in . It is not clear whether this convexity condition, taken alone, is
stable w.r.t. mGH convergence or not. It has been one of the results of [5] to show that when
coupled with infinitesimally Hilbertianity the resulting condition is actually stable.

Let (X,d,m) be a RCD(K,o0) space. Denote by H; : L?(X,m) — L?(X, m) the gradient
flow of Chy (which clearly exists and is unique), i.e. for any f € L?(X,m) the curve ¢ +— H;(f)
is the gradient flow of Chs in L?(X, m) starting from f. Similarly, denote by 2% : D(Enty) N
P5(X) — D(Enty) N P2(X) the gradient flow of Enty, in (H2(X), Wa) (uniqueness has been
established in [16], existence in [2], [16], [5] for, respectively, compact / locally compact /
extended Polish spaces).

In the next theorem we collect those results proved in [3], [5] which we will use in the rest
of the section.

Theorem 4.30 (Properties of the heat flow) Let K € R and (X,d,m) a RCD(K, )
space. Then the following hold.

i) Coincidence of the two flows Let f € L*(X,m) be such that fm € P5(X). Then for
any t > 0 it holds (H.f)m = J#(fm).

i1) Linearity and extendibility Hy is a linear semigroup which can be uniquely extended to
a continuous semigroup on L'(X,m), still denoted by H;. Similarly, 6 is a linear
semigroup which can be uniquely extended to a continuous linear semigroup, still denoted
by .7, on the space M(supp(m)) of Borel measures with finite mass on supp(m), where
continuity is meant in duality with Cy(supp(m)).

iii) Regularization properties For t > 0, 4 maps M(supp(m)) on D(Enty) and H; maps
contractively L*° (X, m) in Cy(supp(m)), with L>° — Lip regularization:

/]l 2o

Lip(Hif) € ——— (4.32)
\/2 fg e2Ks ds
iv) Self-adjointness For any f € L>®(X,m), u € M(supp(m)) and t > 0 it holds
[ rastin= [ ran (4.33)

v) Compatibility with the Dirichlet form theory The intrinsic distance dg associated to &
coincides with d.

vi) Validity of the Bakry-Emery curvature condition For any f € WH2(X,d, m) it holds

ID(H:f)]2 < e 2BHH(IDf?), m — a.e. Vt > 0. (4.34)

As expected, the Laplacian commutes with the heat flow:
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Proposition 4.31 (AH,g = #{Ag) Let K € R, (X,d,m) a RCD(K,oc0) space and g €
Wh2(X,d,m) N D(A) with ||Ag|lty < co. Then for every t > 0 it holds
A(Hug) = A (Ag). (4.35)

proof Taking into account (4.33)) and the definition of A we need to prove that for any
f € Test(X) it holds

/Vf - VHigdm = /VHtf - Vgdm.
Given that f,g € D(€), such equality is a standard consequence of the self-adjointness of the
evolution semigroup associated to a Dirichlet form, we omit the details. ]

Having a well defined heat flow allows, as we discussed before, to give a definition of Laplacian
based on its infinitesimal behavior.

Definition 4.32 (A variant of the definition of Laplacian) Let K € R, (X,d, m) be an
RCD(K, ) space and g € L*(X,m). We say that g € D(A) provided there exists a locally

finite measure p such that
. Hig — g
1 dm = d
im / f ; m / [ du,

for any f € Co(X) N LY(X, |pu|) with bounded support. In this case we write Ag = p (notice
that p is certainly unique).

Given that the heat semigroup is linear, it is trivial that D(A) c L' is a vector space and
that A is linear. Our first task is to compare this version of the Laplacian with the one
previously introduced in Definition [£.4] Notice that proposition grants that

g€ D(A), h=Ag & geW(X,dm)nD(A), Ag=hm,
& geW'(X,dm)NnD(A), Ag=hm.

The following statement generalizes such result to situations where the Laplacian is a measure.

Proposition 4.33 Let K € R, (X,d,m) a RCD(K,oc) space and g € Wh2(X,d,m). As-

sume that g € D(A). Then g € D(A) and Ag = Ag. Viceversa, if g € D(A) and
|AglTv < oo, then g € D(A) and Ag = Ag.

proof We know that Hgg — ¢ in L?(X, m) as s | 0 and, from the lower semicontinuity of Chs
and the fact that Chy decreases along the heat flow, Cha(Hsg) — Cha(g) as s — 0. Hence,
since W12(X,d, m) is Hilbert, we deduce Hyg — ¢ in W12(X,d, m) as s — 0.

Let f € Test(X) N LY(X,|Ag|) € WH2(X,d, m) and notice that

Heg — I L
/f tgt gdm:t// fAHsgdsdm:—t/ /Vf-VHsgdmdS
0 0

= /Vf-ngm+Remt,

where the reminder term Rem; is bounded by
1 t
Remu| < 11D ull 2oy [ I1D(Hg = 9)lullooxm .
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The first part of the statement follows.
For the second, fix f € Cy(X) and use and (4.33) to get

/thgt_gdm / /fdAHsgds—/< / H fds> dAg.

By (iii) of Theorem we have ||Hsf|lze < ||f||zee, thus by the dominate convergence
theorem, to conclude it is sufficient to show that H, f(z) — f(z) for any x € supp(m) as s | 0

(recall that |Ag|(X \ supp(m)) = 0). Using again (4.33) we have

Hef (z) = / Hof (y) d6a(y) = / F(y) A5 (),

and the conclusion follows from the weak continuity statement in (i7) of Theorem O

The following is a natural variant of Proposition Notice that the use of the theory of
semigroups allows us to conclude that the lim at the left hand side of is always a limit.
The compactness assumption can be dropped at least if the measure is doubling (in this case,
also a weak local Poincaré inequality holds, see [35]).

Proposition 4.34 Let K € R, (X,d,m) a compact RCD(K,c0) space, g € L'(X, m) and u
a finite Borel measure on X. Assume that

tw/f 979 g >/fdu, Vf e O(X), f>0. (4.36)

Then g € D(A) and Ag > p.
proof It is obvious that (4.36)) holds also with lsupp(m) in place of p and that it implies

| x\supp(m) < 0, thus we can assume supp(m) = X.

Define the functionals L* : C(X) — R U {£oo} by

= lim /f 979 qm,  LT(f) = Tim /f 979 g, (4.37)

10 t}0

It is clear that both are positively 1-homogeneous, that L~ is concave and L+ convex. More-
over, since [H;gdm = [ gdm, it holds L*(f + ¢) = L*(f) for any f € C(X), c € R.
Pick a generic f € C(X), notice that f + || f||z > 0 so that from (4.36) we derive

LN =L (G410 =) = [ £ 410l dn = =20 lum v (438)
Then using the identity L™ (—f) = —L*(f) we get

2| fllzeellullry < L7(f) < LH(f) < 2 fllreelullrv,  Vf € C(X).

Hence the inequality L= (f) — L™ (g9) > L~ (f —g) > —2||f — gllze< ||| Tv, and the similar one
written with reversed roles, gives that L™ : C'(X) — R is Lipschitz. Similarly for L.

Now fix a non negative function ¢ € C2°(0,1) such that [ ¢(t)dt = 1. For any f €
LIP(X), r > 0 define 7,.f : X — R by

1 o0
T f ::7”/0 Hsfgo(;)ds
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From it follows that Lip(7.f) < Lip(f) [;° e *"p(s)ds for any » > 0 (see Section
6.1 of [5] for details), and therefore the L?(X, m) convergence of 7,.f to f implies uniform
convergence.

By standard semigroups computations we know that 7.f € D(A) and that A7.f =
1 [5° AH,fo(2) ds. Hence for any r > 0 we have

L (nf) = / Arfgdm = L* (7, f).

Since L™, L are both continuous on C(X), by letting r | 0 we deduce that LT(f) = L™(f)
for any f € LIP(X) and hence they coincide also on C'(X). The conclusion follows from the
Riesz theorem. n

The notion of Laplacian A allows to prove the Bochner inequality with N = co in compact
RCD(K, o) spaces: shortly said, this will follow by the standard argument consisting in
derivating at time ¢ = 0 the Bakry-Emery condition . Recall that by A we intend the
generator of the Dirichlet form &, see (4.19).

Theorem 4.35 (Bochner inequality with N = occ) Let K € R, (X,d,m) a compact
RCD(K, ) space and g € D(A) with Ag € WH2(X,d,m). Then |Dg|?, € D(A) and it
holds

A ‘Dgﬁu 2
A > (VAg-Vg+ K|Dgl;,)m. (4.39)

Note: for any f € L?(X,m), t > 0, the function g := H,f fulfills the hypothesis.
proof By standard semigroup computation we get that for g as in the hypothesis it holds
2 _ 2
t10 t
we omit the details. Now recall that from (4.34]) we know that it holds

=2VAg-Vy, in L?(X,m), (4.40)

ID(Hig)l2, < e * 'Hy(|Dgl2),  Vt=>0.

Notice that for ¢ = 0 this is an equality, multiply both sides by a continuous and non negative
function f: X — R to get

2 _ 2 —2Kt 2y _ 2
Using (4.40) we get
—2Kt 2y _ 2
2/fVAg-ngm§lim = Ht(‘Di"w) 1Dl g1
t10

since Hy(|Dg|2)m weakly converges to |Dg|2m, it is immediate to check that for the right
hand side it holds
e ?M'Hy(|Dygl3,) — | Dyl

“dm = 2K [ f1Dgf}dm+1im [ 1
) 3

H:(IDgl2,) — | Dgl2, dm

lim [ f
10 13

therefore the conclusion follows from Proposition with |Dg|? in place of g and p :=
2(VAg-Vg+ K|Dg|2)m. O
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Remark 4.36 The derivation of the Bochner inequality with N = oo from the contraction
estimate is classical. What is interesting to observe is the link between and
the K-geodesic convexity of the entropy. Indeed, even on a smooth Riemannian setting, in
deriving the former from the latter, the fact that the tangent space is Hilbert is used twice:

i) A first time to deduce the K-contractivity of Wy along two heat flows.

ii) A second time to pass, by a duality argument, from the K-contractivity of W5 to (4.34))
(see e.g. the general argument in [20]).

It is known that on Finsler manifolds the K-convexity of the entropy does not imply the K-
contractivity of W5 along two heat flows (as proved by Ohta-Sturm in [29]), and the duality
argument in (#¢) works only for linear flows, so that when applied to the heat flow, it works
only on Riemannian manifolds.

The fact that a duality argument is used twice, suggests that there should be a way to
state and prove the Bochner inequality also on a Finsler setting satisfying the CD(K, c0)
condition. This is actually the case: more generally, the Bochner inequality, also with finite
N, holds also on a Finsler structure, provided an appropriate reformulation of the term A%
is considered (see [30] and [I7] for two different approaches) [

5 Comparison estimates

In this chapter we recall the definition of metric measure spaces with Ricci curvature > K and
dimension < N, and prove that on these spaces the sharp Laplacian comparison estimates
for the distance function holds, at least on the infinitesimally strictly convex case.

5.1 Weak Ricci curvature bounds

Here we recall the definition of CD(K,N), N < oo, spaces given by Sturm in [40] and
Lott-Villani in [24] (the latter reference deals with the case K = 0 only).

Let u : [0,00) — R be a convex continuous and sublinear (i.e. lim, 4o @ = 0) function
satisfying u(0) = 0. Let M*(X) the space of finite non negative Borel measures on X. The
internal energy functional U : MT(X) — R U {400} associated to u is well defined by the
formula

U(p) = /U(p) dm,  p=pm+p®, p° Lm,
Jensen’s inequality ensures that if m(supp(u)) < oo, then U(p) > —oo. More generally, the
functional U is lower semicontinuous in #(B) C Mt (X) w.r.t. convergence in duality with

Cy(B), for any closed set B such that m(B) < co.
Functions u of interest for us are

un(z) = —2'"%, N e (1,00),

and we will denote the associated internal energies by Uy respectively.
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For N € (1,00), K € R the distorsion coefficients T};?N(Q) are functions [0,1] x [0,00)
(t,0) = Tin (6) € [0, +00] defined by

/

+00, if K62 > (N —1)n?,

1—L
in(t6\/K/(N — 1 a
i [ S0 /( ) : if 0 < K6% < (N —1)72,
sin(0\/K/(N — 1))
7 if K> =0,
1—L

inh(t6\/—K/(N — 1 Y
4 [ Sinh( /( ) , if K62 < 0.

sinh(6/—K/(N — 1))
Definition 5.1 (Weak Ricci curvature bound) Let (X,d, m) be a boundedly finite metric

measure space. We say that (X,d,m) is a CD(K,N) space, K € R, N € (1,00) provided for
any p,v € P(supp(m)) with bounded support there erists ™ € OptGeo(u,v) such that

3
A=
=
—~
2
~

2

1— _ L _ L
Un((er)ym) < = / e (4010, 7)) 0™ ¥ (0) + iy (d 0, 70)) N () de(y), - Ve € [0,1],
(5.1)
for any N' > N, where up = pm + p® and v = nm + v®, with p*,v° L m.

When dealing with a CD(K, N) space, we will always assume that supp(m) = X (this is
dangerous only when discussing stability issues), and to avoid trivialities we also assume that
X contains more than one point. In the following proposition we collect those basic properties
of CD(K, N) spaces we will use later on.

Proposition 5.2 (Basic properties of CD(K, N) spaces) Let (X,d,m) be a CD(K,N)
space, K € R, N < oo. Then (X,d) is proper and geodesic, m is doubling and (X,d, m)
supports a weak local 1-1 Poincaré inequality, i.e. for any bounded Borel function f: X — R
and any upper gradient G of f it holds

1

dmeCrb/ G dm,
m(Bar (7)) J By, (2)

[ = {f)B.(2)

where (f) B, (x) = m fBr(:c) fdm, for some constant C' depending only on (X,d, m). Also,
the Bishop-Gromov comparison estimates holds, i.e. for any x € supp(m) it holds

o sin(t/K/(N —1))N-1dt

fORSin(t K/(N_l))Nfldt if K >0
m(Br(x)) PN |
ﬂﬁﬁﬂz RN if K =0 (5.2)
fisinh(t K/(N —1)N-1at s
\ fo sinh(t\/K/(N — 1))N-1dt

for any 0 <r < R < /(N —1)/(max{K,0}).
Finally, if K > 0 then (supp(m),d) is compact and with diameter at most w %
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proof For the Poincaré inequality see [23] for the original argument requiring the non-
branching condition and the more recent paper [35] for the same result without such as-
sumption. For the other properties, see [40] or the final Chapter of [41]. O

We conclude this introduction recalling that on general metric measure spaces (X,d,m),
given a Lipschitz function f: X — R, typically the objects |Df|,|D" f|,|D~ f|,|Dfl|s are all
different one from each other, the only information available being |Df|, < |DT f| m-a.e. and
|D*f| < |Df| everywhere. A deep result due to Cheeger [I0] ensures that if m is doubling
and (X, d, m) supports a weak local 1-1 Poincaré inequality, then it holds

|Df|w = |Df| =|DTf|=|D"f], m—ae  VYf:X — Rlocally Lipschitz.  (5.3)
In particular, we have the following result.

Theorem 5.3 Let (X,d,m) be a CD(K,N) space, K € R, N € (1,00). Then (5.3)) holds.

5.2 Variants of calculus rules

In the introduction we saw that the heart of the proof of Laplacian comparison estimates for
the distance function on CD(K, N) space is to differentiate the internal energy functional
Uy along a Wasserstein geodesic. To make this computation on a metric measure space is
complicated by the lack of a change of variable formula, which prevents the use of the standard
analytical tools. In this abstract setting, this sort of computation has been done for the first
time in [5] via an analogous of Theorem relating horizontal and vertical derivatives.
In order to apply such theorem, it was important to be sure that the Wasserstein geodesic
along which the derivative was computed was made of absolutely continuous measures with
uniformly bounded densities (at least for ¢ close to 0), so that the plan associated to it was of
bounded compression. Geodesics of this kind were obtained by assuming some strong form
of geodesic convexity for the relative entropy.

Our purpose here is to show that as a consequence of Theorem 5.3} in the finite dimensional
case no form of strong geodesic convexity is needed for the internal energy functionals in
order for the argument to be carried out. Shortly said, the assumption that 7 has bounded
compression can be replaced by Uy ((es)sm) — Un((eo)s) as t | 0.

The arguments of this section are based on the following simple lemma.

Lemma 5.4 Let (X,d,m) be as in 2.7), (un) C P(X) a sequence of measures and p €
P(X). Assume that for some closed set B with m(B) < oo it holds supp(pun) C B for every
n € N, supp(u) C B and that (pn) weakly converges to p in duality with Cy(B). Assume
furthermore that

<L m, and Un(pn) = Un(p), asn — oo.
Then for every Borel bounded function f: B — R it holds

Jm [ £ = [ g (5.4)

proof Write u = pm, p, = pym + p5 with g2 L m. We need to prove that u?(B) — 0 and
that p, — p in duality with L>°(B,m). We argue by contradiction and assume that there
exists a sequence ¢, T co such that

/ pndm+ pul (B) > C >0, Vn € N. (5.5)
{pn>cn}
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Define the measures vy, := ppX{,,<c,}M < fi, and notice that since (un) is tight, so is (vp).
Hence up to pass to a subsequence, not relabeled, we can assume that (v,,) converges to some
Borel measure v € M (B) in duality with Cy(B). From

N—-1

|uN<ﬂn) - uN(Vn)‘ = / lun (pn)] dm < (A }Pn dm) m({p, > Cn})%v
Pn>cCn

{pn>cn}

and Chebyshev’s inequality m({p, > ¢,}) < é 10, we get limy, o0 [Un(tn) — Un ()] = 0
and thus
Uy(v) < lim Un(vn) = lim Un(pn) = Un(p). (5.6)

n—oo n—o0

Write v = nm + v®, with v®* 1 m and notice that by construction it holds v < p, so that
v® =0 and n < p m-a.e.. Also, since uy is strictly decreasing, forces n = p m-a.e., so
that v(B) = [ndm = [ pdm = 1. But this is a contradiction, because from we have
vn(B) <1—C for every n € N, so that v(B) <1 — C as well. O

Notice that as a consequence of the convexity of Uy (w.r.t. affine interpolation) and its weak
lower semicontinuity, the following implication holds:

e Z(Geo(X))
supp((ey)ym) C B, Vt € [0,1], for some bounded closed set B s.t. m(B) < oo
Un((er)pm) = Un((eo)ymw), astlO

= Uy <1 /Ot(es)ﬁﬂ'ds> — Un((eo)ym), astlO

(5.7)
A direct consequence of Lemmal5.4] is the following version of the metric Brenier theorem
proved in [3]. Notice that the argument we use here is essentially the same used in [3].

Proposition 5.5 (A variant of the metric Brenier theorem) Let (X,d,m) be as in
[2.7), B € X a bounded closed set such that m(B) < oo, po,p1 € P(B) and N € (1,00).
Assume that g << m, that there exists @ € OptGeo(po, 1) such that lims o Un((er)ym) =
Un (10) and supp((e)ym) C B for any t € [0,1]. Let ¢ be a Kantorovich potential associated
to o, p1 and assume that ¢ is Lipschitz on bounded subsets of X.

Then for every 7 € OptGeo(uo, 1) it holds

d(v,7) = [DT¢l(0), T —ae 7. (5.8)
proof Fix x € X and notice that for every y € 0% (x) it holds
d?(z,y .
p(r) = (2) — (),
d?(z,y .
p(z) < (2) —¢°(y), VzeX.

Therefore ¢(z) — p(z) < @ — % < d(z, z)w, so that dividing by d(z, z) and
letting z — x, since y € 0%(x) is arbitrary we get

DYel(x) < inf d(z,y).

y€0°p()
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In particular, if 7 is an arbitrary plan in OptGeo(puo, 111), from the above inequality and the
fact that v1 € (o) for 7w-a.e. v we deduce

|D+QD‘(70) < d(fYO?’Yl)) T — a.e. Y-

Thus to conclude it is sufficient to show that
/!D+<P\2duo > W3 (110, ).

To this aim, let w € OptGeo(uo, 111) be as in the hypothesis, and use again the fact that ¢ is
a Kantorovich potential to get that for any ¢ € (0, 1] it holds

d*(yo,71)  d* (1)

5 5 = d%(v0, 1) (t — t2/2), T —a.e. 7. (5.9)

(1) — () >

Dividing by d(v0,7:) = td(70,71), squaring and integrating w.r.t. ™ we get

B 2
ltiTrg (W) dﬂ(v)Z/dQ('m,'h)dfr(v)=W22(uo,m)-

Now notice that since ¢ is locally Lipschitz, |D"¢| is an upper gradient for ¢, hence it holds

[ () o= [ < / t|D+90|(75)d8>2d77(7)
/ D¢l () ds dm(y / [1D%e d(ea)m s

From our assumptions and (5.7) we get that UNG fg(es)ﬁﬂ ds) — Un(p) as t | 0. Also,

notice that by hypothesis the Borel function |[D*¢|? is bounded on B. Thus we can apply
Lemma [5.4] and get

1 + 2 _ + 12
tggt//w ol dleymds = [ Do duo

and the proof is completed. O

The following proposition is the variant of Proposition [2.11} notice that we are assuming
(5.3)) to hold, replacing Sobolev functions with Lipschitz ones and the assumption of bounded
compression with (eg)ym < m and Un((e;)ym) — Un((eo)y7) as t | 0.

Proposition 5.6 Let (X,d,m) be as in [2.7). Assume that holds and let ™ €
2(C([0,1], X)) be such that (eg)ym < m, and Un((e;)sm) — Un((eo)sm) ast | O for some
N € (1,00). Assume furthermore that for some bounded and closed set B C X withm(B) < 00
it holds supp((es)yw) C B for any t € [0,1].

Then for every function f : X — R Lipschitz on bounded sets and every p € (1,00) it
holds

B Dl (x (eo)y
/dem . D flullZox eo), ) Imla (5.10)

lim
£10 p q

where q is the conjugate exponent of p.
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proof If ||m||; = oo there is nothing to prove. Thus we can assume ||7||; < oo which in
particular implies that for some T € (0,1] the plan (restr{ )ym is concentrated on absolutely
continuous curves and that (e;)y7 weakly converges to (ep)ym in duality with Cy(B).

Since f is locally Lipschitz, | D f| is an upper gradient for f and thus

fg D f[P(vs) fo Y59 ds
tp tq

fln) —
t

)

/ D f[(7s)|7s| ds <

holds for any absolutely continuous curve v and ¢ € (0,1]. Integrate over 7 and let ¢ | 0 to

get
hm/w fhrn // |Df|P(s)dsdm(y) + HWHQ

tl0 ptlot

From our assumptions on 7 and (5.7) we get that Uy (% fo (es)ym ds) — Un((eo)y7r). Since

(eg)ym < m and everything is taking place in the closed and bounded set B, we can apply
Lemma [5.4] to the bounded Borel function |Df|P to get that

1 t L 1 [t
[ 105G asant) =T [1p7va (4 [edmas) = [ D5 dteo)m

Finally, we use (5.3) to replace |Df| with |D f/. O
This proposition suggest the following variant of Definition

Definition 5.7 (Plans weakly representing gradients) Let (X,d,m) be as in (2.7),
p,q € (1,00) conjugate exponents, g : X — R a function Lipschitz on bounded sets and
e Z2(C(0,1],X)). We say that ™ weakly q-represents Vg provided:

i) |lwllg < o0,
) (eo)ym < m and Un((er)ym) = Un((eo)ym) ast ] 0 for some N € (1,00),

i) for some bounded and closed set B C X with m(B) < oo it holds supp((e¢)y7) C B for
any t € [0,1],

iv) it holds
p
109105 ey s

lim g() — 9(10) dr(y) >

5.11
10 13 p q (5.11)

Note: it is not the representation of Vg to be weak in this definition, but the assumption that
7 has bounded compression that has been weakened into (i7) above.

As a direct consequence of the metric Brenier theorem we have the following simple
and important result.

Corollary 5.8 With the same assumptions and notations of Proposition [5.5 above, assume
furthermore that - ) holds. Then w weakly 2-represents V(—p).

proof Dividing (5.9) by ¢, integrating w.r.t. 7 and letting ¢ | 0 we get

tim [0 =200 4o > [ #Gom)an(y).
tl0
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On the other hand, since 7 is concentrated on geodesics it holds
IR
¢ [[ 1l asan() = [ @eomant,  vee )
0

Finally, (5.8), (5.3) and the fact that (eg)ym < m give [ |Dy|2 d(eo)ym = [ d?(y0,71) ().
g

We conclude with the variant of Theorem which we will use in the proof of the Laplacian
comparison estimates.

Proposition 5.9 (Variant of horizontal-vertical derivation) Let (X,d,m) be as in
and assume that holds. Let p,q € (1,00) be conjugate exponents and N € (1,00).
Let f,g: X = R be two functions Lipschitz on bounded subsets of X and w € 2(C([0,1], X)
a plan weakly q-representing Vg.

Then the same conclusions of Theorem [3.10 hold, i.e.

[ P rgIDgl dteoyem > Ty [ 002 IO )

> tim [ LI gn) > [ D99 0gle dfeope

t10
(5.12)

proof The proof is the same as the one of Theorem [3.10, with Proposition 6| replacing
Prop051t1on [2.11] Indeed notice that the assumptions of Proposition [5.6] are fulﬁlled so that
from 0) applied to the function g + ¢ f, € € R, we get

(9+eN)00) =l +2D00) o MNP TEDIeliricenm Il

lim , (5.13)
[A) t p q
while from our assumptions on g and 7 we know that
_ |||D9| 170 g
£10 t p q
Subtract (5.14) from ( m to get
D( Dglh
llmE/ f ’Yt / l g+5f | glw d(e())jjﬂ'
t}0
The thesis follows. 0

5.3 Proof of Laplacian comparison

We are now ready to prove the main comparison result of this paper. The proof will come
by combining a bound from below and a bound from above of the derivative of the internal
energy along a geodesic.

We start with the bound from below, which is the one technically more involved. We
will use all the machinery developed in the previous section. Let us introduce the pressure
functionals py : [0,00) = R, by putting py(z) := zu/y(z) — un(z), i.e.

1
pn(z) = %zl N.
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Proposition 5.10 (Bound from below on the derivative of the internal energy)
Let (X,d,m) be as in such that holds and m is finite on bounded sets.

Let py € P(X) be a measure with bounded support such that py < m, say po = pm.
Assume that supp(po) = Q, with Q open such that m(9Q) = 0. Assume also that the re-
striction of p to Q0 is Lipschitz and bounded from below by a positive constant. Also, let
€ P(X) and w € OptGeo(uo, pu1). Assume that supp((e¢)ym) C Q for every t € [0,1] and
that Un ((e)gm) = Un (o), as t | 0.

Then it holds

i G ((ee)gm) — Un((eo)y
o t

)5 - [ D ox (o) (Vo) am, (5.15)

where ¢ is any Kantorovich potential from pg to p1 which is Lipschitz on bounded sets and
the integrand DT (pn(p)) (V) is defined according to Definition in the space (ﬁ,d,m‘ﬂ)
(this remark is necessary because in general p, being discontinuous along 052, does not belong
to any SP(X,d, m)).

proof We work on the space (ﬁ,d,mm). Since p,p~!' : Q — R are bounded, the function
uy(p) : @ — R is bounded. Thus for every v € Z(Q) absolutely continuous w.r.t. m|,, the

convexity of uy gives Uy (v) — Un () > [q ’u,’]\,(p)(g—"]’1 — p)dm. Then a simple approximation

argument based on the continuity of p gives
() =) = [un(o)av = [unlp)dn, e 2(@),
Q Q

Plugging v := (e;)y7, dividing by ¢ and letting ¢ | 0 we get

o L ((e)m) ~ Un(eo)sm) | () o0 — iy (p) oo
10 t 10 3

dm.

Now observe that for any Lipschitz function f : X — R and x € (), the values of
|Df|(x),|D*f|(z) calculated in (X,d) and (Q,d) are the same. Taking into account Propo-
sition and the fact that m(9Q) = 0, we can conclude that (5.3)) holds also in the space
(€2,d,my).

In particular, Corollary is Epplicable and we have that 7 weakly 2-represents V(—y).
Then, since the maps u/y(p), ¢ : @ — R are Lipschitz, we can apply Proposition on the
space (Q,d,m’Q) with p = ¢ = 2 to get

ti [ A2 IO g [ Dty () (V)i
tl0 Q

To conclude, notice that py(z) = zu;(z) and apply twice the chain rule (3.29)):

/QD_(“?V(’)))(V(—@)pdm - _/

Pk (D" (V) dm =~ | D (b (p))(Vep)dim
Q Q
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For K € R, N € (1,00), we introduce the functions 75 n : [0,00) — R by

% (1 +0/K(N — 1) cotan (9%%)) ; if K >0,

Tr.N(0) == 1, if K =0,

% (1 + 9\/mcotanh (0%)) , if K <0,

L gy (=D
so that 7x n(0) = limyg M (provided K62 < (N — 1)7? if K > 0). Notice that

if K <0 then 7x n(-) is bounded on bounded subsets of [0, c0), but for K > 0 it blows up as
0 approaches m/(IN — 1)/K. This creates a potential complication about the integrability of
7i N (d(70,71)) w.r.t. optimal geodesic plans 7 which must be dealt with. This is the scope
of the following lemma.

Lemma 5.11 Let (X,d,m) be a CD(K,N) space, K € R, N > 1, and p,v € P(X) with
bounded supports and p < Cm for some C > 0. Then for every w € OptGeo(u, v) the

T ([d(0.7))—mi 3 (d(v0.m))
t

function v — Tx n(d(70,71)) is in L1(w) and the convergence of
to 7 N (d(Y0,71)) as t — 0 is dominated in L' ().

proof If K < 0 there is nothing to prove, thus let K > 0 and recall that in this case

(X,d) is compact (Proposition [5.2). It is immediate to verify that the domination of

T ([d(0.7) =7 3 (d(v0.m))

t

‘ is a consequence of the fact that v — 75 v (d(70,71)) is in L!(wr),

thus we focus on this second problem.

If Sup,equpp(r) d(70,71) < /(N —1)/K there is nothing to prove. Otherwise, taking
into account the compactness of (X,d), there exists 7 € supp(w) such that d(y,71) =

/(N —1)/K =: D. Put zg := 7, z0 = 71. We clai that for any x € X it holds

d(z,zp) +d(z,z0) = D. (5.16)

If not, for some r € (0,D) the two disjoint balls B,(zg), Bp_.(zo) would not cover some
neighborhood of z, so that

m(B,(z)) + m(Bo_r(20)) = m(B,(z2) U Bp_(z0)) < m(X). (5.17)

However, taking into account the Bishop-Gromov volume comparison estimates (inequality
(5.2)) we have

[y sin(tw/D)N -t dt fo sin(tm/D)N-1dt
fODSiIl(tﬂ'/D)N 1dt fo sin(tw/D)N-1dt

m(B,(2g))+m(Bo-r(z0)) > ( >m(X) =m(X),

which contradicts (5.17). Hence our claim is true. The argument also yields

Jy sin(tw/D)N -t de
fOD sin(tw/D)N-1d¢

m(B,(zg)) = m(X), Vr € [0,D] (5.18)

2this claim has been proved by Ohta in [25], we are reporting here the proof for completeness
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Now we claim that for every v € supp(w) it holds either 79 = xg or 71 = zo. Indeed, by
cyclical monotonicity and ([5.16) we have

d*(v0,m) + D* < d*(70, z0) + d*(z g, 1)
= D* + d*(y0, z) — 2Dd (10, 2) + d*(z, 1)
< D*+d*(y0,25) — 2d(zp, M)d(Y0, 2E) + d* (25, 71)
=D? + (d(zg,m) — d('YO,xE))27

which yields d(y0,71) < ‘d(mE,*)q) — d(’yo,.I'E)‘. Hence the triangle inequality forces the
inequalities in to be equalities. The claim follows observing that the second inequality
in is an equality if and only if either d(yo,zg) = 0 or d(v1,zr) = D and in this latter
case, yields d(y1,70) = 0.

By assumption, (eg);7 < m, so that, since m has no atoms, for m-a.e. v it holds vy # zg
and what we just proved yields v; = xp for mw-a.e. . Thus

(5.19)

%K,N(d('70771)) = %K,N(d(vova)% ™ —a.e. 7,

and, taking the assumption g < Cm and the defining formula of 7k n(-) in mind, our thesis
reduces to prove that

1
dm(z) < 0.
/ sin (d(z, z0) )

Bpa(zp) N-1
Let T': X — [0,D] be given by T'(z) := d(z,xzx) and observe that ([5.18) gives

sin(rr/D)N -1

fOD sin(tw/D)N-1dt

dTym(r) = ( m(X)) dL1|[o,D} (r).

Therefore

1 1
/ sin (d(z,z0) L) dm) = / sin (d(z,2p)§) )

Bp2(zE) N-1 Bp2(zE)

= m(X) /D/2 sin (Tﬁ)]\L2 dr
[ sin(tw/D)N-1dt Jo D '

The conclusion follows from the fact that N > 1. O

Proposition 5.12 (Bound from above on the derivative of the internal energy)
Let (X,d,m) be as in 2.7), K € R and N € (1,00). Let w € P(Geo(X)) be such that (e;)ym
has bounded support, i = 0,1, and (eg)ym <K m with bounded density. Assume also that m
satisfies

Un((em) < - [ 7030 (oo ¥ (o)), Ve, (520)
where p is the density of (eg)sm.
Then
lgﬁ)luN((et)W) ; Uy ((eo)ym) < /%K’N(d(%,fm)ple(fm)dﬂ-(y)_ (5.21)
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proof From Uy ((eo)ym) = — [p~ N (70) dmr(7), and we get
UN((et)ﬁﬂ') — uN((eo)ﬁﬂ') < / 1 <1 — 7—(1 )(d(’)/o,'yl))) d
s e 7(7),

N

t t
and the conclusion follows by letting ¢ | 0 and using the dominate convergence theorem and
Lemma to pass the limit inside the integral. ]

The combination of (5.15)) and (5.21)) will produce the Laplacian comparison estimate. Before
concluding, however, we need a result which grants that Proposition [5.10| can be applied in
a sufficiently large class of situations, the tricky part being to ensure that supp((es)sm) C Q
for any ¢ € [0, 1]. This is the scope of the following lemma.

Lemma 5.13 Let (X,d,m) be a proper geodesic metric space with m locally finite. Let ¢
X — R a locally Lipschitz c-concave function and B C X a compact set. Then there exists
another locally Lipschitz c-concave function ¢ : X — R and a bounded open set Q@ O B such
that the following are true.

i) $ = ¢ on B.
ii) For any x € X, the set 0°p(x) is non empty.
iit) For any x € Q, y € 0°¢(x) and v € Geo(X) connecting x to y it holds v € Q for any
t €10,1].

iv) m(0Q) = 0.
proof By Proposition we know that for any = € X the set 0°p(z) is non empty and that
the set C' C X defined by

C:= {y €X : yedyp(x), forsomex € B},

is compact. Define ¢ : X — R by

. o d(z,y)
P(e) = inf =5

—¢°(y)-

By definition, ¢ is c-concave, locally Lipschitz and ¢ = ¢ on B. By Proposition again we
get that (i7) is fulfilled as well. Let a := sup,cp @(x) and for b > a define

O ={x : ¢(z) < b}
Clearly € is an open set which contains B. We claim that it is also bounded. Indeed since
¢° is c-concave and C' is bounded, it holds sup,cc ¢°(y) < oo, so that the boundedness of

O, follows from the inequality @(z) > dz(;”’c)
y € 0°¢(z). From

— supc ¢°. Now pick an arbitrary = € €, and

P(2) <

we get that for any z € X such that d(z,y) < d(z,y) it holds ¢(2) < @(z). In particular, this
applies to z := 7y, with v € Geo(X) connecting = to y, thus (iii) is proved as well.

It remains to show that b can be chosen so that m(9€) = 0. To achieve this, notice that
for b # V' it holds 92, NIy = B so that the o-finiteness of m yields that for any b > a except
at most a countable number it holds m(9€2) = 0. 0

d2
CY) g, viex,
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Notice that on CD(K, N) spaces, if ¢ is a locally Lipschitz c-concave function, then Propo-
sition and Lemma give that 7k v (| D¢lw) € L} (X, m).

In the following theorem and the discussion thereafter, we say that (X,d, m) is infinites-
imally strictly convex provided for some ¢ € (1,00) it is g-infinitesimally strictly convex. In
this case, since locally Lipschitz functions belong to Sf o(X,d,m) for any p € [1,00), for any
f, g locally Lipschitz it holds

D+f(v.g) :D_f(v.g)7 m-—a.e.,

and we will denote this common quantity, as usual, by D f(Vg). In particular, on these spaces
for g locally Lipschitz and in D(A), the set Ag contains only one measure, which abusing a
bit the notation we will indicate as Ag.

Theorem 5.14 (Comparison estimates) Let K € R, N € (1,00) and (X,d,m) be a
CD(K,N) space. Assume that (X,d,m) is infinitesimally strictly convex. Let ¢ : X — R a
locally Lipschitz c-concave function. Then

¢ € D(A) and Ap < N7 N(|Dply)m. (5.22)

proof Fix a compact set B C X and use Lemma to find a c-concave function ¢ and a
bounded open set Q satisfying (i), (i7), (iii), (iv) of the statement.

Consider the multivalued map Q > z +— T(z) C 2(Q) defined by: u € T(z) if and only
if supp(p) C 9°¢(x). Notice that (i7) of Lemma ensures that T'(z) # ) for any x € Q
Recall that £2(Q) endowed with the weak topology given by the duality with C'(£2) is Polish
and observe that since 0°¢ is closed, we easily get that the graph of T is a closed subset of
Q x 2(Q). Hence standard measurable selection arguments (see e.g. Theorem 6.9.3. in [8])
ensure that there exists a Borel map z + 7, such that n, € T(z) for any x € Q.

Fix a bounded function p : X — [0,00) such that [pdm =1, p = 0 on X \ @ and
Plg is Lipschitz and bounded from below by a positive constant. Define p,v € 2(Q) by

p:=pmand v := [, du(z). Since (X,d,m) is a CD(K, N) space we know that there exists
7 € OptGeo(p, v) such that (5.1)) holds. In particular

Uy ((er)sm) < — / A5 (0, 9)p N (o) dm(y), Ve [0,1]. (5.23)
Proposition [5.12| grants
= Un ((e)g) — Un(p)

lim
tl0 t

< / ¥ (0) 7y (d(10, 1)) dre(). (5.24)

By construction, ¢ is a Kantorovich potential from p to v, and @ € OptGeo(u, v). Therefore
for any v € supp(w) it holds v1 € 9°¢(). Using property (iii) of Lemma we get that
supp((e)ym) C Q for any ¢ € [0, 1].

Furthermore, using and the semicontinuity of Uy on Z(Q) we get that
Un((er)pm) — Un(p) as t | 0, and thus Corollary gives that m weakly 2-represents
V(=9).

Also, from (iv) of Lemma [5.13] we get m(9€2) = 0.

Therefore all the assumptions of Proposition are satisfied (put p in place of up and
¢ in place of ¢), and we get

i U ((ee)gm) — Un((eo)ym
1o t

)5 | D ox (o) (V) am. (5.25)
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From inequalities ((5.24]) and (5.25)), the metric Brenier theorem (5.3) and taking into

account that py(z) = %zl_% we deduce

5 [ e @ am < [ 9% fn (D) d. (5.26)

Now let f : X — R be a non negative Lipschitz function such that supp(f) C B and, for
N

e > 0, define p. : X — [0,00) by pe := ce(f + &) ¥-1Xg, where ¢, is such that [ p.dm = 1.

Apply (5.26) to p := p. to obtain

_Jif/QD+(f—{—5)(V95)dm§/Q(f+5)7~'K,N(|D95|w)dm

Since (X,d,m) is infinitesimally strictly convex, with a cut-off argument and using (7) of
Proposition we have that (2,d, m) is infinitesimally strictly convex as well. Let ¢ | 0 and
recall that from (7) of Lemma we have ¢ = ¢ on B to get

- [ D5(veram <N [ Ficn(Dpla) dm (5.27)
Q

By (ii) of Proposition [2.7 . we have fQ Df(Vy)dm = fX Df(Ve)dm, in the sense that the
integrand D f(Vp) can be equivalently computed in the space (Q,d,m‘ﬂ) or in (X,d, m)
(actually, for ¢ in general it doesn’t hold supp(p) C 2, but thanks to the locality property
and a cut-off argument, the claim is still true).

In summary, we proved that for any compact set B C X and any f : X — [0, 00) Lipschitz,
non negative and with supp(f) C B it holds

—/Df(ch) dm < N/f%K,N(|D<p\w)dm. (5.28)

Since B is arbitrary, we just proved ([5.28]) for any non negative f € Test(X). The conclusion
comes from Proposition O

Corollary 5.15 (Laplacian of the distance) Let K € R, N € (1,00) and (X,d,m) an
infinitesimally strictly convex CD(K, N) space. For xo € X denote by dg, : X — [0,00) the
function x — d(z,x¢). Then

d2 d2
SLEDA),  with  AZE < Nign(ds)m  Vrp € X, (5.29)

and
N7~'K7N(d$0) -1
70X\ a0} = dro

proof (| is a particular case of ( - To get - ) notice that since (X, d) is geodesic,
it holds \D dgo| = 1 on X\ {zo}, so that by Theorem [5.3 we get |Ddy,|w = 1 m-a.e. and

from the chain rule 1_' that |D(
rule of Proposition with ¢(z) :

dyo € D(A, X \ {z0}) with Ad m Vzo € X. (5.30)

)|y = dg, m-a.e.. The conclusion comes from the chain

V2z. O
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Notice that in proving the Laplacian comparison estimates we showed that
(15.22)) = (15.29))

In a smooth situation, also the converse implication holds. It is not so clear if the same holds
in the abstract framework, because we didn’t prove a property like

g€ D(A), Agi<p, Viel, = infg; € D(A), A(inf g;) < p.

Remark 5.16 (Laplacian comparison from the MCP(K, N) condition) If one is only
interested in and not in (5.22), then the Measure Contraction Property MCP(K, N) (in
conjunction with infinitesimal strict convexty) is sufficient to conclude. The proof is exactly
the same: just interpolate from an arbitrary measure to d,, using the Markov kernel given
by the definition of MCP(K, N). [

Remark 5.17 (Laplacian comparison from the CD*(K, N) condition) In [7] Bacher
and Sturm introduced a variant of the CD(K, N) condition, called reduced curvature di-

mension condition and denoted by C'D*(K, N), where the distortion coefficients TI(?N (0) are

replaced by the coefficients O'EQ N (0) defined by

+00, if K62 > Nn2,
sin(t0y K/N) if 0 < K62 < Nx2
o%)N(G) — sin(01/K/N) , ’
, ' t if K6< =0,
sinh(t6y/K/N) i K62 <0
sinh(94/K/N) '

Notice that TI(?N(Q) =N (a&?Nfl(Q))l*%. The motivation for the introduction of this notion
comes from the study of the local to global property. Indeed, while the question on whether
the local validity of the CD(K, N) condition implies its global validity is still open, the same
question for the CD*(K,N) condition has affirmative answer, at least for non branching
spaces. Also, the CD*(K, N) condition is stable w.r.t. mGH convergence and it is locally
equivalent to the CD(K, N) condition (all this has been proved in [7]). The drawback of the
CD*(K,N) condition is that the geometric and functional inequalities which are its conse-
quence sometime occur with non sharp constants (although some positive recent development
in this direction can be found in [9]).
Now, if we introduce the functions 6 n : [0,00) — R by

ﬂ/%cotaun(ﬁ\/%)7 if K >0,
orN() =4 1 if K =0,

0\/%cotanh<9\/%>, if K <0,

and we repeat the arguments of Theorem we get that on infinitesimally strictly convex
CD*(K, N) spaces, locally Lipschitz c-concave functions ¢ are in D(A) and it holds

A(p S N&KVN(\Dgp\w)m
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As a first step towards the proof of the Cheeger-Gromoll splitting theorem in this abstract
framework, we show that the Laplacian comparison estimates for the distance function imply
that the Busemann function associated to a geodesic ray on C'D(0, N) spaces is superhar-
monic.

Recall that a map v : [0,00) — X is called geodesic ray provided for any 7' > 0 its
restriction to [0,7] is a minimal geodesic. We will always assume that geodesic rays are
parametrized by unit speed. Given a geodesic ray, the Busemann function b associated to it
is defined by

b(x) := lim b(x), where be(z) :=d(z,vy) —t.

t—+o0

Notice that this is indeed a good definition, because the triangle inequality ensures that for any
x € X the map t — b(x) is non increasing (and the inequality d(x,v¢) > d(y0,v) — d(z,70)
yields that b is finite everywhere).

Technically speaking, the proof of the superharmonicity of b is not a direct consequence
of the estimate and of the stability result of Proposition because we don’t really
know if Ab;, weakly converges to some limit measure for some ¢, 1T co (we miss a bound
from below, which is needed to get compactness). Instead, we will prove an a priori regularity
result for the Busemann function which ensures that it is in the domain of the Laplacian.
This is the content of the following purely metric lemma. It is stated and proved in geodesic
spaces, but a simple approximation argument shows that the same holds on length spaces.

Lemma 5.18 (Regularity of the Busemann function) Let (X,d) be a geodesic space,
v : [0,00) = X a geodesic ray and b the Busemann function associated to it. Then b is
c-concave.

proof We know from (2.6) that b > b, so to conclude we only need to prove the opposite

inequality. For any x € X and t > 0 let %% : [0,d(x,7)] — X be a unit speed geodesic

connecting = to ;. Fix z € X and notice that
d*(z,y)  d*(@,y)

b“(z) = inf — b(z) <
R B

SN ) (), w0,

Then observe that for any & € X and ¢ > 0 it holds

L @3N L EPENT) -
5—#-“%(@ —5—#‘“1(%%)—75
1 d2(z, 0" i .
< 2= TEND |45 47) + Ao )
1 d%(z,~0" ot
= 1 - TEID a4 4 d(e)

Thus we proved that b°“(x) < by(x) for any ¢ > 0. The conclusion follows by letting ¢t — oo.
O

In the next proposition we are going to assume both that (X,d, m) is infinitesimally strictly
convex and that W2(X,d, m) is uniformly convex: these are two unrelated notions, as the
former concerns strict convexity of the norm in the ‘tangent bundle’ while the latter is about
uniform convexity of the norm in the ‘cotangent bundle’ (see Appendix [A] for further details
about this wording).
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Proposition 5.19 (Busemann functions are superharmonic in CD(0, N) spaces)
Let (X,d,m) be an infinitesimally strictly convex CD(0,N) space such that W12(X,d, m)
is uniformly convexr. Let v be a geodesic ray and b the Busemann function associated to it.
Then

be D(A) and Ab <0.

proof Being the pointwise limit of 1-Lipschitz functions, b is itself 1-Lipschitz. Hence from
Theorem and Lemma we deduce b € D(A).
We claim that |D~b| = 1. Indeed, fix z € X and, as in the proof of Lemma let
T :]0,d(z,v)] — X be the unit speed geodesic connecting x to 7. Since X is proper,
for every r > 0 and sequence t, 1 oo, the sequence n +— 7, " has a subsequence, not
relabeled, which converges to some z, € X such that d(z,z,) = r. By construction, it holds
b, (V™) = by, (x) — 7, and from the fact that by is 1-Lipschitz we have

btn('rr) <btn( xtn)-f—d( xt" ):btn( )—T’—i-d( Totn mr),

b(x)—b(zr

so that passing to the limit we obtain - 1) > 1. Letting r | 0 we get |D7b|(x) > 1, and

our claim is proved.

Let f € Test(X) be non negative and {2 C X an open bounded set such that m(9Q) =0
and supp(f) C Q. Consider the functions bt|§, b’ﬁ as functions on the space (Q,d,mm).
Since € is compact, bt|ﬁ uniformly converge to b‘f as t — oo. Also, we know that |[D~7b;| =1

on X \ {1}, so that by (5.3) we deduce |Db;|,, = 1 m-a.e.. Since we previously proved that
|D~b| = 1, we also have |Db|,, = 1 m-a.e., and therefore, keeping Proposition [2.7|in mind, we
get bt|f — b|f in energy in W12(Q,d, m| _)ast — co. The uniform convexity of W2?(X,d, m)

and Proposition easily imply that bt‘f — b’f in Wh2(Q,d,m) as t — oo (we omit the
details). In partlcular Corollary [3.4] - gives

lim /Df (Vb)) dm = /Df (Vb)d (5.31)

t——+o0

Since  is bounded, there is ¢ > 0 such that for ¢ > ¢ we have d(v, ) > 1. Hence, from the
trivial inequality d(~¢, ) > d(y¢, ) valid for any € Q and (5.30)), for ¢ > ¢ we have

N-1
b€ D(A,Q d Aby, < ————m. 5.32
¢+ € D(A, Q) an tlo S d(%,Q)m (5.32)

Therefore

/fdAb:—/Df(Vb)dm:t_lzinoo—/Df(Vbt)dm:t£+moo/fdAbt|Q

N -1
< lim —— dm =
= d(, ©2) /f m=0,
so that from the arbitrariness of f we get the thesis. O

Notice the slight abuse of notation in the name of Proposition [5.19; we just proved that
Ab < 0, but we didn’t prove any sort of maximum principle, so that we don’t really know
whether a function with non negative Laplacian stays above, when restricted to some ball B
the harmonic function which attains the same value at the boundary of B.
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We also remark that it is the lack of the strong maximum principle that it is preventing
to prove that the Busemann function associated to a line is harmonic on C'D(0, N) spaces.
This subject will need further investigations in the future.

We conclude the chapter with some comments about the splitting theorem in this context.
The key steps of its proof in smooth Riemannian manifolds are:

i) To prove that the Busemann function is superharmonic

ii) To use the strong maximum principle to get that the Busemann function associated to
a line is harmonic

iii) To use the equality case in the Bochner inequality to deduce that the Busemann function
has 0 Hessian

iv) To recall that the gradient flow of a convex function is a contraction, so that the gradient
flow of the Busemann function produces a family of isometries

v) To conclude that the manifold isometrically factorizes as {b = 0} x R

Out of all these steps, the key one which fails in a Finsler setting is the ﬁftkﬂ The problem
is that on the product space {b =0} x R one puts the product distance

d((z,t), (2, 1)) := \/d2(z,2/) + [t — V'], (5.33)

which is a Riemannian product in nature. For example, in the case (R?, || - ||, £?) we certainly
have that the measure factorizes, i.e. £2 = £! x £!, but in general fails (as far as I
know, the validity of the splitting theorem in a Finsler context is an open problemﬁ if one
allows for product distances different than the one in (5.33)).

Proposition addresses (7) in the abstract framework, but given that Finsler geometries
are included in the class of CD(K, N) spaces, we know that the splitting theorem fails in this
setting. The hope then would be to find an appropriate additional condition which enforces
a Riemannian-like behavior on small scales. The natural candidate seems to be infinitesimal
Hilbertianity, discussed in Section this was one of the research perspectives behind the
definition of spaces with Riemannian Ricci curvature bounded from below given in [5]. But to
understand whether the splitting theorem holds under this additional assumption still requires
quite a lot of work.

3this is not the only part of the proof of the splitting theorem which fails in a Finsler setting. Another
problem is that in general the gradient flow of a convex function does not contract the distance, as deeply and
carefully explained in [29]. Yet, this is not the crucial point. For instance, in the case (R?, ||-||, £2), where ||-|| is
a smooth and uniformly convex norm, the gradient flow of the Busemann function b associated to any geodesic
line, provides a family of translations. Thus in particular it provides a one parameter family of isometries.
But due to the local structure of the arbitrary norm || - || we can’t conclude that it holds R* = {b =0} x R as
metric spaces.

4after the work on this paper was finished, I got aware of a very recent result by Ohta, who showed that
a diffeomorphic and measure preserving splitting holds on smooth Finlser geometries, and that the gradient
flow of the Busemann function provides a 1-parameter family of isometries on Berwald spaces, see [27].
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A On the duality between cotangent and tangent spaces

The topic we try to address here is up to what extent one can use the differential calculus
developed in Chapter [3| to provide an abstract notion of cotangent and tangent spaces on
arbitrary metric measure spaces. For simplicity, we are going to assume that the reference
measure m is a probability measure.

Definition A.1 (Cotangent and tangent spaces) Let (X,d, m) be as in with m €
P(X), and p,q € (1,00) conjugate exponents.

The cotangent space CoTan?(X,d,m) is defined as the abstract completion of
SP(X,d,m)/ ~, where we say that f ~ g provided || f — gllsr = 0. Given f € SP(X,d, m), we
will denote by Df the equivalence class of f in CoTan?(X,d, m).

The tangent space Tan?(X,d, m) is the dual of CoTan?(X,d, m)

Remark A.2 If (X,d, m) is a Finsler or Riemannian manifold, then the notion of cotangent
space we just provided does not really coincide with the family of p-integrable cotangent
vector fields on the manifold, but only with those arising as differentials of functions, which
is clearly a smaller class. Similarly for the tangent space.

If one wants a notion which produces all cotangent vector fields, he can proceed with a
patching argument, following the idea that every smooth cotangent vector field is, locally,
close to the differential of a function. More precisely, one starts considering the set V' defined
as

V= {{(4i ftien © AinAj=0fori# j, X = Uend;, fi € S'(X,d,m), Vi € N},
Then a sum, a multiplication by a scalar and a seminorm on V are defined as

{(A,, fi)}ieN + {(Ajy.]zj)}jeN = {(Al N Aj7fi + -]Ej)}i,jeN’
A {4 ) ben = {(AG M) Facns

il =3 [ 1DAEam.

1€N

It is then easy to check that the quotient of V' w.r.t. the subspace of elements with 0 norm is
a normed vector space. The abstract completion of this space is a Banach space, which in a
smooth situation can be identified with the space of p-integrable cotangent vector fields. Its
dual can therefore be identified with the space of g-integrable tangent vector fields.

A similar construction can be made on the space (Grad?(X,d, m), Dist,) introduced below.

The biggest drawback of the definition we proposed is that the cotangent and tangent
spaces are just vector spaces, and not moduli over L*°. This in particular prevents discussing
the validity of the Leibniz rule D(fg) = fDg + gDf, simply because we didn’t define the
objects fDg and gD f. Some results in this direction are given in [42] via completely different
means. We expect the two presentation to be compatible, but it is not clear to us whether
this is really the case or not, partly because the setting is not completely the same: Weaver
works with a metric space, a notion of null sets and differential of Lipschitz functions while
we work on metric measure spaces and differentials of Sobolev functions.

Anyway, for the purpose of the discussion we want to make here, we will be satisfied with
Definition [A.1] [ |
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For L € Tan?(X,d, m) and g € SP(X,d, m), we will denote by Dg(L) € R the dualism between
the operator L and the equivalence class Dg of g in CoTan”(X,d, m). Notice that it holds

Dg L < D.g CoTanP L Tan4 < ”DgH%OTanp HL”Tanq Al
p q

for any g € SP(X,d,m), L € Tan?(X,d, m), hence in analogy with Definition we may say
that L g-represents Vg provided

Dg|? L
Dg(L)Z H g‘]()]oTanp + H H(;Fanq. (AQ)

Also, we say that L € Tan?(X,d, m) is almost represented by a g-test plan w € Z(C([0, 1], X))
provided (eg)ym = m, |||, < oo and for any f € SP(X,d, m) it holds

hm/f(%)tf(%) m(y) < Df(L <hm/f% dm (7). (A.3)

10 t}0

Notice that as a consequence of Theorem if (X, d, m) is ¢g-infinitesimally strictly convex,
the the lim and lim in (A.3]) are actually limits and the equality holds.

Proposition A.3 Let (X,d,m) be as in (2.7) with m € Z(X), # € 2(C([0,1],X)) be a
q-test plan with (ep)ym = m and ||7||y < co. Then there exists at least on L € Tan?(X,d, m)
which is almost represented by w, and for any such L it holds

[l Tans < (|7 ]lq- (A.4)

Also, if m € 2(C([0,1], X)) is a g-test plan which q-represents Vg for some g € SP(X,d, m),
and L is almost represented by m, then L represents Vg as well and || L||tane = ||7||q-

proof Consider the map

SP(X,d,m) > f — = ltlﬁ)l/ f(n) dm(y).
It is clearly convex and positively 1-homogeneous. The trivial inequality T(f) — T'(g) <
T(f—g) <|f—gllse|lm|lq yields that T passes to the quotient and defines a convex, positively
1-homogeneous map, still denoted by 7', on CoTan?(X,d, m), and this map is also Lipschitz,
with Lipschitz constant ||7||,. By the Hahn-Banach theorem, there exists a linear map L :
CoTan?(X,d,m) — R such that

DF(L)<T(f),  VfeS(X,d,m).

Since T is Lipschitz, L is bounded, hence L € Tan?(X,d,m). Exchanging f with —f we
conclude that L is almost represented by 7. The fact that any L which is almost represented

by 7 satisfies ((A.4]) is obvious.

The second part of the statement is a direct consequence of the definition and of the

inequality (A.4). O
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With the very same arguments used in the proof of Theorem we get that for f,g €
SP(X,d,m) and L € Tan?(X,d, m) which g-represents Vg it holds

/ D* f(Vg)|Dgl? 2 dm > Df(L) > / D~ f(Vg)|Dg[t~2 dm. (A.5)

The compactness properties of Tan?(X,d, m) allow to prove that equalities can actually hold.

Theorem A.4 (Horizontal and vertical derivatives - II) Let (X,d,m) be as in (2.7
withm € Z(X), p€ (1,00) and f,g € SP(X,d,m). Then there exist LT, L~ € Tan?(X,d, m),
depending on both f and g, q-representing Vg such that

/ D* £(Vg)|Dglt % dm = DF(L*), (A.6)

| D1Vt 2 dm = Dy (L), (A7)

proof We prove only, as the proof of follows along similar lines. Taking (A.5)
into account, we need only to find some L™ for which < holds. For € > 0, use Theorem [3.14
to find a g-test plan 7° which g-represents V(g + €f) and such that (ep)y7® = m, and then
Propositionto find L¢ € Tan?(X,d, m) almost represented by . By and we
have

p =
D(g—{—sf)(LE) Z HD(g"i_Ef)HCoTanP + HL HTanq’
. I (A.8)
DQ(LE) < HDgHCoTanp + ||L HTanq.

p q
Subtracting and dividing by € > 0 we get

pi(y > [Pl = Dol g,

As ¢ | 0, the right hand side converges to fD‘Ff(Vg)|Dg|%'f2 dm. Concerning the left one,
notice that the bound

Y]

D
| L% || Tane < H’TEHQ <||D(g + Ef)HéoTanp < (HDQHCloTan” + E”DfHCoTam”)

ensures that the family {L°}.c(g 1) is weakly™ relatively compact in Tan?(X,d, m). Hence for
some sequence &, | 0 we have L*» —* [+t € Tan?(X,d, m), and therefore

DAL= [ D*f(Vg)|Dglt dm.
It remains to prove that L™ g-represents Vg. But this is obvious, as it is sufficient to pass to the

limit in the first inequality in (A.8)) taking into account that ||L™||mape < lim | L= || rana -
(|

n—00
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Now assume that (X, d, m) is g-infinitesimally strictly convex. Then for g € SP(X,d, m) and
7 g-test plan which g-represents Vg and (ep)ym = m we have

t—0

nm/wdw@) :/Df(vg)pg\g—Qdm, Vf € S(X,d,m).

In other words, the map

t—0

SP(X,d,m) > f — lim/Wdﬂ(’y), (A.9)

is a linear bounded functional on CoTan”(X,d,m), i.e. an element of Tan?(X,d, m). We
define the set Grad?(X,d, m) as:

Grad?(X,d,m) := {71' € Z(C([0,1],X)) : mis a q test plan with (eg)ym =m
which ¢ represents Vg for some g € S? }

Then provides a map ¢ : Grad?(X,d, m) — Tan?(X,d, m). Notice that as a consequence
of Df(u(m)) < |fllsell7llq and of Dg(c(m)) = |lgllse|[mllq if 7 g-represents Vg, we get that
|7l = ||e(7r) || Tane for any 7 € Grad?(X,d,m). It is for this reason that we called |||, the
q-‘norm” of 7.

Remark A.5 Weremark that in passing from 7 to ¢(7r) there is a loss of information because

plans can be localized (i.e. one can consider the action of a plan on any Borel subset A C X

with positive mass by looking at the plan m(A)*l‘rr‘ —1(A))’ while the same operation a priori
o

cannot be performed on elements of Tan?(X,d, m).

Yet, it possible to check that at least under the assumptions of Theorem below, an
adequate localization of elements on Tan?(X,d, m) is possible. We won’t discuss this topic
here. |

Interestingly enough, if CoTan? (X, d, m) is reflexive, the range of ¢ is dense in Tan?(X,d, m)
in the sense expressed by the following theorem. Notice that we are going to assume that
CoTan?(X,d, m) is smooth: by this we will mean that its norm is differentiable everywhere
outside 0. This assumption certainly implies that (X, d, m) is ¢g-infinitesimally strictly convex,
as the latter just means that SP/ ~ is smooth. It is unclear to us whether the converse
implication also holds, as we don’t know whether any loss of smoothness can happen in the
completion process. We also remark that this result goes in the same direction of Theorem
4.3 in [14] obtained by Cheeger and Kleiner, where the span of the set of derivations along
curves is shown to be dense in the tangent space under doubling and Poincaré assumptions.

Theorem A.6 (Duality between cotangent and tangent spaces) Let (X,d,m) be as
m with m € P(X) and p,q € (1,00) two conjugate exponents. Assume that
CoTan®(X,d,m) is smooth and reflexive. Then for every L € Tan?(X,d,m) there ezists a
sequence (my,) C Grad?(X,d, m) such that

un") = L, and |7 {lg = [[ L] Tanc,

as n — oo. In particular, if Tan?(X,d, m) is uniformly convez, then ((Grad?(X,d,m)) is
dense in Tan?(X,d, m) w.r.t. the strong topology.
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proof Consider the maps N : Tan?(X,d,m) — R and N* : CoTan”(X,d, m) — R given by

L
N(L) :== | ”Tan", VL € Tan!(X,d, m),
q
P
N*(w) = Hw”cpoTanp, Vw € CoTan?(X,d, m).

Clearly, N is the Legendre transform of N*, and since CoTan” (X, d, m) is assumed to be reflex-
ive, also the viceversa holds. Since both functions are locally Lipschitz, their subdifferential
is always non empty, and the assumption that CoTan? (X, d, m) is strictly convex means that
0~ N*(w) is single valued for any w € CoTan”(X,d, m).

Fix L € Tan?(X,d,m) and choose w € 0"N(L), so that L € 0" N*(w). By definition
of CoTan?(X,d,m), we can find a sequence (f,) C SP(X,d,m) such that Df, — w in
CoTan?(X,d,m). For every n € N, use Theorem to find m, € Grad?(X,d,m) which
g-represents V f,, so that it holds

Df(u(mn) > IDfollcorae , 1e(mn) I Tons (A.10)

p q
Since sup,, [|¢(7)||Tans < 00, Up to pass to a subsequence, not relabeled, we may assume that
() weakly converges to some L for which it holds ||L||tans < lim, . [|¢(7y) ||/ Tane. Passing
to the limit in using the strong convergence of D f,, to w in CoTan?(X,d, m) we obtain

P q
w(I:) > W]l CoTan? i HLHTanq’ (A.11)

p q
ie. L € 9" N*(w). Since we know by assumption that 9~ N*(w) is a singleton, it must hold
L = L. To conclude we need to show that ||t(7,)|tane — ||L||Tane as n — oo. This is a
consequence of the fact that the inequality in cannot be strict, thus it can’t be any

loss of norm in passing from to (A.11]).

For the last part of the statement, just notice that the strict convexity of Tan?(X,d, m)
implies the smoothness of CoTan”(X,d, m), and that its uniform convexity yields that weak
convergence plus convergence of norms is equivalent to strong convergence. O

As the proof shows, if (SP/ ~,|| - |ls») is complete, then every element of Tan?(X,d, m) can
be recovered as derivation along some 7 € Grad?(X,d, m).

In any case, the theorem has the following geometric consequence. Consider 7y, €
Grad?(X,d,m), put L := ¢(71) +¢(7r2) and find a sequence (7,) C Grad?(X,d, m) converging
to L in the sense of the above theorem. Then the (derivative at time 0 of the) curves in the
support of 7, can be seen as approximate sum of the (derivative at time 0 of the) curves
in the support of 71, mwo. At least in the sense of their action on differentials. In case of
infinitesimally Hilbertian spaces, there is no need of passing through an approximation: if 7r;
2-represents Vg;, g; € S?(X,d, m), i = 1,2, then any plan 2-representing V(g1 + g2) can be
seen as the ‘sum’ of 71 and 75 in the sense just described. A deeper geometric meaning to
this fact could be given in case the open problem mentioned at the end of this appendix has
an affirmative answer, see the discussion below.

The set Grad?(X,d, m) can be endowed with the following natural semi-distance:

tlo t

Dist,(m!, w?) := lim — \// Wi (( et )7L, (et)nﬂ%) dm(z), (A.12)
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where {m%} is the disintegration of w* w.r.t. the map ep, i = 1,2. Notice that ||«||, =
Distgy (7, 0), where the zero plan 0 is the only plan in Grad?(X,d, m) concentrated on constant
curves.

Remark A.7 To understand why we are saying that this is the natural distance, start notic-
ing that if we were on a Finsler manifold and two tangent vector fields v!, v? in L? were given,

then certainly the distance between them would have been ‘\1/f ||lvl = v2||2dm. Now, if our

vector fields were represented by smooth families of diffeomorphisms ®¢, i = 1,2, in the sense

that % £|t:0 =o', i = 1,2, then their distance read at the level of the ®!’s can be written as

i % \/ / de(®L, B2) dm. (A.13)
In an abstract metric measure space we don’t have any a priori notion of tangent vector
field. But as already discussed various times along the paper, a general idea behind our
discussion is to try to define tangent vector fields as ‘derivative at time O of appropriate
curves’. In practice, it seems more convenient to work with weighted family of curves, i.e.
with probability measures in C([0, 1], X), rather than with curves themselves, which lead us
to the concept of ‘plan representing a gradient’. If they are given w!, w2 € Grad?(X,d, m)
with the property that 7% is concentrated on a single curve, say %, for m-a.e. x and i = 1,2,
then by analogy with their distance in the tangent space should be defined as

limlf// d7((v2)e, (2)r) dm,

tlo t

the lim being substituted with a lim because of a lack of an a priori notion of smoothness.
However, for a general plan in Grad?(X,d,m) we don’t know whether its disintegration is
made of deltas or not, so that we don’t really have a single point (v, ); which is the position
at time t of the particle which originally was in . What we have is the probability distri-
bution (e;)ym,. Thus we have to substitute the expression d?((v1):, (72):) with its analogous

Wg((et)ﬁﬂ';, (et)ﬁ'n'gl&). This operation leads to formula (A.12]). [ |

If our interpretation of plans in Grad?(X,d, m) as tangent vector fields is correct, we expect
the distance between ¢(7!) and ¢(7?) on the tangent space to be bounded by Distd(w!, 2),
because Dist? is what controls the infinitesimal relative behavior of w! and 72. In the following
proposition we show that this is actually the case if CoTan?(X,d, m) is uniformly convex.
Recall that given f : X — R the function |Df] : X — [0,00] is defined as 0 if x is isolated,

otherwise as
|Df|(a:) -— inf sup ’f(yl)_f(y2)|
r>0 y17y2€Br(z) d(ylv y2)

Proposition A.8 Let (X,d,m) be asin (2.7) withm € Z(X) and p,q € (1,00) two conjugate
exponents. Assume that CoTan?(X,d, m) is uniformly convex. Let ' w2 € Grad?(X,d,m).
Then for every f € SP(X,d, m) it holds

[0 g ) — [ ZT00) 420 | < 0 cmar Disty (! %),
(A.14)

lim
)
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In particular, if Disty(w', w2?) = 0 and ©' g-represents Vg for some g € SP(X,d, m), then w>
q-represents Vg as well.

proof Let f: X — R be a Lipschitz function and for every z € X define G, : [0,00) — R as
|f(y1) — f(y2)]

sup if r >0, and B,(z) # {z},
Gac(r) — Y17Yy2€Br () d(yl,yz)
| f|(l‘), if r = 0, or Br(:U) = {x}

By definition, G(-) is continuous at 0, and it holds |[f(y1) — f(y2)| <

d(yh yQ)Gﬂ?(maX{d(y17 l‘), d(y2> JE)}) for any I, Y1, Y2 € X.
Let {m}} be the disintegration of w* w.r.t. ep, i = 1,2 and, for any t > 0, let -, , be an

optimal plan from (eg)sm. to (eg)ym2. We have

‘/f(%)— (o)) = [ #) - 1 ()‘
:{/(/fmwmaw—/&wa&iwﬂdm@>

’/ f) — fy2) dve 2 (1, y2) dm(z)

/ G max{d y1,7),d(ya, )})d(ylayz)d7t,x(yl,y2)dm(95)

<[] ottt st s it oo

Dividing by ¢, letting ¢ | 0 and taking into account that -, , converges to d; x d, in duality
with Cp(X?) we get

f( f(n) T :
/ ) / d 7 (y)] < H|Df|HLp Dist, (7!, w2). (A.15)
Pick now f € SP(X,d,m) N L®(X,m) C WP(X,d, m) and use Theorem and Corollary

to find a sequence (f,) of Lipschitz functions such that |Df,| — |Df|, in LP(X,m) and
Ilf — fnlls» = 0 as n — co. Then observe that for a general @ € Grad?(X,d, m) it holds

lim
10

. f t fn t fn( )
g [ o - [ s
_%g/“ hwmt“‘”“>mwﬂsw—mmwm

so that taking (A.15]) into account, (A.14]) follows.

For the case of general f € SP(X,d,m), just truncate f defining fy :=
min{max{f, —N}, N} € SP(X,d,m) N L*>°(X,m), observe that ||f — fx|lsr = 0 as N — oo
and conclude as in (|A.16)) g

Notice that for g-infinitesimally strictly convex spaces, (A.14]) reads as

e(7) = 0(70%) || pane < Disty(w!, w2), vrl w2 € Gradq, (A.17)
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and that if both Tan?(X,d, m) and CoTan”(X,d, m) are uniformly convex, then Theorem
and Proposition ensure that the map ¢« can be continuously extended to the abstract com-
pletion Grad?(X,d,m) of (Grad?(X,d,m), Dist,), and this extension provides a 1-Lipschitz
map from Grad? to Tan?.

It is not clear if this map is a surjection. This is related to the following open problem:
does equality hold in ?. The answer is expected (at least to me) to be affirmative,
because ‘gradient vector fields should be completely identified by their actions on differential
vector fields’. The question is open also on infinitesimally Hilbertian spaces with p = ¢ = 2.

Notice that a positive answer would greatly increase the knowledge of the local geometry
of the space. For instance, it would tell that for any g € SP(X,d, m) and m-a.e. x there is only
one curve, up to equivalence, which realizes the gradient of g at x in the sense that vy = =
and

- D
im 900 = 9000) | ghw(@) 1 / 417 ds,
t—0 t D tl0 qt
where we are saying that two curves y!',7? with 70 = 70 = z are equivalent provided they
are tangent at 0, i.e.

Tm d (’Yt » Vi )
t}0 t

=0.

B Remarks about the definition of the Sobolev classes

The approach we proposed in Section to introduce the Sobolev classes is slightly different
from the one used in [3], [4]. Here we collect the simple arguments which show that indeed
the two approaches are the same.

As in the rest of the paper, (X,d) is a complete and separable metric space, and m is a
locally finite non negative Borel measure on X. In [4] (generalizing the approach proposed
n [3] for the case p = ¢ = 2) it has been first given the definition of g-test plan, as we did in
Definition then it is introduced the concept of p-negligible set of curves as:

Definition B.1 (p-negligible set of curves) Let I' C C([0,1], X) be a Borel set. We say
that T" is p-negligible provided
w(') =0, for any ¢—test plan ,

where p,q € (1,00) are conjugate exponents. A property which holds for any curve, except for
those in a p-negligible set is said to hold for p-almost every curve.
Notice that C([0,1], X) \ AC?([0,1], X) is p-negligible.

Then the definition of functions Sobolev along p-a.e. curve and of p-weak upper gradients
were proposed as follows:

Definition B.2 (Functions which are Sobolev along p-a.e. curve) Let f: X — R be
a Borel function. We say that f is Sobolev along p-a.e. curve provided for p-a.e. -y the function
f o coincides a.e. in [0,1] and in {0,1} with an absolutely continuous map f :[0,1] = R.

Definition B.3 (p-weak upper gradients) Let f be a function Sobolev along p-a.e. curve.
A Borel function G : X — [0, 00] is a p-weak upper gradient provided

1
Fm) — Fl)| < /0 GOr)islds,  for poae. 7. (B.1)
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Theorem B.4 Let (X,d,m) be as in (2.7), p,q € [1,00] two conjugate exponents and f :
X = R, G : X — [0,00] Borel functions, with G € LP(X,m). Then the following are
equivalent.

i) f€SP(X,d,m) and G is a p-weak upper gradient of f in the sense of Definition 2.4

it) f is Sobolev along p-a.e. curve and G is a p-weak upper gradient of f in the sense of
Definitions [B.3, [B.3,

proof
(ii) = (i) Fix a ¢-test plan 7 and notice that by definition of p-negligible set of curves it holds

1
Fm) — Fl)| < /0 Glva)lialds,  for m—a.e. .

Integrating w.r.t. ™ we get

1
/ £ () — F(70)] dre () < / /0 G (e)s| ds dr(),
which is the thesis.

(i) = (ii) Fix a g¢-test plan 7. Arguing as for (2.11) we have that

Vt < s € [0,1] it holds [f(vs) — fm)| < /ts G ()| | dr, T — a.e. 7, (B.2)

hence from Fubini’s theorem we get

S
for w — a.e. v it holds If(vs) = F(m)] < / G () || dr, L2 —ae t<se0,1].

t (B.3)
Now notice that the assumptions G € LP(X,m), [ E,;dm < oo and (e;)yw < Cm for any
t € ]0,1] and some C € R easily yield that the function vy — fol G(v)|¥r|dr is in L(s). In
particular, for r-a.e. v the map t — G(;)|4| is in L' (0, 1). Therefore from and Lemma
below we deduce that for m-a.e. v the function ¢ — f(7¢) coincides a.e. in [0, 1] with an
absolutely continuous map f, r, whose derivative is bounded - in modulus - by G(v)|:|.

By construction we have

Frw() = F(n),  wx Ll —ae (1,0), (B.4)

and we need to prove that for w-a.e. 7 it holds f, »(0) = f(y0) and fyx(1) = f(71). Using

(B.2) with t = 0 and (B.4) we can find a sequence s, | 0 such that f, x(sn) = f(vs,) for
m-a.e. v and every n € N and

Fom(50) — F(0)] < /O Gm)linldr, ™ —ae. vy, VneN.

Passing to the limit as n — oo we get that for m-a.e. 7 it holds f, »(0) = lim, fy x(sn) =
f(70). A similar argument works for ¢ = 1.

It remains to prove that the functions f, » do not depend on 7, but only on v. But this
is obvious, because the map ¢ — f(7:) has at most one continuous representative. ]
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The following lemma was proved in [4], the proof is reported here for completeness.

Lemma B.5 Let f:(0,1) = R, g € (1,00), g € L9(0,1) nonnegative be satisfying

for L2-a.e. (s,t) € (0,1)2.

/Stg(r) dr

[f(s) = fF(O)] <

Then f € WH4(0,1) and |f'| < g a.e. in (0,1).

proof Let N C (0,1)? be the £2-negligible subset where the above inequality fails. By Fubini’s
theorem, also the set {(t,h) € (0,1)?: (¢t,t+h) € NN (0,1)?} is L2-negligible. In particular,
by Fubini’s theorem, for a.e. h we have (¢,t + h) ¢ N for a.e. t € (0,1). Let h; | 0 with this
property and use the identities

/f t+h /ft — Ud)(t)dt

with ¢ € C}(0,1) and h = h; sufficiently small to get

i < [ Lg0lo()] .

By L duality, this gives the W19(0, 1) regularity and, at the same time, the inequality |f’| < g

a.e. in (0,1). O
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