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Introduction

One of the essential principles of modern mathematics can be informally stated as follows:
it is sometimes convenient to provide nonsmooth generalisations of smooth objects, since to
investigate the former can shed new light on the latter. A key instance of such phenomenon is
given by the theory of Sobolev spaces, which allows to study several properties of the smooth
functions by looking at the behaviour of the weakly differentiable ones.

From a geometric standpoint, in these last decades the tendency has been to generalise
different concepts of curvature from the classical Riemannian world to the realm of nonsmooth
metric structures. The very first step toward this direction is represented by the Alexandrov
geometry. This theory has been originally introduced by A. D. Alexandrov in the late ’40s
and considerably developed by Y. Burago, M. Gromov and G. Perel’'man in | ]. An
Alexandrov space is a metric space whose sectional curvature is bounded on one side by some
constant k € R (when the curvature is bounded from above, these spaces are now commonly
referred to as CAT (k) spaces; the acronym CAT — coined by Gromov in | | — stands for
‘Cartan-Alexandrov-Toponogov’). The sectional curvature bound is imposed via comparison
of the geodesic triangles in the space with the geodesic triangles in the model Riemannian
surface having curvature constantly equal to k. We do not enter into further details about
such theory, albeit related to the topics of this thesis, but we rather refer the reader to the
monograph [ | for a thorough account of it. We just mention the fact that the class of
Alexandrov spaces with curvature bounded by some k € R is closed under Gromov-Hausdorff
convergence — a crucial notion of distance between metric spaces, which measures how far
two spaces are from being isometric. In particular, this grants that any Gromov-Hausdorff
limit of a sequence of Riemannian manifolds (with uniformly bounded sectional curvature) —
which might not be a Riemannian manifold — certainly has an Alexandrov space structure.

More recently, even the notion of ‘having Ricci curvature bounded from below’ has been
generalised to the nonsmooth framework. In this case, the correct setting to work in is that of
metric measure spaces, the reason being that the interplay between distance and measure is
necessary in order to encode the Ricci curvature bounds. The first proposal in this direction
is given by the theory of Ricci limits, introduced by J. Cheeger and T. Colding in | ]
and extensively studied — among many others — in [ , , , ]. Shortly
said, a Ricci limit is achieved as limit of a sequence of Riemannian manifolds with a uniform
lower bound on the Ricci curvature; such convergence is meant to be with respect to the
measured Gromov-Hausdorff distance, which constitutes a variant of the Gromov-Hausdorff
distance that takes also the behaviour of the reference measure into account. An alternative
to this ‘extrinsic’ approach has been independently proposed by Lott-Villani and Sturm in the
seminal papers | , , ], thus giving birth to the theory of curvature-dimension
conditions for metric measure spaces. These structures are typically called CD(K, N) spaces,

xiii
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where K € R indicates the synthetic bound from below on the Ricci curvature, while the
constant N € [1, 0o] is the bound from above on the dimension. A key feature of these spaces
is the intrinsic nature of their definition: the above-mentioned bounds can be imposed by
requiring some form of convexity of suitable entropy functionals along Wasserstein geodesics,
by using an abstract optimal transport language that does not appeal to any smooth structure.
This represents the main novelty of the CD theory as opposed to the Ricci limits one, which
cannot overlook the smooth geometry as it is based upon the approximation with Riemannian
manifolds. Nevertheless, the class of CD(K, N) spaces does not perfectly capture the essence
of ‘being Riemannian’, as it also contains Finsler manifolds. An advantage of such fact is that
it permits the study of geometric and functional inequalities in metric structures that could
be very distant from being Euclidean-like. For instance, some of the several inequalities that
are currently available in the CD(K, N) setting are the Bishop-Gromov inequality | 1,

the Bonnet-Myers diameter estimate | |, a weak local (1, 1)-Poincaré inequality [ ],
Laplacian comparison estimates for squared distance functions | | and the Lévy-Gromov
inequality [ |; we refer to | | for many other useful inequalities.

On the other hand, a more restrictive curvature-dimension condition has been proposed
in order to select those CD(K, N) spaces that resemble more a Riemannian manifold: the
so-called RCD(K, N) condition, introduced in [ , | for the case N = oo and
in [ | for N finite (the added letter R is the initial of ‘Riemannian’). Roughly speaking,
an RCD space is a CD space that looks like a Hilbert space at infinitesimal scales (indeed,
the precise concept expressing such property is called infinitesimal Hilbertianity). In the
RCD context, besides the formulation via optimal transport (a la Lott-Villani-Sturm, the
‘Lagrangian’ approach), it is possible to utilise the I'-calculus language (a la Bakry—Emery,
the ‘Eulerian’ approach). The first geometric result for RCD spaces that has been obtained
is the Abresch-Gromoll inequality | ]

We point out a fundamental feature of the CD/RCD theories, which actually justifies their
importance: given any constants K € R and N € [1, 00|, it holds that both the family of all
CD(K, N) spaces and that of all RCD(K, N) spaces are closed under measured Gromov-
Hausdorff convergence; in particular, they contain all Ricci limits. Furthermore, many
analytic and geometric properties of CD/RCD spaces are stable under measured Gromov-
Hausdorff convergence, thus allowing to prove several rigidity results. Among them, we just

mention the Cheeger-Gromoll splitting theorem | , |, the maximal diameter theo-
rem | |, the Obata rigidity theorem | ], the ‘volume cone to metric cone’ theorem
[ | and the Bochner rigidity theorem for the first cohomology group [ |. For a gen-

eral overview and many historical remarks about the theory of curvature-dimension conditions
on metric measure spaces, we refer the reader to the nice surveys [ , , ].

The purpose of the present thesis is to investigate some structural properties of finite-
dimensional RCD spaces. In a few words, the main objective has been to extract ‘concrete’
geometric properties from the ‘abstract’ theory of these spaces and therefore to deepen our
knowledge of their shape. Some of the articles that are undoubtedly important contributions
in this direction are the following ones:

e N. Gigli, A. Mondino and T. Rajala showed in | ] that any RCD(K, N) space
(with N < 00) has at least one Euclidean tangent cone around almost all of its points.

e A. Mondino and A. Naber proved in | | that any finite-dimensional RCD space is
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rectifiable as a metric space.

e A definition of non-collapsed RCD space has been introduced and analysed by G. De
Philippis and N. Gigli in [ ]

e E. Brué and D. Semola proved in [ | that any RCD(K, N) space (with N < o0)
has constant dimension, in a suitable sense.

e It has been shown by Y. Kitabeppu in | | that, calling n € N the dimension of an
RCD space (X,d, m), we have that X admits no k-regular points for any k > n.

The language we shall adopt in this thesis is that of LP-normed L°°-modules, which have been
introduced by N. Gigli in [ ]. Another ingredient that plays a fundamental role in our
discussion is the notion of Sobolev space over general metric measure spaces, which allows
for the development of a differential calculus in such abstract setting. Part of the work we
shall carry out will be to provide some ‘foundational’ results (at the level of abstract metric
measure spaces, with no curvature bounds) about normed modules, Sobolev spaces and the
possible relations between them. More precisely, we pursue these plans:

e To investigate an axiomatic concept of Sobolev space — called D-structure and intro-
duced in | | by V. Gol’dshtein and M. Troyanov — and combine it with the language
of normed modules (cf. Section 2.1 and Subsection 4.1.1).

e To prove that a certain class of normed modules can be represented as spaces of sections
of some notion of measurable Banach bundle (see Section 3.2).

e To show that any Sobolev map from a metric measure space to a metric space is
associated with a differential operator, which is a linear and continuous map between
suitable tangent modules (cf. Chapter 8).

On the other hand, the results we obtained concerning the structure theory of RCD spaces
can be summarised as follows:

e We prove that finite-dimensional RCD spaces (X, d, m) are rectifiable ‘as metric measure
spaces’, meaning that the maps provided by Mondino-Naber in | | to display the
metric rectifiability of X keep under control the reference measure; see Section 5.2.

e We show that on any RCD(K, N) space (X,d, m) the abstract differential calculus devel-
oped by N. Gigli, which is of purely functional-analytic nature and thus a priori possibly
unrelated to the structure of the underlying space, can be actually linked (in a canon-
ical way) to the geometry of X, namely to the pointed measured Gromov-Hausdorff
rescalings of X around its points; cf. Sections 5.1 and 5.3.

e We propose a notion of parallel transport for RCD (K, co) spaces, prove its basic prop-
erties (such as uniqueness, norm-preservation and geometric consequences) and show
its existence under suitable assumptions on the space; see Chapter 6.

e We explain in which sense any Sobolev vector field (in the language of | ]) over an
RCD(K, o0) space admits a unique quasi-continuous representative, much like Sobolev
functions do; cf. Chapter 7.

We now briefly describe the structure of the thesis. However, any chapter will begin with an
introductory part, which will explain more in details the material contained therein.
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Structure of the thesis

The contents of the thesis are subdivided into the various chapters in the following way:

Chapter 1: Prolegomena. In this chapter we collect — for the usefulness of the reader
— the main well-known definitions and results about geometric analysis on metric measure
spaces, which will be needed later on in the thesis.

Chapter 2: Sobolev calculus on metric measure spaces. First of all, we present (in
Section 2.1) the axiomatic approach of | ] to the Sobolev calculus on metric measure
spaces, which aims at unifying several different variants of Sobolev space that appeared in
the literature throughout the last twenty years. We also suggest some new notions of locality
for these axiomatic Sobolev spaces and we show the consequent calculus rules. Finally, in
Section 2.2 we focus our attention on a precise notion of Sobolev space: the one obtained
via weak upper gradients, cf. | , , ]. This is the approach we will follow in
order to develop a differential calculus in our metric measure context.

Chapter 3. The language of normed modules. From this point forward the whole
thesis will be based upon the terminology of LP-normed L°°-modules, which constitute a
convenient abstraction of the notion of ‘space of p-integrable vector fields’ over a given Rie-
mannian manifold. Section 3.1 is devoted to an exhaustive description of such objects, along
the lines of the presentation in | ] and [ ]; more specifically, besides the definition
of normed module and its basic properties, we discuss a natural concept of local dimension
that arises in this context and explain how to construct new normed modules out of the
old ones (by taking duals, pullbacks and tensor products). On the other hand, Section 3.2
contains a new result — called Serre-Swan theorem — about the representation of normed
modules. It says that any ‘locally finitely-generated’ normed module is isomorphic to the
space of sections of a suitable measurable Banach bundle, whose fibers have finite dimension.
Moreover, such module-bundle correspondence is also observed from a categorical viewpoint.

Chapter 4. Differential calculus on RCD spaces. A combination of Sobolev calculus
and normed modules theory yields a first-order differential structure over any abstract metric
measure space, to which the whole Section 4.1 is dedicated. In this regard, the most important
objects are tangent module and cotangent module, which generalise the concepts of vector field
and 1-form, respectively. Another fundamental tool is the differential operator that can be
associated to any morphism of metric measure spaces. The new contributions that can be
found in this section are Subsection 4.1.3 (where we examine the tangent module over R?
endowed with a generic Radon measure) and Subsection 4.1.5 (where a special notion of
differential for maps with Euclidean target is built). Furthermore, in presence of curvature
bounds even a second-order differentiable calculus is possible, as described in Section 4.2.
To begin with, we recall the definition of RCD(K, N) space and the path that led to it.
Then we explain how to define Hessian and covariant derivative on RCD spaces via suitable
integration-by-parts formulae; their well-posedness is granted by the presence of a sufficiently
vast class of test functions, which is produced by exploiting the regularising effects of the
heat flow on RCD spaces.
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Chapter 5. Structure of strongly m-rectifiable spaces. We focus on a special class
of metric measure spaces, which are said to be strongly m-rectifiable. Shortly said, these are
spaces that are ‘almost isometrically’ rectifiable via maps under which the reference measure
behaves well. In Section 5.2 we prove that any RCD(K, N) space (with N < o0) is strongly
m-rectifiable, thus motivating our interest in such a class of spaces. In Section 5.3 we show
that the abstract tangent module associated to a strongly m-rectifiable space can be actually
realised as the space of sections of the Gromov-Hausdorff tangent bundle, which is obtained
by glueing together (in a canonical way) the blow-ups of the space around its points. This
result raises a bridge between the analytic machinery of tangent/cotangent modules and the
geometric aspects of the spaces under consideration.

Chapter 6. A notion of parallel transport for RCD spaces. We introduce a notion of
parallel transport for the class of RCD(K, 0o) spaces. In view of some technical issues due to
the nature of our spaces, we do not speak about parallel transport along a simple Lipschitz
curve, but rather we consider a ‘weighted selection’ of curves at the same time. In Section
6.1 we set up the theory of those functional spaces wherein the parallel transport lives. In
Subsection 6.2.1 we give the definition of parallel transport and we show that it is well-posed,
it preserves the norm and it forces the constant dimension of the underlying space. However,
in the current state of the art we are not able to prove existence of the parallel transport on
any RCD(K, o) space; we just show (in Subsection 6.2.2) its existence for a special class of
finite-dimensional spaces admitting a ‘good Sobolev basis’ of the tangent module.

Chapter 7. Quasi-continuous vector fields on RCD spaces. Since a second-order
differential calculus is available in the RCD setting, we might wonder whether (and in which
sense) it is possible to take quasi-continuous representatives of Sobolev vector fields. This is
the problem we address in this chapter. It amounts to solving the following tasks: to build
up a new notion of ‘capacitary’ tangent module (with the variational capacity in place of
the usual reference measure), to declare what a quasi-continuous capacitary vector field is
and to show that any Sobolev vector field admits a unique quasi-continuous representative.
Nonetheless, the geometric consequences of such theory have not been investigated yet.

Chapter 8. Differential of metric-valued Sobolev maps. One of the several possible
ways to define Sobolev maps from a metric measure space to a metric space is via post-
composition with Lipschitz functions. In this chapter we explain how to associate a differential
to any such map, which ought to be a linear and continuous operator between appropriate
normed modules. Moreover, we prove its consistency with some previously known notions
of differential, such as Kirchheim’s differential for metric-valued Lipschitz maps defined on
the Euclidean space. Finally, we build the differential operator even for maps that are just
locally Sobolev, by means of a suitable inverse limit construction. The motivation behind
such results is the following: we would like to provide a Bochner-FEells-Sampson inequality for
maps between an RCD(K, N) space X and a CAT(0) space Y, with the aim of proving that
any harmonic maps from X to Y is locally Lipschitz. To pursue such long-term plan, the very
first step to make is precisely to define a notion of differential that fits into this framework.
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In this chapter we collect some well-known definitions and results, which will be needed
throughout the whole thesis. More specifically, the chapter is organised as follows:

e In Section 1.1 we will present the basics of metric geometry, with a particular accent
on the concepts of absolute continuity, Lipschitz continuity and geodesic space; most
of the material can be found, for instance, in | .

e In Section 1.2 we shall recall the main topics of measure theory. A special role will
be played by the space L°(m) of all equivalence classes (up to m-a.e. equality) of Borel
functions, which will constitute a fundamental tool in Chapter 3. For a thorough
treatise about this vast subject, we refer e.g. to the monography | ].

e Finally, Section 1.3 will be devoted to the main aspects of geometric analysis on metric
measure spaces. Among the several tools we will discuss, we just mention the notion of
pointed-measured- Gromov-Hausdorff convergence, which will be used later on to study
the blow-ups of finite-dimensional RCD spaces around its points (in Chapter 5).

1



2 CHAPTER 1 e Prolegomena

1.1 Metric spaces

A metric space is any couple (X, d), where X is a set and the function d : X x X — [0, +00),
which is called distance on X, is symmetric, vanishes precisely on the diagonal and satisfies
the triangle inequality. Given a point z € X and a radius r > 0, we shall denote by B, (z)
the open ball centered at = of radius r, namely

(1.1) By(z) ={yeX : d(z,y) <r}.

We will write Bd(z) instead of B,(z) whenever it will seem necessary to emphasise the
distance under consideration. More generally, given any subset A of X and any radius r > 0,
we will write B,.(A) or BY(A) to indicate the r-neighbourhood of A, which is defined as

(1.2) B.(A) = | J Br(x).
TEA

The distance between a point € X and a non-empty set A C X is given by the quantity
(1.3) d(z,A) = inf {d(z,y) : y € A}.

With this notation, we can equivalently express B, (A) as the set {a: eX :d(z,A) < r}.
We define the diameter diam(A) € [0, 4o00] of any non-empty set A C X as

(1.4) diam(A) = sup {d(z,y) : =,y € A},

while we let diam(()) = 0 by convention. Observe that the only sets having zero diameter are
the singletons and the empty set. A subset A of X is said to be bounded provided it has finite
diameter — or, equivalently, if there exist z € X and r > 0 such that A C B,(z). We say that
the metric space (X, d) is proper provided any bounded closed subset of X is compact (while
the converse implication is always verified: every compact set is closed and bounded).

Fix a sequence (x,)y, in X. We say that (z,,), is Cauchy provided limy, ,,—y00 d(2r, Tm) = 0,
while it converges to some limit zo, € X, briefly x,, — =, provided lim,, o d(2, o) = 0.
Any converging sequence is Cauchy, but in general the converse implication does not hold.
Whenever it does, we say that (X,d) is complete. Moreover, a subset D of X is dense in X
if for every r > 0 it holds that X = B,.(D). We say that (X,d) is separable provided there
exists a sequence (z,,), C X that is dense in X.

By curve in X we intend any continuous map 7 : [0,1] — X. For brevity, we will often
write -y instead of y(t). Given z,y € X, we say that v joins x to y provided (v9,71) = (x,y).
The family of all curves in X will be shortly indicated by

(1.5) I'(X) = C([0,1],X).
A natural distance that can be defined on the set I'(X) is the sup distance dr(x), given by
(1.6) dr(x) (7, 0) = max {d(y,0¢) | t € [0,1]} for every ~, 0 € I'(X).

If (X, d) is complete and separable, then also (F (X), dp(X)) is complete and separable.
We call evaluation map the continuous map e : I'(X) x [0, 1] — X, which is defined by

(1.7) e(v,t) =y for every (v,t) € I'(X) x [0, 1].
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Given t € [0,1], we denote by e; = e(-,t) : I'(X) — X the evaluation map at time t, namely
(1.8) er(7) = for every v € I'(X).

Each mapping e; is clearly continuous.

The metric space (X,d) is said to be doubling (or metrically doubling) provided there
exists a constant Cq € N, called metric doubling constant of the space (X,d), such that any
open ball of some radius r > 0 can be covered by Cq many open balls of radius r/2.

1.1.1 Absolute continuity

An important class of curves is that of absolutely continuous curves, which we now describe.

Definition 1.1 (Absolutely continuous curve) Let (X,d) be any complete metric space.
Fiz an exponent p € [1,00|. Then a curve v € T'(X) is said to be p-absolutely continuous
provided there exists a function f € LP(0,1) such that

t
(1.9) d(ve,7vs) < / flr)dr for every t,s € [0,1] with s < t.

The family of all p-absolutely continuous curves in X is denoted by ACP([O, 1],X).

For the sake of brevity, the space AC" ([O7 1], X) will be denoted by AC’([O, 1],X) and its
elements will be called just absolutely continuous curves in X.

Remark 1.2 In the case in which (X,d) coincides with the real line R endowed with the
Euclidean distance, the previous notion of absolute continuity coincides with the classical
one, which is treated e.g. in | ]- [ |

Remark 1.3 Given any complete metric space (X, d), the following inclusions hold:
(1.10) AC?(]0,1],X) € ACP([0,1],X) for every p,q € [1, 0] with p < q.

It is a direct consequence of this fact: given that the interval [0, 1] has finite £!-measure, we
have L?(0,1) C LP(0,1) whenever p < ¢ by Holder inequality. [ ]

Definition 1.4 (Metric speed) Let (X,d) be a metric space. Then we define the metric
speed operator ms : T'(X) x [0,1] — [0, +00] as follows: given v € T'(X) and t € [0, 1], let

d
(1.11) ms(7y,t) = lim 40 7) whenever such limit exists

h—0 ‘h‘
and ms(7y,t) = +oo otherwise. For the sake of brevity, we shall often write || to indicate the
quantity ms(vy,t). Given any curve v € I'(X), we denote by |¥| : [0,1] — [0, +o00] the function
sending t € [0, 1] to |3:| and we call it the metric speed of ~.

Remark 1.5 The map ms: I'(X) x [0, 1] — [0, +00] can be proven to be Borel measurable;
see for instance | , Remark 5.1]. [ |

The next result states that the metric speed of a p-absolutely continuous curve is the a.e.
minimal LP(0, 1)-function that can be chosen as f in the right hand side of (1.9). For its
proof we refer to | , Theorem 1.1.2].
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Theorem 1.6 Let (X,d) be a complete metric space. Fix p € [1,00] and v € AC”([O, 1],X).
Then the metric speed || of v belongs to LP(0,1) and satisfies

t
(1.12) d(ve,7vs) < / |4y | dr for every t,s € [0, 1] with s < t.

Moreover, given any function f € LP(0,1) satisfying property (1.9), it holds that || < f(t)
for Ll-a.e. t €0,1].

In particular, if v is a p-absolutely continuous curve then the limit limp_,o d(vern, ) /| B
exists and is finite for £!-a.e. t € [0, 1].

Remark 1.7 It may happen that the metric speed of a curve v belongs to the space LP(0, 1)
even if 7 is not p-absolutely continuous. For instance, the Cantor function ¢ : [0, 1] — [0, 1]
is not absolutely continuous but |é&| = 0 for L£l-a.e. t € [0,1], see e.g. | ]

Definition 1.8 (Kinetic energy) Let (X,d) be a complete metric space. Fiz p € (1,00).
Then we define the p-kinetic energy functional KE, : T'(X) — [0, +00] as follows:

Al dt if v € Ac?([0,1],X)
1.13 KE. (v) = ) Jo 7] v 1], X),
( ) p(y) { +o0 otherwise.

It turns out that the map KE, is lower semicontinuous with respect to the distance dr(x),
see e.g. | , Proposition 3.7]. A direct consequence of this lower semicontinuity is that
the set of all p-absolutely continuous curves is Borel; cf. | | for a proof of such fact:

Corollary 1.9 Let (X,d) be a complete metric space. Fiz an exponent p € (1,00). Then the
space ACP([0,1],X) is a Borel subset of I'(X).

1.1.2 Lipschitz continuity

Let us consider two metric spaces (X, dx) and (Y,dy). Then we say that amap f: X - Y
is Lipschitz provided there exists a constant A > 0 such that

(1.14) dy(f(:v), f(y)) < Adx(z,y) for every z,y € X.

To be more precise, we can say that f is A-Lipschitz. Observe that the map f is continuous.

We denote by LIP(X,Y) the family of all Lipschitz maps from X to Y, while LIP(X,Y)
is the space of all \-Lipschitz maps. In the case in which the target (Y, dy) coincides with the
real line endowed with the Euclidean distance, we simply write LIP(X) instead of LIP(X,R).
Moreover, if a map f € LIP(X,Y) is invertible and f, f~! are A-Lipschitz, then we say that
the map f is A-biLipschitz.

Definition 1.10 (Lipschitz constants) Let (X,dx) and (Y,dy) be metric spaces. Fix any
Lipschitz map f € LIP(X,Y). Then we give the following definitions:

i) The Lipschitz constant of f is the quantity Lip(f) € [0, +00), which is defined as
1.15 Lip(f) = sup —————=.
( ) ( ) z,yeX dX(J}:y)
TH#Y
Given any subset E of X, we indicate by Lip(f; F) the Lipschitz constant of f|E.
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ii) The local Lipschitz constant of f is the function lip(f) : X — [0,+00), defined as

119 (e = I g

if x € X is an accumulation point

and lip(f)(z) =0 if z € X is an isolated point.

iii) The asymptotic Lipschitz constant of f is the function lip,(f) : X — [0,+00) given by

(1.17) lip, (f)(z) = 71"1\% Lip(f; Br(z)) for every x € X.

Observe that the Lipschitz constant Lip(f) is the smallest A > 0 such that f is A-Lipschitz.
Moreover, it directly follows from the definitions (1.15), (1.16) and (1.17) above that

(1.18) lip(f)(z) < lip,(f)(z) < Lip(f) for every x € X.

Standard verifications yield the inequalities

lip(f o ¢) < Lip(¢) lip(f) o ¢,
lip,(f o @) < Lip(p)lip,(f) o ¢

for any metric spaces (X,dx), (Y,dy) and Lipschitz maps ¢ € LIP(X,Y), f € LIP(Y).

(1.19)

Remark 1.11 Given any complete metric space (X, d), it clearly holds that
(1.20) LIP([0,1],X) = AC*([0,1],X).
In particular, each Lipschitz curve in X is absolutely continuous. |

We shall frequently use the following well-known fact:

Given a metric space (X,d), a subset E of X and f € LIP(FE),

(1.21) there exists f € LIP(X) such that f|E = f and Lip(f) = Lip(f).

An explicit expression for such a function f — called McShane extension — is given by the
formula f(x) = inf { f(y) + Lip(f)d(z,y) : y € E} for any € X. Moreover, we recall that:

Given any metric space (X,d), any subset E of X and f € LIP(E,R"),
there exists f € LIP(X,R™) such that f‘E = f and Lip(f) < v/nLip(f),

as one can readily deduce from (1.21) by arguing componentwise.

We conclude the subsection by introducing a key class of Lipschitz curves: the geodesics.
Let (X,d) be a complete separable metric space. A curve v € I'(X) is said to be a geodesic if

(1.22) d(ye,7vs) = |t — s|d(70,7) for every t, s € [0,1],

in other words if v : [0,1] — X is an isometric embedding. In particular, v € LIP([0,1],X)
and the equality |%¢| = d(70,7v1) holds for every ¢ € [0, 1].

The set of all geodesic curves in X is denoted by Geo(X). The space (X,d) is called a
geodesic space provided for any z,y € X there exists v € Geo(X) such that 79 = z and v; = y.
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Remark 1.12 Let (X, d) be a geodesic metric space (containing at least two points). Given
any x € X, let us define the 1-Lipschitz function d, : X — [0,4+00) as d;(y) = d(x,y) for
every y € X. Then it holds that

(1.23) lip(d;)(y) =1 for every y € X.

We already know from (1.18) that lip(d;) < 1 everywhere, whence to prove (1.23) it suffices
to show that lip(d,)(y) > 1 for any y € X. In the case in which y = x, we trivially have that
S ‘dm(z) — dw(m){ — dg(2)

lip(d,)(z) = lim Ao lim

On the other hand, given any y € X \ {x} we can choose a geodesic 7 joining y to z, so that

d, —d; d(v1,v¢) — d(v1, . 1—-t)—1

lip(dy)(y) > lim 12200 =4 00)] _ JdOn) —dOnno)] _ o A0 21
t—0 d(v¢,70) t—0 td(z,y) t—0 t

This completes the proof of the claim. |

1.2 Measure spaces

A measurable space is any couple (X, .A), where X is a set and A is a o-algebra on X. By
measure on (X, A) we intend any o-additive map m : A — [0, +00] such that m(()) = 0. Then
we say that (X,.A, m) is a measure space. We say that m is a finite measure if m(X) < +o0,
while it is said to be o-finite provided there exists a sequence (A,), € A such that X = J,, An
and m(A,) < +oo for all n € N. In particular, any finite measure is o-finite.

Remark 1.13 We say that a set N € A is m-negligible provided m(N) = 0. This provides
us with a natural equivalence relation on A: given any A, B € A, we declare that A and B
are m-equivalent if their symmetric difference AAB is m-negligible. The quotient set of A by
such relation will be denoted by A/m, while [A]y indicates the equivalence class of A € A.
Another measure p on (X, .A) is absolutely continuous with respect to m — briefly, yp < m —
provided p(N) = 0 whenever N € A satisfies m(N) = 0. Therefore we have a natural map
from A/m to A/u, which associates to any element [A]y, the equivalence class [A],,. [

A function f : X — R is measurable if f~1(U) € A for any open subset U of R. Given
any two measurable functions f,g : X — R, we declare that f ~y g provided f = g holds
m-a.e., which means that the set {f # g} is m-negligible. Then we define the space L"(m) as

(1.24) L(m) = {f: X — R measurable} / ~p,

while we set LO(m)* = {f : X — [0, +oc] measurable} / ~y. It holds that L°(m) is both a
vector space and a commutative ring with identity when endowed with the pointwise opera-
tions. Furthermore, LY(m) can be equipped with a distance that metrizes the convergence in
measure; we postpone the discussion about this topic to Subsection 1.2.1.

Fix any exponent p € [1,00]. Hence we define the space LP(m) as

(1.25) LP(m) = {f € L°(w) | | £l ooy < +00},
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where the quantity || f|| () is given by

D 1/p if
(1.26) 1oy = (J 1P dm) if p < oo,
esssupx | f] if p = o0.
Therefore (LP(m), || - ||;» is a Banach space. Moreover, L>°(m) is a subring of L°(m).
LP(m)

Given any function f € L%(m)*, we define the measure fm on (X, A) as
(1.27) (fm)(A) = / fdm for every A € A.
A

Moreover, for any set A € A we define the restricted measure m, as
(1.28) my, = Xam.
Observe that m’A(B) =m(AN B) for every B € A.

Theorem 1.14 (Radon-Nikodym) Let (X,.A, m) be a o-finite measure space. Let p be any
o-finite measure on A with u < m. Then there exists a unique function du/dm € L°(m)*,
called density of u with respect to m or Radon-Nikodym derivative, such that p = (dp/dm) m.
Moreover, it holds that (dp/dm)(z) < +oo for m-a.e. z € X.

Remark 1.15 (Properties of the density) We recall two useful properties of the density:
i) The density of a measure is linear: if yu, v < m, then p+ v < m and

dlp+v) dp  dv )
(129) T = % % holds m-a.e. in X.

ii) The density of a measure satisfies the chain rule: if p < v and ¥ < m, then p < m

and
d dp d
(1.30) ﬁ = di: é holds m-a.c. in X.
Both facts are immediate consequences of the uniqueness of the density. |

Now consider two measurable spaces (X, Ax), (Y, Ay) and a map ¢ : X — Y. We say
that ¢ is measurable provided p~!(B) € Ax for all B € Ay. Notice that the function f o ¢
is measurable for every choice of f : Y — R measurable and ¢ : X — Y measurable. Given
any measure p on (X, Ax), we define the pushforward measure @, on (Y, Ay) as

(1.31) (@utt)(B) = (¢~ H(B)) for every B € Ay.

It holds that (@.pu)(Y) = u(X), in particular y is finite if and only if ¢, p is finite. We point
out that the pushforward measure ¢, u satisfies the following change-of-variable formula:

(1.32) /fdcp*,u = /fo odu whenever f € LY(p.u) or f e LO(puu)*.

The previous formula makes sense, because f o ¢ € L!(u) for every f € L' (p.pu).
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Remark 1.16 We claim that for any f € L(p,u)" it holds
(1.33) e(fopu)=foup.
Indeed, @.(f oo u)(B) = [ -1y fopdu= [p fdewu = (fpup)(B) for all B € A. u

Remark 1.17 (Pushforward of o-algebra) Given a measurable space (X, .A), aset Y and
amap f: X =Y, we define the pushforward of A via f as the g-algebra on Y given by

(1.34) fA={ECY | fU(E) €A}

It turns out that f,.A can be characterised as the greatest o-algebra A’ on Y such that the
map f is measurable from (X, .A) to (Y, A"). [ |

1.2.1 The space L°(m)
Let (X,.4,m) be a given o-finite measure space. Consider the space L°(m), defined in (1.24).
Remark 1.18 We claim that:

(1.35) There exists a finite measure m’ on (X, A) such that m < m’ < m.

The proof of such fact can be achieved via explicit construction. The case m(X) < +oo is
trivial, so suppose m(X) = +oo. Since m is o-finite, we can pick a partition (F,), C A of X
such that 0 < m(E,,) < +oo for every n € N. Then

g,

1.36 F= —
neN
is a finite measure on (X, .A) having the same null sets as m. [

Given any measure m’ as in Remark 1.18, we define the distance dzo(y) on LO%(m) as

(1.37) drom)(f,9) = / |f —g| A 1dm' for every f,g € L°(m).

It turns out that LY(m) is both a topological vector space and a topological ring if equipped
with the topology induced by the distance djo(y). Furthermore, observe that dro(y,) might
depend on the choice of the measure m’, but that its induced topology does not:

Proposition 1.19 Let (f,), € L%(m) be given. Then (fn)n is dro(m)-Cauchy if and only if
(1.38) lim m(E Nl fn = fnl > 5}) =0 foralle >0 and E € A with m(E) < +o0.
n,m
A proof of Proposition 1.19 can be found — for instance — in | , Proposition 15.1].
The distance dpo () metrizes the convergence in measure, as shown by the following result:
Proposition 1.20 Let f € L%(m) and (fn)n C L°(m). Then the following are equivalent:
i) It holds that dro(m)(fn, f) — 0 asn — oc.

ii) Any subsequence (nm)m admits a further subsequence (nm, )k such that fy,, (z) — f(z)
as k — oo for m-a.e. x € X.
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iii) Given anye > 0 and E € A with m(E) < 400, we have limnm(Eﬂ{|fn—f\ > 5}) =0.
We refer e.g. to | , Proposition 15.3] for a proof of Proposition 1.20.

Remark 1.21 Another distance on L°(m) metrizing the convergence in measure is given by

(1.39) diogm(f.9) = inf (5 +'({|f—g| > 5})) for every f,g € L°(m),

where m’ is any measure as in (1.35). See | ] for additional details about d’ , ()" [ ]
As shown — for example — in | , Proposition 15.6], it holds that

(1.40) (LO (m),d LO(m)) is a complete and separable metric space.

A consequence of Proposition 1.20 is that the completeness of LY(m) is not affected by the
particular choice of the measure m’. Another important property of L%(m) is the following:

(1.41) The inclusion map LP(m) < L°(m) is continuous and has dense image,

for any p € [1, 00]. Finally, we point out that the distance d Lo(m) 18 translation-invariant, i.e.

(142) dLO(m)(fag) = dLO(m)(f +h,g+ h’) for every f,g,h € Lo(m)a

but that it is not induced by any norm.

1.2.2 Essential image

Let (X, Ax,mx), (Y, Ay, my) be o-finite measure spaces. Let ¢ : X — Y be a measurable
map such that my = p,mx. We then define the map Pr,, : L!(mx) + L®(mx) — L%(my) as

(143)  Pro(f) = dw*éfm +me) N dﬁo*((i{; me) for every f € L*(myx) + L (mx).

We say that the operator Pr,, is the projection for functions through the map .

Remark 1.22 To be sure that Pry(f) is well-defined, we show that ¢.(f* mx) are o-finite
measures on Ay, so that the Radon-Nikodym theorem can be applied: choose f; € L' (mx)
and foo € L*°(myx) such that f = f1 + foo. The measure |fi|mx is finite, whence go*(|f1]mx)
is finite as well. It also holds that Lp*(|foo|mx) < HfOOHLOO(mX)mY7 SO go*(\foo]mx) is o-finite.
Since (f1 + foo)™ < |f1] + | foo|, We conclude that the measures o, (f*mx) are o-finite. W

Notice that Pry(f) = Pruo(fT) — Pro(f7) is satisfied for every f € L'(mx) 4+ L>(mx).
Furthermore, if f > 0 holds mx-a.e. in X, then one has that

(1.44) Pro(f) =0 my-ace. = f=0 mx-a.e.
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Remark 1.23 We claim that
(1.45) Pry: L'(mx) + L= (mx) — L%(my) is a linear operator.

Indeed, given any A € R and f € L'(mx) + L>®(mx), we have (Af)* = Af* when A\ > 0
and (A\f)T = —AfT when A\ < 0, which grants that Pro(Af) = APr,(f), proving that Pr,
is 1-homogeneous. To prove that it is also additive, consider f,g € L'(mx) 4+ L>®(mx) and
denote ¢ = f* +g* —(f+9)" = f~+97 = (f +9)7 > 0. Then Pry(f*) + Pry(g")
and Pry(f7) 4+ Pry(¢97) coincide with Prw((f +9) ) + Pr,(¢) and Pr¢((f +9)” ) + Pr,(q),
respectively, whence Pr,(f+g) = Pro(f1)+Pry(gh) —Pry(q) — (Prw( ~)+Pry(g )—Pr@(q))
is equal to Pry,(f) + Pry(g), as required. Therefore (1.45) is proved. [ |

Remark 1.24 The operator Pr, satisfies the following two properties:

Pryo(c) = ¢ my-ae. for every constant ¢ € R,
(1.46) X
Pro(f) < Pry(g) my-ace. for every f,g € L*(mx) + L (mx) with f < g.
Both facts can be easily deduced from the very definition of Pr,. |

Proposition 1.25 (Jensen) Let u: R — R be a convex function. Then it holds that

(1.47) uoPr,(f) <Pry(uo f) my-a.e. whenever f,uo f € L' (mx) + L (mx).

Proof. Fix f € L*(mx) + L°°(mx) such that uo f € L*(mx) + L°°(mx). Linearity of Pr,, and
the first property in (1.46) grant that

(1.48) voPry(f) =Pry(vof) my-ae. for every affine function v: R — R.

Now choose a countable family F(u) of affine functions v : R — R, which satisfy v < u, such
that u(t) =sup {v(t) : v € F(u)} for every t € R. Hence (1.48) gives

(1.49) wo Pry(f) =esssup {Pry(vo f) : v e F(u)}.

Given that Pry(vo f) < Pry(uo f) holds my-a.e. for every v € F(u), we deduce from (1.49)
that uo Pry(f) < Pry(uo f) is satisfied my-a.e., thus proving (1.47). O

The previous result ensures that the projection Pr, maps LP(mx) to LP(my) for any p:

Corollary 1.26 Given any p € [1,00), it holds that
(1.50) |Pr¢,(f)}p < Pry(|fP) my-a.e. for every f € LP(mx) + L™ (mx).

In particular, the operator Pr, continuously maps LP(mx) to LP(my) for any p € [1,00], with

(151) 1PeoD oy < 1oy Jor every f € ZP(my).

Proof. First of all, fix p € [1,00) and f € LP(mx) + L>°(mx). Clearly both f and |f|P belong
to L (mx)+ L% (mx), so that property (1.47) with u = |-|P ensures that ‘Prw(f)‘p < Pro(|f17)
holds my-a.e. in Y, obtaining (1.50). To prove the last statement, fix p € [1,00]. In the case
in which p < oo, we have for any f € LP(mx) that

(1.50) do,
[1pratnpame "< [pesryamy = [ G20 g )y
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showing that ‘}Pr¢(f)‘}Lp(mY) < [ fllzo(my) for every f € LP(mx), so that Pry, continuously
maps LP(mx) to LP(my). Finally, if p = co then (1.46) and (1.50) give

‘Prq,(f)‘ < Prolf] < Prap(”fHLoo(mX)) = HfHLoo(mX) my-a.c. for every f € L™ (mx),

proving that HPr‘P(f)HLOO(my) < N fllpoe(my) for every f € L*(mx), thus accordingly Pr,
continuously maps L*°(mx) to L*°(my). This completes the proof. O

Lemma 1.27 Let p € [1,00] be fized. Then

(1.52) Pro(go@ f) = gPry(f) my-a.e. for every f € L (mx) and g € LP(my).

Proof. First of all, consider f € L®(mx)" and g € LP(my)". Given that p.(g o ¢ fmx)
coincides with g ¢.(fmx) by (1.33), we deduce that

d(g ¢+ (fmx)) (1.30) d(gp«(fmx)) dep(fmx)
dmy des(fmx) dmy

Pro(gop f) = = gPry(f) my-a.e.,

proving (1.52) for f, g nonnegative. For general f € L>°(mx) and g € LP(my), we thus have

Pro(goo f) =Pro(g oo fH) +Pro(g o f7) = Prolgt oo f7) —Pro(g o fT)
= (9+ - 97)(Pr<p(f+) - Prw(fi)) = QPrso(f)

in the my-a.e. sense, which proves (1.52). Hence the statement is achieved. ]

Remark 1.28 It can be readily deduced from Corollary 1.26 that the map Pr, can be
uniquely extended to a linear and continuous operator

(1.53) Pry: LY(mx) — L%(my).

By an approximation argument, one easily obtains that

0
(1.54) IPro(f)| < Prolf|  my-ae. for every f € L"(mx),
Pro(go@ f) = gPro(f) my-ae. for every f € L%(mx) and g € L%(my),
as a consequence of (1.50) and Lemma 1.27, respectively. [ |

With the projection operator Pr, at our disposal, we can readily introduce the notion of
‘essential image’ of a measurable set under the map ¢, as we are going to describe (recall the
terminology that has been introduced in Remark 1.13).

Definition 1.29 We define the map Im, : Ax/mx — Ay/my as
(1.55) Imy(A4) = {Pry(xa) >0} € Ay/my for every A € Ax/mx.
We shall refer to Imy(A) as the essential image of the set A under the map .

Observe that ¢ naturally induces a mapping ¢!

: Ay /my — Ax/mx, as follows:
(1.56) ¢ ([Blmy) = [go_l(B)]mX for every B € Ay.

Such definition is well-posed, since we have mx (¢~ '(B)Ap~!(B')) = (p.mx)(BAB') = 0
whenever B, B’ € Ay are two measurable sets satisfying my(BAB’) = 0.
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Proposition 1.30 The map Im, is a left inverse of =1 : Ay/my — Ax/mx, namely

(1.57) Im,(¢~*(B)) = B holds for every B € Ay /my.

Proof. Fix a measurable set B € Ay and denote A = ¢~ (B) € Ax. Choose any represen-
tative B’ € Ay of Im,(¢!(B)). Then our aim is to show that my(BAB’) = 0. Since the
equality Pry(X4) = 0 holds my-a.e. in Y \ B’, we deduce that

my(B\ B') = / X5 deamx "2 o (v amy) (Y \ BY) = / Pr.,(X4) dmy = 0.
Y\B’ Y\B

On the other hand, the measures my| g, and Pr,(X4) my have the same null sets. Given that

A\B Pro(Xa) dmy = (p.(Xxamx))(Y\ B) =mx(An¢ (Y \B)) =0,

we thus conclude that also my (B’ \ B) = my |, (Y \ B) = 0. This completes the proof. [

1.3 Metric measure spaces

Given any metric space (X, d), we denote by #(X) the Borel o-algebra on X, i.e. the smallest
o-algebra on X that contains every open d-ball of X. Measures over (X, %(X)) are called
Borel measures on X. We say that a Borel measure m on X is a Radon measure provided it is
finite on compact sets. For our purposes, a metric measure space is a triple (X, d, m), where

(1.58) (X,d) is a complete and separable metric space,
. m=#0 is a non-negative Borel measure on X, finite on balls.

The measure m is called reference measure. Observe that m is a o-finite Radon measure. The
support of m — denoted by spt(m) — is defined as the intersection of all closed subsets C' of X
such that m(X \ C) = 0. In particular, the support is a closed set.

Given two metric measure spaces (X, dx, mx) and (Y,dy,my), we will always implicitly
endow the product space X x Y with the product distance dx x dv, given by

(1.59) (dx x dy)((z1,91), (2, 92)) = Vdx(z1,22)% + dy (y1, 2)?

for every (z1,y1), (z2,y2) € X x Y, and with the product measure mx ® my.

Definition 1.31 (Doubling measure) Let (X,d,m) be a metric measure space. Then we
say that the reference measure m is pointwise doubling at a point x € spt(m) provided

(1.60) i (@)

o m(B,(z)) < e

Moreover, we say that the metric measure space (X,d, m) — or just the measure m — is doubling
provided there exists a constant Cy > 0 such that

(1.61) m (B (z)) < Cum(By(z)) for every x € X and r > 0.

The least such constant Cy, s called the doubling constant of the space.
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Remark 1.32 It is immediate to see that a doubling measure is pointwise doubling at all
points of the space. Moreover, if a metric measure space (X,d,m) is doubling, then the
underlying metric space (X, d) is metrically doubling. [ |

Definition 1.33 (Vitali space) Let (X,d, m) be a metric measure space. Then X is said to
be a Vitali space provided the following condition is satisfied: given a Borel set A C X and a

family F of closed balls in X such that inf {T’ >0 : By(x) € .7-"} = 0 holds for m-a.e. x € A,
there exists a countable family G C F of pairwise disjoint balls such that m(A\UBeg B) =0.

By adapting the arguments in the proof of | , Theorem 1.6], one can prove that
(1.62) m is pointwise doubling at m-a.e. x € X = (X,d, m) is a Vitali space.

A fundamental property of Vitali spaces is given by the Lebesgue differentiation theorem,
whose proof can be found e.g. in | ]:

Theorem 1.34 (Lebesgue differentiation theorem) Let (X,d, m) be a Vitali space. Fix
any function f € L (m). Then

(1.63) f(z) = lim !

L fdm for m-a.e. x € X.
™0 m(Br(fE)) /Br(l)

Definition 1.35 (Density of a point) Let (X,d, m) be a metric measure space. Let E C X
be a Borel set. Then we say that a point x € spt(m) has density A € [0,1] for E provided

(1.64) 2 Dy () = lim MEO (@)

B wB@)

Corollary 1.36 Let (X,d,m) be a Vitali space. Let E C X be a Borel set. Then

(1.65) Dg(z) =1 holds for m-a.e. point x € E.

Proof. Just apply Theorem 1.34 to the function f = Xg. O

In Subsection 5.3.3, the following class of spaces will play a fundamental role:

(X, d, m) is a metric measure space with the following property:
(1.66) for every Borel set £ C X and for m-a.e. T € E, it holds that
Ve>0 3Jr>0: VereB.(z) JyeE: d(z,y) <ed(z, ).

A sufficient condition for the previous property to hold is given by the next result:

Lemma 1.37 Let (X,d,m) be a metric measure space. Let A C X be Borel. Suppose there
exist constants 7,C > 0 such that m(Bay(z)) < Cm(B,(x)) for every 0 <r < T and z € A.
Then the metric measure space (A,d‘AXA,m‘A) satisfies property (1.66). In particular, any
doubling metric measure space satisfies property (1.66).

Proof. We argue by contradiction: assume the existence of € > 0 and of points {z,},~0 C A
with d(z,,z) < r for every r > 0, such that

(1.67) EN B g,z (xr) =0 for every r > 0.
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Fix n € N such that 2" ¢ > 2 +¢. Thus B.y(z, 7)(Tr) € B(i4e)d(@,,z)(T) € Bancd(z,.z)(2r) for
every r > 0, hence in particular it holds that

m(BQ"E d(zr,T) (wr)) > m(B(lJrs) d(zr,T) (f))

(1.68) m(B. g(z, ) (@) = Cn = Cn

for every r > 0 such that » < 7#/(2""'¢). Therefore

B e (Z)NE
Dp(z) = lim (B e, @)1 )
70 m(B(1+5)d(zr,5ﬁ)(x))
m(B(l-i-a)d(xr,x)( )\Bad Zr, )( ))

(by (1.67)) < lim

N0 (B(l-i-a d(zr,z) )
i B de (@) ~m(Bege,z) (@)
\0 m( (14+¢) d(zr,Z ) )
1
which contradicts our assumption Dg(Z) = 1. Hence the statement follows. O

Given a metric space (X,d), a Lipschitz function f € LIP(X) and a Borel set £ C X,
we have that lip(f|E) (z) <lip(f)(x) is satisfied for every = € X, where 1ip(f’E) is taken in
the metric space (E , d| B E) Simple examples show that in general equality does not hold;
however, if we restrict to the case of a doubling metric measure space, then Lemma 1.37
grants that the equality holds at least on density points of E:

Proposition 1.38 Let (X,d, m) be a doubling metric measure space. Fiz a Borel set E C X
and a Lipschitz function f € LIP(X). Then

(1.69) lip(f|E)(x) = lip(f)(z) for m-a.e. x € E.

Proof. Tt suffices to prove that lip(f)(z) < 1ip(f|E) (z) for every point x € F of density 1. Fix
x € F with Dg(z) = 1. If x is an isolated point in X, then lip(f)(z) = lip(f’E)(x) =0. Ifzis
an accumulation point, then take a sequence (z,), C X'\ {x} converging to x. Up to passing
to a suitable subsequence, we can assume that lim,, ’ f(xn) ‘ /d(xp, x) is actually a limit.
Moreover — possibly passing to a further subsequence — Lemma 1.37 provides the existence
of a sequence (yp), C FE satisfying d(x,,y,n) < d(xn,x)/n for every n > 1. In particular,
lim, y, = x and y,, # « for every n > 1. Therefore

W ) d<xn, ) ) % d(yn o) d(e o)
< Lip(f) lim ~ + fim Mlim <1+1><li (1) (@)
- p n—oo N n—oo d(yn’ ) n— oo n/) p ‘E ’
The arbitrariness of (z,,), gives the conclusion. O

1.3.1 Gromov-Hausdorff convergence

We say that (X,d,m,z) is a pointed metric measure space provided (X,d,m) is a metric
measure space and the reference point € X belongs to spt(m). Two pointed metric measure
spaces (X, dx, mx,y) and (Y, dy, my,y) are said to be isomorphic if there exists an isometric
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embedding ¢ : spt(mx) — Y such that t,mx = my and ¢(Z) = y. The equivalence class of a
given space (X, d, m,Z) under this isomorphism relation will be denoted by [X,d, m, Z].

Given a complete separable metric space (X,d) and a sequence (fin)nenufoo} Of nOND-
negative Borel measures on X that are finite on bounded sets, we say that w,, weakly converges
to oo as n — 00, briefly p, — poo, provided

(1.70) lim [ fdu, = /fd,uoo for every f € Cps(X),

n—oo

where Chs(X) is the space of all bounded continuous functions on X with bounded support.

Since we shall deal with possibly non-compact and non-doubling spaces, it will be conve-
nient to work with the notion of pointed measured Gromov convergence. More precisely, we
shall follow the so-called ‘extrinsic approach’, introduced in | , Definition 3.9]:

Definition 1.39 (Pointed measured Gromov convergence) Fiz a sequence of pointed
metric measure spaces (Xy,dp, My, Tp), n € NU{oo}. Then [X,,d,, m,, Z,] is said to converge
to [Xoo, doo, Moo, Too] in the pointed measured Gromov sense, or briefly pmG-sense, provided
there exist a complete separable metric space (W, dw) and a sequence (in)penuisc) Of is0metric
embeddings v, : X,, =& W such that

in(Tn) oo (Too) € spt((boo)*moo),

1.71
( ) () sy —(Loo) s Moo,

as n — 00.

Let us fix a shorthand notation: given a pointed metric measure space (X,d, m,z) and
any radius 7 > 0, we define the normalised measure m* on X as

m

(1.72) m? = S (B @)

We can now introduce the notion of tangent cone to a pointed metric measure space:

Definition 1.40 (Tangent cone) Let (X,d, m,Z) be a pointed metric measure space. Then
we denote by Tan[X,d, m, Z| the family of all the classes [Y,dy,my, ] that are obtained as
pmG-limits of [X,d/rn,mfn,i], for a suitable sequence r, \, 0. We refer to Tan[X,d, m, Z|
as the tangent cone of [X,d, m, Z].

Proposition 1.41 (Locality of the tangent cone) Fiz a metric measure space (X, d, m)
and a Borel set A C X. Let & € A be a point of density 1 for A such that the reference
measure m s pointwise doubling at x. Then

(1.73) Tan[X,d, m, z] = Tan[A,d|AXA,m‘A,QE].

Proof. For the sake of simplicity, let us denote d’ and m’ = m . Suppose that the

=d AxA
class [Y,dy,my,y] is the pmG-limit of [X, d/ rn,mfn,’a_c] for some r, N\ 0. Then there exist
a complete and separable metric space (Z,dz), an isometric embedding vy : Y — Z and a
sequence (Ly,)y, of isometries ¢, : (X,d/rn) — (Z,dz) such that ¢,,(Z) — vy (y) € spt((vy)«my)
and (tp)«m? — (vy).my. Hence let us define ¢, = tn| 4 for every n € N. Clearly each map ¢,
is an isometry from (A,d’/r,) to (Z,dz). To conclude that [Y,dy, my,y] € Tan[A4,d", ', z],
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it is enough to show that (u],)«(m')F — (vy)«my. Thus fix f € Chs(Z). Choose R > 0 such

T

that spt(f) € Br(vy (7)), whence spt(f o t,) C Bagy, (Z) for n big enough. Then

m(B, 1
fa(, T,Lz"/den —/ fotndm.
/ ( (m NA m(B,,n(:I:)ﬂA) Barr, (T)\A

Since D4(Z) = 1 and m is pointwise doubling at Z, one has

‘fBZRr z)\A fOLn dm’ B2Rm( )\A) m(BTn(j)) (B2an( ))
m(B,,(@)NnA)  ~ wm(Buw,(®) m(B,(3)NA) m(B,, (7))

which grants that [ fd(e,)«(m')f — [ fd(wn)smy, as required.

Conversely, let [Y,dy, my, 7] be the pmG-limit of [A,d’/r,, (m)7 | Z] for some r, \, 0.
Then take a complete separable metric space (W, dw ), an isometric embedding ¢, : Y — W

max\f|—>0

and a sequence of maps ¢, : A — W, which are isometries from (A,d'/r,) to (W,dw),
such that ¢}, (Z,) — 4 (9) € spt((¢f)«my) and (o). (m')E  — (& )my. Hence there exist a
complete separable metric space (Z, mz), an isometric embedding tyw : W — Z and a sequence
of maps ¢, : X — Z, which are isometries from (X, d/r,) to (Z,dz), such that Ln|A Ltw oL
holds for every n € N — see for instance | , Proposition 3.10]. Denote ty = twoil,. We
clearly have that ¢, (Z) = vw (1, (%)) — vy (9) € Spt((by)*my) as n — 0o, thus it only remains
to prove that (¢,),my — (vy)«my as n — oo. To this aim, fix f € Cipg(Z). Observe that

. AﬂBrn @) [ 1 )
/fd(bn)*mrn = ) /f LWd ) + 4111(3%(.%)) X\Af Lp dm.

The first addendum in the right hand side of the previous equation tends to [ fouw d(i4 )«my,
because D4(z) =1 and f oy € Cps(W). To estimate the second one, take any R > 0 such
that spt(f) € Br(vy (7)), so that spt(f o ¢,) C Bagy, (%) for n sufficiently big. Then

< m(Bagy, (z) \ A) m(Bagy, (T))
- m(B2p, (%) w(B,,(2))

Therefore [ fd(t,)m? — [ fd(vy)smy, proving that [Y,dy, my, ] € Tan[X,d, m,Zz] and
accordingly the btatement. O

1
‘ foi,dm

m(Brn (f)) X\A

In%x|f| — 0.

The previous result will allow us to concentrate our attention only on those spaces that
satisfy property (1.66). In such context, it is easier to study the blow-ups of the space by
means of a different notion of convergence (see, for instance, | , Definition 3.24)):

Definition 1.42 (Pointed measured Gromov-Hausdorff convergence) Consider any
sequence of pointed metric measure spaces (X, dp, My, Ty), with n € NU {oo}. Then we
say that (X, dp, My, Tp) converges to (Xoo, doo, Moo, Too) in the pointed measured Gromov-
Hausdorff sense, or briefly pmGH-sense, provided for any fived e, R > 0 with ¢ < R there
exist n € N and a sequence (fn)n>n of Borel maps fp B}j{” (Zn) — Xoo such that

1) fu(ZTn) = Too for every n > n,

i) [duc (fu (&), fu(y)) — du(w )| < & for cvery n > 7 and 2,y € B (7).

ili) the e-neighbourhood of f, (B}j%” (Zn)) contains B?%C’js(ioo) for every n > n,
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i m —m — .e. R>0.
iv) (fn)*( n|B%n(in)) OO‘B%’O(QT:OO) as n — oo for a.e
As shown in [ , Proposition 3.30], the relation between the two notions of conver-
gence (for pointed metric measure spaces) introduced so far is the following:

Proposition 1.43 (From pmGH to pmG) Let (X,,,d,, m,, Z,) be a sequence of pointed
metric measure spaces that converges to some limit (Xoo, oo, Moo, Too) in the pmGH-sense.
Then the sequence of classes [Xy, dp, My, Tn| pmG-converges to [Xoo, doo, Moo, Too-

1.3.2 Optimal transport

We report here just few basic notions of optimal transport theory — the ones that are enough
for our purposes. For a complete treatise of this argument, we refer for instance to the
monographs | ] and [ ], while the following short discussion is taken from | ].

Let (X,d) be a complete and separable metric space. Then we denote by Z7(X) the set
of all Borel probability measures p on X having finite second moment, namely that satisfy
the inequality [ d(Z,-)*du < +oo for some (thus any) point T € X.

Suppose the space (X,d) is proper (i.e. closed bounded sets are compact) and geodesic.
Then it is possible to formulate the dynamical version of the optimal transport problem:

1
(1.74) Wo(p,v) = \/inf// |4 |2 dt d7e () for every u,v € P5(X),
0

where the infimum is taken among all w € Z2(T'(X)) such that (eg).7 = p and (e1).7w = v
It turns out that Wy is a distance on 5(X), called quadratic transportation distance. We
say that (,@2()(), Wg) is the Wasserstein space over X. Moreover, the infimum in (1.74) is
actually a minimum and we indicate with OptGeo(u, ) the set of all its minimizers. Given
any 7 € OptGeo(u, v), one has that 7 is concentrated on the set Geo(X) (which can be easily
proven to be a closed subset of the space I'(X) of all continuous curves). Moreover, it holds
that the map [0,1] 3t — (et)«m € Po(X) is a Wa-geodesic curve joining p to v.
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These last two decades have witnessed an increasing interest in the theory of weakly
differentiable functions on metric measure spaces, which represents a fundamental passage
towards a differential calculus on nonsmooth structures. The notion of Sobolev space for
metric measure spaces that first made its appearance in the literature is the one proposed by
P. Hajtasz in | ]. Nevertheless, such space does not fit our needs because it is ‘non-local’,
meaning that the gradient of a Sobolev function may not depend just on the local behaviour
of the function itself. This does not happen for the alternative approaches we are going to
describe, which surprisingly turned out to be equivalent. We divide them into three groups:

e APPROXIMATION VIA ‘SMOOTH’ FUNCTIONS. Any Sobolev function in the Euclidean
space can be approximated by smooth functions; such classical result can be adapted
to the metric context, by replacing ‘smooth functions’ with ‘Lipschitz functions’. More
precisely, it is possible to select the Sobolev functions by looking at the relaxation of the
local Lipschitz constant. Such idea — which originally comes from J. Cheeger’s paper
[ | — has been further developed in | ].

e DISTRIBUTIONAL DERIVATIVES. In analogy with the smooth case, one can also define
the Sobolev space by means of a suitable integration-by-parts formula, where the role
of vector field is played by some concept of derivation — inspired by N. Weaver’s papers
[ , ]. This goal has been achieved by S. Di Marino in | |, thus obtaining
a notion that is equivalent to the one described in the previous item.

19
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e (GOOD BEHAVIOUR ALONG CURVES. The very first perspective on weakly differentiable
functions, due to B. Levi | ], relies upon the following idea: Sobolev functions in
the Euclidean space can be characterised by checking their behaviour along lines. This
approach has been carried on by B. Fuglede in | |, who introduced a fundamental
potential-theoretic notion called p-modulus and denoted by Mod,. Roughly speaking,
the p-Sobolev functions are those admitting a good behaviour along Mod,-almost every
curve. In the metric measure framework, N. Shanmugalingam adapted the notion

of p-modulus and combined it with the concept of upper gradient (cf. [ ]), thus
obtaining the so-called Newtonian space (see | ). An equivalent formulation of
this technique — based on the notion of test plan — can be found in | ]; since this

is the approach we shall adopt in the second half of the thesis, we will describe it more
in details at the end of this introductory part of the chapter.

The several definitions of Sobolev space illustrated so far present many common features,
thus enabling an axiomatic approach to the subject. This plan has been pursued by V.
Gol’dshtein and M. Troyanov in | ]. The key object in their construction is given by the
D-structure: any locally p-integrable function u is associated with a family D[u| of pseudo-
gradients, which are non-negative Borel functions on X exerting some control from above
on the variation of u. The pseudo-gradients are not explicitly specified, but they are rather
supposed to fulfil a certain list of axioms. Therefore the p-Sobolev space associated to D can
be defined as the space of all p-integrable functions admitting a p-integrable pseudo-gradient.
Standard functional-analytic techniques allow us to select — for any Sobolev function v — a
distinguished minimal object Du, called minimal pseudo-gradient. In Section 2.1 we shall
first report the main definitions and results of | |, then propose new notions of locality
for D-structures (cf. Definition 2.6) and show that under such additional assumptions the
minimal pseudo-gradient satisfies some useful calculus rules (cf. Proposition 2.13).

In Section 2.2 we will focus our attention on the version of Sobolev space W?(X,d, m)
over a metric measure space (X,d, m) proposed by L. Ambrosio, N. Gigli and G. Savaré in
[ | (we restrict to the case p = 2 for simplicity, since this is enough for our purposes).
The key ingredient is the concept of test plan, which constitutes a ‘probabilistic’ tool that
is needed to select curves in X; from a technical point of view, it represents an alternative
to the 2-modulus in Shanmugalingam’s approach. Test plans permit to relax the notion
of upper gradient, thus leading to the so-called weak upper gradients (cf. Definition 2.17)
and accordingly to the definition of the Sobolev space W12(X,d,m) (cf. Definition 2.24).
Such space satisfies the above-mentioned locality properties and calculus rules; it will play
a fundamental role in Chapter 4, when we will describe how to build a differential structure
over general metric measure spaces.

2.1 Axiomatic theory of Sobolev spaces

2.1.1 Definition of D-structure and its basic properties

In this subsection we summarise the content of | ]. We point out that in the mentioned
paper a more general notion of locally p-integrable function is considered — built upon the
concept of KC-set. We chose the present approach just for simplicity, but the whole discussion

would remain unaltered if we replaced our definition of L{, (m) with the one of | ]
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Definition 2.1 (D-structure) Let (X,d, m) be a metric measure space. Fixz any p € [1,00).
Then a D-structure on (X,d,m) is any map D associating to each function u € LT (X) a

family D[u] € L°(m)* of pseudo-gradients of u, which satisfies the following axioms:

A1 NON TRIVIALITY. [t holds that Lip(u) X{,>0y € D[u] for every u € Lf, (X)* NLIP(X).

loc

A2 UPPER LINEARITY. Let uy,up € Lf, (X) be fized. Consider g1 € D[u;] and g2 € Dlus)].
Suppose that a function g € L°(m)t satisfies the inequality g > |a1| g1 + |aa| g2 in the
m-a.e. sense for some ay,ay € R. Then g € D[y uy + ag ug).

A3 LEIBNIZ RULE. Fiz a function u € L (X) and a pseudo-gradient g € D[u] of u. Then

loc

for every o € LIPy(X) it holds that g ||¢| e (m) + LiP(¢) [u| € D[pul.

A4 LATTICE PROPERTY. Fiz ui,us € Lj (X). Given any g1 € D[u;] and g2 € Dlus], one

has that g1 V g2 € D]uy V uz] N D[uy A uz].

A5 COMPLETENESS. Consider two sequences (up), C LF (X) and (gn)n C LP(m) that

loc

satisfy gn € Dluy] for every n € N. Suppose that there exist u € L (X) and g € LP(m)

loc

such that u, — u in L}, (X) and g, — g in LP(m). Then g € Dlu].

Remark 2.2 It directly follows from axioms A1l and A2 that 0 € D[c| for every constant
function ¢ € R. Moreover, axiom A2 grants that the set D[u] N LP(m) is convex in LP(m)
and that D[cu] = |a| D[u] for every u € L (X) and o € R\ {0}, while axiom A5 implies

loc

that the set D[u] N LP(m) is closed in LP(m). [ |

Given any function u € L} (X) and any Borel set B C X, let us define the p-Dirichlet
energy Ep(u|B) of u on B in the following way:

(2.1) &y (u|B) = inf{/ngdm ' g€ D[u]} € [0, 4o00].

For the sake of brevity, we shall use the shorthand notation &,(u) to indicate &,(u |X).

Definition 2.3 (Sobolev space) Let (X,d,m) be a metric measure space. Let p € [1,00)
be fized. Given any D-structure on (X,d,m), we define the Sobolev class associated to D as

loc

(2.2) SP(X) = SP(X; D) = {u eIl (X)| &u) < +oo}.
Moreover, we define the Sobolev space associated to D as

(2.3) WhP(X) = WhP(X; D) = LP(m) N SP(X; D).

It turns out that W1P(X; D) has a natural structure of Banach space, as we are going to
show in the next result; cf. also | , Theorem 1.5].

Theorem 2.4 Let (X,d,m) be any metric measure space and let p € [1,00). Consider any
D-structure on (X,d, m). Then WYP(X) is a Banach space if endowed with the norm

1/p

(2.4) el sy = (1l ) + (W) for every u € WHP(X).
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Proof. First of all, we have that 0 € W'P(X) by Remark 2.2. Given any ui,uy € W1P(X)
and a1, as € R, we have a; uy +asups € WHP(X) by axiom A2: indeed, if gy € D[u1] N LP(m)
and gz € D[ug] N LP(m), then |a1| g1 + |aa| g2 € D[a ug + ag ug) N LP(m). Therefore WP (X)
is a vector subspace of LP(m). We now prove that | - [ljy1,(x) is actually a norm on WhP(X):

o If u € WHP(X) satisfies [ullwip(xy = 0, then in particular [[ul| s,y = 0, which grants
that u = 0 holds m-a.e. in X.

e Fix u € W'P(X) and a € R. It follows from Remark 2.2 that &,(au) = |afP &,(u),
whence [|au

‘WLP(X) = |af HUHWLP(X)‘

e Let uy,us € WHP(X). Given any g; € D[uy] N LP(m) and g € D[ug] N LP(m), one has
that g1 + g2 € D[uy + ug] N LP(m) by axiom A2, so accordingly

1/p
et + w2l = (Il + wsllfy gy + Eplun + 1))

IN

(
(s + w2l + 192 + 921 y) "
< (

1/p 1/p
Y e ([ Y

By arbitrariness of g1 € Dluj] N LP(m) and g2 € D[ug] N LP(m), we deduce from the
previous estimates that [ju; + uQ||W1,p(X) < ||u1HW1,p(X) + ||uz||W1,p(X).

In order to conclude the proof, it only remains to show that W12(X) is complete. Let (uy), be
a fixed Cauchy sequence in W1?(X), in particular u,, — u in LP(m) for some u € LP(m). With
no loss of generality, we can also suppose that ||u, — t,11 le,p(x) < 1/2"™ for all n € N. Then
there exists a sequence (hy)n © LP(m) such that hy € Dlun — tny1] and ||hnl| oy < 1/27
for every n € N. Now call v¥ = w,, — uy, for every k > n > 0. Given any n € N, one clearly
has that v¥ — u, —u in LP(m) as k — oo. Since vF = Z’?__l u; — ujpq for every k > n > 0,

1=n

we deduce from axiom A2 that gF = Zfz_i h; € D[v¥] N LP(m). Moreover, notice that

k-1 k-1
1
25) okl < X Wil € Y o <

Given that the sequence (g¥) is Cauchy in LP(m) by construction, there exists g, € LP(m)
such that g8 — g, in LP(m) as k — co. Hence g, € Du, — u] for all n € N by axiom AS5.
This grants that ug —u € WHP(X), thus accordingly u = ug — (ug — u) € WHP(X). Finally,
we deduce from (2.5) that ||gn|| s () = limg Hg,’iHLP(m) < 1/2"1 so that

for every k > n > 0.

l|n — u”%/l,p(x) = |lun — u”ip(m) + Ep(un —u) < Jup — qu + HQnH _> 0,

proving that u, — v in W'P(X). This completes the proof of the statement. O

In the case p > 1, there is a natural way to select for any Sobolev function a specific
pseudo-gradient, minimal in an integral sense; cf. | , Proposition 1.22]. More precisely:

Proposition 2.5 (Minimal pseudo-gradient) Let (X,d,m) be a metric measure space
and let p € (1,00). Consider any D-structure on (X,d,m). Let u € SP(X) be given. Then
there ezists a unique element Du € Dlu] such that £,(u) = HDuHLP(m The element Du is
called minimal pseudo-gradient of u.
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Proof. Observe that D[u] N LP(m) # () and that £,(u) = inf {Hg”’;}(m) : g € D[u] N LP(m)}.
Recall also that the set D[u]NLP(m) is convex and closed by Remark 2.2. Since any nonempty
convex closed subset of a uniformly convex Banach space admits a unique element of minimal
norm, we get the statement. Il

2.1.2 Local D-structures and calculus rules

In order to provide some calculus rules for minimal pseudo-gradients, we need to be sure that
they depend only on the local behaviour of the function, in a suitable sense. For this reason,
we propose various notions of locality for D-structures; some of them can be found in | .

Definition 2.6 (Locality) Let (X,d, m) be a metric measure space. Fiz p € (1,00). Then
we define five notions of locality for D-structures on (X,d,m):

L1 If B C X is Borel and u € SP(X) is m-a.e. constant in B, then Ey(u|B) = 0.

L2 If B C X is Borel and u € SP(X) is m-a.e. constant in B, then Du =0 m-a.e. in B.
L3 Ifu € SP(X) and g € Dlu], then X(y>0y 9 € D[u™].

L4 Ifu e SP(X) and g1, 92 € Dlu|, then g1 A g2 € Dlu].

L5 Ifu € SP(X), then Du < g m-a.e. in X for every g € Dlu].

Remark 2.7 In the language of | , Definition 1.11], the properties L1 and L3 corre-
spond to locality and strict locality, respectively. |

We now discuss the relations among the several notions of locality for D-structures:

Proposition 2.8 Let (X,d, m) be a metric measure space. Let p € (1,00). Fiz a D-structure
on (X,d,m). Then the following implications hold:

L3 — L2 = L1,
(2.6) L4 <« L5,
L1+L5 = L2+ L3.
Proof. We divide the proof into several steps:
L2 = L1. Suppose that a function v € SP(X) is m-a.e. constant on some B C X Borel.
Then it holds that £y(u|B) < [5(Du)? dm = 0 by L2, thus proving L1.
L3 = L2. Suppose that a function u € SP(X) is m-a.e. constant on some Borel set B C X.

Take that constant ¢ € R for which u = ¢ holds m-a.e. in B. Since Du € D[u — ¢| N D[c — u]
by axiom A2 and Remark 2.2, we deduce from L3 that

X{u>c} DueD [(u — c)*],
X{u<ey Du € D[(c—u)*].

Given that u — ¢ = (u—¢)T — (¢ — )™, by applying again axiom A2 we see that

X{u?gc} Du = X{u>c} Du + X{u<c} Du € D[U — C] = D[u]
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Hence the minimality of Du grants that

[@uydn < /{ L uran,

which implies that Du = 0 holds m-a.e. in {u = ¢}, so in particular m-a.e. in B. This means
that the D-structure satisfies property L2, as required.

L4 — L5. We argue by contradiction: suppose the existence of u € SP(X) and g € D[u]
such that m({Du > g}) > 0, whence h = Du A g € LP(m) satisfies [ h? dm < [(Du)? dm.
Since h € Dlu] by L4, we deduce that &,(u) < [(Du)?dm, thus getting a contradiction.
Therefore property L5 is verified.

L5 — L4. Let u € SP(X) and g1,92 € DJu| be fixed. Since Du < g; and Du < go hold
m-a.e. by L5, we see that Du < g1 A g2 holds m-a.e. as well. Therefore g1 A g2 € D[u] by A2,
whence accordingly L4 is proven to be satisfied.

L1+L5 = L2+L3. First of all, we prove L2. Fix u € SP(X) and suppose that u is m-a.e.
constant on some Borel subset B of X. Property L1 grants the existence of (g), C D[u]
such that [5(gn)? dm — 0. Hence L5 tells us that [5(Du)? dm < lim,, [5(gn)? dm = 0, which
implies that the equality Du = 0 holds m-a.e. in B, thus yielding property L2.

We now show the validity of L3. Let u € SP(X) and g € D[u] be fixed. Given that one
has h = hV 0 € D[uV 0] = D[u"] for every h € D[u] by A4 and Remark 2.2, we have that
the inclusion D[u] C D[u™] is verified, thus in particular u™ € SP(X). Given that u™ = 0
m-a.e. in the set {u < 0}, one has that Du™ = 0 holds m-a.e. in {u < 0} by L2. Hence for
any g € D[u] we have Dut < X{u>0} 9 by L5, which implies that X;,s0y 9 € Dlu™] by A2.
Therefore property L3 is proved, as required. ([l

Definition 2.9 (Pointwise locality) Let (X,d,m) be a metric measure space and fix any
exponent p € (1,00). Then a D-structure on (X,d, m) is said to be pointwise local provided
it satisfies L1 and L5 (thus also L2, L3 and L4 by Proposition 2.8).

We now recall other two notions of locality for D-structures that appeared in the literature:

Definition 2.10 (Strong locality) Let (X,d, m) be a metric measure space and p € (1,00).
Consider a D-structure on (X,d,m). Then we give the following definitions:

i) We say that D is strongly local in the sense of Timoshin provided
(2.7) X{ur <uz} 91+ Xfus<ur} 92 + Xfu=up} (91 A g2) € Dlus A ug]
whenever uy,uz € SP(X), g1 € D[u1] and g2 € Dlug].

ii) We say that D is strongly local in the sense of Shanmugalingam provided
(2.8) XB g1+ Xx\B 92 € D[ug]  for every g1 € D[u1] and g2 € Dluz]

whenever uy,ug € SP(X) satisfy uy = ug m-a.e. on some Borel set B C X.

The above two notions of strong locality have been proposed in | | and | ],
respectively. We now prove that they are both equivalent to our pointwise locality property:

Lemma 2.11 Let (X,d, m) be a metric measure space and p € (1,00). Fiz any D-structure
on (X,d,m). Then the following are equivalent:
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i) D is pointwise local.
i) D is strongly local in the sense of Shanmugalingam.

iii) D is strongly local in the sense of Timoshin.

Proof. We divide the proof into several steps:

i) = ii) Fix uy,ue € SP(X) such that u; = ug m-a.e. on some E C X Borel. Pick g1 € D[uy]
and go € Dlug]. Observe that D(us —u1) + g1 € D[(ug —uy) + ul] = D[ug] by A2, so that
we have (Q(ug —up) + gl) A g2 € Dlus] by L4. Since D(ug —u1) = 0 m-a.e. on B by L2, we
see that Xp g1 + Xx\p 92 > (Q(uQ —uy) + gl) A g2 holds m-a.e. in X, whence accordingly we
conclude that Xp g1 + Xx\p g2 € D[uz] by A2. This shows the validity of ii).

ii) = 1) First of all, let us prove L1. Let u € SP(X) and ¢ € R satisfy v = ¢ m-a.e. on
some Borel set B C X. Given any g € D[u], we deduce from ii) that Xx\pg € D[u], thus
accordingly &,(u|B) < [5(Xx\p 9)? dm = 0. This proves the property L1.

To show property L4, fix u € SP(X) and g¢1,92 € Dlu]. Let us denote B = {g1 < g2}.
Therefore ii) grants that g1 A g2 = Xp g1 + Xx\p g2 € D[u], thus obtaining L4. By recalling
Proposition 2.8, we conclude that D is pointwise local.

1) +ii) = iii) Fix uy,us € SP(X), g1 € D[u;] and g2 € D[ug]. Recall that g1 V g2 € D[ui Aug]
by axiom A4. Hence by using property ii) twice we obtain that

X{ur<uz} 91 + X{uy>uz) (91 V 92) € Dlur Augl,

(2.9)
X{u2§u1} g2 + X{u2>u1} (gl \% 92) € D[ul A u2]'

The pointwise minimum between the two functions that are written in (2.9) — namely given
bY Xfur<us} 91 + X{ug<ur} 92 + X{ui=us} (91 A g2) — belongs to the class D[ui A ug] as well by
property L4, thus showing iii).

iii) = 1) First of all, let us prove L1. Fix a function u € SP(X) that is m-a.e. equal to some
constant ¢ € R on a Borel set B C X. By using iii) and the fact that 0 € D[0], we have that

X{u<c}g€D[(u—c)/\0] :D[— (u—c)+] :D[(u—c)+],

2.10
( ) X{u>c}g€D[(c—u)/\0]:D[—(c—u)ﬂ:D[(c—u)ﬂ.

Since u —c= (u —¢)" — (¢ — u)*, we know from A2 and (2.10) that

X{uztc} 9 = X{u<c} 9 + X{u>c} 9 € D[u - c] = D[u]’

whence £,(u|B) < [5(X{uze} 9)P dm = 0. This proves the property L1.
To show property L4, fix u € SP(X) and ¢1,92 € D[u|. Hence (2.7) with u; = ug = u
simply reads as g1 A g2 € D[u], which gives L4. This proves that D is pointwise local. O

Remark 2.12 (L1 does not imply L2) As we are going to show in the following example,
it can happen that a D-structure satisfies property L1 but not property L2.

Let G = (V,E) be a locally finite connected graph. The distance d(z,y) between two
vertices x,y € V is defined as the minimum length of a path joining z to y, while as a reference
measure m on V we choose the counting measure. Notice that any function v : V — R is
locally Lipschitz and that any bounded subset of V' consists of finitely many points. Then
we define a D-structure on the metric measure space (V,d, m) in the following way:

(2.11) Dfu] = {g : V. — [0, +0o0] ‘ }u(az) fu(y)’ < g(x)+g(y) for any z,y € V with = ~ y}
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for every u: V — R, where the notation x ~ y indicates that = and y are adjacent vertices,
i.e. that there exists an edge in FE joining x to .

We claim that D fulfils L1. To prove it, suppose that some function v : X — R is constant
on some set B C V, say u(x) = ¢ for every x € B. Define the function g : V — [0, +00) as

() = 0 ifx € B,
g = o] + |u()| ifxeV\B.

Hence g € D[u] and [ g” dm = 0, so that £,(u|B) = 0. This proves the validity of L1.

On the other hand, if V' contains more than one vertex, then property L2 is not satisfied.
Indeed, consider any non-constant function v : V' — R. Clearly any pseudo-gradient g € D]u]
of u is not identically zero, thus there exists z € V such that Du(z) > 0. Since u is trivially
constant on the set {z}, we then conclude that property L2 does not hold. |

Hereafter, we shall focus our attention on the pointwise local D-structures. Under these
locality assumptions, one can show the following calculus rules for minimal pseudo-gradients,
whose proof is suitably adapted from analogous results that have been proved in | |:

Proposition 2.13 (Calculus rules for Du) Let (X,d, m) be a metric measure space and
let p € (1,00). Consider a pointwise local D-structure on (X,d, m). Then the following hold:

i) Let u € SP(X) and let N C R be a Borel set with L(N) = 0. Then the equality Du = 0
holds m-a.e. in u=(N).

ii) CHAIN RULE. Let u € SP(X) and ¢ € LIP(R). Then |¢'| couDu € D[y owu]. More
precisely, pou € SP(X) and D(p ou) = |¢| ou Du holds m-a.e. in X.

iii) LEIBNIZ RULE. Let u,v € SP(X) N L*®(m). Then |u| Dv + |v| Du € D[uv]. In other
words, uwv € SP(X) N L*®(m) and D(uv) < |u| Dv + |v| Du holds m-a.e. in X.

Proof. First of all, we just briefly describe the plan of the ensuing proof:
e STEP 1. We show the first statement of ii) for v € SP(X) and ¢ piecewise affine.

e STEP 2. We prove the first statement of ii) for u € SP(X) and ¢ € LIP(R) N C'(R), by
using STEP 1 together with an approximation argument.

e STEP 3. We get i) for N compact, as a consequence of STEP 2.

e STEP 4. We prove i) for N general, by using STEP 3 and an approximation argument.
e STEP 5. We obtain the first statement of ii) in full generality, again by using STEP 3.
e STEP 6. The second statement of ii) follows from i) and the first statement of ii).

e STEP 7. We deduce iii) from ii) when u,v > ¢ holds m-a.e. for some constant ¢ > 0.

e STEP 8. We prove iii) in full generality, as a consequence of i) and STEP 7.

With this said, we can now pass to the proof of the statement:
STEP 1. First, consider ¢ affine, say ¢(t) = at + 8. Then |¢'| o u Du = |a| Du € D]y o u]
by Remark 2.2 and A2. Now suppose that the function ¢ is piecewise affine, i.e. there exists
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a sequence (ag)rez C R, with ap < ag4q for all k € Z and ag = 0, such that each ('0|[a o]
kK41

is an affine function. Let us denote Aj = u~! ([ak, akH)) and ux = (u V a) A agyq for every
index k € Z. By combining L3 with the axioms A2 and A5, we can see that X4, Du € D[uy]
for every k € Z. Calling ¢x : R — R the affine function coinciding with ¢ on [ak, ax+1), we
deduce from the previous case that || o ux, Duy € D]y, o ug] = D[p o uy], whence we have
that |¢'| o ug X4, Du € D]p o ui] by L5, A2 and L2. Let us define (vy,),, C SP(X) as
n ~1
vp = (0) + Z (poup — plar)) + Z (poup —plag1)) for every n € N.
k=0

k=—n

Hence g, = > p__,. |¢'|ouk X4, Du € D(v,] for all n € N by A2 and Remark 2.2. Given that

p
loc

that |¢'| ou Du € D[y o u], as required.

STEP 2. We aim to prove the chain rule for ¢ € C'(R)NLIP(R). For any n € N, let us denote
by ¢, the piecewise affine function interpolating the points (k /2", p(k/ 2”)) with k € Z. We
denote by D C R the countable set {k: /2"t k€Z,n€ N}. Therefore ¢,, uniformly converges
to ¢ and ¢, (t) — ¢'(t) for all t € R\ D. In particular, the functions g, = |¢/,|ou Du converge

one has v, = pouin L7 (m) and g, — |¢'| o uDu in LP(m) as n — oo, we finally conclude

m-a.e. to |¢'| o w Du by L2. Moreover, Lip(p,) < Lip(¢) for every n € N by construction,
so that (gn)n is a bounded sequence in LP(m). This implies that (up to a not relabeled
subsequence) g, — |¢'| o u Du weakly in LP(m). Now apply Mazur lemma: for any n € N,
there exists (a?)f\[:”n C [0,1] such that Zf\;"n af =1 and h, = Zf\i”n a? gi = |¢'| o uDu
strongly in LP(m). Given that g, € D[p, o u] for every n € N by STEP 1, we deduce from
axiom A2 that h, € D[y, ou] for every n € N, where 1, = Zfi"n
holds that ¢, ou — @ ow in LV |

STEP 3. We claim that

o' @;. Finally, it clearly
(X), whence |¢'| o u Du € D[p o u] by axiom A5.

(2.12) Du=0 m-ae. inu '(K), forevery K C R compact with £'(K) = 0.

For any n € N\ {0}, define ,, = nd(-, K) A 1 and denote by ¢,, the primitive of 1, such
that ¢, (0) = 0. Since each v, is continuous and bounded, any function ¢, is of class C* and
Lipschitz. By applying the dominated convergence theorem we see that the £'-measure of
the e-neighbourhood of K converges to 0 as € \ 0, thus accordingly ¢, uniformly converges
to idg as n — co. This implies that ¢, ou — u in L} (X). Moreover, we know from STEP 2
that |¢n|ou Du € D[ppou], thus also Xx\,-1(x) Du € D[pyou]. Hence Xx\,-1(x) Du € D[u]
by A5, which forces the equality Du = 0 to hold m-a.e. in u~!(K), proving (2.12).

STEP 4. We are in a position to prove i). Choose any m’ € £(X) such that m < m’ < m and
call 4 = u,m’. Then p is a Radon measure on R, in particular it is inner regular. We can thus
find an increasing sequence of compact sets K, C N such that ,u(N \U.,, Kn) = 0. We already
know from STEP 3 that Du = 0 holds m-a.e. in |J,, u™1(K,). Since u=}(N)\ U, v 1 (K,) is
m-negligible by definition of , we conclude that Du = 0 holds m-a.e. in u~1(N). This shows
the validity of property i).

STEP 5. We now prove ii). Let us fix ¢ € LIP(R). Choose some standard Euclidean
convolution kernels (p,)n, i.€. a sequence of nonnegative-valued functions p, € C°(R) such
that spt(pn) € By/,(0) and [ p,(t)dt = 1. Define @, = ¢ * p, for all n € N. Then ¢, = ¢
uniformly and ¢!, — ¢’ pointwise £!-a.e., whence accordingly

OnoU—> pou in Lfoc(m),

|l | ouDu — || ouDu pointwise m-a.e. in X.
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Since |¢/,| ou Du < Lip(¢) Du holds for all n € N, there exists a (not relabeled) subsequence
such that |¢],| o u Du — |¢'| o u Du weakly in LP(m). We know that || o u Du € D[y, o u]
for all n € N because the chain rule holds for all ¢,, € C'(R) N LIP(R), hence by combining
Mazur lemma and A5 as in STEP 2 we obtain that |¢’|ou Du € D[pou], so that pou € SP(X)
and the inequality D(¢ o u) < |¢| o u Du holds m-a.e. in X.

STEP 6. We conclude the proof of ii) by showing that one actually has D(pou) = |¢'| ou Du.
We can suppose without loss of generality that Lip(¢) = 1. Let us define the functions ¢4
as 1+ (t) = £t — (t) for all t € R, respectively. Then it m-a.e. holds in u~!({+¢’ > 0}) that

Du = D(4u) < D(¢ o u) + D(tbx o) < (|¢/| 0w+ [ty | o u) Du = Du,

which forces the equality D(¢ o u) = ¢’ o u Du to hold m-a.e. in the set v~ ({£¢' > 0}).
This grants the validity of D(¢ o u) = |¢'| o u Du, thus completing the proof of item ii).

STEP 7. We show iii) for the case in which u,v > ¢ is satisfied m-a.e. in X, for some ¢ > 0.
Call € = min{c, ¢} and note that the function log is Lipschitz on the interval [¢, +00), then
choose any Lipschitz function ¢ : R — R that coincides with log on [e,+00). Now call C' the
m)) and choose a Lipschitz function ¢ : R — R such that ¢ = exp on
the interval [loge, C]. By applying twice the chain rule ii), we thus deduce that uv € SP(X)

constant log (HuvHLoo(

and the m-a.e. inequalities

D(uv) <|¢Y|opo (uv)Q(gp o (uv)) < |uv] (Qlogu —|—Qlogv)
D D
= |uy| <u + v) = |u| Dv + |v| Du.
U v

Therefore the Leibniz rule iii) is verified under the additional assumption that u,v > ¢ > 0.
STEP 8. We conclude by proving item iii) for general u,v € SP(X)NL*>(m). Given any n € N
and k € Z, let us denote I,, , = [k/n, (k+1)/n). Call ¢, : R — R the continuous function
that is the identity on I, and constant elsewhere. For any n € N, let us define

k—1 k—1
Upk = U — ; Upk = Ppk OU— —— for all k € Z,
n n
l—1 /-1
Upg =0V — —, Upg = PneOV — —— forall £ € Z.
n n

Notice that the equalities uy, , = @y and vy, = Uy ¢ hold m-a.e. in u‘l(In,k) and U_I(In’g),
respectively. Hence Duy, , = Dy, = Du and Dv,, ¢ = Dv,, ¢y = Dv hold m-a.e. in u (L k)
and v~ (I, (), respectively, but we also have that

D(up vng) = D(Upj Onyp) s verified m-a.e. in u_l(InJg) N v_l(Img).

Moreover, we have the m-a.e. inequalities 1/n < @y i, Up¢ < 2/n by construction. Therefore
for any k, £ € Z it holds m-a.e. in u= (I, 1) N v~ (I, ) that

S k—1 -1
D(uv) < Q(un,k Un,é) + ‘n‘ Duvy o + ’n

k—1 {—1
| | Qvn,ﬂ + |7’L| Qun,k

Qun,k

< |On,e| D, + |t e| Dpy e +

4 4
< <|v + > Du + <|u + ) D,
n n

where the second inequality is a consequence of the case u,v > ¢ > 0, treated in STEP 7.
This implies that the inequality D(uv) < |u| Dv + |v| Du+ 4 (Du+ Dv)/n holds m-a.e. in X.
Given that n € N is arbitrary, the Leibniz rule iii) follows. ]
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2.2 Sobolev spaces via test plans

The aim of the present section is to briefly illustrate the notion of Sobolev space W12(X) for
metric measure spaces that has been introduced in [ ]; unless otherwise specified, the
whole material of this section can be found therein.

A key ingredient in the definition of the space W2(X) is the concept of test plan, which
is a ‘weighted selection’ of absolutely continuous curves — with bounded kinetic energy — that
do not concentrate mass too much (see Definition 2.14). Nevertheless, test plans are not mere
auxiliary tools that are used to define the Sobolev space; they rather play a central role in
the structure theory of RCD spaces. For instance, in Chapter 6 they will constitute — in a
sense — a generalisation of the notion of Lipschitz curve.

We adopt the following notation: the 1-dimensional Lebesgue measure restricted to the
unit interval [0, 1] will be denoted by

- prl
(2.13) Lo=L

We can now give the definition of test plan:

Definition 2.14 (Test plan) Let (X,d, m) be a metric measure space. Then we say that a
Borel probability measure w € Q(F(X)) is a test plan on X provided the following hold:

i) There exists a constant C > 0 such that
(2.14) (er)sm < Cm for every t € [0, 1].
We denote by C(m) the smallest constant C > 0 for which (2.14) is satisfied.
ii) The measure 7 has finite kinetic energy, i.e. it is concentrated on AC([0,1],X) and
(2.15) ms € L%(m x L),
where ms denotes the metric speed operator defined in Definition 1.4.
Theorem 2.15 Let (X,d, m) be a metric measure space. Let w be a test plan on X. Then
(2.16) [0,1] >t +— foe; € LY(w) is continuous for every f € L'(m).
In particular, the function [0,1] 3t — [ foe;dm is continuous for every f € L'(m).
Proof. First of all, we claim that

(2.17) lig%/|foeS — foeldmr =0 for all f € Cp(X) N LY(m) and t € [0,1].

To prove it, note that [f oes — foe(7) < 2| f| foc(y) for every v € I'(X) and ¢,s € [0,1].
f(vs) = f()| = 0 as s — ¢ by continuity, for every v € I'(X) and ¢ € [0,1]. Hence
we obtain (2.17) as a consequence of the dominated convergence theorem. Observe also that

Moreover,

(2.18)  L'(m)> f+— foe; € L*(m) is linear and continuous for every t € [0, 1].
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Indeed, [|foe]dm < C(mw) [|f|dm is satisfied for every f € L'(m). Now fix f € L!(m).
Choose a sequence (f,), € Cp(X) N LY(m) that converges to f with respect to the L!-norm.
Given any ¢ € [0,1] and n € N, we have that (2.17) and (2.18) yield

10 T [ 1f 0.~ foeldm <2Cm)If = full sy + 1 [ 1faoe.— fuoer]dr
= 2C(m) 1f — fall s oy

By letting n — oo in (2.19) we finally conclude that [ |foes— foe;/dm — 0 as s — ¢, which
proves (2.16). To prove the last statement, just observe that the operator

Ll(ﬂ')Bg'—>/gdﬂ'€R
is (linear and) continuous. This completes the proof of the theorem. U

Remark 2.16 Consider the continuous map e : (y,t) — 7, introduced in (1.7). Given any
Borel function f: X — R, we have that f o e is Borel as well. Moreover, observe that

(7 x L1)(e(A)) = /0 w7 (A))dt < C(m)m(4)  for every A € B(X)

by Fubini theorem, in other words it holds that e,(m x £1) < C(w) m. Therefore one has that
the composition foe € LO(m x L;) is well-defined for any f € L°(m). n

With the notion of test plan at disposal, we can give the definition of weak upper gradient:

Definition 2.17 (Weak upper gradient) Let (X,d,m) be a metric measure space. Fix a
Borel function f : X — R. Then we say that G € L*(m)* is a weak upper gradient of f if

1
(2.20) / ‘f(’yl) - f('yo)‘ dm(y) < //0 G(vt) || dt dm () for every test plan m on X.

Remark 2.18 The term ‘gradient’ for G is slightly inappropriate, since it is an object in
duality with curves and accordingly it behaves like the ‘modulus of the differential’. |

The following theorem — for whose proof we refer e.g. to | , Theorem 7.7] — provides
us with several equivalent definitions of weak upper gradient:

Theorem 2.19 Let (X,d,m) be a metric measure space. Fix a Borel function f : X — R.
Let G € L*(m)*t be given. Then the following are equivalent:

i) The function G is a weak upper gradient of f.

ii) For every test plan w on X and for every t,s € [0,1] with s < t, it holds that
t
(221) 160 =700l < [ Gonfilar o m-ac.n.

iii) Given any test plan w on X, it holds that:

a) The map [0,1] Dt foe, — foeg € LY(m) is absolutely continuous.
b) For a.e. t € [0,1], the L' (m)-limit Dery(f): = lim,_so M exists.
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c) The inequality |Dery(f)e| < G(v) |3l is satisfied for (w x L1)-a.e. (v,1).

iv) Given any test plan w on X, we have for w-a.e. 7y that the function f o~y belongs to the
space WH(0,1) and satisfies the inequality |(f o );| < G(w) || for a.e. t € [0,1].

If the above hold, then the equality Dery(f)e(y) = (f o7)} is verified for (w x L1)-a.e. (v,t).

We introduce the notion of Sobolev class, following the original presentation of | |:

Definition 2.20 (Sobolev class) We define the Sobolev class S?(X) as the space of all
Borel functions f : X = R admitting a weak upper gradient.

It immediately follows from item iii) of Theorem 2.19 that G; A G9 is a weak upper
gradient of f whenever G1, Gy are weak upper gradients of f. This grants that there exists
a (unique) weak upper gradient of f that is minimal in the m-a.e. sense:

Definition 2.21 (Minimal weak upper gradient) Let f € S?(X) be a Sobolev function.
Then we denote by |Df| € L?(m) the minimal weak upper gradient of f.

In the following result, we collect the main properties of minimal weak upper gradients:
Theorem 2.22 Let (X,d, m) be a metric measure space. Then the following hold:

i) LOWER SEMICONTINUITY. Let (fn)n C S?(X) satisfy f, — f in the m-a.e. sense, for
some Borel function f : X — R. Suppose |Df,| — G in the weak topology of L?(m),
for some G € L*(m). Then f € S?>(X) and the inequality |Df| < G holds m-a.e. in X.

ii) SUBADDITIVITY. Let f,g € S?(X) and o, 3 € R be given. Then o f + Bg € S%(X) and

(2.22) ID(af+B9)| <|o||Df| +|8]|Dg|  holds m-a.c. in X.

iii) BEHAVIOUR OF LIPSCHITZ FUNCTIONS. Let f € LIPys(X). Then f € S*(X) and

(2.23) |IDf] <lip(f) holds m-a.e. in X.

Remark 2.23 Let (X,d, m) be a PI space, i.e. a doubling metric measure space supporting
a weak (1,2)-Poincaré inequality. Then

(2.24) |IDf| =lip(f) m-a.e. in X for every f € LIPus(X) C S*(X).

This deep result has been proved in [ ]. We will use it in Section 5.2. [ |

By considering the class of all 2-integrable functions admitting a weak upper gradient, we
obtain the notion of Sobolev space W2(X):

Definition 2.24 (Sobolev space) Let (X,d, m) be a metric measure space. Then we define

(2.25) Wh2(X) = L?(m) N S*(X).

We endow the Sobolev space W12(X) with the following norm:

. 2
226) | fllwre = I Boy + DAy Jor every £ € WH(X).
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It turns out that W12(X) is a Banach space, but in general it is not a Hilbert space.

Definition 2.25 (Infinitesimal Hilbertianity) A metric measure space (X,d,m) is said
to be infinitesimally Hilbertian provided its associated Sobolev space W12(X) is Hilbert.

Remark 2.26 (Consistency on Finsler manifolds) If X is a smooth Finsler manifold,
then W12(X) concides with the Sobolev space defined via charts and |Df| is a.e. equal to
the norm of the distributional differential of f. |

As it has been proved in | ], Lipschitz functions are dense in the Sobolev space:

Theorem 2.27 (Density in energy) Let (X,d,m) be a metric measure space. Then the
space LIPpg(X) is dense in energy in W1H2(X), i.e. for every f € WH2(X) there exists a
sequence (fn)n C LIPws(X) such that f, — f and lip,(fn) — |Df] in L*(m).

In particular, if the Sobolev space W'2(X) is reflexive, then LIPypg(X) is dense in WH2(X)
with respect to the W12(X)-norm.

By recalling item i) of Theorem 2.22, one can readily prove that the sequence (f,), in
Theorem 2.27 can be chosen so that also |Df,,| — |Df| and lip(f,) — |Df| in L?(m).

A sufficient condition for the reflexivity of the Sobolev space is provided by the following
theorem, which has been proved in | ]:

Theorem 2.28 Let (X,d,m) be a metric measure space such that (X,d) is doubling. Then
the Sobolev space W2(X) is reflexive.

Furthermore, it is proven — again in the paper | | — that the implication
(2.27) Wh2(X) reflexive = W12(X) separable
occurs on any metric measure space (X,d, m).

Remark 2.29 By suitably adapting the definition of weak upper gradient, it is possible to
define the Sobolev space WP (X) for any exponent p € (1,00). We point out that — as shown
in | | — the minimal weak upper gradient might depend on p.

Nevertheless, this cannot happen whenever (X,d, m) is an RCD space (whose definition
will be given later on, namely in Subsection 4.2.1), as proven in [ ] |

Remark 2.30 (Relation with the theory of D-structures) It can be readily checked
that the notion of Sobolev space via test plan fits in the framework of D-structures, described
in Section 2.1. By looking at weak upper gradients, we can indeed define a pointwise local
D-structure — denoted by Dy — on any metric measure space (X,d, m). In particular, for
any f € S})(X) N L2 (X) we have that |Df| is the minimal pseudo-gradient of f and that

loc
Dyuglf] = {g € L°(m)™ | g > |Df| m-a.e. on X}.

Hence the following calculus rules for minimal weak upper gradients can be deduced from
Proposition 2.13 (at least for functions in S?(X) N LZ .(X); for the general case of functions

in S2(X) the proof has been carried out in | D. [ ]
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Proposition 2.31 (Calculus rules for |Df|) The following properties hold:

i) LocaLiTy. Let f € S?(X) and let N C R be a Borel set with L'(N) = 0. Then the
equality |Df| = 0 holds m-a.e. in f~1(N).

ii) CHAIN RULE. Let f € S?(X) and ¢ € LIP(R) be given. Then po f € S*(X) and the
equality |D(goo f)’ = |¢| o f|Df| holds m-a.e. in X.

iii) LEIBNIZ RULE. Let f,g € S?(X) N L*>®(m) be given. Then fg € S*(X) N L>(m) and the
inequality |D(fg)| < |f||Dg| + |g| |Df| holds m-a.e. in X.
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In order to develop a differential structure over an abstract metric measure space (X, d, m),
a crucial role is played by the concept of normed module. Such notion — which can be regarded
as a generalisation of the ‘space of measurable sections of some vector bundle’ — has been
proposed by N. Gigli in [Gig!17b] and further refined in [Gigl7a]. Technically speaking, it is a
variant of a similar notion that has been introduced by N. Weaver [Wea0O0], who was in turn
inspired by the papers [Saug9, Sau90] of J.-L. Sauvageot.

In an informal way, an L?(m)-normed L°(m)-module .# over the space (X,d, m) is an
object that is composed of the following structures:

e ALGEBRAIC. It is a module over the commutative ring L>(m).

e GEOMETRIC. It is endowed with a pointwise norm operator |- |: .# — L?(m), which
‘fiberwise’ behaves like a norm, in some suitable m-a.e. sense.

e ANALYTIC. It is a Banach space if endowed with the norm .Z > v — H v HLQ(m).

35
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A fundamental example of L?-normed L*>°-module — which actually served as a motivation
for its axiomatisation — is the space L?(TM) of 2-integrable vector fields on a Riemannian
manifold (M, g, Vol), i.e. the space of all L?-sections of the tangent bundle TM of M. In this
case, the normed module structure is the following: given any f € L>(Vol) and v € L?(T M),
we define f-v € L2(TM) as (f -v)(x) = f(z)v(x) € T, M for Vol-a.e. x € M; moreover, the
pointwise norm of v € L?(T'M) is given by |v|(z) = Hv(x)HTTM for Vol-a.e. x € M.

Sometimes it will be convenient to work with objects not satisfying any integrability
requirement; this led to the notion of L°(m)-normed L°(m)-module. Anyway, the two concepts
of normed modules are strictly related (cf. Propositions 3.7, 3.8 and Theorem 3.69).

The chapter is organised as follows: in Section 3.1 we introduce the normed modules and
their basic properties, we show that on normed modules there is a well-defined notion of local
dimension (the L°(m)-module structure is enough for this; cf. | , Subsection 1.1]), finally
we explain how one can build duals, pullbacks and tensor products of normed modules and
investigate their main features. Such discussion is mostly taken from | ].

In Section 3.2 we shall prove that any ‘locally finitely-generated’ normed module (called
proper, see Definition 3.18 for the precise formulation of such concept) can be viewed as the
space of sections of some ‘measurable Banach bundle’ with finite-dimensional fibers. We will
give the definition of such an object (cf. Definition 3.42) and discuss its properties, then we
will equip the space of its measurable sections with an L°(m)-normed L°(m)-module structure
(thus obtaining the so-called ‘section functor’, see Definition 3.50), finally we will prove the
equivalence between proper L°(m)-normed L°(m)-modules and measurable Banach bundles
via the section functor (the Serre-Swan theorem, cf. Theorem 3.54). The whole material
contained in this section can be found in the paper [ ]

3.1 Abstract theory of normed modules

3.1.1 Definition of normed module

Consider a metric measure space (X, d, m), which will remain fixed for the whole subsection.

Definition 3.1 (L?-normed L*-module) We define an L?(m)-normed L°°(m)-module as

any structure (M, || -1 4. -, |- |) with these properties:
i) (A, ,) is a Banach space.

i) (A, -) is a module over the commutative ring L (m), i.e. -: L®(m) X A4 — M is a
bilinear operator — called multiplication by L°°(m)-functions — which satisfies

f-(g-v)=(fg)-v for every f,g € L>(m) and v € A,
(3.1) .
l-v=w for every v € A,

where 1 € L®(m) denotes the function identically equal to 1.
iii) The operator | -|: .# — L*>(m)", called pointwise norm, satisfies

If v =|fl|lv] m-a.e. for every f € L(m) and v € A,

(3.2)
lvll., = H|U|HL2(m) for every v € A .
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For the sake of simplicity, we shall typically write fv instead of f-wv. Given any v,w € .#
and a Borel set E C X, we say that v = w holds m-a.e. on E provided Xg (v — w) = 0, or
equivalently |v —w| = 0 is satisfied m-a.e. on E. Moreover, we define the space .# PE:

(3.3) ///|E£{XEv‘v€///}.

Then .|, is an L?(m)-normed L*(m)-module as well and is called restriction of .4 to E.
It readily follows from the very definition of L?(m)-normed L>(m)-module that one has
[ Avf = [A[]v],
(3.4)
v+ w| < o] + [w]

in the m-a.e. sense for every A € R and v, w € .Z.

Proposition 3.2 Let .# be an L?(m)-normed L*(m)-module. Then -: L*>(m) x # — M
and |-| : A — L*(m) are continuous maps. In particular, . is a topological L°°(m)-module.

Proof. 1t follows from (3.2) that [|fvl , < [|f|lpee(m)ll?ll., and v —w|HL2(m) =lv—wl| ,
hold for every f € L*°(m) and v,w € .#, thus proving continuity of - : L*(m) x .4 — A
and |- | : .# — L%*(m), respectively. O

It is often convenient to deal with objects having no integrability assumption:

Definition 3.3 (L’-normed L°-module) We define an L°(m)-normed L°(m)-module as
any structure (%0, T, |- ]) with these properties:

i) (.#°,7) is a topological vector space.

ii) (.#°,-) is a module over the commutative ring L°(m), i.e. -: LO(m) x .#° — #° is a
bilinear operator — called multiplication by L°(m)-functions — which satisfies

f(g-v)=_(fg) v for every f,g € L°(m) and v € .4°,

(3.5) . 0
l-v=v for every v € A°.
iii) The operator | -|: .#° — L°(m), called pointwise norm, satisfies

lv| >0 for every v € A°, with equality if and only if v =0,
(3.6) || = |f]|v| for every f € L°(m) and v € .4°,
v+ w| < |v| + |w] for every v,w € 4°,

where all equalities and inequalities have to be intended in the m-a.e. sense.

iv) For some (thus any) Borel probability measure m’ € P (X) such that m < m/ < m, it
holds that the distance d 4o on .#°, defined as

(3.7) d yo(v,w) = / lv —w| A 1dm’ for every v,w € .4°,
1s complete and induces the topology T.

Remark 3.4 As pointed out in item iv) of Definition 3.3, the particular choice of m’ does
not affect neither the completeness of d 40 nor its induced topology 7. ]
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Remark 3.5 The space L°(m) depends only on the negligible sets of m: given any o-finite
Borel measure m’ on X that is mutually absolutely continuous with respect to m, it holds
that L%(m) = L°%(m’) as topological rings. Then we can unambiguously make use of the
notation L°(N) to indicate the space L°(m), where N is the o-ideal of negligible sets of m.
Accordingly, one could speak about LY(N)-normed LY(N)-modules, in order to underline
their dependence just on the family of null sets. |

A proof of the following result — which represents the analogue of Proposition 3.2 — can
be found, for instance, in | , Remark 15.12].

Proposition 3.6 Let .#° be an L°(m)-normed L°(m)-module. Then -: L°(m)x.#° — .#°
and |-| : #° — LO(m) are continuous maps. In particular, #° is a topological L°(m)-module.

The relation between L?-normed L*°-modules and L°-normed L°-modules is the object
of the following two results. The former is proven in | , Subsection 1.3], while for the
latter we refer to | , Theorem/Definition 1.7].

Proposition 3.7 (L?-restriction) Let .#° be an L°(m)-normed L°(m)-module. Then
(3.8) M={ven | |v] € L*(m)}
has a natural structure of L?(m)-normed L>(m)-module.

Proposition 3.8 (L’-completion) Let.# be an L*(m)-normed L>(m)-module. Then there
exists a unique couple (A°,1), where AP is an L°(m)-normed L°(m)-module and the map
v M — MO is a linear operator with dense image that preserves the pointwise norm.
Uniqueness is intended up to unique isomorphism: given any other such couple (A 0,1,
there exists a unique isomorphism ® : .#° — A0 of L°(m)-normed L°(m)-modules such that

M —— O

(3.9) \ l‘b
N

0

18 a commutative diagram.

Remark 3.9 As described in Subsection 3.2.4, the operations of taking the L°-completion
and the L2-restriction can be actually made into an equivalence of categories, between the
category of L?(m)-normed L*°(m)-modules and that of L(m)-normed LY(m)-modules. M

Let .#° be any L°(m)-normed L°(m)-module and let E be any Borel subset of X. Let
us define ///0|E = {Xgv : v € #°}. It then turns out that ///OIE is an LY(m)-normed
L%(m)-module. Moreover, if .# denotes the L?-restriction of .#°, then the module .#°

B
can be canonically identified with the L°-completion of .# I’

Remark 3.10 (LP-normed L*-module) By replacing p = 2 with any other p € [1, 0]
in Definition 3.1, we obtain the notion of LP(m)-normed L (m)-module. All the properties
illustrated so far — and many others that we shall see in the sequel — can be suitably adapted
to deal with the class of LP(m)-normed L (m)-modules. [
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Remark 3.11 We now present a simple construction that we shall frequently make use of.
Let (X, d, m) be a given metric measure space. Consider any Borel set E C X and call v = m .
Then to any L°(v)-normed L°(v)-module .# we can canonically associate an L°(m)-normed
L?(m)-module — called extension of .4 and denoted by Ext(.#) — in the following way. First

of all, we notice that we have a natural projection/restriction operator
proj : L%(m) — L°(v)

given by the passage to the quotient up to v-a.e. equality and a natural ‘extension’ operator
ext : LO(v) — L%(m)

that sends f € LY(v) to the function m-a.e. equal to f on E and to 0 on X \ E. Then for a
generic LO(v)-normed L°(v)-module . we put Ext(.#) = . as set, while the multiplication
of v € Ext(.#) by f € L°(m) is defined as proj(f)v € .# = Ext(.#) and the pointwise norm
of v as ext(|v]) € L°(m). Further, we shall denote by ext : .# — Ext(.#) the identity map.
Notice that one trivially has that

(3.10) Ext(.#™) ~ Ext(4)* via the coupling ext(L)(ext(v)) = ext(L(v)).
In what follows, we shall always implicitly make this identification. |

In the theory of normed modules, a fundamental role is played by the following class:

Definition 3.12 (Hilbert module) Let 7 be an L*(m)-normed L>(m)-module. Then we
say that 7 is a Hilbert module provided (%, Il - H%J) is a Hilbert space, or equivalently if

(3.11) v+ w|? + v —w? =2|v]* + 2 |w? holds m-a.e. in X
for every v,w € F. Such formula is referred to as the pointwise parallelogram identity.

The pointwise norm of a Hilbert module .7 induces — by polarisation — a pointwise scalar
product (-,-) : S x A — L'(m) on , which is the L>(m)-bilinear map given by

2 12 [ap|2
(3.12) (v,w) = v+ vl 2]v| il for every v, w € 2.

It is easy to check that (v,v) = |v|? is satisfied m-a.e. for any v € 7. Moreover, one has that

(3.13) (v, w)| < [v]|w] holds m-a.e. for every v, w € .
The previous formula is called pointwise Cauchy-Schwarz inequality.

Remark 3.13 An L°(m)-normed L°(m)-module 57 is said to be a Hilbert module provided
the identity (3.11) is satisfied for every v,w € s#°. Then it turns out that an L?(m)-normed
L (m)-module 7 is Hilbert if and only if its L°-completion #° is Hilbert. It can be readily
checked that the pointwise scalar product of # can be uniquely extended to an LY (m)-bilinear
map (-,-) : H#0 x #° — L°(m) that satisfies the pointwise Cauchy-Schwarz inequality. M
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3.1.2 Local dimension of a normed module

Consider a metric measure space (X, d, m), which will remain fixed for the whole subsection.

Definition 3.14 (Local dimension) Let .#° be an L°(m)-normed L°(m)-module. Let E
be any Borel subset of X such that m(E) > 0. Then:

i) A set S C .#° is said to generate the module .#° on E provided the set of all finite
sums of the form > ' | X, vi, where (E;)"_, is a Borel partition of E and (v;)I; C S,

is dense in the space //ZO‘E.

ii) Finitely many elements vy,...,v, € #° are said to be independent on E provided any
n-tuple (f1,..., fn) € [Lo(m)]n for which Y | fi - v; = 0 must vanish m-a.e. on E.

iii) We say that some elements vy,...,v, € #° constitute a local basis for .#° on E
provided they are independent on E and they generate .#° on E.

iv) We declare that the module .#° has local dimension equal to n € Nt on E provided
it admits a local basis vy, ...,v, € #° on E, while we say that it has local dimension
equal to 0 on FE if///%E
for #° on E must have the same cardinality.

= {0}. Such definition is well-posed, since any two local bases

Notice that some elements vy, ..., v, € .#° generate the module .#Z° on E if and only if
for any v € #° there exist fi,..., f, € L%(m) such that Xgv = >, fiv;.

Remark 3.15 The notions introduced in Definition 3.14 have been originally formulated for
L?(m)-normed L>(m)-modules, in Subsection 1.4 of | ]. For our purposes, it is sufficient
to say that an L?(m)-normed L°(m)-module .# has local dimension equal to n € N on a
Borel set E C X provided its L°-completion .#° has local dimension n on E. |

Remark 3.16 (Orthonormal basis) Suppose that m is a finite measure and consider a
Hilbert L?(m)-normed L (m)-module /#. Assume that # has local dimension n € N* on
some Borel set & C X. Then it turns out that there exist v1,...,v, € F such that

(3.14) (vi,vj) = 65 m-ae. in F for every i,7 =1,...,n.
Clearly v1,...,v, form a local basis for s on E — called orthonormal basis. |

An important feature of the normed modules is that they admit a (unique) dimensional
decomposition. For a proof of the following result, we refer e.g. to | , Theorem 1.8].

Theorem 3.17 (Dimensional decomposition) Fiz an L°(m)-normed L°(m)-module .#°.
Then there exists a unique Borel partition (Ey)penu{oo) Of the space X, called dimensional
decomposition of .Z°, such that the following properties hold:

i) .#° has local dimension equal to n on E,, for any n € N such that m(E,) > 0.
ii) .#° does not admit any finite local basis on any Borel subset E C Ey, with m(E) > 0.

Uniqueness is intended up to m-a.e. equality: given any other sequence (Fy)penu{oo} With the
same properties, it holds that m(E,AF,) = 0 for every n € NU {oco}.
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Many important normed modules that arise in the study of the differential structure of
finite-dimensional RCD spaces — which will be described in the sequel — are ‘locally finitely-
generated’, in the following sense; the definition is taken from | ].

Definition 3.18 (Proper module) Let .#° be any L°(m)-normed L°(m)-module, whose
dimensional decomposition is denoted by (En)nenufoo}- Then we say that AM° is a proper
module provided m(Ey) = 0.

Remark 3.19 In Subsection 1.4 of | ], the dimensional decomposition is defined — and
proven to exist — for any L?(m)-normed L (m)-module .#. The dimensional decomposition
of .# coincides with the dimensional decomposition of its L°-completion .#°. |

Lemma 3.20 Let .#° be a proper L°(m)-normed L°(m)-module. Then .#° is separable.

Proof. Call (E,)nen the dimensional decomposition of .#°. For any n € N, choose a local

basis vf,...,v) € A 0| g for A 0| 5 - Fix a countable dense subset D of L°(m). Then
o n
{ SO Al | (e © D} c.a,
n=1 i=1
which is countable by construction, is dense in .#° by Proposition 3.6. O

A module morphism ® : .# — A between two LY(m)-normed L°(m)-modules (resp.
LP(m)-normed L (m)-modules) is any L°(m)-linear (resp. L°(m)-linear) operator such that

(3.15) |®(v)| < |v] m-ae. in X for every v € A .
Furthermore, in Section 3.2 we shall adopt the following categorical terminology:

Definition 3.21 (Categories of normed modules) Let X = (X,d,m) be a given metric
measure space and let p € [1,00]. The category of LP(m)-normed L*(m)-modules is denoted
by NMod?(X) and that of L°(m)-normed L°(m)-modules by NMod?(X).

Moreover, those subcategories of NModP(X) and NMod®(X) that consist of all proper
modules will be called NMod?b (X) and NModgr(X), respectively.

3.1.3 Construction of normed modules: dual
Fix a metric measure space (X,d, m). We introduce the notion of dual for normed modules:

Definition 3.22 (Dual of a L?-normed L>®-module) Let us consider an L?(m)-normed
L*>°(m)-module 4. Then we define its dual module .Z* as

(3.16) M= {L M — LY(m) | L is L°°(m)-linear and contmuous},
endowed with the following operations:
(L+ L") (v) = L(v) + L'(v),

(f - L)(v) = L(f - v),
|L| = esssup {L(v) |ve #, |v| <1m-a.e.},

LI+ = ] L2y

for every f € L®(m) and L, L' € .#*. The space #* is an L*(m)-normed L>(m)-module.

(3.17)
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Definition 3.23 (Dual of an L’-normed L’-module) Let us consider an L°(m)-normed
LO(m)-module .#°. Then we define its dual module (.#°)* as

(3.18) (°)* = {L c M0 — LO%(m) | L is L°(m)-linear and contmuous},

endowed with the following operations:

(L+ L) (v) = L(v) + L'(v),
(3.19) (f - L)(v) = L(f - v),
|L| = esssup {L(v) | ve .#°, |v] <1m-a.e}

for any f € L°(m) and L, L' € (.#°)*. The space (.#°)* is an L°(m)-normed L°(m)-module.

Remark 3.24 Let .# be an L?(m)-normed L (m)-module and let .#° be its L%-completion.
Then it can be readily checked that (.#°)* is the L°-completion of .#*. In other words, the
operations of taking the dual and taking the L°-completion commute. |

Given an L?(m)-normed L>(m)-module ., we denote by .#’ its dual as a Banach space.
Then the integration provides a natural map INT 4 : .#* — .#’, which is defined as

(3.20) INT 4(L)(v) = /L(v) dm for every L € .#* and v € A .

It holds that INT 4 is a bijective isometry, i.e. || L|| ,. = HINT///(L)H//// for every L € .4*.
Let us denote by Z 4 : M — #** the canonical embedding in the bidual, given by

(3.21) Z () (L) = L(v) for every v € A4 and L € A*.

Then Z , is an L°(m)-linear operator that preserves the pointwise norm. We say that .#
is reflexive as a module provided the map Z , is surjective. Actually, we have that .# is
reflexive as a module if and only if it is reflexive as a Banach space.

Theorem 3.25 (Riesz) Let J# be a Hilbert L?(m)-normed L>(m)-module. Then the map
sending any v € F to the element L, € F€*, given by

(3.22) Ly(w) = (v, w) for every w € A,

18 an isomorphism of modules and is called Riesz isomorphism. In particular, 7 is reflexive.

3.1.4 Construction of normed modules: pullback
Let (X,dx, mx), (Y,dy,my) be two fixed metric measure spaces.

Definition 3.26 (Map of bounded compression) Let ¢ : X — Y be a Borel map. Then
we say that ¢ has bounded compression provided there exists a constant C > 0 such that

(3.23) p,mx < Cmy.
The smallest such constant C' is called compression constant of ¢ and is denoted by Comp(yp).

Any map of bounded compression canonically induces a notion of pullback for L?-normed
L*>°-modules, as expressed by the following result; cf. | , Theorem /Definition 1.23].
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Theorem 3.27 (Pullback) Let .# be an L?(my)-normed L™ (my)-module. Let ¢ : X —Y
be a map of bounded compression. Then there exists a unique couple (@* M , p*), where o* A
is an L*(mx)-normed L°°(mx)-module and ¢* : M — ©* .M is a linear continuous operator,
such that the following properties are satisfied:

i) The identity |p*v| = |v| o ¢ holds mx-a.e. for every v € A .
ii) The set {¢*v : v € M} generates p* M on the whole X in the sense of modules.

Uniqueness is intended up to unique isomorphism: given any other such couple (A", T), there
exists a unique isomorphism ® : o*.M — N of L?(mx)-normed L™ (mx)-modules such that

M LN a4
(3.24) \ l

s a commutative diagram.

Remark 3.28 Observe that the space L?(my) is an L?(my )-normed L°(my )-module, whose
local dimension is 1 on the whole Y. Moreover, we have that ¢*L?(my) = L?(mx), with

pullback map ¢* : L?(my) — L?(mx) given by ¢*f = f o ¢ for every f € L?(my). |
Remark 3.29 It can be readily checked — by exploiting item i) of Theorem 3.27 — that the
pullback of a Hilbert module is a Hilbert module as well. |

As described in Subsection 2.2 of | ], the concept of pullback module can be car-

ried over to the class of L%-normed L°-modules in a natural way: given an LY(my)-normed
L% (my)-module .#° and a map ¢ of bounded compression, we define the pullback p*.Z° as
the L(mx)-completion of ¢*.#, where .# is the L?(my)-restriction of .#°, while the pull-
back map ¢* : .#° — ¢*.#° is the unique linear continuous extension of ©* : . — ¢*. 4 .
Furthermore, we have that (¢*.#°, ¢*) can be characterised as the unique couple (up to
unique isomorphism) such that the equality |¢*v| = |v] o ¢ holds mx-a.e. for every v € .#°
and the set {¢*v : v € .#°} generates p*.#° on X as an L°(mx)-normed L°(myx)-module.

Remark 3.30 Let .# be an L?(my)-normed L>(my)-module and let ¢ : X — Y be a map
of bounded compression. The role of this assumption on ¢ is to ensure that [p*v| € L?(mx)
for every v € ., as shown by the following estimates:

/ oo dmx = / [u]2 0 dmx = / 0[2 dgmx < Comp() / o[ diny < +o0.

However, the hypothesis of bounded compression seems unnaturally strong in the case of L°-
normed L°-modules, as the integrability issue does not occur. Indeed, it turns out that the
pullback ¢*.#° of an L°(my)-normed L°(my)-module .#Z° can be built whenever ¢ : X — Y
is a Borel map for which p,mx < my. In order to prove such fact, let us define

dp,m
my = (@*mx)u +my|X\A, where we set A = { ngX > 0}.

Hence we have miy, < my < mf, which grants that L°(m{,) = L(my) and accordingly
that .#° is an L°(m/,)-normed L°(m},)-module. Given that p,mx < m{, i.e. the map ¢ has
bounded compression when the target space Y is endowed with the measure m{, it makes
sense to consider the pullback module ¢*.#°. This proves the above claim. |
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The pullback module can be proven to satisfy the following universal property:

Proposition 3.31 (Universal property of the pullback) Let .# be an L?(my)-normed
L (my)-module and ¢ : X = Y a map of bounded compression. Take an L?(mx)-normed
L*°(mx)-module A" and a linear operator T': M — N such that the inequality

(3.25) IT(v)| < Cv|oy mx-a.e. for every v e A

is satisfied for some constant C' > 0. Then there exists a unique L (mx)-linear continuous
operator T : o* M — N such that

(3.26) @*l /T

s a commutative diagram.

An analogous universal property is verified by the pullback of an L°-normed L°-module;
cf. | , Proposition 2.9] for the details.

Remark 3.32 (Functoriality) An important consequence of Proposition 3.31 is that the
pullback of modules is functorial, in the sense we are now going to explain.

Let (Z,dz, myz) be a metric measure space. Let ¢ : X - Y and ¢ : Y — Z be maps of
bounded compression. Consider any L?(mz)-normed L*(myz)-module .#. Then (v o p)* .4
can be canonically identified with ¢*(*. ). [

Remark 3.33 Suppose that ¢ : X — Y and ¢ : Y — X are maps of bounded compression
such that the identities 1) o ¢ = idx and ¢ o ¥ = idy hold mx-a.e. and my-a.e., respec-
tively. Consider any L?(my)-normed L*(my)-module .#. Then Remark 3.32 grants that
the pullback map ¢* : A4 — @*.# is bijective. Since the right composition f — f o ¢ is
an isomorphism between L™ (my ) and L*°(mx), we conclude that the modules .# and ¢*.#
can be identified via the isomorphism ¢*. |

A natural question is the following: do the operations of taking the dual and taking the
pullback commute? As we shall see in the next result, the answer is in general no — unless
we add some additional assumptions on the module under consideration.

Theorem 3.34 (Relation between ¢*.#* and (p*.#)*) Let .4 be any L*(my)-normed
L>°(my)-module. Let ¢ : X — Y be a map of bounded compression. Then there exists a
unique L (mx)-linear and continuous map L : p* M* — (@* M )* such that

(3.27) Z(¢*L)(¢*v) = L(v) o g for every L € A" andv € A .

It holds that the operator T preserves the pointwise norm.

Moreover, suppose that either .4 * is separable (when viewed as a Banach space) or M
is a Hilbert module. Then the operator I is surjective. In other words, the modules (¢* 4 )*
and p* A* can be canonically identified.

The pullback map is in general not bijective. Nevertheless, by relying upon the machinery
that has been developed in Subsection 1.2.2 it is possible — in the case in which ¢* preserves
the reference measure — to select a special left inverse Pr, of the pullback map ¢*.
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Theorem 3.35 (Projection for modules) Let .# be a L?(my)-normed L™ (my)-module.
Let o : X =Y be a Borel map such that p.mx = my. Then there exists a unique linear and
continuous operator Pry : ©* M — M such that

(3.28) Pro(f @™ v) = Pro(f)v for every f € L (mx) and v € .
In particular, it holds that Pr,(¢*v) = v for every v € A and

(3.29) |Pry(w)| < Prylw| my-a.e. for every w € p* M .

Proof. Let us denote by V the set of all the elements w € ¢*.# that can be written in the
form w = Y1 | Xg, ¢*v;, where (E;)_, is a Borel partition of X and (v;)?; € .#. Recall
that V' is a dense vector subspace of ¢*.#. Then we are forced to define Pr,: V — .# as

n
(3.30) Pro(w Z Pro(XEg,) for every w = ZXEi Y € V.
i=1
Well-posedness of such definition is guaranteed by the following my-a.e. inequality:

n
> X, i

i=1

Z Pro(Xp; |UZ| = Z Pry, (XE; |vil 0 ) = Pry
i=1

XE (%

This shows that ‘Prw ‘ < Pry|w| holds my-a.e. for any w € V. By integrating it, we get

(1.51)
[|Pro(w H/// < HPr@]wH‘LQ < H|w|HL2(mX) = [lwll vz for every w € V,

which grants that the map Pr, : V' — .# — that is linear by construction — is continuous.
Therefore Pr, can be uniquely extended to a linear continuous operator Pr, : ¢*.# — A .
An approximation argument shows that property (3.29) is satisfied. Finally, for any v € .#
it holds that Pry,(¢*v) = Pry(1) v = v by (1.46), thus proving that Pry, o ¢* =id 4. O

Remark 3.36 We claim that
(3.31) gPry(w) =Pry(gopw) for every g € L*(my) and w € p*.A .

Indeed, just observe that both sides of the identity are linear continuous with respect to the
entry w and agree on those w’s of the form f ¢*v, with f € L®(mx) and v € .#. [ ]

As we are going to show in the next results, the projection map Pr, is a key tool in order
to prove that the passage to the pullback ‘preserves’ the local dimension of the module.

Proposition 3.37 Let ¢ : X — Y be a Borel map such that p,mx = my. Let .# be any
L?(my)-normed L>®(my)-module. Let E be a Borel subset of Y such that my(E) > 0. Then:

i) Given any set S C .# that generates # on E, it holds that the family {go*v BN S}
generates p* .M on p~ (E).

ii) Given any vi,...,v, € A independent on E, it holds that ¢*vy,...,p*v, € ©* A are
independent on o~ (E).
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Proof. To prove item i), fix a set S C .# generating .# on E. This means that the set V'
of all finite sums Y " | X, v;, where (E;)!", is a Borel partition of E and (v;)!, C S, is

dense in .#|,. Therefore any element of ¢* (A | ) = (A )’ can be approximated by

s
a sequence of elements of the form Z;n:l Xp; p*wj, with (ijgn:f ])30rel partition of o~ !(E)
and (w;)7y C V. This ensures that {p*v : v € S} generates p*.# on ¢ '(E), as required.

To prove item ii), fix some elements vy,...,v, € .# that are independent on E. Let us
consider any fi,..., fn € L®(mx) such that X,-1g) i) fi¢ v; = 0. Given any subset S

of {1,...,n}, we define the Borel set Ag C X as
As = (E)N[({fi = 0yn[{fi <0},
€S ¢S
Then {Ag : S C {1,...,n}} constitutes a Borel partition of ¢! (E). Fixany S C {1,...,n}.
We have that > ;" Pro(Xag fi) vi = Prgp(Z?:1 Xag fi go*vi) =0, whence Xg Pry(Xag fi) =0

holds my-a.e. for all ¢ = 1,...,n by independence of vy, ...,v, on E. Moreover, it holds

(1.57)

(1.50) (1.46)
XEe Pro(Xag fi)| < Xpe Pro(Xag Ifil) < Xae Pro(Xag) 1fill oo my) 0

in the my-a.e. sense. Then Pr,(Xa4 fi) = 0 for all 4, so that X4 f; = 0 for every i by (1.44).
Therefore X,-1(g) fi = X_gcq1,..n} XAs fi = 0, proving the statement. O

Theorem 3.38 Let ¢ : X — Y be a Borel map such that p,mx = my. Let .# be an
L?(my)-normed L>®(my)-module. Let E be a Borel subset of Y with my(E) > 0. Then .4
has local dimension n € N on E if and only if p*.# has local dimension n on o~ (E).

Proof. First of all, assume that .# has local dimension n on E and let us choose any local
basis vy, ...,v, € . for .4 on E. Hence the elements ¢*vy, ..., p"v, constitute a local basis
for p*.# on ¢~ 1(E) by Proposition 3.37, thus ¢*.# has local dimension n on ¢~!(E). The
converse implication follows from the well-posedness of the notion of local dimension. O

3.1.5 Construction of normed modules: tensor product

Let us fix any metric measure space (X,d, m).

Given two Hilbert L?(m)-normed L°°(m)-modules %, %, we denote by JA ®Rnlg o
their tensor product as L°°(m)-modules — i.e. the space of formal finite sums of objects of the
kind v; ® vy, with (v1,v2) — v] ® vy being L*°(m)-bilinear. Then let us define

(3.32) (11 ®v2) : (w1 @ wa) = (vi,w1), (v2,Wwa), for any vi,wy € A and ve, wy € JB,

where (-,-), denotes the pointwise scalar product of J# for i = 1,2. We can extend it to a
unique L (m)-bilinear symmetric operator : from (4 ®alg H4) X (J4 @alg H) to LO(m).

It turns out that the inequality A : A > 0 is verified m-a.e. for any A € J4 @1, 5.
Moreover, given any Borel set £ C X we have that

(3.33) A:A=0 m-ae. on E = A=0 m-a.e on E.

In other words, the map : is ‘pointwise positive definite’. The Hilbert-Schmidt pointwise norm
of any tensor A € J# ®a1s 73 is given by

(3.34) |Alys = VA : A€ L(m),
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thus we define the tensor product norm as

1/2
(3.35) 1Al o = (/ 1Al dm) € [0, +o00] for every A € JA4 @15 H3.

We are now in a position to define the ‘analytical’ tensor product between 571 and 773.

Definition 3.39 (Tensor product) We define the tensor product 4 ® 75 as the comple-
tion of the space {A € H0 @p1g o 5 || All ypom < +00} with respect to the norm || - || 4 o -

It can be readily proved that 4 ® % has a natural structure of Hilbert L?(m)-normed
L°°(m)-module, whose pointwise norm will be denoted by |- |us.

Remark 3.40 Let us suppose that the modules 74 and J# are separable. Then their tensor
product 4 ® 5% is separable as well. |

Remark 3.41 Consider any two Hilbert L°(m)-normed LY(m)-modules #° and 7). Let
us denote by 4 and 5% the L?(m)-restrictions of 7 and 54, respectively. Then we define
the tensor product 4" @ 54 as the L°(m)-completion of /4 ® %, thus accordingly the
space 4 ® £ is a Hilbert L°(m)-normed L°(m)-module. [ |

Let 2 be a Hilbert L?(m)-normed L°(m)-module. Then for any n € N* we set

(3.36) A=A R...R A
~—_———

n times

We conclude by pointing out that the operator
T Qg D V1 Qg > V2 V1 € I Qplg H

induces an automorphism of %2, which will be called transposition and denoted by A — AF.
Then a tensor A € %2 is said to be symmetric provided At = A.

3.2 Serre-Swan theorem for proper normed modules

3.2.1 Measurable Banach bundles and section functor

The first part of this subsection is devoted to propose a notion of measurable Banach bundle
— or briefly MBB — over a given metric measure space X = (X, d, m). An alternative definition
of MBB, which does not perfectly fit into our framework, can be found in [ .

Definition 3.42 (MBB) We define a measurable Banach bundle over the space X as any
quadruplet T = (T, E, 7, n), where:

i) The sequence E = (Ep)nen is a Borel partition of X.

ii) The set T = | |, En X R™ is called total space and is always implicitly endowed with
the o-algebra (), en(tn)«B(En x R™), where v, : E, x R™ < T denotes the inclusion
map for every n € N. Recall Remark 1.17 for the definition of (1)« B(En x R™).

iii) The map sending any element (z,v) € T to its base point x € X is denoted by m: T — X
and is called projection map.
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iv) The measurable function n: T — [0,+00) has the property that for any n € N it holds
that n(z,-) is a norm on R™ for m-a.e. point x € E,,.

Given n € N and = € E,, we say that (T), = 7~ '{z} = {2} x R" is the fiber of T over z.

We will often implicitly identify the fiber (T), with the vector space R™ itself.

Remark 3.43 It is immediate to check that a subset S of the total space T' of an MBB T is
measurable if and only if S N (E, x R") is a Borel subset of E,, x R™ for any n € N. |

We now describe which are the (pre-)morphisms between any two given MBB’s.

Definition 3.44 (MBB pre-morphisms) Let T; = (T, E*, 7wy, ny), Ty = (Ty, E%, 75, ny)
be MBB’s over X. Then a measurable map @ : Ty — T» is said to be an MBB pre-morphism
from Ty to Ty provided it holds that the diagram

T1 *> T2

(3.37) \ lm

commutes and that for m-a.e. x € X the operator

Pz, (Tem(@,) = (Ta)asmaa, )

1s linear and 1-Lipschitz.
We declare two MBB pre-morphisms , %’ : 11 — T5 to be equivalent, briefly p ~ @, if

(3.38) = ¢’|(, holds for m-a.e. z € X.

PlT. T1)e

We are now finally in a position to define the category of measurable Banach bundles over X:

Definition 3.45 (The category of MBB’s) The collection of measurable Banach bundles
over X and of equivalence classes of MBB pre-morphisms form a category, which we shall
denote by MBB(X).

Once a notion of measurable Banach bundle is given, it is natural to consider its ‘measurable
sections’, namely those maps which assign (in a measurable way) to almost every point of
the underlying metric measure space an element of the fiber over such point.

It will turn out that the space I'g(T) of all measurable sections of a measurable Banach
bundle T is a proper L°-normed L°-module. The correspondence T ++ I'o(T) can be made
into a functor, called ‘section functor’, from the category of measurable Banach bundles to
the category of proper L%-normed L°-modules.

Definition 3.46 (Sections of an MBB) Let T = (T, E,7,n) be (a representative of) an
MBB over X. Then we call (measurable) section of T any measurable right inverse of the
projection m, i.e. any measurable map s : X — T such that m o5 = idx.

Two given sections 51,32 : X — T are equivalent provided 51 (z) = S2(z) for m-a.e. z € X.
The space of all equivalence classes of sections of T will be denoted by I'g(T). We add some
structure to the set I'g(T), in order to get an L°(m)-normed L°(m)-module:
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i) VECTOR SPACE. Let s1,s9 € I'g(T) and A € R. Pick a representative 5; : X — T of s;
for each i = 1,2. Then we can pointwise define the sections 51 + 39 and A35; of T as
(514 52)(z) = s1(z) +52(2)

3.39 for every z € X.
(3.39) (A51)(2) = A51(2) yre

Therefore we define 51 +s2 € I'o(T) and A sy € T'g(T) as the equivalence classes of 51435
and ASp, respectively. It can be readily seen that these operations are well-defined and

give to I'g(T) a vector space structure.

ii) MULTIPLICATION BY LY-FUNCTIONS. Let s € I'o(T) and f € L%(m) be fixed. Choose a
representative 5 : X — T of s and a Borel version f : X — R of f. Then it holds that
the map f-5: X — T, given by

(3.40) (f -3)(x) = f(x)3(z) € (T), for every x € X,

is a section of T. Hence we define f - s € I'o(T) as the equivalence class of f -35. This
yields a well-posed bilinear operator - : L%(m) x To(T) — To(T).

iii) POINTWISE NORM. Consider any section s € I'g(T). Pick a representative 5 : X — T’
of s. Define the Borel function |s| : X — [0, +00) as

(3.41) s|(z) = n(s(z)) for every x € X.

Then we denote by |s| € L?(m) the equivalence class of the function |g]. This provides
us a well-defined operator | - | : To(T) — L%(m).

iv) TopoLoGY ON I'g(T). Pick a Borel probability measure m’ on X with m < m’ < m.

Then we define the distance dy, ) on I'(T) as follows:

(3.42) dFO(T)(Sl’ S9) = / |s1 — so| A 1dm' for every s1, 52 € I'g(T).

We denote by 7 the topology induced by dFO(T)'

It turns out that I'g(T) is an L°(m)-normed L°(m)-module. Furthermore, given a measurable
Banach bundle T over the space X, we define

(3.43) [o(T) =Ty(T) for one (thus any) representative T of T.

Well-posedness of such definition is granted by the fact that I'g(T;) and T'g(T5) are isomorphic
as L(m)-normed L°(m)-modules whenever T; and Ts are equivalent bundles.

Remark 3.47 (Constant sections) In the forthcoming discussion, a key role will be played
by those sections of T that are obtained in this way: for any n € N and any vector v € R",
we consider the section v € T'g(T) that is identically equal to v on E,, and null elsewhere.

More precisely, for any n € N and any vector v € R", we define v € TI'y(T) as the
equivalence class of the section v : X — T, given by

] (@) if z € By,
(3.44) v(z) = { (z,0) if v e X\ E,,

where T = (T, E, 7, n) is any chosen representative of T. [ |
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Proposition 3.48 The space T'o(T) is a proper L°(m)-normed L°(m)-module. More pre-
cisely, for any representative T = (T, E,m,n) of the bundle T it holds that E = (Ey,)nen
constitutes a dimensional decomposition of T'g(T).

Proof. Fix T = (T, E,7,n) € T and n € N. Denote by ey, ...,e, the canonical basis of R".
Then consider the sections ey, ..., e, € I'y(T) defined in Remark 3.47. We claim that

(3.45) en,...,e, is a local basis for I'g(T) on E,,.

Take any s € I'g(T), with representative 5: X — 7. Since the map S E, - E, x R" is
Borel measurable by Remark 3.43, there exists a Borel function ¢ = (¢1,...,¢,) : E, - R”
such that 5(z) = (w,é(x)) holds for every = € E,. Now extend each ¢; to the whole X by
declaring it equal to 0 on the complement of E,,. Hence Xg, -5 =) ., ¢;-€;, where €1,...,€,
are defined as in (3.44). Calling ¢; € L°(m) the equivalence class of ¢; for every i = 1,...,n,
we deduce that Xg, - s =Y., ¢ - €;, which grants that ey, ..., e, generate I'o(T) on E,.
Now suppose that > " | ¢; - e; = 0 for some c1,...,c, € L%(m). Choose a Borel repre-
sentative ¢; : X — R of each ¢;, whence (¢1(z),...,¢n(z)) = (X1, ¢ - &)(z) = 0 holds for
m-a.e. ¢ € E,, in other words Xg,ci1,...,Xg,cn = 0. Therefore the sections ey, ..., e, are
independent on F,,. This yields (3.45) and accordingly the statement. U

In order to define the functor I'y from MBB(X) to NModgr(X), it only remains to declare
how it behaves on morphisms, namely to associate to any MBB morphism ¢ € Mor(Ty, Ts)
a suitable morphism T'g() : To(T1) — To(T2) of proper L°(m)-normed L°(m)-modules.

Let T; = (Ti,Ei, mi, ;) be representatives of MBB’s over X for i = 1,2. Take a section s
of T; and a pre-morphism ©: Ty — Ts. Since pos: X — Th is measurable as composition
of measurable maps and m 0 @ 0§ = 7 0§ = idx, we conclude that @ o is a section of T,.

Now let us call Ty, Ty and ¢ the equivalence classes of T, Ty and 3, respectively. Then
we define I'g(¢) : T'g(T1) — I'o(T2) as follows: given any s € I'g(Ty), we set

(3.46) To(¢)(s) = the equivalence class of ¥ o5, where § is any representative of s.
In the next result, we shall prove that I'g(¢) is actually a module morphism:

Lemma 3.49 Let Ty, Ty be two measurable Banach bundles over X and let ¢ € Mor(Ty, Tg).

Then T'o(¢) € Mor(Io(Ty),To(T2)).
Proof. Tt suffices to show that for any sq,s2 € I'o(T1) and f1, fo € L°(m) one has
(3.47) Lo(p)(f1-s1+ fa-s2) = f1-To(p)(s1) + fa - To(p)(s2),

' ITo(p)(s1)| < [s1]  m-ae. in X.

Choose representatives T; = (T;, E*,m;,n;) of Ty, @ : T1 — Ty of ¢ and 3; : X — Ty of s; for
each i = 1,2. Further, choose Borel functions f,, f5 : X — R that are representatives of fi
and fo, respectively. Hence for m-a.e. point z € X it holds that

(@o(f1-31+ f2-52))(x) =B(f1(2)51(2) + fo(2) 52(2))
= f1(2) (@ o51)(z) + fo(z) (B o52)(2),
whence T'o(p)(f1 - s1+ fa-s2) = f1-To(e)(s1) + fo - To(p)(s2), i-e. the first in (3.47).
To prove the second one, observe that for m-a.e. x € X one has that
[Bosil(a) =n2((Fos1)(x) = (n20%)(31(2)) < ni(E1(x)) = [51](2),
so that |To(¢)(s1)| < |s1] holds m-a.e. in X. Therefore the thesis is achieved. O
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Definition 3.50 (Section functor) The covariant functor I'y : MBB(X) — NModgr(X),
which associates to any object T of MBB(X) the object I'o(T) of NModgr(X) and to any
morphism ¢ : Ty — To the morphism To(p) : To(T1) — To(T2), is called section functor.

3.2.2 Serre-Swan theorem

We now prove that the section functor is actually an equivalence of categories. We shall refer
to such result as the Serre-Swan theorem for normed modules. First, we prove a technical
lemma that provides us with a suitable dense subset of the space of all measurable sections
of a measurable Banach bundle. Then such density result (Lemma 3.51) will be needed to
show that the section functor is ‘essentially surjective’ (Proposition 3.52) and fully faithful
(Proposition 3.53). Finally, the Serre-Swan theorem (Theorem 3.54) will immediately follow.

Given a measurable Banach bundle T over X and any n € N, we set
(3.48) S(T,n) = { ZXAz‘ -q' ‘ (Ai)ien is a Borel partition of E,,, (¢%)ien C Q"},
1€N
where the ‘constant sections’ g* € I'o(T) are defined as in Remark 3.47. Note that any element
of the form Y, X4, - ¢° € I'o(T) is well-defined since the sets A;’s are pairwise disjoint.

Then we define the family S(T) C I'(T) of simple sections of T as follows:
(3.49) S(T) = {t € To(T) | Xg, - t € S(T,n) for every n € N}.
We now show that such class of sections, which is a Q-vector space, is actually dense in I'o(T):

Lemma 3.51 Let T be a measurable Banach bundle over X. Then S(T) is dense in T'o(T).

Proof. Let s € Ty(T) and € > 0 be fixed. Choose any Borel probability measure m’ on X
such that m < m’ < m and define the distance dp (1) on T'o(T) as in (3.42). We aim to
construct a simple section ¢ € S(T) that satisfies the inequality dp,(r)(s,t) < e. In order to
do so, choose representatives T = (T, E,m,n) and 5 : X — T of T and s, respectively. We
can clearly suppose without loss of generality that n(z,-) is a norm for every z € X. Given
any n € N, let us define

En,k = {x € b,

kE—1< sup n(z,q) Sk} for every k € N.
qeQm\{0} lql

Since E, > x — n(z,q)/|q| is Borel for every ¢ € Q" \ {0}, we know that each E, j, is Borel.
Moreover, the fact that any two norms on R™ are equivalent grants that the supremum in
the definition of E, j is finite for every x € E,,, whence for all n € N we have that (E, i)ren
constitutes a Borel partition of E,. For any n,k € N, call 5, : E, ; — R" that Borel map
for which 5(z) = (x,?nk(:c)) for every € E, ;. It is well-known that there exists a Borel
map t, : E, ;i — R™ whose image is a finite subset of Q" and satisfying

(3.50) / S0 k() — kB p(2)| A1 () < ==
En,k: 2”
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Given that n(z,c) < k|c| holds for every x € E, j, and ¢ € R", we deduce from (3.50) that

(3.51) L@ﬁwa%ﬂm—mamwmeMSQik

Now let us denote by ¢ : X — T the measurable map such that f| B = (idg, , tn,k) holds
for every n,k € N, which is meaningful since (E,, )n ken is a partitidn of X. Call t € Ty(T)
the equivalence class of . Notice that ¢t € S(T) by construction. Property (3.51) yields

J(5.1) /|s—t|/\1dm Z/ 0(2, 5k (2) — Fus(@)) A 1d ()

n,keN
= Z 2n+k =&
n,keN

which gives the statement. ([l
We briefly recall the notion of Carathéodory map, which will be needed in the proofs of the

next two results. Given three metric spaces W, Y and Z, we say that amap FF: WxY — Z
is Carathéodory provided the following hold:

i) F(-,y) : W — Z is Borel measurable for every y € Y,
ii) F(w,:): Y — Z is continuous for every w € W.

It is well-known that the Carathéodory map F' is (jointly) Borel measurable as soon as the
metric space Y is separable.

Proposition 3.52 Let .# be a proper L°(m)-normed L°(m)-module. Then there exists a
measurable Banach bundle T over X such that I'o(T) is isomorphic to A .

Proof. Let (Ep)nen be a dimensional decomposition of the module .#. Set E = (E,)nen
and take T', 7 as in the definition of MBB. In order to define n, fix a sequence (vy,)nen C A
such that the elements v1, ..., v, form a local basis for .# on E,, for each n € N. Fix n € N.
We define the linear and continuous operator P, : R™ — .# in the following way:

Po(c) =Xg, - (ctvi+...+cpvy) € M for every ¢ = (c1,...,¢n) € R™

For any q € Q", choose any Borel representative |P,(q)| : X — [0,400) of |Pa(q)| € LO(m).
Hence there is a Borel set N,, C E,,, with m(N,,) = 0, such that for any x € E,, \ N,, it holds

Pala) + Pal@](@) < [Pul@)](@) + [Pu(@](@)  for every ¢l,q? € Q"
(3.52) ‘Pn()\ q)‘( = |}l |P (q) ! x) for every A € Q and q € Q",
|Pa(q)|(z) >0 for every ¢ € Q" \ {0}.

Then let us define

(3.53) n(z,q) = |Pa(q)|(2) for every x € E, \ N,, and ¢ € Q™.

We deduce from (3.52) that n(zx,-) is a norm on Q" for every x € E,, \ N,. In particular it
is uniformly continuous, whence it can be uniquely extended to a uniformly continuous map
on the whole R", still denoted by n(z,-). By approximation, we see that such extension is
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actually a norm on R™. Finally, we set n(z,c) = 0 for every x € N,, and ¢ € R". We thus
built a function n: T"— [0, 400). We claim that

(3.54) is a Carathéodory function for every n € N,

N g, xre

which grants that each Np o ge is Borel, so accordingly that n is measurable by Remark 3.43.
First of all, fix n € N and notice that the function n(z,-) : R” — [0, +00) is continuous for
every x € E,. Moreover, given any ¢ € R" and a sequence (¢")rey € Q" converging to c,
we have that n(z,c) = limg n(z, ¢*) = limy, |P.(¢*)|(z) for every € E, \ N,, whence the
function n(-,¢) : E, — [0,400) is Borel as pointwise limit of a sequence of Borel functions.
Therefore the claim (3.54) is proved. We thus deduce that T = (T, E, 7, n) is an MBB over
the space X. Then let us denote by T the equivalence class of T.

In order to get the statement, we want to exhibit a module isomorphism I : I'g(T) — 4,
namely an LY(m)-linear map preserving the pointwise norm. We proceed as follows: given

any s € I'y(T), choose a representative s : X — T. For any n € N, pick ¢ : X — R" Borel

such that s(z) = (z,¢"(z)) for every z € E, and call ¢},...,c € L°(m) those elements for
which (¢}, ..., c}) is the equivalence class of €". Now let us define
(3.55) I(s) =Y X, - (f-v1+...4+cpv) €.M.

neN

One can easily see that the resulting map I : T'o(T) — . is a (well-defined) L°(m)-linear and
continuous operator. We show that it is surjective: fix any v € .#, whence for each n € N
there exist ¢7,...,c? € L%(m) such that Xg, -v = Xg, - (¢} -v1 +...+c?-v,). Pick any Borel
representative ¢ : X — R™ of (¢f,...,c?) and define 5 : X — T as 5(z) = (z,¢"(z)) for
every n € N and = € E,,. Hence the equivalence class s € I'g(T) of 5 satisfies I(s) = v, thus
proving that the map I is surjective. It only remains to prove that ‘I (s)‘ = |s| holds m-a.e.
in X for every s € I'g(T). First of all, for any n € N and ¢ € Q™ one has that I(q) = P,(q),
where the definition of q is taken from Remark 3.47. Therefore

(3.53) (3.41) |

(3.56) [1(q)| = |Pulq)] "= noq '="|q| holds m-a.e. in X.

We then directly deduce from (3.56) and the L°(m)-linearity of I that the equality |I(t)| = [¢|
is verified m-a.e. for every simple section ¢ € S(T). Recall that S(T) is dense in T'y(T), as
seen in Lemma 3.51. Since both I and the pointwise norm are continuous operators, we
finally conclude that |I(s)| = |s| holds m-a.e. for every s € I'g(T). Therefore I preserves the
pointwise norm, thus completing the proof. O

Proposition 3.53 The section functor I' : MBB(X) — NMod,, (X) satisfies the following:

i) T s full, i.e. given two objects T1, Ty in MBB(X) and a morphism ® : T'(Ty) — I'(Ty),
there exists a morphism ¢ : T1 — Ty such that ® = I'(p).

ii) ' is faithful, i.e. given two objects Ty, Ty in MBB(X) and morphisms ¢, : T1 — Ta
with T'(p) = T'(v), it holds that ¢ = 1.

Proof. We divide the proof into two steps:
FAITHFUL. Fix two measurable Banach bundles Ty and Ts. Let ¢, 9 € Mor(Ty, T2) be two
different bundle morphisms. Choose a representative T; = (75, E', 7, n;) of T; fori = 1,2,
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then representatives P, : Ty — T of ¢ and ), respectively. Hence there exist n € N and a
Borel set E C E}, with m(E) > 0, such that @(T ) # @‘(T ) for every x € E. Let us denote
1)z 1)z

by ei,...,e, the canonical basis of R™. Therefore there exists k € {1,...,n} such that

m({z€E ‘ ?(z,e) # U(z,e)}) > 0.

This means that @ o € is not m-a.e. coincident with 1) o €, where the section € is defined
as in Remark 3.47, whence T'o(¢)(er) # To(¢)(er). This implies that I'g(¢) # T'o(¢)), thus
proving that the functor I'g is faithful.

FuLL. Fix measurable Banach bundles Ty, T2 and a module morphism ® : T'g(T1) — I(T2).
We aim to show that there exists a bundle morphism ¢ € Mor (T, T2) such that ® = Tg(¢p).
Since the ideas of the proof are similar in spirit to those that have been used for proving
Proposition 3.52, we shall omit some of the details. For i = 1,2, let us choose any represen-
tative T; = (T3, £, 7;,n;) of T;. We define the Borel sets Fom CXas

Fom = E'NE2 for every n,m € N.

For any n € N and ¢ € Q", consider the section g € I'g(T1) as in Remark 3.47 and choose
a representative ®(q) : X — Ty of ®(q) € I'o(T2). Given any n,m € N, there exists a Borel
subset Ny, p, of Fy, p,, with m(N,, ) = 0, such that for every x € F, y, \ Ny it holds

x) for every ¢',¢? € Q",

(3.57) D(Ng)(x) = AP(q)(x) for every A € Q and g € Q",
n2(®(q)(x)) < ni(g(x))  for every ¢ € Q"
Then let us define

D(q)(x) for every x € Fy, p, \ Npm and ¢ € Q"
Ogm for every x € N, ,, and ¢ € Q™.

(3.58) P(z,q) = {

Property (3.57) grants that (z, ) : (Q",ny(z,-)) = (R™,na(z,)) is a Q-linear 1-Lipschitz
operator for all € Fj, ,,, whence it can be uniquely extended to an R-linear 1-Lipschitz
operator @(z,-) : (R",ni(z,-)) — (R™,na(z,-)). This defines a map @ : T} — To. To show
that such map is an MBB pre-morphism, it only remains to check its measurability, which
Rn C Fym x R" — Fy, , x R™ is Borel for every n,m € N.
We actually show that each ?| xR

amounts to proving that @ Foox

. is a Carathéodory map: for any = € F,,, we have
that ®(z,-) is continuous by its very construction, while for any vector ¢ € R™ we have that
the map F,;, > o — (2, c) € R™ is Borel as pointwise limit of the Borel maps Xr, ,, W,
where (¢*)reny € Q" is any sequence converging to c¢. Hence let us define ¢ € Mor(Ty, Ty) as
the equivalence class of the MBB pre-morphism .

We conclude by proving that I'g(¢) = ®. For any n € N and ¢ € Q", we have that a
representative of Io()(q) is given by the map % oq, which m-a.e. coincides in E} with ®(q),
whence T'o(¢)(q) = ®(q). Since both T'g(¢) and ® are L°(m)-linear, we thus immediately
deduce that T'o(p)(t) = ®(t) for every t € S(T;). Finally, the density of S(T;) in I'o(Ty) —
proven in Lemma 3.51 — together with the continuity of I'g(y) and @, grant that I'o(¢) = P,

as required. Therefore the section functor I'y is full. ]

We now collect the last two results, thus obtaining the main theorem of this section:
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Theorem 3.54 (Serre-Swan) Let X = (X,d, m) be a metric measure space. Then the
section functor I'y : MBB(X) — NModgr(X) on X is an equivalence of categories.

Proof. By | , Proposition 7.25] it suffices to prove that the functor T'y is fully faithful
and ‘essentially surjective’, the latter meaning that for each object .# of NModgr(X) there
exists an object T of MBB(X) such that I'g(T) and .# are isomorphic. Therefore we have
that Proposition 3.52 and Proposition 3.53 yield the statement. U

Remark 3.55 (Comparison with the classical Serre-Swan theorem) We now point
out which are the main analogies and differences between our result and the Serre-Swan
theorem for smooth manifolds, for whose presentation we refer to [ , Chapter 11]. The
result in the smooth case can be informally stated in the following way: the category of
smooth vector bundles over a connected manifold M is equivalent to the category of finitely-
generated projective C°°(M)-modules. In our non-smooth setting we had to replace ‘smooth’
with ‘measurable’ — in a sense — and this led to these discrepancies with the case of manifolds:

i) The fibers of a measurable Banach bundle need not have the same dimension (still,
they are finite dimensional), while on a connected manifold any smooth vector bundle
must have constant dimension for topological reasons.

ii) In the definition of measurable Banach bundle we do not speak about the analogue of
the ‘trivialising diffeomorphisms’, the reason being that one can always patch together
countably many measurable maps still obtaining a measurable map. Hence there is no
loss of generality in requiring the total space to be of the form | |, .y En x R™ and its
measurable subsets to be those sets whose intersection with each E,, x R"™ is Borel.

iii) Given that we want to correlate the measurable Banach bundles with the L°(m)-normed
L?(m)-modules, which are naturally equipped with a pointwise norm |- |, we also require
the existence of a function n that assigns a norm to (almost) every fiber of our bundle.
A similar structure is not treated in the smooth case.

iv) The Serre-Swan theorem for smooth manifolds deals with modules that are finitely-
generated and projective. In our context, any finitely-generated module is automatically
projective, as proven in | , Proposition 1.5]. Moreover, the flexibility of L°(m)
actually allowed us to extend the result to all proper modules, that are not necessarily
‘globally’ finitely-generated but only ‘locally’ finitely-generated, in a sense.

We refer to | ] for a more detailed discussion about this topic. |

3.2.3 Measurable Hilbert bundles, pullbacks and duals

Let X = (X,d, m) be a metric measure space. We denote by HNModgr(X) the subcategory
of NModgr(X) made of those modules that are Hilbert modules. Our goal is to characterise
those measurable Banach bundles that correspond to the Hilbert modules via the section
functor I'y. As one might expect, such bundles are precisely the following ones:

Definition 3.56 (Measurable Hilbert bundle) Let T be a measurable Banach bundle
over the space X. Then we say that T is a measurable Hilbert bundle, or briefly MHB,
provided for one (thus any) representative T = (T, E,7,n) of T it holds that n(z,-) is a norm
induced by a scalar product for m-a.e. point x € X.
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Given any such point x € X, we denote the associated scalar product on (T), by

2

n(z,v+w)? — n(z,v)? — n(z,w)?

(3.59) <(£L’,’U), (z, w)>x =

for every (z,v), (z,w) € (T),.

We shall denote by MHB(X) the subcategory of MBB(X) made of those bundles that
are measurable Hilbert bundles. Therefore we can easily prove that:

Proposition 3.57 Let T be a measurable Banach bundle over X. Then T is a measurable
Hilbert bundle if and only if To(T) is a Hilbert module.

Proof. Choose any representative T = (T, E, 7, n) of the measurable Banach bundle T.
NECESSITY. Suppose that T is a measurable Hilbert bundle. This means that n(z, -) satisfies
the parallelogram rule for m-a.e. z € X. Now let s1,s9 € I'g(T) be fixed and choose some
representatives §1,52 : X — 1. Hence for m-a.e. x € X it holds that

51+ 52[%(2) + [51 — 52%(x) = (no (51 +52)) () + (no (51 — 52))*(x)
=2(no3)?(z)+2(no3y)%(x)
= 2[51](2) + 2[52[*(2),

which grants that |s + sa|? + [s1 — s2/? = 2|s1]? + 2 |s2|? holds m-a.e. in X. Therefore 'o(T)
is a Hilbert module by arbitrariness of s, s2 € I'o(T).

SUFFICIENCY. Suppose that T'g(T) is Hilbert module. Let n € N be fixed. For any ¢ € Q",
consider ¢ : X — T and q € I'y(T) as in Remark 3.47. Then there exists an m-negligible
Borel subset N,, of E,, such that n(z,-) is a norm and the equality

@1+ @l () + @ — @* (@) = 2[@11*(2) +2[@,/*(x)  for every q1,¢2 € Q"
is satisfied for every point = € E,, \ N,,. This implies that
n(z, 1 +)°+n(z,q1—g)* = 2n(z,q1)*+2n(z, g2) for all z € Ey\ Ny, and g1, ¢2 € Q™.

Therefore n(z, -) satisfies the parallelogram rule for every z € E, \ N,, by continuity, so that
accordingly T is a measurable Hilbert bundle. O

As a consequence of Proposition 3.57, we can conclude that:

Theorem 3.58 (Serre-Swan for Hilbert modules) The section functor Ty restricts to
an equivalence of categories between MHB(X) and HNModgr(X).

Remark 3.59 It has been proved in | , Theorem 1.4.11] that any separable Hilbert
module (thus in particular any proper Hilbert module by Lemma 3.20) is the space of sections
of a suitable measurable Hilbert bundle. Moreover — as pointed out in [ , Remark
1.4.12] — this theory of Hilbert modules coincides with that of direct integral of Hilbert
spaces (cf. | ). More precisely, under this identification a Hilbert module corresponds
to a measurable field of Hilbert spaces. |

Let JA, 76 be two given Hilbert modules over X. Then we can consider their tensor
product 4 ® 9%, which is a Hilbert module over X as well (cf. Subsection 3.1.5).
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Remark 3.60 Suppose 4 and % are proper, with dimensional decomposition (E}),en
and (E2)en, respectively. Then it can be readily checked that the module 4 ® % has
dimension equal to nm on E} N E2, for any n,m € N. In particular, the dimensional decom-
position (Ey)ren of 74 ® 6 is given by

(3.60) Ev= |J ENE], for every k € N,
n,meN:
nm=k
so that 7 ® 4% is a proper module as well. |

On the other hand, we now define the tensor product of two MHB’s in the following way:

Definition 3.61 (Tensor product of MHB’s) Let Ty, Ty be measurable Hilbert bundles
over X. Choose two representatives Ti and Tq, say T; = (E,Ei,wi,ni) fori=1,2. Let us
define E = (Ei)ken as in (3.60) and T, 7 accordingly. Given n,m € N and x € E} N E2,
such that ny(x,-), na(z,-) are norms induced by a scalar product, we define

n m 1/2
(361) I’I(l‘,c) = ( Z Z c(jfl)m+ﬁc(j’fl)m+€’ <($,€j),(w,ej/)>17x<($,f@),($,le)>2@>

Jg'=1 £,'=1
for every ¢ = (c1,...,Cnm) € R where ey,...,e, and f1,...,f, denote the canonical bases
of R™ and R™, respectively, while (-,-) T
Then we define the tensor product Ty ® To as the equivalence class of (T, E,mw,n), which

stands for the scalar product on (T;)y as in (3.59).

2,T
turns out to be a measurable Hilbert bundle over X.

Given any real number A € R, we shall write [A] € Z to indicate the smallest integer
number that is greater than or equal to A.

Theorem 3.62 Let T1, Ty be measurable Hilbert bundles over X. Then

(362) Fo(Tl) & Fo(T2> = Fo(Tl &® TQ)

Proof. We build an operator ¢ : T'o(T1) @ I'g(T2) — T'o(T1 ® T2) in the following way: first
of all, let us fix s' € I'g(Ty) and s € T'y(Ty). Choose any representatives T; = (T}, E, m;, n;)

and 5 : X — T; for i = 1,2. Given any natural numbers n,m € N, any point z € E} N E2,
and called 5'(z) = (x,v), 3%(x) = (z,w), we define

s5(x) = (z,0), where ¢ = Vpg/m] Wh—m[k/m]+m for allk=1,... nm.

Hence the equivalence class ¢(s' ® s?) of 5 is a section of Ty ® Ty. Simple computations yield

(s @ s?)| = V]st][s2] = |s' @ &7 m-a.e. on X.

Therefore ¢ can be uniquely extended to the whole I'g(T;)®T'g(T2) by linearity and continuity,
thus obtaining an L°(m)-linear operator ¢ : I'o(T;) ® Io(T2) — T'o(Ty; ® T) that preserves
the pointwise norm. In order to conclude, it only remains to check that such ¢ is surjective.
Fix n,m € N and call (e;)i_;, (f;)72; and (g)3Z4 the canonical bases of R", R™ and R™",
respectively. Denote by e; € T'o(T1), f; € I'g(T2) and g;, € I'o(T1 ® T2) the associated
constant sections. It is then easy to realise that

Xginez, -8k = (((XEine2, - erk/m)) @ (XEine2, - Fromlk/m]+m)) forall k =1,...,nm.

Hence the set (Xg1np2 - g;)p7y, which forms a local basis for Io(T; ® Tz) on E,, N E,, is
contained in the range of the map ¢. This grants that ¢ is surjective, as required. O
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Now let X = (X,dx,mx) and Y = (Y, dy, my) be two metric measure spaces. Fix a Borel
map f: X = Y such that fy,mx < my. As described in Remark 3.30, we can consider the

pullback f*.# of any L°(my)-normed L°(my)-module .#. On the other hand, we can define
what is the pullback of a measurable Banach bundle over Y:

Definition 3.63 (Pullback of an MBB) Let T be a measurable Banach bundle over Y.
Choose a representative T = (T, E,7,n) of T. Let us set

E = (ffl(En))neN and T, 7' accordingly,

(3.63) ,
n'(z,v) = n(f(z),v) for every (z,v) € T".

Then we define the pullback bundle f*T as the equivalence class of (T',E', 7', n'), which
turns out to be a measurable Banach bundle over X.

Theorem 3.64 Let T be a measurable Banach bundle over Y. Then

(3.64) J*To(T) = To(f*T).
Proof. We aim to build a linear map f*: T'o(T) — To(f*T) such that

|f*s|=|s|of for every s € I'g(T),

(3.65) {f*s - FO(T)} generates I'o(f*T).

Pick a representative T = (T, E,w,n) of T and define (T”, E',7’,n’) as in (3.63). Take any
section s € T'g(T), with representative s: Y — T. Given any = € X, we define 5'(z) = (z,v),
where v is the unique vector for which E(f(a:)) = (f(x), v). It clearly holds that 5" : X — T"
is a section of the MBB (7", E', 7', n’). Then we define f*s as the equivalence class of 5. We
thus built a map f*: T'o(T) — To(f*T), which is linear and satisfies the first claim in (3.65).

Now fix n € N and ¢ € Q™. Denote by q € I'y(T) and q' € T'g(f*T) the constant sections
associated to ¢. It is then easy to check that ¢’ = f*q. This grants that

S(f*T) C {ZX&- fsi

(A;); is a Borel partition of X, (s;); C FO(']I‘)} .
1€N

Since S(f*T) is dense in I'y(f*T) by Lemma 3.51, we finally conclude that the second condition
in (3.65) is verified as well. Therefore the statement is achieved. O
We finally introduce the notion of dual bundle:

Definition 3.65 (Dual bundle) Let T be a measurable Banach bundle over some metric
measure space X = (X,d,m). Choose a representative T = (T, E,m,n) of T. Let us set

|v-w] . .
(3.66) 0t (z,0) = { STPwEMA{0) o) if n(z,-) is a norm,
’ 0 otherwise.

Then we define the dual bundle T* as the equivalence class of (T, E,m,n*), which turns out
to be a measurable Banach bundle over X.
Theorem 3.66 Let T be a measurable Banach bundle over X. Then

(3.67) To(T)* = T'o(T*).
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Proof. Consider the operator ¢ : I'g(T*) — I'o(T)* defined as follows: given any s* € I'o(T*),
we call ¢(s*) : To(T) — L°(m) the map sending (the equivalence class of ) any section 5 to the
function X 3 z — 5*(x)-5(x) € R, where 5* is any representative of s*. One can easily deduce
from its very construction that ¢ is a module morphism that preserves the pointwise norm.
To conclude, it only remains to show that the map ¢ is surjective. Let T € I'o(T)* be fixed.
For any n € N, denote by €, ..., e} the canonical basis of R™ and by e}, ..., e} € I'o(T) the
associated constant sections. Hence let us define s* € I'o(T*) as

s*(x) = Z (x, (Tef(z),..., TeZ(m))) for m-a.e. x € X.
neN

Simple computations show that ¢(s*) = T. Hence ¢ is surjective, concluding the proof. O

3.2.4 A variant for LP-normed L*°-modules

Our choice of using the language of L°-normed L% modules — instead of that of LP-normed
L*°-modules — is only a matter of practicality, not due to any theoretical reason. Indeed, we
now show that the results obtained so far can be reformulated for LP-normed L°°-modules.

Consider any two LP(m)-normed L°°(m)-modules .#?, 4P and pick any module mor-
phism ® : .#P — A#P. Then there exists a unique module morphism ® : .#° — 40
extending ®, where .#Z° and .4 denote the L°-completions of .#P” and 4P, respectively.

Definition 3.67 (L°-completion functor) We define the L°-completion functor as the
functor CP : NMod?(X) — NMod’(X) that assigns to any .#P its L°-completion .#°
and to any module morphism ® : AP — NP its unique extension ® : AH° — N,

Conversely, given any L°(m)-normed L°(m)-module .#°, one has that
(3.68) MP = {ven | [v] € LP(m)} is an LP(m)-normed L (m)-module.
Moreover, it holds that the L°-completion of .#? is the original module .#°.

Definition 3.68 (LP-restriction functor) The LP-restriction functor is defined as that
functor RP : NMod®(X) — NModP(X) that assigns to any .#° its ‘restriction’ P, as in
(3.68), and to any module morphism O MO — N its restriction ® = :I;V/p :MP— NP,
which turns out to be a morphism of LP(m)-normed L*°(m)-modules.

We can finally collect all of the properties described so far in the following statement:

Theorem 3.69 (NMod”(X) is equivalent to NMod’(X)) Both the functors CP and RP
are equivalence of categories, one the inverse of the other.

It is trivial to check that .#P and CP(.#?) have the same dimensional decomposition,
thus in particular the above functors naturally restrict to Cp, : NModb (X) — NModgr(X)
and RE, : NMod),(X) — NMod?, (X). Therefore:

Corollary 3.70 (NMod? (X) is equivalent to NModgr(X)) It holds that the two func-
tors Chy and RY, are equivalence of categories, one the inverse of the other.
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Now fix a measurable Banach bundle T over X. Then let us define
(3.69) I,(T) = {s € To(T) | |s| € LP(m)}.

The space I')(T) can be viewed as an LP(m)-normed L°°(m)-module. Moreover, given any
two measurable Banach bundles Ty, Ty over X and a bundle morphism ¢ € Mor(Tq, Ty), let
us define T',(p) € Mor(I'p(T1),Tp(T2)) as

(3.70) Tp(#) = To(@) | gy, ¢ To(T1) = Tp(T2),

Hence such construction induces an LP-section functor I', : MBB(X) — NMod} (X). Then

MBB(X) —— NMod}, (X)
(3.71) \ ler
NMod?, (X)

is a commutative diagram.

We can thus finally conclude that

Theorem 3.71 (Serre-Swan for LP-normed L*°-modules) It holds that the LP-section
functor ', : MBB(X) — NMod? (X) on X is an equivalence of categories.

Proof. 1t follows from Theorem 3.54, from Corollary 3.70 and from property (3.71). O
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The aim of this chapter is to illustrate the differential structure for RCD spaces that
has been introduced by N. Gigli in [Gigl7b]. Roughly speaking, such theory consists of a
combination of the Sobolev calculus (discussed in Chapter 2) with the language of normed
modules (discussed in Chapter 3). More precisely, we shall proceed in the following way:

e FIRST-ORDER CALCULUS. As described in Section 4.1, a first-order differential calcu-
lus can be developed over any metric measure space (X,d,m). The key tool is given
by the cotangent module L°(T*X), which constitutes a convenient abstraction of the
notion of ‘measurable 1-form’ over the space X. Shortly said, L°(T*X) is the smallest
L°(m)-normed L°(m)-module containing any L°(m)-linear combination of ‘differentials
of Sobolev functions’ (this is the link with the Sobolev calculus). Therefore the tan-
gent module L°(TX) can be defined as the module dual of the cotangent one and its
elements are called vector fields over X. In a similar fashion, one can introduce other
differential operators, such as (measure-valued) divergence and Laplacian. We point
out that this formal calculus is fully consistent with the classical one on the Euclidean
space R? even if the Lebesgue measure is replaced by any other Radon measure y: as

61
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we shall see in Subsection 4.1.3, the ‘abstract’ tangent module LZ(TRd) associated to
the weighted Euclidean space (]Rd, |-, u) can be isometrically embedded into the space
of all L?(u)-integrable ‘concrete’ vector fields on R? (cf. Theorem 4.27). Finally, we
will discuss how to build a notion of differential for sufficiently regular maps between
nonsmooth structures; namely, any map ¢ : X — Y of bounded deformation between
two metric measure spaces (X, dx,mx), (Y,dy, my) — i.e. the map ¢ is Lipschitz and
satisfies p,mx < C'my for some constant C' > 0 — induces in a natural way a differential
operator dp : L?(TX) — ©*L?(TY). This topic will be treated in Subsection 4.1.4. In
Subsection 4.1.5 we will see a technical variant of the differential for maps of bounded
deformation, tailored for the situation in which the target space is the Euclidean one.

e SECOND-ORDER CALCULUS. Section 4.2 will be entirely devoted to a fundamental class
of metric measure spaces: the RCD spaces. The acronym RCD stands for Riemannian
Curvature-Dimension condition, indeed these spaces are Riemannian-like structures
with prescribed lower bounds on the Ricci curvature and upper bounds on the dimension
(in a synthetic way). The definition of this condition and its main properties are recalled
in Subsection 4.2.1. An advantage of working within this framework is given by the
possibility to develop even a second-order calculus on top of the first-order one. The
necessity of calling into play the curvature bounds is due to the fact that the latter grant
the presence of a sufficiently vast class of test functions, which are ‘twice differentiable’.
More specifically, by testing against such special functions it is possible to introduce
Hessian and covariant derivative via suitable integration-by-parts formulae, thus leading
to the definition of the Sobolev spaces W2?2(X) and Wé’Q(TX), respectively. The related
discussion can be found in Subsection 4.2.2.

4.1 First-order differential structure of metric measure spaces

4.1.1 Cotangent and tangent modules

We begin with the definition of cotangent module, which is the object that will play a central
role throughout the whole thesis. The ensuing three results are taken from | ].

Theorem 4.1 (Cotangent module associated to a D-structure) Let p € (1,00) and

let (X,d, m) be a metric measure space. Consider a pointwise local D-structure on (X,d, m).
Then there exists a unique couple (LP(T*X;D),d ), where LP(T*X; D) is an LP(m)-normed
L>(m)-module and d : SP(X; D) — LP(T*X; D) is a linear map, such that the following hold:

i) The equality |du| = Du is satisfied m-a.e. in X for every u € SP(X; D).

ii) The vector space V of all elements of the form Y i | Xp, du;, where (B;); is a Borel
partition of X and (u;); € SP(X; D), is dense in the space LP(T*X; D).

Uniqueness has to be intended up to unique isomorphism: given another such couple (. ,d’),
there is a unique isomorphism ® : LP(T*X; D) — .# such that the diagram

SP(X; D) —4 LP(T*X; D)

(1) \ Js
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commutes. The space LP(T*X; D) is called cotangent module, while d is called differential.

Proof. We first prove the uniqueness part of the statement and then the existence one.
UNIQUENESS. Consider any element w € V written as w = > ;" | Xp, du;, with (B;); Borel
partition of X and uy,...,u, € SP(X; D). Notice that the requirements that ® od = d’ and
that ® is L°°(m)-linear force the definition ®(w) = >"7 | Xp, d'u;. The m-a.e. equality

n n
®(w)| = Xp, [duil =D Xp, Dui =Y X, |dui| = |w|
=1 =1 1=1

grants that ®(w) is well-defined, in the sense that it does not depend on the particular way
of representing w, and that ® : V — .# preserves the pointwise norm. In particular, one
has that the map ® : V — .# is (linear and) continuous. Since V is dense in LP(T*X; D),
we can uniquely extend ® to a linear and continuous map ® : LP(T*X; D) — .4, which also
preserves the pointwise norm. Moreover, we deduce from the very definition of ® that the
identity ®(hw) = h ®(w) holds for every w € V and h € Sf(X), whence the L*°(m)-linearity
of ® follows by an approximation argument. Finally, the image ®()) is dense in .#, which
implies that ® is surjective. Therefore ® is the unique isomorphism satisfying ® od = d’.
EXISTENCE. First of all, let us define the pre-cotangent module as

neN, up,...,u, € SP(X; D),
(B;)_, Borel partition of X '

Pcm = { {(Bu ;) }?:1

We define an equivalence relation on Pcm as follows: we declare that { (B, u;)}, ~ {(C}, Uj)}j
provided D(u; — v;) = 0 holds m-a.e. on B; N C} for every 4,j. The equivalence class of an
element {(B,,ul)}Z of Pcm will be denoted by [B;, u;];. We can endow the quotient Pcm/ ~

with a vector space structure:

[Bi, uili + [C,v5]; = [Bi 0 Cj,ui + vjli

(4.2) N [Bi, uili := [By, Mg,

for every [B;,w)i, [Cj,vj]; € Pem/ ~ and A € R. We only check that the sum operator is
well-defined; the proof of the well-posedness of the multiplication by scalars follows along the
same lines. Suppose that {(Bi, u;)}, ~ {(Bj,u;)}, and {(Cj,vj)}j ~ {(C},v))},, in other
words D(u; —uj,) = 0 m-a.e. on B;N Bj, and D(v; —v;) = 0 m-a.e. on C; NCY for every choice
of i, 7, k, £, whence accordingly

L5
D((u; + vj) = (uj, +vp)) < D(uj —up,) + D(vj —vy) =0 m-a.e. on (B;NCj) N (B, NCY).

This shows that {(B; N Cj,u; + vj)}m. ~ {(B, NC),u), + vé)}u, thus proving that the sum

operator defined in (4.2) is well-posed. Now let us define

n

(4.3) H[Bi,ui]iHLP(T*X;D) = Z </

i=1 B;

1/p
(Du;)? dm) for every [B;,u;]; € Pcm/ ~ .
Such definition is well-posed: if {(Bi, uz)}l ~ {(Cj, Uj)}j then for all 4, j it holds that

L5
|Du; — Dvj| < D(u; —vj) =0 m-a.e. on B; N C},
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i.e. that the equality Du; = Dvj; is satisfied m-a.e. on B; N C;. Therefore one has that

Z </B (D)t dm) N - Z (/B,-mcj (Dus)? dm) N - Z </Blﬂcj (Dv;)” dm> N

i 1,7 .7

- (frn)”

which grants that || - || ,»px.py in (4.3) is well-defined. The fact that it is a norm on Pem/ ~
easily follows from standard verifications. Hence let us define

LP(T*X; D) = completion of (Pem/ ~, || | yo(7x. 1))
d: SP(X;D) = LP(T*X; D), du:=[X,u] for every u € SP(X; D).

Observe that LP(T*X; D) is a Banach space and that d is a linear operator. Furthermore,
given any [B;,u;]; € Pem/ ~ and h = 37, Aj X¢; € Sf(X), where (};); € R and (Cj); is a
Borel partition of X, we set

HBZ,UZ]Z| = ZXBiQui’
i
h[Bi,w)i = [Bi N Cj, \juils

One can readily prove that such operations, which are well-posed again by the pointwise
locality of D, can be uniquely extended to a pointwise norm |- | : LP(T*X;D) — LP(m)*
and to a multiplication by L*°-functions L*°(m) x LP(T*X; D) — LP(T*X; D), respectively.
Therefore the space LP(T*X;D) turns out to be an LP(m)-normed L°°(m)-module when
equipped with the operations described so far. In order to conclude, it suffices to notice that

|du| = |[X,u]| = Du holds m-a.e. for every u € SP(X; D)
and that [B;, u;); = Y, X, du; for all [B;, u;); € Pcm/ ~, giving i) and ii), respectively. O
An important property of the cotangent module is the closure of the differential operator:

Theorem 4.2 (Closure of the differential) Let (X,d, m) be a metric measure space and
let p € (1,00). Consider a pointwise local D-structure on (X,d,m). Then the differential
operator d is closed, i.e. if a sequence (un)n, C SP(X; D) converges in LY. (m) to u € Lf, (m)

and du, — w weakly in LP(T*X; D) for a suitable limit w € LP(T*X; D), then u € SP(X; D)
and du = w.

Proof. Since d is linear, we can assume with no loss of generality that du,, — w in LP(T*X; D)
by Mazur lemma, so that d(u, —u;,) = w—du,, in LP(T*X; D) for any m € N. In particular,
one has w, — Uy, — U — Uy, in LY (m) and D(up — up,) = ‘d(un —um)} — |w — dttyy,| in LP(m)
as n — oo for all m € N, whence u — u,, € SP(X; D) and D(u — up,) < |w — duy,| holds m-a.e.
for all m € N by A5 and L5. Therefore u = (u — ug) + up € SP(X; D) and

Tr}gnoo [du — dumHLp(T*X;D) = ngnoo HQ(U - um)HLp(m) < W}gnoo llw — dum”LP(T*X;D)

which grants that du,, — du in LP(T*X; D) as m — oo and accordingly that du = w. O



4.1. First-order differential structure of metric measure spaces 65

Furthermore, the differential operator satisfies the following calculus rules:

Proposition 4.3 (Calculus rules for du) Let (X,d,m) be any metric measure space and
let p € (1,00). Consider a pointwise local D-structure on (X,d, m). Then the following hold:

i) Let u € SP(X; D) and let N C R be a Borel set with L'(N) = 0. Then Xy-1(nydu = 0.

ii) CHAIN RULE. Let u € SP(X; D) and ¢ € LIP(R) be given. Recall that ¢ ou € SP(X) by
Proposition 2.13. Then

(4.4) d(pou) = ¢ oudu.

iii) LEIBNIZ RULE. Letu,v € SP(X; D)NL*>(m) be given. Recall that uv € SP(X; D)NL*>(m)
by Proposition 2.13. Then

(4.5) d(uv) = udv + v du.

Proof.
i) We have that |du| = Du = 0 holds m-a.e. on u~ (V) by item i) of Proposition 2.13, thus
accordingly X,-1(nydu = 0, as required.

ii) If ¢ is an affine function, say ¢(t) = at+ f, then d(pou) = d(au+ ) = adu = ¢’ cudu.
Now suppose that ¢ is a piecewise affine function. Say that (I,,), is a sequence of intervals
whose union covers the whole real line R and that (¢,,), is a sequence of affine functions such
that Q| = ¥y, holds for every n € N. Since ¢’ and 1/, coincide £!'-a.e. in the interior of I,,,
we have that d(po f) = d(¢, o f) =) o fdf = ¢’ o fdf holds m-a.e. on f~1(I,) for all n,
so that d(¢ o u) = ¢’ o udu is verified m-a.e. on |J,, u=1(I,) = X.

To prove the case of a general Lipschitz function ¢ : R — R, we want to approximate ¢
with a sequence of piecewise affine functions: for any n € N, let us denote by ¢, the function
that coincides with ¢ at {k/2" : k € Z} and that is affine on the interval [k/2", (k+1)/2"]
for every k € Z. It is clear that Lip(y,) < Lip(y) for all n € N. Moreover, one can
readily check that, up to a not relabeled subsequence, , — ¢ uniformly on R and ¢/, — ¢’
pointwise £'-almost everywhere. The former grants that ¢, ou — @ owu in Lt (m). Given
that !, —¢'[Pou (Du)P < 2P Lip(p)? (Du)? € L' (m) for alln € N and |¢!, —¢'|Pou (Du)? — 0
pointwise m-a.e. by the latter above together with i), we obtain [ |}, — '[P ou (Du)? dm — 0
as n — oo by the dominated convergence theorem. In other words, ¢}, o udu — ¢’ o udu in
the strong topology of LP(T*X; D). Hence Theorem 2.22 ensures that d(p o u) = ¢’ o udu,
thus proving the chain rule ii) for any ¢ € LIP(R).

iii) In the case u,v > 1, we argue as in the proof of Proposition 2.13 to deduce from ii) that
du dv
- + -

dgzjv) = dlog(uv) = d(log(u) + log(v)) = dlog(u) + dlog(v) = u v

)

whence we get d(uv) = udv + vdu by multiplying both sides by uv.
In the general case u,v € L*°(m), choose a constant C' > 0 so big that u+ C,v+ C > 1.
By the case treated above, we know that

d((u+C)v+C)) =(u+C)dv+C)+ (v+C)d(u+C)

(4.6) =(u+C)dv+ (v+C)du
=udv+vdu+ Cd(u+v),
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while a direct computation yields
(4.7) d((u+C)(v+C)) = d(uww + C(u+v) + C?) = d(uv) + C d(u + v).
By subtracting (4.7) from (4.6), we finally obtain that d(uv) = wdv + v du, as required. This

completes the proof of the Lebniz rule iii). O

Hereafter, we shall only consider the D-structure obtained by considering weak upper
gradients and p = 2. In this case, the cotangent module of (X, d, m) will be just denoted by

(4.8) L*(T*X) = L*(T*X; Dyug)-

In order to stress the dependence on the measure m, we shall sometimes write L2 (7*X).
Analogously, the differential df of a Sobolev function f € S?(X) will be sometimes denoted
by dmf. From now on, we shall follow | | unless otherwise specified. Let us define

LO(T*X) = L°-completion of L*(T*X),

(4.9) .
LP(T*X) = {w € LY(T*X) | |w| € LP(m)} for every p € [1, 00].
It turns out that LP(7*X) has a natural structure of LP(m)-normed L°°(m)-module.

Remark 4.4 Observe that the modules LP(T*X) and LP(T*X; Dyyg) might be different, the
reason being that — as alredy pointed out in Remark 2.29 — the Sobolev class SP(X) could
depend on the exponent p. |

Remark 4.5 If M is a smooth Finsler manifold, then L?(T*M) can be identified — in light
of Remark 2.26 — with the space of L2-sections of the cotangent bundle T*M of M. |

A standard cut-off and truncation argument gives the following result:

Proposition 4.6 Let (X,d,m) be a metric measure space. Then
(4.10) {df | f e W'(X)} generates L*(T*X) on X.

In particular, if WH2(X) is separable, then L*(T*X) is separable as well.

By duality we can thus introduce the space of ‘2-integrable vector fields’ over X:

Definition 4.7 (Tangent module) Let (X,d, m) be any metric measure space. Then we
define the tangent module L?(TX) of X as the dual of L>(T*X) in the sense of modules. Its
elements are called vector fields. We shall sometimes write L2 (TX) instead of L*(TX).

An L?-derivation on X is any linear map L : S?(X) — L!'(m) for which there exists
some function g € L?(m) satisfying |L(f)| < g|Df| in the m-a.e. sense for every f € S*(X).
The relation between L2-derivations and vector fields is explained by the following result, for
whose proof we refer to | , Theorem 1.20]:

Proposition 4.8 Let (X,d, m) be a metric measure space. Given any v € L*(TX), it holds
that vod : S%(X) — LY(m) is an L2-derivation on X. Conversely, given any L?-derivation L
on X, there exists a unique vector field v € L*(TX) such that L =vod.
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A metric measure space (X, d, m) is infinitesimally Hilbertian if and only if its associated
cotangent module L?(T*X) is a Hilbert module. Hence the following definition is meaningful:

Definition 4.9 (Gradient) Let (X,d,m) be an infinitesimally Hilbertian metric measure
space. Let f € S?(X) be given. Then we denote by Vf € L*(TX) the element corresponding
to df € L?(T*X) via the Riesz isomorphism (cf. Theorem 3.25) and we call it gradient of f.

Remark 4.10 (Calculus rules for Vf) We immediately deduce from the calculus rules
for the differential (see Proposition 4.3) that

V(ipof)=¢ o fVf for every f € S?(X) and ¢ € LIP(R),

(4.11)
V(fg)=fVg+gVf  forevery f, g€ S*(X)NL>®(m),

which are called chain rule and Leibniz rule for the gradient, respectively. |

The following two remarks are taken from the paper | ]

Remark 4.11 (Localisation of the cotangent module) Let (X,d, m) be a metric mea-
sure space. Fix an open set 2 C X and define m = m|,. Then the cotangent module LZ(T*X)
can be canonically identified with L2 (T “X)|» in the following sense: there exists a (unique)
linear isomorphism ¢ : L2 (T*X) — L%(T*X)m such that

lL(v)] = v] m-ae. for every v € L(T*X),

(4.12) B o .
(dzf) =dmf for every f € Wp*(X) with d(spt(f),X\ Q) > 0.

First of all, observe that the second line in (4.12) makes sense, because any map f € W2 (X)
with d(spt(f),X\ ) > 0 belongs to W]%’z (X) and satisfies |D f|z = |D f|m in the m-a.e. sense.
This can be proved by arguing as in | , Theorem 4.19] and | , Proposition 2.6].

Let us denote by F the family of all maps f as above. Then the set F is dense in W%’Z (X),
as follows by a standard cut-off argument, so that accordingly L%(T*X) is generated by the
1-forms dg f with f € F. Analogously, the set {dnf : f € F} generates L?‘I(T*X)‘Q. Now let
us define o( Y0 Xa, dafi) = Yoy Xa, dmf; for every 1-form Y"1 X4, dg fi, where (A;)7,
is a Borel partition of €2 and fy,..., f, € F. Hence ¢ can be uniquely extended to a linear
isomorphism ¢ : LZ(T*X) — Lﬁl(T*X), 0

Therefore it immediately follows that there exists a (uniquely determined) linear and
continuous isomorphism ¢ : LZ(TX) — L(TX)|,, such that

satisfying (4.12), which proves the above claim.

lo

(4.13) L(w)(t(v)) =w(v) m-a.e. in X, for every w € LA(T*X) and v € L3(TX).
In particular, the equality |¢c(v)| = |v| is satisfied m-a.e. in X for every v € LZ(TX). [ |

Remark 4.12 (Cotangent module on the Euclidean space) Fix any k € N and let us
consider the Euclidean space (R¥, dgya, £F). We denote by L?(R*, RF) the standard space of
2-integrable vector fields on R* and by L?(R*, (R¥)*) its dual, i.e. the space of 2-integrable
1-forms on R¥. Notice that the module dual of L?(R¥, (R¥)*) is L?(R* R¥).

We know that the Sobolev space W12(R¥) coincides with the classically defined one
via distributional derivatives. For any f € WH2(RF), we denote by df its distributional
differential, which naturally belongs to L%(R¥, (R¥)*). Its pointwise norm |df| coincides a.e.
with the minimal weak upper gradient |Df| of f (see [ ]). Tt is readily verified that the
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1-forms of the kind S°7 | X4, dfi — with (A;)™_; Borel partition of R* and (f;)7; C WH2(RF)
— are dense in L?(R¥, (R¥)*). Thanks to Theorem 4.1, these facts are sufficient to conclude
that the ‘concrete’ space of 2-integrable 1-forms L?(R*, (RF)*) and the abstract cotangent
module L?(T*R*) can be canonically identified (via the isomorphism sending df to df).
Once this identification is done, it also follows that the space of L? vector fields L?(R¥, R¥)
can be canonically identified with the tangent module L?(TR¥). Such identification allows us
to identify, for a given Borel set E C R¥, the restricted module LQ(TR’“)|E with L?(E,RF).
Finally, we point out that for every function f € LIP(R*) N W12(R¥) it holds that

(4.14) |df| = lip(f) is satisfied £*-a.e. in RF,
which represents a reinforcement of property (2.23). |

The notion of divergence can be obtained by taking the adjoint of the differential.

Definition 4.13 (Divergence) Let (X,d, m) be a metric measure space. Then we say that
a vector field v € L*(TX) has divergence in L%(m) — briefly, v € D(div) — provided there
exists a function g € L?(m) such that

(4.15) /fg dm = —/df(v) dm for every f € WH2(X).

The function g, which is uniquely determined, is denoted by div(v).

Remark 4.14 Given any v € D(div) and f € LIP,(X), it holds that gv € D(div) and
(4.16) div(fv) = df(v) + fdiv(v).

Indeed: take g € W12(X) and call g, = (g An) V (—n) € WH2(X) N L*>®(m) for n € N. Then

ot

(4.15) 4.5)

@) [ g.[af )+ raiv)]dn 2 [ lg,df0) - dfg)@]dn L - [ g, 7w dm.
By letting n — oo in (4.17), we conclude that formula (4.16) is satisfied. [

Nevertheless, we will mainly work with a more general notion: that of measure-valued
divergence (cf. | ]). For an earlier approach to this sort of definition, we refer to | .

Definition 4.15 (Measure-valued divergence) Let (X,d,m) be a metric measure space
with (X, d) proper. Let Q C X be an open set. Then we say that a vector field v € L*(TX) has
measure-valued divergence in Q — briefly, v € D(divy, Q) — provided there exists a Radon
measure p on £ such that

(4.18) /df(v) dm = —/fd,u for every f € LIP.(Q).

The measure wu, which is uniquely determined, is denoted by divm|Q(v). In the case ) = X, we
shall simply write D(divy) and divy(v) instead of D(divy, Q) and divm‘Q(v), respectively.

We have the following two basic calculus rules for the divergence, which are both conse-
quences of the Leibniz rule for the differential.
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Proposition 4.16 Let (X,d, m) be a metric measure space with (X,d) proper. Let Q C X be
an open set and let v € D(divy, Q). Fiz any g € LIPL(X). Then gv € D(divy,$2) and

(4.19) divin|(,(gv) = gdivin|,(v) +dg(v) m),.
Proof. Observe that for any f € LIP.(Q) it holds that
- [ Falgdivaig0) + dgeimyg) = [ar9)e) - sagte)dn L [ af(ge)dm

whence the statement follows. O

Proposition 4.17 Let (X,d, m) be a metric measure space with (X,d) proper. Let 1,Qq be
open subsets of X and let v € D(divy, Q1) N D(divy, Q1) be given. Then

(4.20) (divm|Q (v ))fﬂmﬂg (dlvm|92( ))’Qmﬂg'
Moreover, it holds that v € D(divy, Q1 U ) and
(4.21) (divm‘QIUQQ (U))|QZ = divp|q, (v) fori=1,2.

Proof. To prove (4.20), it is sufficient to consider Lipschitz functions with support in €; N Qs
— that are dense in C.(€21 N Q2) — in the definition of divm|Ql(v) and divm|q, (v). In order
to show (4.21), take any Lipschitz function f : X — R having compact support contained
in Q = Q) UQy and a Lipschitz partition of unity Xi,X2 : X — [0,1] of the space spt(f)
subordinate to the cover {Q1,2}. By letting u be the measure defined by (4.21), one has

/fd,u— /fX1d dlvm‘Q /fXQd lem’Q (v ))
_/( (fx1) +d(fx2))(v) dm

_ /df(v) dm

where we used the fact that d(X; + X2) = d1 = 0. This proves the validity of (4.21). O

We finally conclude the present subsection by introducing the notion of Laplacian.

Definition 4.18 (Laplacian) Let (X,d, m) be an infinitesimally Hilbertian metric measure
space and f € W12(X). Then we say that f has Laplacian in L?(m) - briefly, f € D(A) —
provided there exists a function h € L*(m) such that

(4.22) /hg dm = — / (Vf,Vg)dm for every g € WH(X).
The function h, which is uniquely determined, is denoted by Af.
It can be readily checked that for any f € W12(X) one has
(4.23) f e DA = Vf € D(div).
In this case, it holds that Af = div(Vf). In particular, D(div) is dense in L?(TX) by (4.16).

Remark 4.19 (Calculus rules for Af) One can easily prove the following calculus rules:

Alpof)=¢ o fAf+ "o fIVP,
A(fg)=fAg+gAf+2(VfVg),
for every f,g € D(A)NLIPL(X) and ¢ € C?(R). [

(4.24)
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4.1.2 Speed of a test plan

Let (X,d,m) be a given metric measure space. Let us fix a test plan @ on X. Then it
holds that (F(X),dr‘(x),ﬂ') is a metric measure space as well. Moreover, each evaluation
map e; has bounded compression from (F(X), dF(X),ﬂ') to (X,d, m), whence it makes sense
to consider the pullback e} L2(TX) of the tangent module — thus obtaining an L?(7)-normed
L>®(m)-module. Observe that ef L?(TX) is a Hilbert module as soon as the space (X,d, m) is
infinitesimally Hilbertian (by Remark 3.29).

Under suitable assumptions on (X, d, m), we have at our disposal a notion of ‘speed’ 7}
of a test plan 7 at time ¢, as described by the following result. For the proof of such fact, we
refer to [ , Theorem 2.3.18] or to | , Theorem/Definition 1.32].

Theorem 4.20 (Speed of a test plan) Let (X,d, m) be a metric measure space such that
the tangent module L?(TX) is separable. Let m be a test plan on X. Then there exists a
unique (up to Ly-a.e. equality) family 7, € ef L*(TX), t € [0, 1], such that

(4.25) lim L0 =S O iy for Li-ge € [0,1]
h—0 h

for every f € WH2(X), where the limit is intended in the strong topology of L (). Moreover,
the Borel function (v,t) — |m}|() satisfies for Li-a.e. t € [0, 1] the following property:
(4.26) o) =l for mace. .

The following technical fact will be needed in Chapter 6:

Proposition 4.21 Let (X,d, m) be a metric measure space such that L?(TX) is separable,
let  be a test plan on X and let f € WH2(X). Then the almost everywhere defined map

(4.27) 0,1] 3 t — (efdf) () € L ()

is a.e. equivalent to a Borel map.

Proof. For every h € (0,1), the map [0,1—h] >t + (foes s — foey)/h € L () is continuous.
Thus by classical arguments the set of ¢’s for which the limit as h — 0 exists is Borel. In
addition, the limit function — set to 0 when the limit does not exist — is Borel. ]

In the sequel, we will mostly focus our attention on those test plans 7r that are concen-
trated on an equiLipschitz family of curves. As illustrated by the next definition, we will
refer to them as ‘Lipschitz test plans’. The ensuing discussion is taken from [ .

Definition 4.22 (Lipschitz test plan) Let (X,d, m) be a metric measure space. Let m be a
test plan on X. Then we say that 7 is a Lipschitz test plan on X provided ms € L (mw x L1).
Let us define L(m) = [|ms| poo (2, )- In other words, L(m) is the smallest constant L > 0 such
that 7 is concentrated on the family of all L-Lipschitz curves in X.

Remark 4.23 Given any metric measure space (X,d,m) with L?(TX) separable and any
Lipschitz test plan 7 on X, it holds that

(4.28) |} < L(mw) m-a.e. on I'(X) for a.e. t € [0, 1],

as one can immediately infer from the very definition of Lipschitz test plan. |
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Whenever the test plan 7 is Lipschitz, one has (efdf)(w}) € L?(m) for all f € WH2(X).
One is led to wonder whether in this case the L!(7)-limit in (4.25) takes place also in L?(m).
The answer is affirmative, as shown by the following simple result:

Proposition 4.24 Let (X,d,m) be a metric measure space with L*(TX) separable. Let 7 be
a Lipschitz test plan on X. Let f € WY2(X). Then t + foe, € L?(m) is Lipschitz and

d
(4.29) a(f oey) = (efdf)(m}) for Ly-a.e. t €[0,1],

where the derivative is taken in the Banach space L*(m).

Proof. Given any t, s € [0, 1] with s < t, one has that

£ oe = foelfam = [ 1700 = F0n) dm(a)

</ ( / 1D 13) I%Idr>2d7r(v)

< (t— s)L(m)? / / Df () dr de()

< C(m) L(m)? | f [y (= )%,

which shows that t +— f oe; € L?(m) is Lipschitz. In particular, it is differentiable at almost
every t € [0,1] by Theorem C.4, so that (4.29) follows from (4.25). O

4.1.3 Tangent module on the weighted Euclidean space

The material contained in this subsection is entirely taken from [ ].

Let d € N\ {0} be fixed. Consider the Euclidean space R?, equipped with the Euclidean
distance dgy and with any non-negative Radon measure p. Then we have (at least) two
different ways of speaking about ‘L?(u)-vector fields’ on (R%, dgye, )

e the tangent module associated to (RY, dgycl, i), which will be denoted by LZ(T R9),

e the space L2(R? R? i) of all L?(p)-maps from RY to itself.
Our main concern here is to give an answer to the following question:
Which is the relation between Li(TRd) and L?(R%,RY; 11)?

In general, these two spaces are different: for instance, if 41 is a Dirac delta then L?(R%,R?; p)
has dimension d, while Lz(T R?) reduces to the zero space. Nevertheless, there is always a
canonical way to isometrically embed LZ(T RY) into L?(R% R% 1), as we are going to prove.

It can be readily seen that the spaces L?(R%, (R%)*; 1) and L?(R¢, R% 1) have a natural
structure of L?(u)-normed L*°(u)-module. More precisely, they are both Hilbert modules,
one the dual of the other. In order to keep a distinguished notation, their elements will
typically be underlined, while those of Li(T*Rd) and Li(TRd) will be not.

For instance, given any function f € C}(R?), we shall denote by df € L*(R?, (R%)*; ) its
‘classical’ differential and by df € Li (T*R?) its differential in the sense of modules. One has

(4.30) df| <lip(f) =|df|  p-ae. inRY,

as a consequence of property (2.23).
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Proposition 4.25 There ezists a unique L (u)-linear and continuous operator
(4.31) P: L*(RY, (RY*; ) — L2 (T*RY)
such that P(df) = df for every f € CX(R?). Moreover, it holds that

(4.32) ’P(g)’ < |w| p-a.e inR? for every w € L2(RY, (RY)*; ).

Proof. First of all, let us define the vector space V' C L*(R?, (RY)*; 1) as

V= {ZXAZ‘ dfz
=1

We define the operator P: V — Li(T*Rd) in the following way:

P(En:XAzdfz> :zanAzde for every En:XAzdfzev
=1 =1

i=1

n € N*, (4;)7; Borel partition of R?, (f;); C O} (Rd)}.

In particular, P(df) = df for all f € C}(R%). Note that (4.30) gives the u-a.e. inequality

i=1 i=1

This grants that the map P is well-defined, linear and continuous. Given that the space V is

(4.33)

= " xa, dfil <D xa, dfi] =
i=1 =1

dense in L?(R?, (R%)*; 1), we deduce that P can be uniquely extended to a linear continuous
operator P : L?(R%, (R)*; u) — Lz(T*Rd). The fact that such extension is L (u)-linear can
be checked by first noticing that P properly behaves with respect to multiplication by simple
functions, then arguing by approximation. Finally, property (4.33) says that (4.32) holds for
every w € V, whence also for any w € L2(R?, (R%)*; 1) by density of V. O

By duality with the map P, it holds that there exists a unique L (u)-linear continuous
operator ¢ : LZ(TRd) — L?(R%, R?; ) satisfying

(4.34) w(t(v)) = P(w)(v) for every v € Li(TRd) and w € LE(R?, (R *; ).
Furthermore, the bound in (4.32) grants that
(4.35) |(v)] < |v| holds p-a.e. in R4 for every v € Li(TRd).

We want to prove that equality holds in (4.35), i.e. that ¢ is actually an isometric embedding.
This will be achieved by showing that P is a quotient map, more specifically that it is
surjective and that it satisfies the following property:

(4.36) Vwe Li(T*]Rd) Jwe P Hw): |w=|w p-ae inR
We shall need the following lemma about the structure of Sobolev spaces over weighted RY.

Lemma 4.26 (Density in energy of C! functions) Let f € WY2(R?, dgya, 1) be given.
Then there exists a sequence (fn)n C CH(R?) such that fn, — f and |df,| — |df| in L?(p).
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Proof. We know from Theorem 2.27 that there exists a sequence (g, ), of compactly supported
Lipschitz functions g, : R? — R such that g, — f and lip,(g,) — |df| in L?(x). Choose any
standard family (px)gen+ of mollifiers such that spt(pr) C By/,(0). Now let n € N be fixed.
We define g¥ € C}(R?) for any k € N* as follows:

gn(@) = (gn * pr)(z) = /gn(Z) pr(x —z)dz  for every z € R”.

It is well-known that spt(g¥) C B, Jk (spt(gn)) for every k € NT and that ¢g¥ uniformly
converges to g, as k — oo, whence accordingly g* — g, in L?(u) since u is a Radon measure.
Moreover, if we choose r > % and z,y € R? such that 0 < |z — y| < 7, then it holds that

|gh(x) — gh(
|z —yl

y)| 1 .
= To—yl /BT(O) [9n(2 = 2) = 9n(y = 2)  pr() d2 < Lib(gn 5, (,)) /pk(z) az
= Lip(gn|B2r(I)).

By first letting y — 2 and then k — oo, we deduce that limy, [d ¢%|(z) < Lip(gy ) for

| Bor ()
every € R? and r > 0. By taking the infimum among all » > 0 we thus obtain that

(4.37) kﬁ |d g*|(z) < lip,(gn)(z) for every z € RY.
—00

Observe that also |dgF| < Lip(gn) X B, (spt(gn)) for every k € N*, so that by applying the
reverse Fatou lemma to (4.37) we get the inequality limy ngﬁ’HL?(u) < tha(gn)Hm(u)‘

Hence a diagonalisation argument gives the existence of a sequence (k,), such that f,, = gy»
satisfies

(4.38) Jim [|fr = fll g2 =0 and lim H’an‘HB(u) = H\df\Hm)-

n—o0

In particular, the sequence (|d f"Dn is bounded in L?(u). By recalling (4.30), we see that the
sequence (|d f"|)n is bounded in L?(u) as well. Therefore (up to passing to a not relabeled
subsequence) it holds that

|dfn] = G weakly in L*(u),
|dfnl = G weakly in L% (),
fn(z) = f(x) for p-a.e. z € RY,

for suitable functions G, G’ € L?(u1) such that G < G’ holds p-a.e. in R, Note that item i)
of Theorem 2.22 grants that |df| < G, whence the second property in (4.38) gives

n—oo

H’df’Hp(u) < HGI”LQ(M) < nh_%lowdf"wﬂ(u) < lim H’di‘HL?(M) < H’df|HL2(u)’

which forces the equality lim, H’Qf”H‘L?(u) = H\df]HLQ(M) = [|G'|2(,)- Hence G' = |df| and

accordingly |df,,| — |df| in L?(u), as required. O

Theorem 4.27 (Li(TRd) isometrically embeds into L?(RY,R%; 1)) The operator P as
i Proposition /.25 is a quotient map and its adjoint operator v : Li(TRd) — L2(Rd,Rd;u)
s a module morphism preserving the pointwise norm.
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Proof. First of all, we show that df belongs to the image of P for every f € WH2(R%, dgyel, ).
To this aim, pick (f,), € CH(R?) as in Lemma 4.26 and notice that (df,), is a bounded
sequence in L2(R?, (R%)*; ). Being such space reflexive, we have (up to a not relabeled
subsequence) that df, — w for some w € L?(RY, (R%)*; ;). Since the map P is linear and
continuous, we know that df,, = P(df,) — P(w) weakly in LZ(T *R%), whence the closure of
the differential (cf. Theorem 2.22) grants that df = P(w). Hence df is in the image of P.

We claim that |w| < |df| holds p-a.e. in R%: if not, there exists a Borel set A C R? such
that u(A) > 0 and |df|(z) < |w|(z) for p-a.e. x € A, whence the fact that x4 df, = Xaw
weakly in L2(RY, (R%)*; 1) and the strong L?(u)-convergence of |df,| to |[df| (that is granted
by Lemma 4.26) yield the inequalities

J sk an < [ el aus im [ 1an P = [ ark
A

n—oo

which lead to a contradiction. Therefore |w| < |df \ is satisfied p-a.e. in R?, as claimed above.
Since we have that |df| = |P(w)| < |w| holds p-a.e. in R? by (4.32), we see that |w| = |df],
which shows that property (4.36) is satisfied for w = df.

Denote by V' the space of all w € Lz(T*Rd) of the form Y " | X4, dfi, where (4;); is a
Borel partition of R? and fi,..., f, € WI2(RY, dgye, p). Now let w = > " | X4, df; € V be
fixed. As proven in the previous paragraph, there exist wy,...,w, € L?(R%, (R%)*; 1) such
that P(w;) = df; and |dfi| = |w;| for all i = 1,...,n. Given that P is a module morphism,
we deduce that P( Y1 X4, w;) = w and | Y1, X4, w;| = |w|, thus proving that the vector
space V' is contained in the image of P and that property (4.36) holds for any w € V.

Now fix w € Lﬁ(T*Rd). Since V is dense in Li(T *R%), there exists a sequence (wy), €V
that LZ(T*Rd)—converges to w. By the previous case, we know that for any n € N we can
pick w,, € P~!(w,) such that |w,,| = |w,|. In particular, the sequence (w,, ), is bounded in the
space L2(R%, (R?)*: 1), whence (up to a not relabeled subsequence) it holds that w,, weakly
converges to some w € L2(R? (R%)*; u). By Mazur lemma, we can also suppose that w,, — w
strongly in L?(RY, (R%)*; 1), thus accordingly w, = P(w,) — P(w) strongly in Li(T*Rd),
which yields P(w) = w. Up to a further subsequence, we can even assume that |w,| — |w|
and |w,| — |w| pointwise p-a.e. in R?, so that

lwl(z) = lim |wy|(z) = lim |w,|(z) = |w|(z) holds for p-a.e. z € R%.
n—oo

Therefore the operator P is surjective and property (4.36) is verified.

We turn to the last part of the statement. It suffices to prove that |.(v)| = |v| holds p-a.e.
for every v € L? (TRd) Let v € L2 (TRd) and ¢ > 0 be fixed. Then there exists w € L? (T*Rd)
such that ||w]| r3(r+rae) = 1 and f v)dp > |jv|| rz(rra) — € Hence, what prev1ously proved

grants the existence of some w € P~1(w) for Wthh lw| = |w| holds p-a.e. in RY. Therefore

[0 ooy = [ e dn 2" [ P)@)an = [ wle)an = ol rse —

By letting & \, 0 in the previous formula, we see that |[c(v) > |[vll g2 (7ray- Since
m

HLQ(Rd,Rd;M)
we also have the p-a.e. inequality ‘L(U)! < |v| by (4.35), we finally conclude that the map ¢

preserves the pointwise norm, as required. O

Corollary 4.28 Let ¢ : Li(TIR{d) — L2(R% R? 1) be as in Theorem 4.27. Consider some
vector fields vy,...,v, € LZ(T]Rd) that are independent on a Borel set E C R%. Then the
vectors 1(v1)(x), ..., 1(v,)(x) € RY are linearly independent for ji-a.e. point x € E.
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Proof. Let us choose some Borel representatives ¢(vy), ..., t(v,) : R* = R% of t(v1), ..., t(vn),
respectively. Since vy, ..., v, are independent on E by hypothesis — whence ¢(v1),. .., t(v,)
are independent on E by Theorem 4.27 — there exists N C E Borel such that u(N) = 0 and

ZQi t(vi)(z) #0 for every (q1,...,¢n) € Q" \ {0} and x € E'\ N.
i=1

This clearly grants that ¢(v1)(x),...,t(v,)(z) are linearly independent for every z € E'\ N,
thus yielding the statement. O

Corollary 4.29 Let i be any Radon measure on the Euclidean space R®. Then Li(T]Rd) 18
a separable Hilbert module.

Proof. Tt can be readily checked that L?(R% R% 1) is a separable Hilbert module. Then the
statement immediately follows from Theorem 4.27. |

We briefly recall few basic notions about 1-dimensional currents in the Euclidean space.
By 1-dimensional current T in R% we mean any linear continuous functional on the space
of all smooth compactly-supported differential 1-forms on R?. The boundary 0T of T is the
0-current (i.e. distribution) defined as (9T, f) = (T, df) for any smooth function f: R — R
having compact support. The mass of T is given by the supremum of (T, w) among all the
1-forms w on R? such that |w| < 1 everywhere. By applying Theorem 1.14, we can represent
any 1-dimensional current 7' with finite mass as T' = T ||T|, where ||T|| > 0 is a finite Borel
measure on R? and T € L' (R%,R% ||T) satisfies ‘f(x)‘ =1 for ||T'||]-a.e. x € RY. Then

(4.30) (T,w) = / (w(2), T(x)) d|T) ()

for any smooth compactly-supported 1-form w on R?. Finally, we say that a 1-dimensional
current T" is normal provided both T" and 90T have finite mass. We refer to | | for more
information about currents in the Euclidean space.

Now consider a Radon measure y on R? and the embedding ¢ : LZ(TR‘[) — L2(RY RY; ),
whose existence has been proved in Theorem 4.27. We can further proceed by associating to
each vector field v € Li(T]Rd) a 1-dimensional current Z(v) in R?, defined as follows:

(4.40) (20.0) = [w() du= [ P@))ds

for every smooth compactly-supported 1-form w on R? (with P given by Proposition 4.25).
It is clear that Z(v) has locally finite mass and that — since ¢ preserves the pointwise norm —
the mass measure HI(U)H is given by |v|g. The boundary of Z(v) acts on f € C°(R?) as

(4.41) 1), £) = (2. df) = [ 760 an L [arw ap.

By looking at the third expression in this chain of equalities, we see that dZ(v) has locally
finite mass if and only if the distributional divergence of ¢(v)u is a Radon measure. In this
case, such measure coincides with —9Z(v). Finally, by looking at the last term in (4.41) and
comparing it with Definition 4.15, we obtain the following result:

Corollary 4.30 Let v € Li(TRd) be such that t(v) has compact support. Then Z(v) is a
normal current if and only if v € D(div,). In this case, it holds that 0Z(v) = —div,(v).
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4.1.4 Maps of bounded deformation

Let us fix two metric measure spaces (X,dx, mx) and (Y, dy,my).

Definition 4.31 (Map of bounded deformation) Let ¢ : X — Y be a given Borel map.
Then we say that ¢ is a map of bounded deformation provided it is of bounded compression
(cf. Definition 3.26) and Lipschitz.

Maps of bounded deformation satisfy the following fundamental property:

Proposition 4.32 Let ¢ : X — Y be a map of bounded deformation. Let f € S?(Y) be fized.
Then it holds that f o p € S*(X) and

(4.42) |d(f o @)| <Lip(p)|dfloy  mx-a.e. inX.

In particular, if f € WY2(Y) then fop € WH2(X).

Proof. Consider the map ¢ : I'(X) — I'(Y) defined as vy — ¢o~. Given any v € AC([O, 1], X),
it turns out that ¢(vy) € AC([0,1],Y) and that ms((7),t) < Lip(¢) ms(y, t) for a.e. t € [0,1],
whence @, is a test plan on Y whenever 7 is a test plan on X. Then for f € S*(Y) one has

/ I(f 0 9)(m) — (f 0 ) (70)| dmr(7) = / £(o1) — F(o0)] d(@)(0)
1
< [ s msto. ata(emo)
1
- / /0 (14f10 9) (3) ms((2), 1) dt dm(7)
1
< Lip(y) / /0 (14f1 0 ©) () [3¢] dt d ().

By arbitrariness of 7, we conclude that f o ¢ € S?(X) and that property (4.42) holds. O

In the right hand side of (4.42) the quantity Lip(¢) appears. The following result shows
that the global Lipschitz constant can be replaced by a ‘more local’ object; see [ ].

Lemma 4.33 Let ¢ : X = Y be a map of bounded deformation. Let E C X be a Borel set.
Then for any f € WH2(Y) we have that

(4.43) Xg |[d(f o )| < Lip(g; E) Xg |df| o ¢ holds mx-a.e. in X.

Proof. Choose a sequence (f,)n, € LIPp(Y) such that f, — f and lip,(f,) — |df| in L?(my).
Let n € N be fixed. Given any x € E and r > 0, there exists a Lipschitz map g € LIP(X)
such that Lip(g) = Lip(fn 0 ¢; ENBy(2)) and g = fn 0 on EN B,(x). Since ¢(E N B, (z))
is contained in the ball By (), (¢(z)), we have that

(4.44)  Xpnp,(2) |d(fn 0 ©)| = XprB, @) |dg| < Lip(g) < Lip(p; E) Lip(fn; Bripe)r (¢(2)))

holds mx-a.e.. Given that Byy(e)r (cp(x)) C BaLip(p)r (go(y)) is satisfied for every y € B,(z),
we deduce from (4.44) and Lindel6f lemma that

(4.45) |d(fn o go)’(m) < Lip(¢; E) Lip (fn, Batip(e)r (ga(:v))) holds for mx-a.e. v € E.



4.1. First-order differential structure of metric measure spaces 77

By letting 7 N\, 0 in (4.45), we thus obtain the mx-a.e. inequality
(4.46) Xg |d(frn 0 @)| < Lip(p; E) X lipg(fa) © ¢ for every n € N.

Notice that |d(fn o ¢)| < Lip(¢)|dfn| © ¢ < Lip(¢)lip,(fs) o ¢ is satisfied mx-a.e., thus
accordingly the set of all functions }d( fnop)|, with n € N, is norm bounded in L?(mx). In
particular, possibly passing to a (not relabeled) subsequence, one has that ‘d( fno go)’ —h

weakly in L?(mx) for a suitable map h € L?(mx). By lower semicontinuity of minimal weak
upper gradients, we deduce that ‘d(f o 90)‘ < h holds mx-a.e.. Since lip,(fn) o p — |df|op
weakly in L?(mx), we finally conclude by recalling (4.46) that

X |[d(f o ¢)| < Xph < Lip(p; E)Xg|df] o ¢ holds mx-a.e. in X,
yielding (4.43) and accordingly the statement. O
Theorem 4.34 (Differential of maps of bounded deformation) Suppose that L?>(TY)

s separable. Let ¢ : X — Y be a map of bounded deformation. Then there exists a unique
L (mx)-linear continuous map dp : L2(TX) — @*L*(TY), called differential of ¢, such that

(4.47) (¢*df)(de(v)) = d(f o ¢)(v) for every f € WY(Y) and v € L*(TX).
Moreover, it holds that

(4.48) |dp(v)| < Lip(¢) [v] mx-a.e. for every v € L*(TX).
Proof. Fix v € L*(TX). Let us define L,(¢*df) = d(f o ¢)(v) for any f € WH2(Y). Since

(4.42)
d(fop))| < Lip(e) [df]oplel = Lin() [o"dfl o] mx-a.c.

we see that L, (¢*df) is well-posed and that L, can be uniquely extended to an L (mx)-linear
and continuous map L, : ¢*L*(T*Y) — L'(mx). Theorem 3.34 grants that L, corresponds
to an element dy(v) € ¢*L?(TY), which clearly satisfies properties (4.47) and (4.48). O

Remark 4.35 Without the separability assumption on L?(TY), it is still possible to build
a differential dp : L?(TX) — (gp*LZ(T*Y))*, as shown in the proof of Theorem 4.34. |

It is possible to refine of inequality (4.48) by using Lemma 4.33 (cf. | D:

Proposition 4.36 Suppose that L2(TY) is separable. Let o : X — Y be a map of bounded
deformation. Fix any Borel set E C X. Then for any v € LQ(TX)|E we have that

(4.49) ’dcp(v)‘ < Lip(p; E) |v] holds mx-a.e. in E.
Proof. Given any f € W2(Y), it mx-a.e. holds that

(4.43)
xp|(#*df) (de(v)) | = Xe [d(f 0 @)(0)| < Xp[d(f 0 @)| o] < Lin(pi B)xpldfle ¢ v
= Lip(p; E) Xg |¢*df| |v],

which grants that (4.49) holds by L*(mx)-linearity and continuity of dy(v). O
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Let (X,dx,mx), (Y,dy, my) be metric measure spaces with L?(TY) separable, so that
the module dual of ¢*L?(T*Y) can be identified with ¢*L?(TY) for any map ¢ : X — Y of
bounded deformation (recall Theorem 3.34). We now follow | |: we claim that

(4.50) w(Pry(w)) = Pry((¢*w)(w)) for every w € L2(T*Y) and w € *L*(TY).

To prove it, notice that both sides of the identity are linear continuous with respect to w and
agree on those w’s of the form f ¢*v, with f € L>®(mx) and v € L?(TY).

Proposition 4.37 Let (X,dx,mx), (Y,dy, my) be metric measure spaces such that L*(TY)
1s separable. Let ¢ : X — Y be a map of bounded deformation with g,mx = my. Suppose
that for some Borel set E C X we have that ar 18 injective with (g0|E)_1 Lipschitz. Assume
also that Lipschitz functions on X are dense in W12(X). Then the map

(4.51) L*(TX)|, 3 v = Pry(de(v)) € LX(TY)

is injective. In particular, ifvy,...,v, € L*(TX) are independent on the set E, then the vector
fields Pry(de(Xgv1)), ..., Pro(de(Xgvn)) € LA(TY) are independent on Imy,(E) C Y.

Proof. By inner regularity of myx, we can assume that F is compact. The assumption that
Lipschitz functions on X are dense in W?(X) grants that {df : f € LIP(X) N W'?(X)} is
dense in {df : fe WI’Q(X)} with respect to the L?(T*X) topology. Recalling that L?(T*X)
is generated by the differentials of functions in W12(X), we therefore deduce that

V= {XEZhidfi

i=1
is dense in L2(T*X)‘E. Now let f € LIP(X) N WH2(X) be fixed. Consider the Lipschitz
function f o ((p| E)_1 defined on ¢(FE) and extend it to a Lipschitz function g on Y with
bounded support. Then we have g € W12(Y) and go ¢ = f on E. This identity and the
locality of the differential imply that Xgpdf = Xg d(g o ¢), so that

n €N, (fily C LIP(X) A WH2(X), (h)l, C L°°<mx>}

V C W = {L*°(mx)-linear combinations of Xgd(go ¢), g € WLQ(Y)},
thus accordingly
(4.52) W is dense in L*(T*X)| .
Moreover, we claim that for any f € L!(mx) concentrated on E we have

(4.53) Pro(f) =0 my-a.e. = f=0 mx-ae.

To prove it, it suffices to define g € L'(my) as g = Xo(E) Sgn(f o (@,E)_l) and to notice that

0= [Pra(f)dmy = [gdo(fme) = [goprame= [ |f]amy

The injectivity claim follows from this fact: given any v € L?(TX)) ., it holds that

Pr, (d«p(v)) =0
(by (4.50))
(by (4.53))

|
w(Pry(de(v))) =0 for all w € LY(T*Y)
Pro,((¢*w)(dep(v))) =0 for all w € L*(T*Y)
(¢*w)(dp(v)) =0 for all w € L*(T*Y)
(p*dg)(dp(v)) for all g € WHA(Y)
d(gop)(v) =0 forall g € lez(Y)

v=0.

(by (4.47))
(by (4.52))

rrreey
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In order to prove the last claim, just observe that for any fi,..., f, € L°(my) we have
n (3.31) n n
Z fiPro(de(xpv)) = Z Pro(fi o pdp(Xpvi)) = Pry (dcp (XE Z fio (pUi))a
i=1 i=1 i=1
therefore
n n
D fiPro(de(xpu)) =0 = XpY_ fiopvr;=0
i=1 i=1
= fiop=20 mx| -a.e. foralli=1,...,n
= fi=0 gp*(mX‘E)—a.e. foralli=1,...,n
= fi=0 my-ae. onlm,(F) foralli=1,...,n.
Hence also the last statement is achieved, thus completing the proof. O

We conclude the present subsection by pointing out how the measure-valued divergence
(introduced in Definition 4.15) is transformed under maps of bounded deformation:

Proposition 4.38 Let (X,dx, mx), (Y,dy,my) be metric measure spaces such that (X,dx)
and (Y,dy) are proper. Let ¢ : X — Y be a map of bounded deformation with my = p,mx.
Suppose that the map @ is proper, i.e. the set o~ '(K) is compact whenever K CY is compact.
Then for any v € L*(TX) and f € WY2(Y) it holds that

(4.54) /df(Prw(dgo(v))) dmy = /d(fo<p)(v) dmy.
In particular, if v € D(divmy ), then Pr,(dp(v)) € D(divam,) and

(4.55) divin, (Pry,(de(v))) = @i (diving (v)).
Proof. Fix f € LIP.(Y). Recalling (4.50) and the definition of dy(v), we have that

df (Pry(de(v))) = Pry((¢*df)(de(v))) = Pry(d(f o ) (v)).

By integrating with respect to my and using the trivial identity [ Pry(g)dmy = [ gdmx,
which is valid for any g € L'(mx), we deduce that

[ a5(Proapto) dpams = [ (s o plwydms == [ £ o pa(divm v)
= —/fd(p* (divmx(v)).

Since the function f has been arbitrarily chosen, we get the statement. O

4.1.5 An alternative notion of differential for R%valued maps

In Chapter 5 we shall deal with maps ¢ defined on some Borel set £ C X and taking values
into the Euclidean space R¥. In addition, the map ¢ : E — ¢(E) under consideration will
be of bounded deformation, invertible and with inverse of bounded deformation. Thanks to
the high regularity of the target space R¥ and to the invertibility of ¢, it will be possible to

associate to any element v € L2(TX)) ., a ‘concrete’ vector field ago(v) in L?(p(E),R¥).

|E

Such a new notion of differential ago — tailored for this kind of maps ¢ — is described by
the following result, which has been originally proved in [ ].
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Theorem 4.39 Let (X,d, m) be a metric measure space with W12(X) reflevive. Let E C X
be a Borel set and ¢ : E — R¥ be a Lipschitz map. Suppose there exist L,C > 1 such that

v: E— ¢(F) is L-biLipschitz,

(4.56) 1k .
C Ly < elmyg) < CLY

w(E)

Then there exists a unique linear and continuous operator ago : LQ(TX)|E — L? (@(E),Rk),
called differential of @, which satisfies the following conditions for any v € LQ(TX)’E:
dg(acp(v)) = (d(g o@)(v)) o1 for every g € LIP.(R¥),

(4.57) e P
de(fv) = foe " dep(v) for every f € L% (m),

where @ : X — R¥ is any Lipschitz extension of ¢. Moreover, we have that
(4.58) L olop™t < ‘ago(v)‘ <L|vjoyp™? holds LF-a.e. in p(E)
for every vector field v € LQ(TX)‘E.

Proof. Fix any Lipschitz extension @ : X — R¥ of . We divide the proof into several steps:
STEP 1. We claim that it is enough to prove the statement for m finite. Indeed, suppose the
thesis holds for finite measures and consider any (not necessarily finite) reference measure m
on X. There is a sequence (Kp), of disjoint compact subsets of E with m(E \ |J,, K,) =0,
by inner regularity of m. Given that m is also outer regular, we can find a sequence (€2,),
of open subsets of X such that K, C Q, and m(€,) < +oo for every n € N. Fix any n € N
and call m,, = m, . Hence we can apply the theorem to the map e thus obtaining a
Ik, — L2((Ky),R¥) such that the following
conditions are satisfied L*-a.e. in ¢(K,) for any v € L2, (TX)

linear and continuous operator T,, : L2, (TX)
|

-1 for every g € LIP.(R¥),

dg(Tu(v)) = (d(g o P)(W)) © (¢, )
(4.59) To(fv)=fo (g@,Kn)_l T, (v) for every f € L>(m,,),

L ol o (o, )™ < [Tal@)] < Lol o (o, )™

Denote by ¢y, : LZ (TX) — L%(TX)|Q
can ‘glue’ together the functions 7;, obtained above — thanks to the third line in (4.59) — in
the sense that there exists a unique map de : LEI(TX)|E — L?(p(E), R*) such that

the isomorphism built in Remark 4.11. Therefore we

~

Xo(K,) dp(v) =T, (10t (Xa,v)) LFae. in o(K,), for all v € Li(TX)’E and n € N.

We then deduce from (4.59) that de is a linear and continuous operator satisfying both (4.57)
and (4.58), as required.

STEP 2. From now on, suppose that m is a finite measure. Define y = @, m, which is a
finite Borel measure on R¥. In particular, we have that LIP.(R¥) C Wﬁ’z(Rk). The tangent
module Li (TRF) turns out to be isometrically embedded into the space L?(R¥,R¥; ) of all
the L?(u)-vector fields from R” to itself, as proved in Theorem 4.27, thus LZ(TR’“ ) is separable
(Corollary 4.29). Since @ is of bounded deformation when viewed as a function from (X, d, m)
to (R¥,|-|,p1), we can then consider its differential dp : L?(TX) — @*LZ(TR’“). Now let us

fix any vector field v € L2(TX)‘E. The family of all finite sums of the form > ;" | X4, dg; —
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where (A;), is a Borel partition of ¢(E) and (g;)?_; C LIP.(R¥) —is a dense vector subspace
of L?(p(E), (R*¥)*). Given any such simple 1-form w = >_7" | X4, dg; € L* (¢(B), (R*)*), let

(4.60) To(w) =) Xa, (@ dugi) (dp(v)) 0 97" € L (p(E)).
i=1

The operator T, is well-defined, as granted by the following £k| -a.e. inequalities:

w(E)

ITo@)] = Y- xa, | (9" dugi) (42(0) | 0 97 < [d(0) [0 671 Y X, ldugil 0 07"
i=1 =1

(4.61)

< |dp(v)] o ¢~ ZXA lip(gi) = |dp(v)] 0 ™" |wl.
i=1

Another consequence of property (4.61) is that the operator T, can be uniquely extended to
a vector field acp(v) e L? (@(E),Rk), for WhicAh ’acp(v)‘ < ’d@(v)’ o™ holds LF-a.e. in p(E).
Furthermore, it can be readily verified that dy is the unique operator satisfying (4.57).

STEP 3. In order to conclude the proof, it only remains to show (4.58). Let v € LQ(TX)‘E.
It immediately follows from Proposition 4.36 that ‘&p(v)} < L|v|op™! holds LF-a.e. in ¢(F).
To prove the other inequality in (4.58), we need a more refined argument: fix ¢ > 0. Given
that |v| = esssup w(v), where the essential supremum is taken among all the w € L?(T*X)
with |w| < 1 mx-a.e., there exists w € LQ(T*X)‘E such that |w| =1 and w(v) > (1 —¢) |v| are
verified mx-a.e. in E. Since the simple forms >, X4, df; € L?*(T*X) are dense in L?(T*X), we
can apply Egorov theorem to obtain a partition (K™),en of E (up to mx-negligible sets) into
compact sets and a sequence (f™), C W12(X) such that |[df"?| < 1 and df"*(v) > (1 —€)? |v]
hold mx-a.e. in K" for every n € N. By using the reflexivity of W12(X), Theorem 2.27
and Egorov theorem, we can find a partition (K" )nen of K™ (up to mx-negligible sets) into
compact sets and a sequence of functions (f7),, € LIP(X) N W2(X) such that lip,(f?) < 1
and df7 (v) > (1 — ¢)3 |v| are satisfied mx-a.e. in K for every m € N. Let us denote by 17
the inverse of the map Plpen K] — ¢(K) and pick any compactly supported Lipschitz

map h?, € LIP.(R¥) such that h? ml,
satisfied L£¥-a.e. in the set p(K"):

(Kn) = fll opl* . Observe that the following statement is

) (1.19)

D D (R )) < LIDCER) lip(f) 0 v < L.

(4.62) ann | YL gipepe ) U2

Moreover, the fact that f) = hiy, © P o yields Xgp dfy, = Xkp, d(h} o P), so that

|Kn,

| Oy din) (Ap(0) | = Xoaey) | @ i) ([dp(0) | 0677

> Xy(rp,) (d(hy, 0 D) (v) 0!
= Xp(xp,) (dfpm(v)) 0™
>(1- 6)3 Xo(kn) [v] o o ! holds £*-a.e. in p(K™).

In particular, (4.62) grants that ‘ago(v)‘ > (1—¢)?L7 |v| oot is satisfied LF-a.e. in o(KP)
for any n,m € N, hence also .Z*-a.e. in all of p(F). By letting ¢ \, 0, we finally obtain that
the inequality !H@(v)’ > L7 ! |v| o ™! holds LF-a.e. in p(E), concluding the proof of (4.58).
Therefore the statement is finally achieved. O
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4.2 Second-order differential structure of RCD spaces

4.2.1 Definition of RCD space

The theory of synthetic Ricci curvature bounds for nonsmooth spaces has seen impressive
developments in the last few years. In this subsection we just briefly recall the most important
ideas behind these notions, referring to the surveys | , , ] for a thorough
account about their history and their main properties.

The first concept of lower Ricci curvature bounds for possibly nonsmooth structures is
the so-called Ricci limit, which has been introduced by J. Cheeger and T. Colding in [ ].
Such spaces are obtained as Gromov-Hausdorff limits of a sequence of smooth Riemannian
manifolds with a uniform lower bound on the Ricci curvature. The structural properties of
Ricci limits are deeply investigated in the papers | , , , .

Besides this ‘extrinsic’ approach (i.e. obtained via approximation with smooth objects),
several ‘intrinsic’ approaches (i.e. obtained without referring to Riemannian manifolds) made
their appearance in the literature during the last decade. In general, such notions are usu-
ally referred to as curvature-dimension conditions. As we are going to briefly describe, the
corresponding theories can be divided into two main groups:

e LAGRANGIAN APPROACH. Omne can impose lower Ricci curvature bounds on metric
measure spaces by requiring convexity of suitable integral functionals along geodesics
in the Wasserstein space (cf. Subsection 1.3.2 for this optimal transport terminology).
The idea of looking at convexity along Wa-geodesics is due to McCann | ]. Sturm
[ , ] and Lott-Villani [ | independently proposed the first definition
of curvature-dimension condition — called CD(K, N) condition — by taking inspiration
from the results about Riemannian manifolds achieved in | , , |. The
term CD(K, N) indicates that, in some generalised sense, the Ricci curvature is bounded
from below by K € R and the dimension is bounded from above by N € [1, o0]. In order
to have better tensorisation and globalisation properties, a weaker curvature-dimension
condition — called reduced curvature-dimension condition or CD*(K, N) condition — has
been introduced by K. Bacher and K. T. Sturm in | |. Moreover, another variant
of CD space is the entropic CD®(K, N) space, introduced in | ].

Nevertheless, we point out that all the several notions of CD space mentioned so far allow
for Finsler structures. The intention to select a class of spaces that rules out all Finsler
manifolds led to the definition of RCD(K, N) space, see | , ) ],
where the added letter R stands for ‘Riemannian’. Shortly said, an RCD space is an
infinitesimally Hilbertian CD space (recall Definition 2.25). In a similar fashion, one
can define the class of RCD* (K, N) spaces. It has been proven by F. Cavalletti and E.
Milman in [ ] that the RCD(K, N) condition and the RCD*(K, N) condition are
actually equivalent (whenever the reference measure is finite).

e FULERIAN APPROACH. It is also possible to define a curvature-dimension condition at
the level of Dirichlet forms and I'-calculus, thus leading to the Bakry-Emery theory.
This method — originally proposed by D. Bakry and M. Emery in | , ] — has
been motivated by the study of hypercontractivity for diffusion processes. In our metric
measure space setting, the key concept is the so-called BE(K, N) condition, introduced
by L. Ambrosio, N. Gigli and G. Savaré in | |. Informally speaking, this approach
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consists of a suitable weak formulation of the Bochner inequality, which is capable of
encoding both the Ricci curvature bound and the dimension one at the same time. The
BE condition and the RCD one are equivalent, as shown in | | and | |; a
precursor of the proof of such equivalence is given by K. Kuwada’s paper | |. This
is the language we shall adopt in the present thesis (cf. Definitions 4.40 and 4.41).

A fundamental feature of the class of RCD(K, N) spaces is that it is closed under measured
Gromov-Hausdorff convergence, thus in particular it contains all the Ricci limit spaces. We
refer to [ | for a comprehensive discussion about the several geometric properties and
functional inequalities that are available in the CD/RCD framework.

We now give the definition of RCD(K, 0o) space (following the axiomatisation of | ],
but formulated in terms of the language of normed modules).

Definition 4.40 (RCD(K, ) space) Let K € R. Then a metric measure space (X,d, m)
is said to be an RCD(K, o0) space provided the following properties are satisfied:

i) The space (X,d, m) is infinitesimally Hilbertian.
ii) There exist C >0 and T € X such that m(B,(z)) < e for every r > 0.

iii) SOBOLEV-TO-LIPSCHITZ PROPERTY. Ewvery function f € WV2(X) with |Df| € L>™(m)
admits a Lipschitz representative f such that Lip(f) = H|Df|HL°°(m)‘

iv) WEAK BOCHNER INEQUALITY. Given any f € D(A) and g € D(A) N L>®(m)" such
that Af € WH2(X) and Ag € L>(m), it holds that

(4.63) ;/|Df|2Agdm2/[(Vf,VAf>+K|Df|2]gdm.

By building on top on the previous definition, we can also introduce the finite-dimensional
refinement of the RCD condition (again taken from [ ).

Definition 4.41 (RCD(K, N) space) Let K € R and N € [1,00). Then a metric measure
space (X,d,m) is said to be an RCD(K, N) space provided it is an RCD(K, c0) space and it

satisfies the following variant of the weak Bochner inequality:
1
@oy 5 [IDfFagdn= [ [(ANPN +(V£,98H) + K D F]gdm
for every f € D(A) and g € D(A) N L¥(m)* such that Af € WH2(X) and Ag € L (m).

Remark 4.42 Let (X,d,m) be an RCD(K, N) space, for some K € R and N € [1,00). Let
us consider any two measures p,v € 5(X) with bounded support such that p,v < Cm.
Then the family OptGeo(u, v) consists of a unique element 7, which satisfies

(4.65) (er)sm < ACm for every t € [0, 1],

where the constant A > 1 depends just on K, N and diam (spt(u) U spt(u)). More generally,
it holds that 7 is a test plan. For a proof of these facts, see [ , Lemma 3.2]. |
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4.2.2 Hessian and covariant derivative

Let (X,d, m) be a fixed RCD(K, c0) space, for some K € R. A fundamental notion that we
need in order to develop a second-order differential calculus on X is that of test function,
which has been introduced in [ ]:

(4.66) TestF(X) = { f € D(A) N LIP(X) N L% (m) ‘ AfeW2(x)}.

The presence of many test functions is granted by the regularising properties of the heat
flow, which we are now going to briefly describe. The heat flow on (X, d, m) is the gradient
flow (h;) of the Dirichlet energy f + &(f) = 3 [|Df[*dm (cf. the monography | D,
meaning that for any f € L?(m) it holds that [0, +oc) > t + hyf € L?(m) is the unique
continuous curve with hyf = f that is absolutely continuous in (0, +00) and satisfies

d
(4.67) I hef = Ahyf for a.e. t > 0.

The heat flow fulfils the weak mazimum principle: if a function f € L?(m) satisfies f < C in
the m-a.e. sense for some constant C' € R, then for any ¢ > 0 the inequality h.f < C holds
m-a.e.. This grants that the heat flow operator can be extended to the space L' (m)+ L>(m).
Two fundamental properties of the heat flow on RCD spaces are the following:

e BAKRY-EMERY ESTIMATE. Given any f € W12(X) and ¢ > 0, it holds that

(4.68) |Dh f]? < e 2K¢ ht(\Df|2) in the m-a.e. sense.

e [°-TO-LIPSCHITZ REGULARISATION. If f € L°°(m) and t > 0, then h;f € LIP(X) and

t 1/2
(4.69) <2/0 e”“ds> Lip(he f) < [If1] oo (m)-

We now collect those properties of the family TestF(X) that will be needed in the sequel:
Proposition 4.43 The following properties hold:
i) The family TestF(X) is dense in W12(X).
ii) It holds that (Vf,Vg) € WH2(X) whenever f,g € TestF(X).
iii) The space TestF(X) is an algebra.

In order to introduce the Hessian of a Sobolev function, we need the notion of tensor
product of Hilbert modules — already described in Subsection 3.1.5. For the sake of brevity,
we shall make use of the following shorthand notation:

L2((T*)®2X) - LZ(T*X)®2 — L2(T*X) ®L2(T*X),

Then the space W22(X) is defined as follows:
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Definition 4.44 (Hessian) Let f € WY2(X) be given. Then we say that the function f
belongs to the space W2 (X) provided there exists a tensor A € L*((T*)¥?X) such that

Q/hA(Vgl,VQQ) dm
(4.71)

=— / (Vf, V1) div(hVgs) + (Vf,Vg2) div(hVg1) + h (V f,V(Vg1,Vgs)) dm

holds for every g1, g2 € TestF(X) and h € LIP,(X). The element A € L*((T*)®?X), which
is uniquely determined, is called Hessian of f and denoted by Hess(f). Moreover, we endow
the vector space W2(X) with the norm || - lw22(x), given by

(4.72) [fllw22x) = \/Hf”%z(m) +|df 172 rex) + |[Hess ()| L2 ((rey22x)
for every f € W22(X).

The main properties of W2?2(X) and of the Hessian are given by the following result:
Proposition 4.45 The following properties hold:

i) It holds that W22(X) is a separable Hilbert space.

ii) The Hessian is a closed operator, i.e.

(4.73) {( £, Hess(f)) ‘ fe WQ’Z(X)} is closed in WY2(X) x L2((T*)*2X).
iii) The Hessian is symmetric, i.e. Hess(f)t = Hess(f) for every f € W22(X).

The fact that the space W22(X) is sufficiently vast is ensured by the following theorem:

Theorem 4.46 [t holds that D(A) C W22(X) and
(4.74) / ‘Hess(f)ms dm < /(Af)2 — K|Vf*dm for every f € D(A).

In particular, we have that TestF(X) is contained in W%?2(X). Nevertheless, we do not
know whether it is dense in W22(X), whence the following definition is meaningful:

Definition 4.47 We define the space H*?*(X) as the W*2(X)-closure of TestF(X).
We conclude the discussion about the Hessian by recalling some calculus rules:
Proposition 4.48 (Calculus rules for the Hessian) The following hold:

i) PRODUCT RULE FOR FUNCTIONS. Let f, g € W22(X)NLIP,(X) be given. Then it holds
that fg € W22(X) and

(4.75) Hess(fg) = fHess(g) + gHess(f) + df ® dg + dg @ df m-a.e. in X.

ii) CHAIN RULE. Let f € W22(X)NLIP(X) be given. Take p € C*(R) with o', ¢" bounded
and ©(0) = 0. Then it holds that p o f € W?2(X) and

(4.76) Hess(po f) =" o fdf @ df + ¢ o f Hess(f) m-a.e. in X.
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iii) PRODUCT RULE FOR GRADIENTS. Let f,g € H>*(X) NLIP(X) be given. Then it holds
that (Vf,Vg) € WH3(X) and

(4.77) d(Vf,Vg) = Hess(f)(Vyg,-) + Hess(g)(Vf,") m-a.e. in X.

With the notion of Hessian at disposal, we can give the definition of covariant derivative:

Definition 4.49 (Covariant derivative) Let v € L*(TX) be given. Then we say that v
belongs to the space Wé’z(TX) provided there exists a tensor T € L?(T®?X) such that

(4.78) /hT (Vf®Vg)dm = — / (v,Vg)div(hV f) — hHess(g)(v, Vf)dm

for every f,g € TestF(X) and h € LIPL(X). The element T € L?*(T%?X), which is uniquely
determined, is called covariant derivative of v and denoted by Vv. Moreover, we endow the

vector space Wé’Z(TX) with the norm || - ) given by

| wiH(TX

(4.79) ol = \/ vl 22 () + V0l Z2e2x) for every v € W& (TX).

We also introduce the class TestV(X) C L?(TX) of test vector fields on X:

(4.80) TestV (X) = { zn: GV
=1

(), (g € TestF<X>}.

It can be readily proved that TestV(X) is dense in L?(TX).
Proposition 4.50 The following properties hold:
i) It holds that Wé’Q(TX) is a separable Hilbert space.

ii) The covariant derivative is a closed operator, i.e.

(4.81) {(v,Vv) | v e WHHTX)} is closed in L*(TX) x L*(T®?X).

iii) Given any f € W22(X), we have that Vf € Wé’Z(TX) and
(4.82) V(Vf) = Hess(f),
where L ((T*)#2X) 3 A~ A* € L*(T®?X) denotes the Riesz isomorphism.

iv) It holds that TestV(X) C W5*(TX) and
(4.83) Vv = Z Vgi ® V fi + gi Hess(fi)* for every v = Zgi Vfi € TestV(X).

i=1 i=1
In particular, the space Wé’2(TX) is dense in L?(TX).
Since it is not known whether TestV(X) is dense in Wé’2(TX), we give this definition:

Definition 4.51 We define the space Hé’Q(TX) as the Wé’z(TX)-closure of TestV (X).
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We now introduce a useful notation: given any v € WCLQ(T X) and z € LY(TX), we define
the vector field V,v € L%(TX) as the unique element of L(TX) satisfying

(4.84) (Vov,w) =Vo: (z@w) m-ae. in X for every w € LY(TX).
Therefore the LY(m)-linear continuous operator L°(TX) 3 z + Vv € LY(TX) satisfies
(4.85) |V.v] < |Voulps 2| m-ae. in X for every z € LO(TX).
In particular, one has that V,v € L?(TX) whenever z € L>(TX).

We now collect the main calculus rules for the covariant derivative:

Proposition 4.52 (Calculus rules for the covariant derivative) The following hold:

i) LEIBNIZ RULE. Letv € Wé’Q(TX)ﬂLOO(TX) and f € WH2(X)NL*>®(m) be given. Then
it holds that fv € W5*(TX) and

(4.86) V(fv) =Vf®uv+ f V.

ii) COMPATIBILITY WITH THE METRIC. Let us consider v € Wé’z(TX) and w € Hé’Q(TX)
such that v,w € L®(TX). Then (v,w) € WH2(X) and

(4.87)  d(v,w)(z) = (Vv,w) + (v, V,w) m-a.e. in X for every z € L*(TX).

iii) TORSION-FREE IDENTITY. Let f € H*2(X)NLIP(X) and v, w € Wé’2(TX) NL>®(TX).
Then it holds that df(v),df(w) € W12(X) and

(4.88) d(df(w))(v) —d(df(v))(w) = df (Vow — Vi) m-a.e. in X.
Remark 4.53 We define the Lie bracket of two vector fields v, w € Wé’2(TX) as
(4.89) [v,w] = Vyw — Vv € LYTX).

Moreover, we shall denote v(f) = df(v) for any f € WH3(X) and v € L?(TX). Hence the
torsion-free identity (4.88) can be rewritten in the following compact form:

(4.90) v(w(f)) —w(v(f)) = [v,w](f) m-a.e. in X

for every f € H**(X) NLIP(X) and v,w € W&*(TX) N L®(TX). [ |

In particular, item ii) of Proposition 4.52 grants that for any v € Hé’z(TX) N L>(TX)
one has |[v|> € W1?(X) and

(4.91) d|v)*(w) = 2(Vyv,v) m-a.e. for every w € LY(TX),

whence }D|v\2‘ < 2|Vu|us |v| holds m-a.e. in X. This in turn implies the following fact (that
is proven, for instance, in the paper | Bk

Lemma 4.54 Letv € Hé’z(TX) be fizred. Then |v| € W2(X) and

(4.92) |Dlv|| < [Volns holds m-a.e. in X.
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Proof. First of all, we prove the statement for v € TestV(X). Given any ¢ > 0, let us define
the Lipschitz function ¢ : [0, +00) = R as ¢.(t) =/t + € for any ¢ > 0. Hence by applying
the chain rule for minimal weak upper gradients we see that . o |v|? € S?(X) and

|DJvl?| < |v|
22+ Vv +e

This grants the existence of G € L?(m) and a sequence ¢; \, 0 such that |D(g.; o [v]?)| = G
weakly in L?(m) as j — oo and G < |[Volys in the m-a.e. sense. Since ¢, o |[v[* — |v|

| D(e o [o*)] = ¢ o |v]* | D]of?| = [Volus < [Volus.

pointwise m-a.e. as j — 0o, we deduce from the lower semicontinuity of minimal weak upper
gradients that |v| € W!%(X) and that |D]v|| < |Vv|ns holds m-a.e. in X.

Now fix any v € Hé’Q(TX). Pick a sequence (vy,), C TestV(X) that Wé’Q (TX)-converges
to v. In particular, |v,| — |v| and |V, |ps — |Volhs in L?(m). By the first part of the proof
we know that |v,| € W2(X) and |Dlv,|| < |Vup|us for all n € N, thus accordingly (up to a
not relabeled subsequence) we have that |D|v,|| = H weakly in L?(m), for some H € L?(m)
such that H < |Vwu|ys holds m-a.e. in X. Again by lower semicontinuity of minimal weak
upper gradients, we conclude that |v| € W12(X) with ‘D|U|‘ < |Vu|ys in the m-a.e. sense,
proving the statement. O

We conclude by pointing out that many other second-order notions can be built over
an RCD space: for instance, the exterior derivative, the de Rham cohomology and the Ricci
curvature tensor. Since we will not need such theories in this thesis, we do not add any
further detail and we refer to | | for the related discussion.
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In the context of metric geometry, there is a well-established notion of tangent space at a
point: the pointed-Gromov-Hausdorff limit of the rescalings of the space around the chosen
point. On the other hand, an abstract concept of tangent bundle can be given on any metric
measure space, as seen in Chapter 4 (recall the notion of tangent module). However, without
any regularity assumption the ‘geometric’ approach and the ‘analytical’ one might be totally
unrelated. For instance, the pGH limits of the blow-ups can fail to exist or the tangent
module can be trivial (e.g. if the space admits no non-constant Lipschitz curves, then the
Sobolev space is trivial and gives no information about the underlying space). The purpose
of this chapter is to introduce and study a class of metric measure spaces — called ‘strongly
m-rectifiable spaces’ — for which the two approaches are in fact equivalent.

A metric measure space (X, d, m) is said to be strongly m-rectifiable provided its associated
Sobolev space W12(X) is reflexive (that is a technical assumption) and for every € > 0 it is
possible to cover m-almost all of X with a sequence (U;); of Borel sets having the following
property: there exists a map ¢; : U; — R¥, for some k; € N, which is (1 +¢)-biLipschitz with
its image and satisfies (gpi)*(m’Ui) < LF. Any such couple (U;, p;) is called e-chart, while
the collection {(Ui, goz)}Z is said to be an e-atlas, with a clear reminiscence of the differential
geometric language. Section 5.1 will be devoted to the definition of strong m-rectifiability
and to its basic properties.

89
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In order to describe the crucial structural property of strongly m-rectifiable spaces — which
is the main topic of Section 5.3 — we first need to introduce some notation. Given (X,d, m)
as above and calling (Ej)ren the dimensional decomposition of its tangent module L?(TX),
it is possible to show (by using the e-charts) that for m-a.e. point z € Ej the pmG-tangent
cone at x contains exactly the (normalised) k-dimensional Euclidean space. By ‘patching
together’ these Fuclidean blow-ups of X around its points, we obtain the Gromov-Hausdorff
tangent bundle TguX; more precisely, we have that TqpX is a measurable Hilbert bundle in
the sense of Definition 3.56. Then we can consider the space L?(TguX) of all 2-integrable
sections of TguX (which is denoted by I'y(TguX) in the language of Section 3.2). Hence the
key property of strongly m-rectifiable spaces (see Theorem 5.21 below) is the following: the
normed modules L?(TguX) and L?(TX) are isometrically isomorphic.

We point out that the chosen structure on the Gromov-Hausdorff tangent bundle T X
is canonical, in a sense that is illustrated by the ensuing discussion.

Suppose to have a metric space (X,d) such that for every x € X the tangent space at
the point x (in the sense of pointed-Gromov-Hausdorff limit) is the Euclidean space of a
certain fixed dimension k. Then obviously all such tangent spaces would be isometric and
we might want to identify all of them with a given fixed R*. Once these identifications are
chosen, given z € X and v € R* we might think of v as an element of the tangent space at z.
Therefore a vector field should be thought of as a map from X to R*¥. However, the choice
of the identifications/isometries of the abstract tangent spaces with the fixed R¥ is highly
arbitrary and affects the structure that one is building. In fact, in general there is no solution
to this problem, in the sense that there is no canonical choice of these identifications. The
problem is that — by its very definition — a pointed-Gromov-Hausdorff limit is the isometric
class of a metric space rather than a ‘concrete’ one.

As we shall see, the situation changes if we work on a strongly m-rectifiable metric measure
space: much like in the smooth setting the charts of a manifold are used to give structure to
the tangent bundle, in this case the presence of charts

e allows for a canonical identification of the tangent spaces,
e ensures existence and uniqueness of a measurable structure on the resulting bundle.

Let us remark that — while the initial definition of the Gromov-Hausdorff tangent bundle
(and in particular of its measurable structure) is simply given by a product — in fact (as we
will show in Subsection 5.3.3) such measurable structure is natural, because it is compatible
with ‘taking all pGH-limits at the same time’; see Theorem 5.23 for the details.

The motivating examples of strongly m-rectifiable space are the finite-dimensional RCD
spaces, as we are now going to describe; such results will be presented in Section 5.2.

It has been proved by A. Mondino and A. Naber in the paper | | that any RCD(K, N)
space (X,d, m), with K € R and N € (1,0), is ‘rectifiable as a metric space’, in the following
sense: given any € > 0, there exists a sequence (Uj, p;)ien such that (U;);en is a Borel
partition of X (up to m-negligible sets) and each map ¢; : U; — R¥ (for some k; < N) is
(1 + €)-biLipschitz with its image. Nevertheless, in | ] the behaviour of the reference
measure m under the maps ¢;’s is not investigated. The main result of Section 5.2 (namely
Theorem 5.16) says that the maps ¢;’s of Mondino-Naber satisfy (p;)x (m|Ui) < LFi| thus
proving that any RCD(K, N) space X is strongly m-rectifiable. Notice that our result is
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equivalent to the fact that the restriction of m to U; is absolutely continuous with respect
to the k;-dimensional Hausdorff measure. We point out that similar structural results have
been independently achieved in | | and | ].

In the case of Ricci limit spaces, the analogue of Theorem 5.16 was already known from
the work of Cheeger-Colding | ]. However, the technique used therein is not applicable
to our setting, the problem being that in | | the spaces under consideration are limits
of manifolds equipped with the volume measure — a fact leading to some cancellations that
do not occur in the weighted case. Specifically, the key lemma | , Lemma 1.14] does
not hold on weighted Riemannian manifolds, thus a fortiori cannot hold on RCD spaces.

Our proof combines a deep result on Radon measures in the Euclidean space — obtained
by G. De Philippis and F. Rindler in [ | — with the construction by Mondino-Naber and
the Laplacian comparison estimates for distance functions obtained by N. Gigli in | ).

The results of Sections 5.1 and 5.3 are taken from [ |, while the content of Section
5.2 can be found in | .

5.1 Definition and basic properties of strong m-rectifiability

We introduce a new class of metric measure spaces, called ‘strongly m-rectifiable’ spaces.
Roughly speaking, these spaces can be partitioned (up to negligible sets) into countably
many Borel sets, which are biLipschitz equivalent to suitable subsets of the Euclidean space,
by means of maps that also keep under control the measure. Our interest in this class of
spaces is mainly motivated by the fact that — as we shall prove in Subsection 5.2 — any
finite-dimensional RCD space turns out to be strongly m-rectifiable.

For the sake of simplicity, it is convenient to use the following notation: given any measure
space (X, A, m), we say that (F;);eny C A is an m-partition of E € A provided it is a partition
of some F' € A such that ' C F and m(E \ F') = 0. Moreover, given two m-partitions (E;);
and (Fj); of E, we say that (F}); is a refinement of (E;); if for every j € N with Fj # ) there
exists (a unique) ¢ € N such that F; C E;.

Definition 5.1 (Strongly m-rectifiable space) A metric measure space (X,d,m) is said
to be m-rectifiable provided it can be written as a countable disjoint union |,y Ax of suitable
sets (Ag)r € B(X), such that the following condition is satisfied: given any k € N, there exists
an m-partition (U;)jen C B(X) of Ay, and a sequence (¢;)ien of maps @; : U; — RF such that

i Ui = @i (U;) is biLipschitz,

(5.1) (%)*(mwi) < rk

for every i € N. The partition X = |J,cn Ax — which is clearly unique up to modification of
negligible sets — is called dimensional decomposition of X.

Moreover, the space (X,d, m) is said to be strongly m-rectifiable provided for every e >0
the (Ui, @;i)’s can be chosen so that the ;’s are (1 + &)-biLipschitz.

Remark 5.2 Given an m-rectifiable space (X, d, m) with dimensional decomposition (Ag)x,
we have that each set Ay is countably H-rectifiable. Moreover, it follows from (B.6) and
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(5.1) that there exists a sequence (Ny)j of Borel sets N, C A, with m(/N;) = 0 such that

(5.2) for every k € N,

_ k
m’Ak\Nk =0k H ’Ak\Nk

where the density 6y is a suitable Borel map 6y : Ag \ Ny — (0, +00). |

When working on m-rectifiable spaces, it is natural to adopt the following terminology,
which is inspired by the language of differential geometry:

Definition 5.3 (Charts and atlases) Let (X,d, m) be a m-rectifiable space. A chart on X
is a couple (U, ), where U € %B(Ay) for some k € N and ¢ : U — RF satisfies

w: U—pU) is biLipschitz,

(5.3) —1 pk k
¢ L |<p(U) < SO*(m|U) =CL |<p

)’

for a suitable constant C' > 1. An atlas on (X,d,m) is a family o7 = J,cn {(Uf,gof)}ieN of
charts on (X,d,m) such that (UF);en is an m-partition of Ay, for every k € N.

Moreover, the chart (U, ) is said to be an e-chart provided the map ¢ : U — ¢(U) is
(1+¢)-biLipschitz and an atlas is said to be an e-atlas provided all of its charts are e-charts.

We collect few simple facts about atlases which we shall frequently use in what follows:

i) Any m-rectifiable space admits an atlas and any strongly m-rectifiable space admits
an c-atlas for every € > 0. Indeed, given any (U, ¢;) as in (5.1), we can consider the
density p; of . (m’ U_) with respect to the Lebesgue measure and the sets

Uij = o5t ({Zj < pi < 2j+1}) for every j € Z.

It is clear that (Uij, @iy, ) is a chart for every j € Z and that the U;;’s provide an
m-partition of U, so that repeating the construction for every i yields the desired atlas.

ii) Let (U;, i)ien be an atlas on X. Given any i € N, take an m-partition (U;;);en of U;.
Then (Ui]-, g0i|U”)”. o 1s an atlas as well. In particular — by inner regularity of m —
ij’
every m-rectifiable space admits an atlas whose charts are defined on compact sets.

A first property of m-rectifiable spaces, whose proof is based upon the notion of differential
introduced in Theorem 4.39, is given by the following result.

Theorem 5.4 (Dimensional decomposition of the tangent module) Let (X,d, m) be
an m-rectifiable space, with W12(X) reflezive. Let (Ay)i be its dimensional decomposition.
Then for every k € N such that m(Ay) > 0 we have that L*(TX) has dimension k on Ay.

Proof. Let o = {(Uik, @f)}kl be an atlas on X. The claim is equivalent to the fact that for
every UF with m(UF) > 0 the dimension of L?(TX) on UF is k. Consider the differential

)

el : LA(TX)),,, — L*(9F(UF), RY)

in the sense of Theorem 4.39. Such operator is continuous, invertible, with continuous inverse
and sends hv to ho (¢F) =t dpk(v). Tt is then clear that LQ(TX)|Uk, and L?(oF(UF),R¥) have

the same dimension. Since the latter has dimension k, the conclusion follows. [l
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Remark 5.5 Using the finite dimensionality results obtained by Cheeger in | |, it is not
hard to see that the dimensional decomposition (Ag)x of a PI space (i.e. a doubling metric
measure space supporting a weak (1,2)-Poincaré inequality) that is also m-rectifiable must
be so that m(Ax) = 0 for all &k sufficiently large. [ |

Proposition 5.6 Let (X,d,m) be an m-rectifiable space. Then X is a Vitali space (recall
Definition 1.33). In particular, given any Borel set E C X, it holds that m-a.e. point x € E
is of density 1 for E (by Corollary 1.56).

Proof. By recalling (1.62), it is sufficient to prove that m is pointwise doubling at m-almost
every point of X. To this aim, call (Ag)x the dimensional decomposition of X and fix k € N.
Let (Ng)i be as in Remark 5.2 and call A), = Ay \ Ni for all £ € N. We claim that

 m(Bar(x) \ 4))
(54) }ng% wy, 2k 7k

=0  holds for H"-a.e. z € A.

We argue by contradiction: if not, there exist a Borel set P C A} with HF(P) > 0 and a

constant A > 0 such that lim,~ o m(Bo(2) \ 4})/(wk2¥ r*) > X holds for any point = € P.

Hence (B.7) with p = LN yields AH¥(P) < m(P\ A}) = 0, which leads to a contradiction.
k

Therefore (B.8) and (5.4) grant that for H*-a.e. z € A}, (thus also m-a.e. z € A4}) it holds

/ !/
m m(Bgr(l‘)) < lim m(Bgr(a:) N Akz) 4 lim m(Bgr(x) \ Ak) _ 2197
O m(Br(z)) T 0 m(By(z)NA4}) N0 m(B(z) N A)
thus proving the statement. O

When we restrict our attention to the smaller class of strongly m-rectifiable spaces, we have
a stronger geometric characterisation of the tangent module. Subsection 5.3.2 will be entirely
devoted to describe such result. In order to further develop our theory in that direction, we
need to provide any strongly m-rectifiable space (X,d, m) with a special sequence of atlases,
which are aligned in a suitable sense.

Definition 5.7 (Aligned family of atlases) Let (X,d, m) be a strongly m-rectifiable space.
Let £, \( 0 and 6, \, 0. Let (%, )nen be a sequence of atlases on X. Then we say that (<),
1s an aligned family of atlases of parameters e, and 6, provided the following conditions hold:

i) Each <, = {(Uik’”", go,’fn)}kl is an en-atlas and the domains UF™ are compact.
ii) The family (Uf’”)k’i is a refinement of (Uf’"_l)m for any n € N*.

iii) Ifn € NT, k€N andi,j €N satisfy U™ C U™, then

(55) 7 7

’d(ide — T, (gpk’n)71> (y)H < for LF-a.e. y € gofn(Uf")

The discussions made before grant that any strongly m-rectifiable space admits atlases
satisfying i) and ii). In fact, as we shall see in a moment, also iii) can be fulfilled by an
appropriate choice of atlases, but in order to show this we need a small digression.

Recall that O(R¥) denotes the group of linear isometries of R*. For € > 0, let us define
(5.6)  O°(RF) = {T : R* — R* linear, invertible and such that |||, |T~!| <1+ a}.

Notice that the space Of(R*) — being closed and bounded — is compact for every £ > 0 and
that O(RF) = .., O°(R¥). Then we have the following simple result:
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Proposition 5.8 Let k € N and § > 0 be given. Then there exist a constant ¢ > 0 and a
Borel mapping R : O°(RF) — O(RF) with finite image such that

(5.7) |7 — R(T)|| <6 for every T € O°(RY).

Proof. Since the space O(RF) is compact, there exist 11, ..., T, € O(R¥) such that

m@gmﬁO&my
=1

We claim that there exists ¢ > 0 such that O¢(R¥) C Us and argue by contradiction. If not,
the compact set K¢ = O¢(R¥) \ U; would be not empty for every ¢ > 0. Since K C K¢
for any € < &/, the family K* has the finite intersection property, but on the other hand the
identity O(R¥) = M., O°(R¥) yields (..o K= = 0, which leads to a contradiction. Thus
there exists ¢ > 0 such that O¢(R¥) C U;. For such ¢, we define R : O¢(RF) — O(R*) to be
equal to T1 on Bs(T1), then recursively to be equal to T;, on Bs(Ty) \ U, ., Bs(T3). O

By using Proposition 5.8, it is possible to show that any strongly m-rectifiable space
admits an aligned family of atlases:

Theorem 5.9 Let (X,d,m) be a strongly m-rectifiable metric measure space. Let &, N\, 0
and 6, N\ 0 be two given sequences. Then X admits an aligned family (<7,), of atlases of
parameters e, and Oy,.

Proof. Let (Ag)r be the dimensional decomposition of X and notice that to conclude it is
sufficient to build, for every k € N, aligned charts as in iii) of Definition 5.7 covering m-almost
all of Ag. For any given k,n € N, let 6;17,6 > (0 be associated to §, and k as in Proposition 5.8
and choose &, > 0 such that

(5.8) Engk <en and (1+&,_14)(1+&%) <1+ E%,k for every k,n € N.

We now construct the required aligned family (.47, ),, of atlases by recursion: start by observing
that, since (X, d, m) is strongly m-rectifiable, there exists an atlas % such that the charts with
domain included in A, are & ;-biLipschitz. Now assume that for some n € N we have already
defined &, ..., 97, 1 satisfying the alignment conditions and say that <%, 1 = {(Uik, gof)} ki
Again using the strong m-rectifiability of X, find an atlas {(ij, w;-“ )} ko whose domains (V;k)k]
constitute a refinement of the domains (Uf);“ of @7,_1 and such that those charts with domain
included in Ay, are &, j-biLipschitz.

Fix k,j € N and let ¢ € N be the unique index such that V;k C Uf . For the sake of brevity,
let us denote by 7 the transition map ¥ o (wf)*l : w;“(VJk) — cpf(V]k) and observe that it is
(1+¢;, )-biLipschitz by (5.8). Hence its differential dr satisfies |dr ()], [[dr(x) Y] < L+ey 1
or equivalently dr(y) € OFn.k (R¥), for L*-a.e. point y € wf(V]k)

Let R : Oeib»k(Rk) — O(RF) be given by Proposition 5.8 (with § = §,) and let us denote
by Ff C O(RF) its finite image. For any T € Ff, we define Pr = (Rodr) ' (T) C R*, so
that (Pr)pcps is an LF-partition of wf(V]k) For £¥-a.e. point y € T(Pr) C R¥ we have that

J
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Hd o (Toyk)™! ide)(y)H: (7o T~ — idge)( H
= |a( =1y o))
o i P
= |ar(r @) - 7|
(because T~ (y) € Pr) = ||ar(T7' () = R(ar (T~ )|

(by definition of R) < 0.
We therefore define

(5.10) U?,T = (w;?)_l(PT) and @?T =To wk| X for every T € F]k,
] T

so that accordingly

(5.11) o= { (U5, Pir) | kjeN T e FF}

is an atlas on (X,d, m), which fulfills ii), iii) of Definition 5.7 and such that the charts with
domain included in Ay are &, j-biLipschitz. Up to a further refining, we can assume that
the charts in 7, have compact domain. Given that &, < ¢, holds for every k,n € N, the
statement is proved. O

5.2 Finite-dimensional RCD spaces are strongly m-rectifiable

Let (X,d,m) be a fixed RCD(K, N) space, for some K € R and N € (1,00). The aim of this
section is to prove that the space (X, d, m) is strongly m-rectifiable.

We shall use the shorthand notation d, to indicate the distance function X 3 y +— d(z,y)
from a given point x € X. We start with a simple statement concerning the minimal weak
upper gradient of the distance function from a point:

Proposition 5.10 Let x € X be given. Then it holds that

(5.12) |Dd,| =1 m-a.e. in X.

Proof. Any RCD(K, N) space is doubling and supports a weak (1,2)-Poincaré inequality
(as proven in [ | and [ |, respectively). Moreover, recall that the local Lipschitz
constant of d, is identically equal to 1, as it follows from Remark 1.12 and the fact any
RCD(K, N) space is geodesic. Hence the statement is a consequence of Remark 2.23. ]

Remark 5.11 We refer to the proof of | , Proposition 3.1] for an alternative argument,
which does not use the results in | |, but relies instead on the additional regularity of

both the space and the function under consideration. |

The ‘metric rectifiability’ of finite-dimensional RCD spaces has been proved in | .
We now recall the main result of such paper; some of the claims we make are implicit in the
various proofs of | ], thus we highlight where such passages appear.
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Theorem 5.12 (Rectifiability of RCD spaces) There exists a Borel partition (A;)7_; of
the space X — for some n € N with n < N — such that the following property holds: given
anyi=1,...,n and € > 0, there exist an m-partition (U;;)jen C #B(X) of the set A; and a
family {xij’k jeNEkE=1,... ,i} of points of X such that

(5.13) ‘(de , Vdae ) <e m-a.e onU;; for every k # k'

and so that each map ¢ ; : X — R?, given by pi () = (das . (2),... ,dmfji(m)), satisfies

%,7,1
(5.14) ‘pfvj’va Ui — ¢ij(Ug;) is (14 €)-biLipschitz.

Proof. The fact that X can be covered by Borel charts (1 + ¢)-biLipschitz to subsets of the
Euclidean space is the main result in | ]. The fact that the coordinates of the charts are
distance functions is part of the construction, see [ , Theorem 6.5]; more precisely, in
[ | the coordinates are distance functions plus well-chosen constants, so that 0 is always
an element of the image, but this has no effect for our discussion.

Thus we are left to prove inequality (5.13). Looking at the construction of the sets Ui,
in | |, we see that they are contained in the set of x’s such that

(5.15) sup / D <d$fj’“+dwf1k’ — dye )
r'e(0,r) m V2 i3,k

where 7,1 > 0 are bounded from above in terms of K, N,e and the points x§ ke Are built

2
dm < ey,

B, (x) 1<k<k’<z

together with the x§7j7k’s (in | | the points x; j k, i j ks Tij ki arve called p;, pj, pi + pj,
respectively). We remark that the choice of r, e, affects the construction of the sets Uf, j and
of the points 27 ; ;. In any case, €1 can be chosen to be smaller than e2/(vV2+1)2

Notice that in | ] the distance in (5.15) is scaled by a factor r, whose only effect is
that 7" varies in (0,1) rather than in (0,7). The validity of (5.15) comes from:

e the definition of maximal function — called M* — in | , Equation/Definition (67)],

e the fact that the sets UF ' 5,» introduced in | , Equation/Definition (70)], are con-
tained in {M* < e} by deﬁmtlon,

e the fact that the charts in | , Theorem 6.5] are defined on B§1 NnUk o6 CU k

€1,61

We come back to the proof of (5.13). Recall that — being the measure m doubling — the
Lebesgue differentiation theorem holds. Hence from (5.15) and the discussion thereafter we
see that, up to properly choosing €1 and thus U?

2,57 Ly ],k7
e € 2
'D<dl’1x]vk + dxi,j,k/ _ d . > 13
V2 Fig k! V2+1

Thus to conclude it is sufficient to prove that, given any x1, x2,y € X, we have that

dz, +d €
D M—d)’<
‘ ( V2 T V2t

£
T3 p > WE Can assume that

holds m-a.e. on Uf,j

[(Vdy,, Vdg,)| < e
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This follows with minor algebraic manipulations from the identity (5.12):

2 5 )
(T, V)| = L>(dw1'+‘dzz> D, 2 + |Dd,,|

V2 2
dp +dg \ |2
:Dg -1
(ﬁ)

dyy +dgy \ 2
(7 )| -1

dg, +d dg, +d
(ot )t 1))
(7 o) o (B o

dz, +dg
D ——=—d, ]|
< V2 y)|

Hence the statement is achieved. |

IN

(V2+41)

A key tool we shall make use of is the following structural theorem about Radon measures
on the Euclidean space, proven in | |. We point out that such statement is only one
of the several consequences of the main deep result in | ]. Recall that the language of
1-dimensional currents in R? has been briefly illustrated in the last part of Subsection 4.1.3.

Theorem 5.13 Let (T;)L_, be 1-dimensional normal currents in R, written as T; = T | T3
Let 1 be a Radon measure on R®. Suppose that:

i) We have p < ||T;|| for everyi=1,...,d.
ii) The vectors Ty (x), ..., Ty(z) € R are linearly independent for p-a.e. x € R%,
Then 1 is absolutely continuous with respect to the Lebesgue measure on RY.

The last result we shall need is the Laplacian comparison estimate for distance functions,
obtained in | ]. Such result holds in the sharp form, but we recall it in its qualitative
form, which is sufficient for our purposes:

Theorem 5.14 Let x € X be fized. Then the distributional Laplacian of d, in X\ {x} is a
measure, i.e. there erists a Radon measure p on X such that

(5.16) /(Vf, Vd;)dm = —/fdm for every f € LIPps(X) with spt(f) C X\ {z}.
When read in terms of measure-valued divergence, the above theorem yields:

Corollary 5.15 Let x € X be fized. Choose any ¢ € LIP.(X) satisfying spt(¢) C X\ {z}.
Then the vector field 1Vd, € L*(TX) belongs to D(divy).

Proof. Since [1)Vd,| < ||, it is clear that ¥Vd, € L?*(TX). Theorem 5.14 above, the very
definition of measure-valued divergence and the Leibniz rule given in Proposition 4.16 ensure
that ¥Vd, € D(divy,X \ {z}). On the other hand, the vector field )Vd, is equal to 0 on
some neighbourhood of x by construction, therefore it has null measure-valued divergence in
such neighbourhood. Then the conclusion comes from Proposition 4.17. O
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We now have at our disposal all the ingredients to prove the main result of this section:

Theorem 5.16 Given any € € (0,1/N), let us consider (U;;, 5 ;)i; as in Theorem 5.12.
Then it holds that

(5.17) ((pij)*(mws )< L, for every i, j.
2%}

In particular, any RCD(K, N) space — with K € R and N € (1,00) — is strongly m-rectifiable.

Proof. By inner regularity of m applied to the sets U7, \ {27 ;q,...,27;,;}, we can assume
that the Ui‘fj’s are compact and that xf]k ¢ Ui‘fj for every k =1,...,i. Now fix 4, j. For the
sake of brevity, we write ¢, U, x1,...,x; in place of @5 5> Ui @5 15+ - @5 4, Tespectively.

STEP 1. Let (1%)5-0 be a family of Lipschitz [0, 1]-valued maps on X with compact support,
which pointwise converge to Xy as d N\, 0. Consider the vector fields

v) = °Vd,, € L*(TX) for every k=1,... 1.

By Corollary 5.15, we know that v,‘z € D(divy). Now observe that ¢ : X — R’ is a Lipschitz
and proper map (i.e. the preimage of a compact set is compact), thus p = ¢,m is a Radon
measure on R’. If we equip R’ with such measure we have that ¢ : X — R’ has bounded
deformation. By Proposition 4.38 we know that the vector fields

ui = Prw(dgo(vg)) € Li(TIR{i)

belong to D(div,). Let us consider the embedding ¢ : Li(TRd) — L*(R% R? 1) introduced
in Theorem 4.27 and the map Z defined in (4.40). Since the ¢(ug)’s have compact support,
we see from Corollary 4.30 that the 1-dimensional currents

— 5
I(uf) = Z(uj) HI(Ui)H = ﬁ?ﬁ (|ui| 1) forany k=1,...,i
k

are normal. We also notice that it trivially holds

(5.18) M’{\U2\>0} < Julpu = HI(ui)H for every k =1,...,1.
STEP 2. We claim that:
(5.19) The vector fields Vd,, ..., Vd,, € L (TX) are independent on U.

To prove it we shall use the hypothesis ¢ < 1/N. Let fi,..., f; € L°(m) be chosen so that
the identity >, _, fx Vdg, = 0 is verified m-a.e. on U and observe that

0= <dek, 3 fu dek,> = [ DA P+ 3 f (Vdy, Vd,,)  meae. on U
k=1 k'

From (5.12), (5.13) and the fact that € < 1/N, we deduce that

1
il = 1fsl DA [ < Y | fiol [(Velay, Vo )| < = D i meae. on U.
k' #k k' #£k

By adding up in k = 1,...,4, we infer that >, [fx| < 5 >4 | i holds m-a.e. on U. Since
by Theorem 5.12 we have ¢ < N, this forces ), |fx| = 0 to hold m-a.e. on U, which is (5.19).
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Now notice that Theorem 5.12 grants that ¢ : X — R is of bounded deformation (having
equipped R? with the measure p = @,m), partially invertible on U and such that (cp‘U)_l is
Lipschitz. Recall that Lipschitz functions are dense in W12(X), cf. Theorem 2.27. Therefore
Proposition 4.37 grants that the vector fields

up = Pr,(dp(XyVdy,)) € LZ(T]Ri) for any k=1,...,14
are independent on Im,(U), which by Corollary 4.28 implies that

(5.20) v(ud)(x), ..., t(u))(z) € R" are linearly independent for p-a.e. z € Imy,(U).
STEP 3. The fact that the family (¢°)ssg is equibounded in L>°(m) and pointwise converging
to Xy implies that vg — XyVdy, in L?(TX) for every k = 1,...,i. By continuity of dp and
of Pry,, we deduce that for any £ = 1,...,7 we have ui — ug in LZ(TRi) as 6 \, 0, thus
Theorem 4.27 grants that ¢(ul) — t(u)) in L2(R", R u) as 6 \, 0. For any & > 0, let us
define the Borel set A° C R? — up to p-negligible sets — as

1

A‘si{xeRi

c(ud) (@), ..., u(ud)(z) are linearly independent}.

Since being an independent family is an open condition, the convergence just proved ensures
that for any d,, \, 0 we have

(5.21) u(AO\ U A5”) —0.

neN

For any given § > 0, we apply Theorem 5.13 to the currents I(ui): since the vectors L(ui)
are all nonzero p-a.e. on A%, we have that 1 45 < H for every k =1,...,7, whence
A® {|ug|>0}

LTRSS L for every n € N
by (5.18) and Theorem 5.13. Then from (5.21) we deduce that
B 4o < L'

On the other hand, property (5.20) grants that (up to pu-negligible sets) it holds Ay 2 Im,,(U),
which together with the above implies that

Pro(Xu)u < L'

Given that o, (m|U) = Pry(Xu)p, the proof is finally achieved. O

5.3 Equivalence of two different notions of tangent module

5.3.1 Gromov-Hausdorff tangent bundle T;yX

Let us fix a strongly m-rectifiable metric measure space (X, d, m). Denote by A = (A )ren its
dimensional decomposition. Then we define the Gromov-Hausdorff tangent bundle on X as:



100 CHAPTER 5 e Structure of strongly m-rectifiable spaces

Definition 5.17 (GH tangent bundle) We define the Gromov-Hausdorff tangent bundle
of (X,d, m) as the measurable Hilbert bundle TguX = (TGHX,A, , n) on (X,d, m), given by

(5.22) TguX = |_| Ay, x R* and n(z,v) = [v|ge for every k € N and (x,v) € Ay, x R,
keN

The module To(TquX) of all L?-sections of such bundle is called Gromov-Hausdorff tangent

module and is denoted by L*(TguX).

The choice of the measurable structure Map(X) = N, (tx)+Z(A) x R¥) on TguX — where
by tf : Ag X RF < TquX we mean the inclusion — could seem to be naive, but we now prove
that it is the only one coherent with some (thus any) atlas on (X, d, m), in the sense that we
are now going to describe in details.

Fix an c-atlas & = {(Uf, (pf)}kZ on (X,d,m). For any k,i € N, choose C¥ > 1 such that

k\— k k k prk
(5.23) (GO Ly = (0 () < CF Ly

Fix any sequence of radii r; ~\, 0 and define @Z : UZ-}C X UZ-’YC — A x RF as

YR
(5.24) F(7,7) = <:1; , M) for every (z,z) € UF x UF.

T
For the sake of brevity, for k,4,j € N let us call
Wi = &5 (UF < UF),
W=, e

and notice that simple computations yield

(5.25)

(ﬁfj L UF < UF — WZ]; is \/1 + (1 +¢)?/(r;)? -biLipschitz,
(5.26) ( j)k

(m® £F) ) < (r)F CF (me £F)

i

In particular, VV£ € B(Ar x R¥) for every k,i, 7, thus accordingly also W* € %(A; x R¥).
Finally, let us define Ny = (A4;, x R¥)\ Wk,

Lemma 5.18 With the notation just introduced, for every k € N we have that

(5.27) (m® LF)(N;) = 0.
Proof. For k € N, we put

Dk£U{x€Uik

1€EN

<pf(x) is a point of density 1 for (pf(Uik)}-

From (5.23) and (1.65), we see that m(Ay \ Dx) = 0, hence for every i,m,h € N and z € Dy,
there is 7 € N such that

k ky_ Kk T 7
. ok (%ﬁ’() n Bm(o)) ck (sO?(Uf) N Bur, (ﬁ(@)) 1

> L*(B(0)) -k (erj (¢§(j))> >1- 2
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whence £F (Bm(O) \ U ‘(@f(Uf) - gof(i'))/r]) =0 for all i, m € N and z € Dj. Therefore by
j

Fubini theorem we deduce that

(m@ £5) (A x Bru(0) \W*) = 3 (me £8)((UF x Bu(0)) \ W)

€N
<3 [ £ (BaO U () — k@) /) dmiz) = 0
1€N
so that (m ® L£F)(Ny) = limy, (m ® £F) ((Ax x B, (0)) \ W¥) = 0. 0

We now endow TgpX with a new o-algebra ./\/l( ,(r )) depending on the atlas & and
the sequence (7;);. Denote by 73, : N k< TguX the inclusion maps, then let us define

(5.28) M(, ) = () (uk)*%v’“) A () (o 3 BUF x Uf)).

keN i,jEN

Equivalently, a subset F of TopX belongs to M(Jz%, (rj)) if and only if EN N* € (N*) for
every k € N and (@fj)_l (EN(Ap x R¥)) € B(UF x UF) for every k,i,j.

Finally, the fact that our choice of the o-algebra Mg (X) on TgrX is canonical is encoded
in the following proposition:

Proposition 5.19 Let (X,d, m) be a strongly m-rectifiable metric measure space, let </ an
e-atlas and let 7; 0 be a giwven sequence. Then

(5.29) Mau(X) = M(, (r;)).

Proof. If E € Mgu(X) then lel(E) € B(A;, x RF) for every k € N, so accordingly E N N*
belongs to Z(N*) and (cpw) Y(en 1(E)) belongs to Z(UF x UF) for every k, i, j, which proves
that £ € M(«, (r;)).

Conversely, let E € M(«, (r;)). Hence ENN* € B(N*) C B(Aj, x R¥), while

B = (3)7 (i (8)) € #(UF < U
implies that £'N Wk o (Fk) € B(Ap x R¥). Thus

1 (B) = (EnNM U J(ENW) € B(A x RY)

i,J

for every k € N, which is equivalent to saying that £ € Mgn(X). O

Remark 5.20 This last proposition does not use the strong m-rectifiability of the space but
only its m-rectifiability, as seen by the fact that we did not consider any sequence of ¢,-atlases.
We chose this presentation because the reason for the introduction of the Gromov-Hausdorff
tangent module is in the statement contained in Subsection 5.3.2, which grants that the space
of its sections is isometric to the abstract tangent module L?(TX) — a result that we can have
only for strongly m-rectifiable spaces. |
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5.3.2 Equivalence between L?(TX) and L?(TguX)

The main result of this section is the following: the two different notions of tangent modules
described so far — namely the ‘analytic’ tangent module L?(7TX) and the ‘geometric’ Gromov-
Hausdorff tangent module L?(TguX) — can be actually identified. More precisely, given a
strongly m-rectifiable space X whose associated Sobolev space is reflexive, there exists an
isomorphism between L?(TX) and L?(TguX) which preserves the pointwise norm. Moreover,
such isomorphism can be canonically chosen once an aligned sequence of atlases is given.

Notice that Theorem 5.4 (which is valid on more general m-rectifiable spaces) is equivalent
to the fact that there exists a morphism of L?(TX) into L?(TguX) with continuous inverse,
thus in particular changing the pointwise norm by a bounded factor. Thus Theorem 5.21
below can be seen as the improvement of Theorem 5.4, which shows that for strongly m-
rectifiable spaces such factor can be taken to be 1.

Theorem 5.21 (Equivalence of L?(TX) and L?(TguX)) Let (X,d, m) be any strongly m-
rectifiable space such that W'2(X) is reflexive. Then there exists an isometric isomorphism
of modules . : L*(TX) — L*(TguX), so that in particular it holds that

(5.30) |7 (v)| = |v| m-a.e inX for every v € L*(TX).

Proof. Consider an aligned family (<,), of atlases <7, = (Uk’”,<pf’")}ki on (X,d,m), of

7
parameters €, = 1/2" and ¢, = 1/2", whose existence is guaranteed by Theorem 5.9. Now

let v € L?(TX) and n € N be fixed. For k,i € N, we put Vlkn = gok’” (Uf’") € B(R*). Recall

7
that wf’” : Uik A Vlk” and its inverse are maps of bounded deformation. Thus it makes

sense to consider &pf” (Xyrnv) € LQ(Vik’”, R*¥) (recall Theorem 4.39) and we can define

k() = (agof’n(XUgc,n v)) (gofn(x)) for m-a.e. x € UF",

‘ 1o for m-a.e. v € X\ Uik’".
The bound (4.58) gives
(5.31) WP (z) < Lip(¢P™) v|(z)  for mae. z € UP",

so that wa’nHLQ(TGHX) < (1+27)]||v] HLQ(U_;C,TL). In particular, the series >, Wf’n converges
in L?(TquX) to some vector field .#,(v) whose norm is bounded by (1 + 2‘”)“ v HLQ(X) and
that satisfies

(5.32) Xykn In(V) = whn for every k,i € N.

7

It is then clear that .%, : L*(TX) — L?*(TguX) is L®(m)-linear, continuous and satisfying
the inequality ‘fn(v)| < (1+27™) |v| in the m-a.e. sense for all v € L*(TX). We claim that:

(5.33) The sequence (.%,),, is Cauchy with respect to the operator norm.

In order to prove this, let us take v € L?(TX) and k,4,j € N with Uf’"“ C U]k" For m-a.e.
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point = € Uz-k " putting for brevity y = cpf’nﬂ(:c), it holds that

\Ja+1oa-—a4xvn<x>::'(awf“+l(fom+1v))(w?"+1w»)-—(Hw§“(xUkm+1v))(w§m<x»'

k3

((4.57), (4.58)) < H d<id‘/ik,n+1 — (pé?vn o (Wf’nJrl)_l) (y) ‘agpf,nJrl (XUik,nﬂ v)‘(y)
—n— 1 3 kn n

G =277 <o [ Al (e )| (A (@)
o 1 1 1

(Ent1=27""1) S onrt (1 + 2n+1) v|(z) < on Vi(z).

It follows that | Fpi1(v) — .7
means that it holds

W)]| 2 (TenX) = 27" V[l 2(rx), which by arbitrariness of v

| sr =l < g
where the norm in the left hand side is the operator one. Hence Y 7, anH — JnH < 400
and the claim (5.33) is proved.

Let .# : L*(TX) — L?(TguX) be the limit of (.%,), and notice that — being the limit of
L*°(m)-linear maps — it is also L>°(m)-linear. Moreover, the fact that .#,(v) — #(v) strongly
in L*(TguX) implies that |7, (v)| — [.#(v)| in L?(X), whence — up to subsequences — we
have that

(5.34) |2 (v)|(z) = nh_)ngO | I (V)| () < nh_)ngO <1 + 21n> Iv|(z) = |v|(z) for m-a.e. x € X.

In order to prove that .# is actually an isometric isomorphism that preserves the pointwise
norm, we explicitly exhibit its inverse functional ¢. In analogy with the construction just
done, for any w € L?*(TguX) and n € N one can build a unique _#Z,(w) € L?(TX) such that

(5.35) Xykn In(W) = (agof’")_l <w o ((pf’")_l) for every k,i € N.

By means of the same arguments used above, we can prove that ¢, : L?(TguX) — L*(TX)
is L>(m)-linear continuous and converges to a limit functional ¢ : L?(TguX) — L*(TX) in
the operator norm as n — co. The operator ¢ is L°°(m)-linear and satisfies

(5.36) | 7 (w)| < |w| m-ae. for every w € L?(TguX).

Our aim is now to prove that .#, ¢ are one the inverse of the other.
Let v € L%(TX) and n € N be fixed. For any k,i € N, we have that (5.32) and (5.

3
Xy In(Ia(0)) = X In (X Za0)) = Xpin (6" (g v) 0 01"
= (A" (A (g v) ) = Xppen v

therefore ¢, o %, = idr2(rx). In an analogous way, also %, o ¢, = idp2(1,,x). Thus for
every n € N we have that

|7 oI —idpax)|| =[] F 0 F = Fno A

<o (I = Il + 17 = Fn) o A
<IZNS = Aall + 1.7 = Aull sup Al
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so that by letting n — oo we conclude that # o.¥ =idp2(7x). A symmetric argument yields
also the identity . o ¢ = idp2(1,,x). To conclude, note that for any v € L?*(TX) we have

(5.36) (5.34) .
vM=|Z2(ZWV)| < [Zv)| < | m-a.e. in X.

Hence all inequalities are actually equalities, yielding (5.30) and the conclusion. O

Corollary 5.22 Let (X,d,m) be a strongly m-rectifiable space such that W12(X) is reflexive.
Then (X,d,m) is infinitesimally Hilbertian.

Proof. One can readily show that any couple of vector fields v, w € L?(TguX) satisfies (3.11).
Hence the space L?(TX) is a Hilbert module, as a consequence of Theorem 5.21. Therefore
the metric measure space (X,d, m) is infinitesimally Hilbertian, as required. O

5.3.3 Geometric interpretation of ToyX

Let us now focus on metric measure spaces (X, d, m) satisfying the following properties:

(X,d, m) is a strongly m-rectifiable space which satisfies (1.66),
(5.37) having constant dimension k£ € N and whose reference measure is

given by m = 0 H¥, for some continuous density 6 : X — (0, 4+00).

Consider a family <7, = {(U?", go?)}ieN of e,-atlases on (X, d, m), with compact domains U;".
We can use the atlases to build Borel maps ¥, : X x (%X) — TeuX which are ‘bundle
maps’, i.e. which fix the first coordinate and that are approximate isometries as maps on the
second variable, in the following way. We first recall that for any closed subset U of X there

exists a Borel map Py : X — U such that
d(z, Py(z)) < 2d(z,U) for every x € X.

This can be built — for instance — by first considering a countable dense subset (x,,), of U,
then by declaring Py (xz) = x for x € U and

Py(z) = xy, where n is the least number such that d(x, z,) < 2d(z,U),

for © ¢ U. Then given a sequence 1, \, 0 we set

o (Pun(y)) — ¥} ()

(5.38) D, (z,y) = e RF for every x € U and y € X,

while @, (z,y) = Ogr if z ¢ |J; U". Finally, we define
Uy (z,y) = (z, Pn(z,y)) for every x,y € X.

Notice that the map ¥,, is Borel for every n € N. In the next theorem we show that
for m-a.e. x € X the maps y — ®,(x,y) provide approximate measured isometries from X
rescaled by a factor % to R, thus showing not only that the tangent space of X at x is R¥,
but also that there is a ‘compatible’ choice of approximate isometries making the resulting
global maps (i.e. ¥,,) Borel.
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Theorem 5.23 Let (X,d, m) be a space satisfying (5.37). Fize, \, 0. Let o, = {(U}", })},
be a family of e,-atlases with compact domains U*. Then there exists a sequence T, 0
such that, defining ®,, as in (5.38), for m-a.e. x € X the following holds: for every R > ¢ > 0
there is n € N so that for every n > n we have

d(yo,
20 90) = P e = S| < for ey o € B (o)
n
(5.39) Bp_-(0gk) C BE({tI)n(x,y) HETNS BrnR(ﬂf)})v
x N k
P (2, ')*(mrn‘BmR(r)) wy L | Br(0) s oo

In particular, the space (X,d/rn,mfn, x) pmGH-converges to (Rk,de, ﬁk/wk,()) as n — oo.

Proof. For any i,n € N, let us set V;" = ¢"(U]"). From (5.3) we see that for m-a.e. z € U
the point ¢['(z) is of density 1 for V;". Let us call D’ the set of all the points z € X that
satisfy H* (B, (z) N Uzzn))/(wk rk) — 1 as r N\, 0 for every n € N, where i(n) € N is chosen
so that = € ngn). Given that each domain U" is countably HF-rectifiable, we deduce from

Theorem B.2 that H*(X \ D) = 0. Hence the set
DéD’ﬂﬂU{eri"
n i

is Borel and m(X\ D) =0. Fix £ € D and R > ¢ > 0. Let i(n) € N be such that = € Uitny:

x, pi'(x) are points of density 1 for U;*, V;", respectively}

For brevity, we call B,, = B, r(Z), Up = Ultny: Vo = Vi) and @n = @jf,,). Let us denote

1

avg,, = / 6 dH” for every n € N.
H*( B N Uyn) JB,v,

STEP 1. Fix £ < ¢/ max{4R, R — €} positive and repeatedly apply property (1.66) to z, U,
and to ¢, (Z), V,,, with £ in place of ¢, to find a sequence 7, N\, 0 such that for n € N it holds

(5.40) d(y, Py, (y)) <2&r, R for every y € By,
' dgi (2, Va) < €|z — on(2)] for every z € B, r(pn(T)).

Furthermore, since £ € D and the map 6 is continuous, we can also require that

v e (0 Bnsen (n(8)
nggo W rfL RF o nggo Wk T‘ﬁ Rk o
1
(5.41) ’0(1’) — avgn| < = for every n € N* and = € B, N U,
n
lim M = Rk'

n—00 m(BTn (j-))

From the fact that ¢, is (1 + &,)-biLipschitz, we see that for any yo,y1 € By, it holds that

_ _ 1+e,
‘(I)n(l'ayﬂ) - <I>n(l‘a yl){Rk < ” d(PUn (y0)7PUn(y1))
14+e, _
(by (5.40)) < . (d(yo, y1)+4er, R).

Similarly, we get ‘@n(a_c,yo) — @n(f,yl)‘Rk > m(d(yo,yl) — 4&r, R), thus

2+ ¢y
1+¢,

| @ (2, y0) — (T, 51)| — d(yo, y1)

n

< 2 R max {2(1 +en)E+en,
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for every yo,y1 € By, r(Z). Since € < ¢/(4R), this is sufficient to show that the first claim in
(5.39) is fulfilled for n large enough.

STEP 2. For the second condition in (5.39), pick any w € R such that |w| < R — ¢ and let
us put z, = @, (Z) + rpyw. Thus the point z, belongs to BTnR(gpn(i)). From the second line
in (5.40) and the compactness of U, we deduce that there exists y, € U, such that

(5.42) ‘Zn - (Pn(yn)‘ < érn|w"

Since the right hand side is bounded from above by & r,, R, for n sufficiently large it is bounded
above by ¢, so that to conclude it suffices to show that — independently on the choice of w
— for all n sufficiently large it holds that y,, € B,,. To see this, recall that the inverse of the
map ¢y, is (1 + €, )-Lipschitz to get that

d(@,9n) < (1+ ) |0n(@) = nlyn)] < (1+20)(|0n(@) = 20| + |20 = ulva)])
(by (5.42)) <rp(l4e)(1+8) | < r(14e0)(1+ &) (R —e).

Since £ < /(R — ¢) we have that (1 + &)(R — ¢) < R, therefore for n sufficiently large we
have that r,(1 +&,)(1 +&)(R —¢) < m, R, which concludes the proof of the second condition
in (5.39).

STEP 3. Let us now denote ¢,, = ¢, o Py, — ¢n(Z), so that ®,,(z,-) = ¢, /r,. We have that

[,k <wn(Bn N Un)

Tn

(5.43) ABR(O)) —0 when n — oo,

as one can easily prove by using (5.41), which grants that H*(B, N U,)/H*(B,) — 1.
To prove the third claim in (5.39), fix f € C.(R¥). Observe that [ fd®,(z, -)*(mfn|B )
can be written as Q1(n) m(B, NUy)/m(B,, (Z)) + Q2(n) + Q3(n), where

Q) = gy [ 1) A g ),

=1 o z,- —av k
QQ(”) = m(Brn(j)) /BnﬁUn f CI)n( ) ) (0 gn) dH",
1

m(B,,(z)) /Bn\Un fo®n(z,-)dm.

First of all, it directly follows from the last two statements in (5.41) that
1 m(B, NU,)
n m(B,,(z))
m(By, \ Uy)
m(B,,(z))
Moreover, (B.6) yields (1 +&,)7* Ek|wn(BnﬂUn) < (wn)*(Hk|BnmUn) < (1+5”)k£k’wn(BnmUn)’
thus accordingly it holds that

Qs(n) =

|Q2(n)| < I%%X|f| — 0,
(5.44)
|Q3(n)| <

max | f| — 0.
Rk

(1+en)*ry / k (1+20)rp / :
— = < < - .
/Hk(Bn N Un) ¥n(Bn0Un) Lt < Ql(n) a /Hk(Bn N Un) ¥n(Bn0Un) Jde

Finally, by recalling (5.43) we can immediately deduce that

ko k
‘/n“innﬁ(fn) L /BR(O) L

(5.45)

<k (mABR(O)> r%akx|f| — 0.

Tn
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Therefore the first line in (5.41) gives Q1(n) — (wx RF)™! fBR(O) fdLk which together with
(5.44) and the third line in (5.41) grant that w; ' fBR(o) fdck =1lim, [ fdo,(z, ')*(mfn|B ).

This means that @, (z, -)*(m;’?n|B ) — wk_l ck , thus proving the statement. ]

|BR(0)
By putting together several results obtained so far, it is then easy to prove the following:

Theorem 5.24 (Euclidean tangent cone) Let (X,d, m) be a strongly m-rectifiable space,
whose dimensional decomposition is denoted by (Ag)ken. Then for every k € N it holds that

(5.46) Tan[X,d, m,z] = {[Rk,de,Ek/wk,O]} for m-a.e. x € Ay.

Proof. Let the sequence (Nj); be as in Remark 5.2 and define A} = Ay \ Ny, for every k € N.
Fix k € N and write m|A;c =0, ’Hk‘A;c for a suitable Borel density 6 : A} — (0,400). Let
L= {x e A | 2" < Op(z) <2} for every i € Z,

then (A} ), constitutes a Borel partition of Aj. Thus fix i € Z. By arguing as in the proof

of Proposition 5.6, one can see that lim, om (B, (z))/(wk*) = Ox(z) for m-a.e. z € A}. By

applying Lusin theorem and Egorov theorem, we can cover m-a.a. of AZ with countably many

compact sets Azj - A};, where j € N, in such a way that the maps Gk‘AU are continuous and
k

m(B, . ii y
(7(]::)) —O(x) | < 2071 for every x € A} and r > 0 smaller than some r/ > 0.

WET

In particular, it holds that
wprt 2 < m(Br(aﬁ)) < BuwgrF it for every x € Azj and r < rzj.

Therefore Azj fulfills the hypotheses of Lemma 1.37, so accordingly each space AZj (with the
restricted distance and measure) satisfies (5.37). So Theorem 5.23 and Proposition 1.43 give

Tan Azj, m x} = {[Rk, dg, L£F/wy, O}} for m-a.e. v € AY,

d’A”’ x AT A

k k k
since r, \( 0 in Theorem 5.23 can be actually chosen among the subsequences of any fixed
sequence converging to 0 and the pmG topology is metrizable, cf. | , Theorem 3.15].
Given that m-a.e. point of Az,j is of density 1 for Az,j itself and m is pointwise doubling at
m-a.e point by Proposition 5.6, we deduce from Proposition 1.41 that [Rk, dpr, LF Jwy, 0] is
the unique element of Tan[X, d, m, z] for m-a.e. x € A;g By arbitrariness of i and j, we finally
conclude that (5.46) is satisfied, thus proving the statement. Il
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As already seen in Section 4.2, a second-order differential calculus can be built over any
RCD(K, oo) space (X,d, m). In particular, there is a well-defined notion of covariant derivative
for vector fields on X. In the classical smooth Riemannian framework, covariant derivative
and parallel transport are two closely related concepts, thus — given the existence of covariant
derivative on RCD spaces — it is natural to ask: is there a notion of parallel transport in the
same setting? In this chapter we address such question, our main results being the following:

e We provide a precise framework and give a rigorous meaning to the ‘PDE’ defining the
parallel transport (see Definitions 6.19, 6.22 and 6.26).

e By the nature of our definition, norm-preservation and linearity of the parallel transport
can be immediately derived; these in turn will give uniqueness (see Corollary 6.28).

e On RCD spaces satisfying a certain regularity property, we are able to prove existence
of the parallel transport (see Subsection 6.2.2). The regularity condition that we need

109
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concerns the existence of Sobolev vector fields with bounded covariant derivative (see
Definition 6.34 for the precise assumption).

We believe that in fact the parallel transport exists on any RCD space, but we are currently
unable to get the full proof — so that the theory of parallel transport on RCD spaces is still
incomplete. An insight on why this should not be too easy to prove is the following: on a space
where the parallel transport exists, the dimension of the tangent module must be constant
(see Theorem 6.32) and thanks to the results of Chapter 5 this would in turn imply that
the dimension of the pmGH-limits of the rescaled space is constant. This very same result
has been extremely elusive even in the context of Ricci limit spaces and has been obtained
by Colding-Naber in | |; in the RCD setting, the problem of the constant dimension has
been brilliantly solved by E. Brué and D. Semola in | ].

Moreover, we remark that the assumptions we shall make in order to obtain existence
of the parallel transport are rather ad hoc and not really interesting from a geometric per-
spective: the intent with our existence result is just to show that the approach we propose is
non-void. Let us also mention that in Subsection 6.3 (see Theorem 6.39) we prove that any
RCD(K, o0) space admits a basis of the tangent module made of vector fields in Hé’2 (TX).
This means that if we relax the condition of ‘bounded covariant derivative’ into ‘2-integrable
covariant derivative’, then every RCD space meets the requirement.

Let us now briefly describe our approach. The crucial idea is that we do not study the
problem of parallel transport along a single Lipschitz curve, but rather we investigate the
problem along m-a.e. curve at the same time, where 7 is a given Lipschitz test plan over X
(recall Definition 4.22). The advantage of working with these plans rather than with single
curves is that they are naturally linked to the Sobolev calculus and thus to the functional-
analytic machinery described in Chapter 4.

Let us now pretend — for the sake of this introduction — that our space X is in fact a
smooth Riemannian manifold. In this case, a time-dependent vector field (v;) along 7 is
(roughly said) given by a choice of time-dependent vector fields (v]) on X for m-a.e. curve 7.
Then we say that (v;) is a parallel transport along 7 provided for 7r-a.e. curve v the vector
field ¢ — v; () is a parallel transport along «. This happens if and only if

for w-a.e. v we have that dyv) + V0] =0 for ae. t.

A relevant part of this chapter is devoted to showing that the above PDE can be stated even
in our non-smooth setting, the key point being that it is possible to define a closed operator
acting on 2-integrable vector fields along 7 that plays the role of (9 + V%); for more details,
see Definitions 6.17, 6.19 and Proposition 6.20.

We conclude by recalling that A. Petrunin proved in | ] that a certain notion of
parallel transport exists along geodesics on Alexandrov spaces (i.e. metric spaces having a
synthetic notion of sectional curvature bounded from below, see for instance | ]), while
uniqueness for his construction is still an open problem. It would be also interesting to
compare our notion of parallel transport with the one proposed by Petrunin (we point out
that any Alexandrov space is an RCD space, cf. | D-

The whole discussion contained in this chapter is taken from the paper | .
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6.1 Introduction of appropriate functional spaces

Throughout all this section, (X,d, m) is a given RCD(K, c0) space for some K € R, while 7 is
any fixed test plan over (X,d, m). Recall the classes TestF(X) of test functions and TestV(X)
of test vector fields, defined in (4.66) and (4.80), respectively.

6.1.1 Test vector fields along m

To begin with, we define the space of vector fields along 7 as

(6.1) VE(m) = ] efL*(TX).
t€[0,1]

In other words, VF(7r) is the collection of all maps assigning to each ¢ € [0, 1] an element of
the module e} L(TX); it is a vector space with respect to the natural pointwise operations.

To each V' € VF () we associate the function [V] : [0,1] — [0, 400), defined by
(6.2) V]: = ||Vt||e§L2(TX) for every ¢ € [0,1].

The subspace TestVF (7) C VF(7) of test vector fields along  is defined as

(6.3) TestVF(m) = {t — Zcpi(t) X4, €0
i=1

neNt, A € Z(T(X)), ¢; € LIP([0,1])
and v; € TestV(X) for every i =1,...,n |

Since TestV(X) C L>®(T'X) by definition, we deduce that for any V € TestVF(7) the
function (v,t) — |Vi|(7y) belongs to L>(L; x 7).

Proposition 6.1 (Continuity of test vector fields along 7) For V,W € TestVF () it
holds that the mapping

(6.4) 0,1] 3t — (V;, W;) € LY(x) is continuous.

In particular, the function [V] : [0,1] — [0, 4+00) is continuous for every V € TestVF ().

Proof. By linearity, it is clear that it is sufficient to prove the claim for vector fields V', W of
the form V = X4 efv, W = Xpejw — where v, w € TestV(X). In this case, the claim (6.4) is
a direct consequence of the equality

<‘/t, Wt> = XAOB <U7w> O €

and Theorem 2.15. The last statement follows by choosing W = V. O

We now define two norms on the space TestVF(7):

1
IV Lz = /0 VI2dr,

(6.5)
IVl = trél[gff][[v]]t-
Proposition 6.1 ensures that ¢ +— [V]; is Borel, thus || - [| ¢2(x) is well-defined; routine com-

putations show that || - || g2(ry, || -l () are norms on TestVE(m) with || - || y2(r) < || - llg(m)-
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We now want to show that (TestVF(w),]| - (g(ﬂ)) is separable by exhibiting a countable
dense subset. To this aim, we first choose three countable families 71 C {open sets of F(X)},
Fy C LIP([0,1]) and F3 C TestV(X) such that:

Given A C I'(X) Borel and € > 0, there exists U € F; with w(AAU) < ¢,
F is dense in C(]0, 1]) and stable by product and Q-linear combinations,

Fs is a Q-vector space of functions in W1?(X) whose gradients generate L*(TX).
We proceed in the following way:

Fi: Since I'(X) is separable, there exists a countable family 71 of open subsets of I'(X) that
is a neighbourhood basis for each point v € T'(X). Let us denote by F; the set of finite
unions of elements of 71, so that 7] is countable. Fix A € 2 (I(X)) and € > 0. The
measure 7 is regular, since (F(X), dp(x)) is complete and separable. By inner regularity
of 7, there exists a compact subset K C A such that w(A\K) < £/2. By outer regularity
of 7, there exists V' C I'(X) open such that K C V and w(V \ K) < /2. We can then
associate to any v € K a set Uy € Fi such that v € U, € V. By compactness of K,
one has K C U,, U...UU,, CV for some finite choice 71,...,7, € K. Therefore let
uscal U =U,, U...UU,, € F;. We have that

T(AAU) = 7(A\U) + 7(U\ A) < 7(A\ K) + 7(V \ K) < e.

Fo: The existence of such F5 stems from the separability of C ([0, 1])

F3: Since (X,d, m) is infinitesimally Hilbertian, we have that W12(X) is reflexive and there-
fore separable by (2.27). Let F3 be any countable dense Q-vector subspace of W1?(X).
Since gradients of functions in W12(X) generate the tangent module L?(TX), the same
holds for functions in Fj.

We now define the class TestVFy(7) of test vector fields along 7 as

) " n €Nt and U; € Fi, ¥ € Fo
6.6 TestVF =t i(t e;Vf; o Toh
(6:6) estVEn () { H;Qb()xmet / fi€e Fgforeveryi=1,....,n

Clearly TestVFy(7r) is a countable subset of TestVF(7). Notice that the inequalities
[Xaeiv —Xaelw], < /C(m) v — W| 27y
[Xaejv —Xyefv]y < /w(AAU) HUHLOO(TX)’

are valid for any ¢ € [0,1], A,U C I'(X) Borel and v,w € L?(TX), whence by recalling the
very definition of pullback module we see that:

(6.7) For any t € [0,1], the set {W; | W € TestVFy(m)} is dense in ef LA(TX).

Lemma 6.2 (Separability of TestVF(w)) The family TestVFn(m) is dense in TestVF(mr)
with respect to the norm || -

¢ (m)» thus also with respect to the norm || - || g2z
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Proof. Let V' € TestVF () be arbitrary. Let € > 0 and to € [0, 1]. There is W € TestVFy()
such that [V — W]y, < e by (6.7). Since t — [V — W]? = [V]7 + [W]Z — 2 [ (V;, W) dm is
a continuous function, we see that [V — W]; < e for every t in a neighbourhood of t3. By
compactness of [0, 1], we can find a finite number of open intervals I, ..., I, covering [0, 1]
and elements W7y, ..., W, € TestVFy(7) such that

(6.8) [V-Wi<e for every i =1,...,nand t € I; N[0, 1].
By multiplying W; by an appropriate function in /2, we can also assume that
(6.9) Wile < IVlg(m) + 2¢ for every ¢ € [0, 1].

Let (¢;); be a Lipschitz partition of the unity subordinate to the cover made with the I;’s.
Moreover, for any i let ¢; € Fy be such that |¢;(t) — ¢;(t)| < e for every ¢ € [0,1]. Then we
have that (¢ — Wy =Y, 1;(t) W) € TestVFy(m) and

(6.8),(6.9)
[V =Wl <[V = 3,0i(0) Wile + [ 2, (0i(t) = 9s(®)) Wil < e+e(|V

@(m) T 2€)

for any ¢ € [0, 1]. The conclusion follows from the arbitrariness of £ > 0. g

6.1.2 The space Z*(m)

Let us define the class of Borel vector fields along the test plan 7r:

Definition 6.3 (Borel vector fields along w) We say that V € VF () is Borel provided

(6.10) 0,1] 3¢ +— / (Vi, W) dm is a Borel function

for every W € TestVE().

Notice that — thanks to Lemma 6.2 — this notion would remain unaltered if we required
the identity (6.10) to hold for any W € TestVF(m). Furthermore, Proposition 6.1 ensures
that test vector fields are Borel. We have the following basic result:

Proposition 6.4 Let V € VF(m) be Borel. Then the map [V] : [0,1] — [0,00) is Borel.
Proof. From (6.7) we deduce that

VI; = sup <2/ (Vi, W) dmr — [Wﬂ?) for every t € [0,1],
WeTestVEy(TT)
whence the statement follows. O

We can now define the space .Z() in the following way:

Definition 6.5 (The space .£%(m)) The space £*(m) is the space of all V € VF(m) with

1 1
(6.11) Hvu?ﬁ(,,)i/ [[V]]fdt://Vt\Qdfrdt<+oo,
0 0

where we identify V,V € VE(x) if V; = V; for a.e. t €[0,1].
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Clearly (Z*(w),]l - Hgg(ﬂ)) is a normed space, wherein TestVF(7) is embedded. By
adapting the classical arguments concerning the standard L?-spaces, we obtain the following:

Proposition 6.6 The normed space £*(m) is a Hilbert space. Moreover, if V,, — V strongly
in £?(m), then there is a subsequence such that Vs — V; in ef L*(TX) for a.e. t € [0,1].

Proof. Tt is clear that the .Z?()-norm comes from the scalar product

1
<V, W)gz(ﬂ.) = / / <‘/t, Wt> dm dt.
0

To conclude the proof, we show that if (V},), is a sequence of Borel vector fields in .22 ()
such that } [[Vat1 — Vallg2(x) < oo, then such sequence has a limit V' € Z?(w) and for
almost every ¢ € [0,1] it holds that V,,; — V; in ef L*(TX).

Define the Borel function g : [0,1] — [0,400] as g =) [Vh4+1 — Vi,]. Notice that, since

N 00
£2(0,1) < nzzl ||Vn+1 - VnH$2(ﬂ-) < nE:l HVn+1 — Vn”$2(ﬁ) < 00

IS W - Vi)

for every N € N, we have that g € L?(0,1). Let N = {¢ € [0,1] : g(t) = +o0} and observe
that for every ¢ € [0,1] \ N it holds that

(6.12) > Warre = Vaillerr2ax) = Y Vot — Vali = g(t) < o0,
n=1 n=1

proving that (V;, ;) is a Cauchy sequence in e} L?(TX). Then define

V- { limy, V¢ € e/ L*(TX) if + € [0,1] \ N,
0 € ef L*(TX) if t € N.
For every W € TestVF () we have [ (V;, W) dm = lim,, [ (V,,, W) dm for all ¢ € [0,1] \ N,
hence the function [0,1] 3 ¢ + [ (V;, W;) dxr is Borel and — by arbitrariness of W — this shows
that V is Borel. Since trivially we have [V]; < [Vi]s + > or [Vat1 — Valt, by (6.12) we see
that V € £?(m). To check that V,, — V in () we use the fact that, again by (6.12), the
sequence [V — V,]; is dominated in L?(0,1) and that for every ¢ € [0,1] \ N it holds

: RN (6.12)
V=Vl < Jim lim 3 o =Vl =70
so that the conclusion follows by the dominated convergence theorem. O

Proposition 6.7 (Density of TestVFy(w) in £2(m)) It holds that the space TestVF ()
is dense in L*(m). In particular, the space £?(m) is separable.

Proof. Let (Z);, be an enumeration of the elements of TestVFy(7). Now pick a Borel vector
field V € 22(x) and choose € > 0. Then let Gy, = {t€[0,1] : [V = Z]s <e} forall k € N.
We put Gy = Gy and Gy, = Gy \ (G1U...UGj_1) for k > 1. Then (6.7) grants that (Gr)p>1
constitutes a Borel partition of [0, 1]. -
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For m € NU {co} define W,,, € Z%(m) as Wit = >0 XG, (t) Zks. Observe that we
have [|[Wog — V| g2(sr) < € by definition of G. Moreover, for each m > 1 one has that

W — Waoll %2 () Z / 2dt < / 2 (VI +¢?) dt,
G Uk>m G’V

k=m+1

so that accordingly lim,, 0 [|Wim — W] #2(x) = 0 by dominated convergence theorem.
Hence to conclude it is sufficient to show that each W,, belongs to the .#?(m)-closure
of TestVFy(7r). In turn, this would follow if we proved that for any Z € TestVFn(7) and
any Borel set G' C [0, 1] the vector field Xg Z belongs to the .Z2(m)-closure of TestVFy(7).
To see this, simply let (¢,), C LIP([0,1]) be uniformly bounded and a.e. converging to Xg.
Note that ¢, Z € TestVF(7) and that an application of the dominated convergence theorem
shows that o, Z — X¢ Z in £?(m). This completes the proof. (I

Now consider the speed 7}, associated to any test plan by Theorem 4.20.

Proposition 6.8 The (equivalence class up to a.e. equality of the) map t — 7} is an element
of the space L?(m).

Proof. We have that w} € ef L2(TX) for a.e. t € [0, 1]. Moreover,

//\ﬂ't\ dmdt (426)//%2d7‘r )dt < 400

by the very definition of test plan. Hence we only need to show that ¢ — =} has a Borel
representative, in the sense of Definition 6.3.

Notice that for any f € W12(X) by Proposition 4.21 we have that the map ¢ — (efdf)(m})
admits a Borel representative. Therefore the same holds for the map ¢t — ¥ (t)Xy(efV f, 7))
for every ¢ € LIP([0,1]) and U C I'(X) Borel. Hence there is a Borel negligible set N C [0, 1]
such that for every V' € TestVFy(m) the function ¢ — [ (V, w}) dmr, set to 0 on N, is Borel.
This is sufficient to conclude. ]

We conclude the subsection by pointing out that .#?(m) can be also seen as the pullback
of L?(TX) via the evaluation map e : I'(X) x [0,1] — X, defined as e(7,t) = ;. To this aim,
let us start by defining the following operations:

i) Given any f € L®(mw x £1) and V € £?(m), we define fV € £?(m) as
(6.13) (Ve =f(, )V, for Lq-a.e. t € ]0,1].
ii) To each V € .Z?(m) we associate the function |V| € L?(m x £;), defined by
(6.14) VI(y,t) = Vil(v)  for (m x Ly)-ae. (7,1) € T'(X) x [0,1].
It is clear that these operations give .#?() the structure of an L?(m x £1)-normed module.
We define the linear continuous operator ® : L*(TX) — £?(w) as
(6.15) P (v), = ejv for Lq-a.e. t € [0,1].

We then have the following identification:
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Proposition 6.9 (.Z%(r) as pullback) It holds that (£?(x), ®) = (e*L*(TX),e*), i.e.
‘q)(v)‘ =|v|oe holds (7 x L1)-a.e. for any v € L*(TX),
{®(v) |ve L*(TX)} generates £*(m) as a module.

Proof. The first in (6.16) follows by noticing that |®(v)|(y,t) = [ejv|(v) = (|v|oe)(7,t) holds
for (m x L1)-a.e. (7,t), the second one stems from the density of TestVF () in £?(m). O

(6.16)

Notice that the notion of pullback module (e*L?*(TX),e*) makes no (explicit) reference
to the concept of ‘test vector field’, as defined in Subsection 6.1.1. Thus this last proposition
is also telling us that the choice of using these test objects to check Borel regularity — which
a priori might seem arbitrary — leads in fact to a canonical interpretation of .Z2(m).

Remark 6.10 (.£?(m) as direct integral) The construction of .#?() can be summarized
by saying that such space is the direct integral of the ef L?(TX)’s, the space of Borel vector
fields being the so-called ‘measurable sections’ and the set TestVFy(7) being the one used
to check measurability. |

6.1.3 The space %(m)

Here we introduce and briefly study those vector fields in VF(7r) which are ‘continuous in
time’. We start with the following definition:

Definition 6.11 (The space ¢ (7)) Let V € VF(m) be given. Then we say that V is a
continuous vector field along 7 provided

(6.17) [0,1] 5t / (Vi, Wy) dm is continuous
for every W € TestVFy(m) and
(6.18) [0,1] 5t — [V]+ is continuous.

We denote the family of all continuous vector fields by € (). For every V € € (), we set

(6.19) v

iy = V1.
(1) trg[gff][[ I:

Lemma 6.2 ensures that this definition would be unaltered if we required (6.17) to hold
for any W € TestVF (). Moreover, Proposition 6.1 grants that TestVF(w) C € ().

It is not obvious that €(7) is a vector space, the problem being in checking that (6.18)
holds for any linear combination. This will be a consequence of the density of TestVF()
in ¢ (), which is part of the content of the next result:

Proposition 6.12 It holds that the space (€¢(mw),] -
wherein the set TestVFy () is dense.

cg(ﬂ.)) is a separable Banach space,

Proof. Let V1,Va € €(m) be given. Notice that — by using (6.17), (6.18) and by arguing
exactly as in the proof of Lemma 6.2 — we can find (W1 ), (Wa ), C TestVFy(7r) such that
the functions ¢ — [V; — W; ] uniformly converge to 0 as n — oo for i =1, 2.

Now observe that — since Wy ,, + Wa,, € TestVFy(7) — the function ¢ — [Wi,, + Wa, ]+
is continuous and for every t € [0, 1] we have

MV1 + Vol — [Win + WQ,n]]t‘ <Vi=Wip+Va—=Waule < [Vi— Wil + [Va — Wap]e.
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Hence t — [Vi + V2]t is the uniform limit of continuous functions and thus continuous itself.
Since trivially € () is closed by multiplication by scalars, we proved that it is a vector space.
That [ - |l (7 is @ complete norm on it is trivial and the density of TestVFn(7r) has already
been shown. Hence the proof is finished. O

A useful consequence of the density of test vector fields is the following strengthening of
the continuity property:

Corollary 6.13 Let V € €(m) be given. Then the map t — |V;|? € LY(m) is continuous.

Proof. For V' € TestVF(m) the claim has been proved in Proposition 6.1. Now notice that
for V,W € € (m) we have

@) +IW

/}\%\2_|Wt2‘d7r§/M+Wtum—wt|d7rg (% ) IV = Wi,

so if V, = V in €'(m) then (t — [Vy4]?) € L' (sr) uniformly converge to (¢ — |Vi|?) € L(m).
The conclusion then follows from the density of TestVF(7) in €(m). O

6.1.4 The spaces #'%(w) and J"*(r)

Throughout all this section, we shall further make the assumption that the test plan = is
Lipschitz (in the sense of Definition 4.22).

Let v € Wé’Q(TX) be given. Notice that the map from L°(TX) to ej LY(TX) defined by
(6.20) w — e; (V)
satisfies the inequality
(6.21) \e;‘(ku)\ < |Vulys o e |w| o ey in the 7r-a.e. sense.

Hence by the universal property of the pullback — given in Proposition 3.31 — we know that
there exists a unique L°(w)-linear and continuous operator from efL(TX) to efL°(TX),
which we shall call Cov(v,-), such that

(6.22) Cov(v, efw) = e; (Vyv) for every w € L(TX)
and such operator satisfies the bound
(6.23) ’Cov(v, W)} < |Volys o e |[W] in the 7r-a.e. sense.

We shall be interested in such covariant differentiation along the speed of our test plan: for
every t € [0,1] such that 7} exists, we define the map Covy : Wé’Q(TX) — ef LY(TX) as

(6.24) Covy(v) = Cov(v, ).
We point out the following simple fact:

Proposition 6.14 For every t € [0,1] such that w} exists, the operator Covy is linear and
continuous from Wé’Q(TX) to ef L?(TX). Moreover, for every v € Wé’Q(TX) the (equivalence
class up to a.e. equality of the) map t — Covy(v) € ef L2(TX) is an element of £?(m).
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Proof. The continuity of Cov; as map from Wé’z(TX) to ef L2(TX) is a direct consequence
of the bounds (6.23) and our assumption that 7r is a Lipschitz test plan:

(6.23)
2
ICovi() 2 = [ |Cov)am < [ Vol oer i dm < Clm) Lim)? ol .

Thanks to this bound, to conclude it suffices to show that for any vector field v € Wé’Z(T X)
the map t — Covy(v) = Cov(v, ;) is a.e. equal to a Borel element of VF(7). Taking into
account that (¢ — ;) € £?(w) by Proposition 6.8, that TestVF () is dense in £?(), the
second claim in Proposition 6.6 and the bound (6.23), we see that to conclude it is sufficient
to show that t — Cov(v, V}) is a Borel vector field in VF(7r) for any V' € TestVF ().

Fix such V, say V; = >, ¢i(t) X4, €fv;. Let (¢t — Wy = 22 ¥i(t) X, ejw;) € TestVF(m)
be arbitrary. Notice that, since |v;], |w;| € L*(m) N L>®(m), we have that (v;, Vy,v) € L (m)
and thus by Theorem 2.15 we deduce that the map ¢ — (v, Vi, v) o€, € L'(7r) is continuous
for every choice of i, j. Therefore

t—> / (Vi, Cove(v, Wy)) dmr = ngi(t) () /XAmBj (vi, Vi, v) 0 ey dmr
4,3
is continuous, establishing — as W is arbitrary — the Borel regularity of ¢ — Cov(v,V;). O

The ‘compatibility with the metric’ of the covariant derivative yields the following simple
but crucial lemma:

Lemma 6.15 Let v,w € TestV(X) be given. Then the map (t — (v,w)oes) € L*(m), which
1s Lipschitz by Proposition 4.2/, satisfies the identity

(6.25) % (v, w) o e; = (Cove(v),, efw) + (ejv, Covg(w),) for Li-a.e. t €[0,1],

where the derivative is intended in the strong topology of L*().
Proof. Recall from item ii) of Proposition 4.52 that it holds
d(v,w)(2) = (V,v,w) + (v, V,w) m-a.e. for every z € LY(TX).

From the defining property of pointwise norm in the pullback and by polarization, we obtain
that (efvy,efva) = (v1,v2) o ey for every vy, ve € LO(TX). Thus we have that the identity

(6.26) (efd(v,w))(Z) = (Covi(v, Z),efw) + {ejv, Cove(w, Z))

holds for every Z € ej L?(TX) of the form Z; = e}z for some z € L?(TX). Since both sides of
this identity are L>°(r)-linear and continuous in Z, we see that (6.26) holds for Z € e L?(TX)
generic. The conclusion comes by picking Z = =} and recalling Proposition 4.24. O

We want to introduce a new differential operator, initially defined only on TestVF () and
then extended to more general vector fields. To this aim, the following lemma will be useful:

Lemma 6.16 Let (¢;);, (¢;); € LIP([0,1]), let (A;)i, (Bj); be Borel partitions of I'(X) and
let (vi)i, (wj); C TestV(X), where i =1,...,n and j =1,...,m. Assume that

n m
(6.27) Z Xa,pi(t) ejv; = Z XB;¥j(t) efw; for every t € [0, 1].
i=1 j=1



6.1. Introduction of appropriate functional spaces 119

Then for a.e. t € [0,1] it holds that
n
ZXA#P; ejv; = ZXB Y5 (t) ejwy,

ZXA wi(t) Covy(v;) ZXB Y;(t) Cove(wj).

(6.28)

Proof. For the first claim in (6.28), note that our assumption (6.27) and Proposition 6.9 yield
ZXAiX[O,l](')t) ) e*v; = ZXB x[0,1)(++ ) ¥5(t) e*w;
i

as elements of e*L?(TX) = .#?(m), thus we can differentiate in time and conclude by using
again Proposition 6.9.

For the second claim in (6.28), start by noticing that our assumption (6.27) and the very
definition of pullback imply that — for any ¢, j and ¢ € [0, 1] it holds X¢ ¢;(t) v; = X ¥;(t) wy,
where we set C' = {d(ey)«(Xa,nB;w)/d(er)«w > 0}. This identity and the locality of the
covariant derivative give that X p;(t) V.vi = X ;(t) Vaow; for every 2z € L*(TX). By
applying the pullback map on both sides and noticing that X¢ oe; > X4,np;, we deduce that

XA;NB; i(t) Cov(v;, Z) = XA,nB; ;(t) Cov(wj, Z)

for every Z of the form Z; = efz. From the L°°(7r)-linearity in Z of both sides and the
arbitrariness of 4, j, the conclusion follows. O

We can now define the convective derivative of a test vector field:

Definition 6.17 (Convective derivative along a test plan) We define the convective
derivative operator Dy : TestVF(mw) — £2%(m) as follows: to the element V € TestVF(w), of
the form Vi = Y, @i(t) X4, €jvi, we associate the vector field DV € £*(m) given by

(6.29) DaV), =3 Xa, (wg(t) efv; + oi(t) Covt(vi)) for Li-a.e. t € [0,1].
=1

For the sake of simplicity, we will briefly write D V; instead of (IS,TV)t.

Notice that Lemma 6.16 ensures that the right hand side of (6.29) depends only on V/
and not on the way we write it as V; = > " | ¢i(t) X4, €fv;. The fact that the right hand side
of (6.29) defines a Borel vector field in VF(7r) follows directly from Proposition 6.14; to see
that it belongs to .Z%(r), notice that (¢ +— ejv;), Covg(v;) € £?(m) for every i and that the
functions (;’s are Lipschitz. Hence the definition is well-posed and ]5,r is a linear operator.

The convective derivative has the following simple and crucial property, which is a direct
consequence of Lemma 6.15.

Proposition 6.18 Let V,W € TestVF(w). Then the map t — (V;, W;) € L?(w) is Lipschitz
and satisfies the identity

d

4 Vi, Wi) = (D Vi, Wo) + (Vi, D W5 for Li-a.e. t €0,1],

(6.30)

where the derivative is intended in the strong topology of L*().
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Proof. By bilinearity, in order to prove (6.30) it suffices to consider the case V; = o(t)X4 efv
and W, = ¢ (t) Xp efw for v,w € TestV(X). Lemma 6.15 ensures that

[0,1] 3t — (efv,efw) = (v,w) oe; € L*(m) is a Lipschitz map

and it is thus clear that ¢t — (V;, W) = Xanp ¢(t) ¥(t) (ejv,efw) is Lipschitz as well. The
identity (6.30) now follows from (6.25) and the Leibniz rule. O

This last proposition will allow us to ‘integrate by parts’ and to extend the definition of
convective derivative to ‘Sobolev vector fields along 7’.

Let us define the support spt(V) of a test vector field V' € TestVF(7r) as the closure of
the set of ¢’s with V; # 0. We introduce the space of sections with compact support in (0, 1):

(6.31) TestVFo(m) = {V € TestVF(m) | spt(V) C (0,1)}.

A simple cut-off argument shows that TestVF () is .Z?(m)-dense in TestVF (), whence
accordingly also in .Z%(m). With this said, we can give the following definition:

Definition 6.19 (The space #12(w)) The Sobolev space #12(m) is the vector subspace
of L?(m) consisting of all those V € L2 () for which there exists Z € £*(m) satisfying

1 _ 1
(6.32) // (Vi,DaWy)dm dt = — // (Zy, Wy) dm dt for every W € TestVF ().
0 0

In this case the section Z, whose uniqueness is granted by density of TestVF.(m) in £L?(m),
can be unambiguously denoted by D,V and called convective derivative of V. We endow the
space W V2(m) with the norm || - ly12(my, defined by

(6.33) V12w = \/”V||,22”2(7r) + DAV [ %2y for every Ve W13 (m).

As we are going to see, this choice of terminology is consistent with that Definition 6.17:

Proposition 6.20 Let V € TestVF(x) be given. Then V € #12(x) and DrV = D, V.

Proof. Fix W € TestVF(m). We know from Proposition 6.18 that [0,1] 3 ¢ — [ (V;, Wy)dm
is an absolutely continuous function, so that (6.30) gives, after integration, that

1p 1 _
O:/<V1,W1>d7r—/<‘/b,Wo) d7r=//(D7,V},Wt) dwdt—k//(V},D,TWt}dwdt.
0 0
This proves that V satisfies (6.32) with Z = D, V. O

Proposition 6.21 (Basic properties of #12(w)) The following hold:

i) The operator Dy is closed from £%(m) into itself, i.e. its graph is closed in the product
space L2 (m) x L?(m).

ii) The space #12(m) is a separable Hilbert space.
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iii) Let V,Z € £?(w) be given. Then we have V. € #W12(w) and Z = DV if and only if
the map t — (Vi, Wy) belongs to W1 ([0,1], L*()), with derivative given by

d
(634) & <V;g, Wt> = <V;5,Dﬂ—Wt> + <Zt, Wt> fO’/“ Li-a.e. t € [0, 1],

for every W & TestVF ().

Proof. We divide the proof into some steps:
i) Let (Vy,), € #52(m) be a sequence such that V,, — V and DV, — Z in .£?(m), for
suitable vector fields V, Z € £?(m). Then for arbitrary W € TestVF.(w) we have that

1 1 1
//(%,DﬂWt>d7rdt— lim //<14",D7,Wt>d7rdt—— lim //(Dﬂ%”,Wt)d‘rrdt
0 0 0

n—o0 n—oo

1
- —//(Zt,Wt>d7rdt,
0

proving that V € #12(x) with DV = Z, which was the claim.
ii) Consequence of what just proved and the fact that the map

W12 () 3V — (V,DiV) € L3(7) x L2 ()

is an isometry, provided we endow .£2(m) x £?(m) with the norm

V.2 = IV 20m) + 12122y,

which is separable by Proposition 6.7.

iii) The ‘if’ trivially follows from (6.34) by integration. For the ‘only if’, fix W € TestVF (),
let ¢ € C1(0,1) and let T' C T'(X) be Borel. Then ¢ ~ o(t) X W; is in TestVF.() and a
direct computation shows that D (o Xr W) = ¢/ () Xr Wi+ ¢(t) Xp D W;. Hence by writing
the defining property (6.32) (with ¢ Xp W in place of W) we get — after rearrangement — that

/01 <p'(t)/F <%7Wt>dﬂdt:_/olcp(t)/r Vi, DaWy) + (Zy, W) dr dt.

The arbitrariness of ¢, " and Proposition C.3 yield the claim. (Il

We just proved that TestVF () is contained in #12(7), but we do not know if it is dense.
Therefore the following definition is meaningful:

Definition 6.22 (The space #1%(w)) We define 12(m) as the W 12(m)-closure of the
space TestVF ().

Clearly, s#1%(m) is a separable Hilbert space. A key feature of the elements of J#12(m)
is that they admit a continuous representative (much like Sobolev functions on intervals):

Theorem 6.23 The inclusion TestVF (7)) — €(m) uniquely extends to a linear, continuous
and injective operator v : V2 (w) — € (w).

Proof. We claim that

(6.35) \4

& () <2 HVHWLQ(ﬂ) for every V' € TestVF ().
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By density of TestVF () in ##12(7), this is enough to get existence of the operator . Thus
let V€ TestVF (), pick W = V in (6.30) and integrate in [t1,?2] C [0, 1] with respect to =

to obtain that
to
:2‘/ [ ipavi)amar
t1

to
< 2/ Vil [DaVil drr dt < V(1% () + 1DV 122 ()-
t1

VI - VI,

Hence for any t € [0, 1] one has that

1 1
VI = /O VI2ds < /0 IV = V2] ds + IV 1Zam) < 2 IVIE g,

which is our claim (6.35).

In order to prove injectivity, choose V € #12(m) such that +(V) = 0. Let us pick any
sequence (V;,), C TestVF(m) which is #12(m)-converging to V and notice that — up to
passing to a subsequence and by using Proposition 6.6 — we can assume that V," — V; for
almost every ¢ € [0, 1]. By continuity of the operator ¢, one also has that

V™ gy = [16V™) = e(V)| gy — O
and thus in particular V;* — 0 for all t € [0, 1]. Therefore V; = 0 for L;-a.e. t € [0, 1], yielding
the required injectivity of ¢. 0

Whenever we will consider an element V of #12(7), we will always implicitly refer to
its unique continuous representative (V') € €' ().

Among the several properties of the test sections that can be carried over to the elements
of #12(m), the most important one is the Leibniz formula for convective derivatives:

Proposition 6.24 (Leibniz formula for D) Let V € #12(w) and W € s#12(w). Then
the map t — (Vi, Wy) is in WH1([0,1], L' () and its derivative is given by

d
(6.36) T (Vi, Wy) = (D Vi, Wy) + (Vi,, DR W3) for Li-a.e. t € [0,1].

Proof. For W € TestVF () the claim is a direct consequence of point iii) of Proposition 6.21.
The general case can be achieved by approximation, just noticing that the simple inequalities

H<V;5’Wt>HL1(7T><E1) < ||VH=-(/2(7") HW’|$2(7")’
| (D Vi, We) + <W7DﬂWt>“L1(WX£1) < 20Vl Wy

allow us to pass to the limit in the distributional formulation of % (Vi, Wy) as the element W
varies in JZ12(mr). O

In the next proposition we collect some examples of elements of .7#12(7):

Proposition 6.25 The following hold:

i) Given any w € Hé’2(TX), we have that the vector field t — Wy = ejw belongs to the
space °V2(m) and satifies

(6.37) D;W; = Covi(w) for Ly-a.e. t € [0,1].
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ii) Let W € #%2(x) be such that |W|,|[DW| € L*>(m x L1) and a € W2([0,1], L*(m)).
Then aW € V% (x) and

(638) Dﬂ-(CLW)t = ag Wi 4+ a; Do W; fOT Li-a.e. t € [0, 1]

Moreover, if W € €(w) and a € AC*([0,1], L*(w)), then aW € €(m).

Proof. We divide the proof into some steps:

i) If w € TestV(X) then W € TestVF () by definition and in this case formula (6.37)
holds by the definition (6.29) and by Proposition 6.20. The general case can be obtained by
approximating w with vector fields in TestV(X) with respect to the Wé’Q(T X) topology, by
using the bounds

1 1
w7 |2 2 2
= <
/O/}et(v)| dmdt /O/\v] oe;dmwdt < C(m) HU”Wé’Q(TX)’
1 9 (6.23) ) 9
/0/‘COV7r(U)t| doedt < C(m)L(mw) HU”Wé’Q(TX)

and by recalling the closure of the operator D .
ii) The claim about continuity is obvious, so we concentrate on the other one. Assume at
first that a belongs to the space A, defined as

A= {Z(PiXEi

i=1

and that W € TestVF (7). In this case alV belongs to TestVF () as well and formula (6.38)
is a direct consequence of the definitions. Then by using the trivial bounds

n € N, ¢; € LIP([0,1]), (E;); Borel partition of F(X)}

||aW||$2(ﬂ-) < ||a”L°<>(7r><£1) HWHffz(’T)’
HG/W + aDTl'WHgQ(ﬂ.) < <||a”L°°(7r><£1) + Ha/HL‘X’(ﬂ'Xﬁl)) HWHWLQ(W),
the #/1?(m)-density of TestVF () in 5#"?(m) and the closure of the operator Dy, we conclude

that aW € J12(m) for every a € A and W € #12(w), and that (6.38) holds in this case.
Now let W be as in the assumptions and observe that we also have the bounds

laWll 2y < Nall 20,13, 2m) W oo e )
HQIW +aD,,WH$2(ﬂ) < llallwr2(0,1),2(m)) (H|W|HL°°(‘IT><[:1) + H|D7rW‘HL°°(7T><£1))'

Therefore — by using again the closure of D, — we see that to conclude it is sufficient to prove
that A is dense in WLQ([(), 1], L2(7r)). To this aim, we argue as follows: for every n € N, let
us take a Borel partition (E!);en of spt(m) C I'(X), made of sets with positive mw-measure
and diameter < . Then for every n, N € Nlet P : L?(m) — L*(m) be defined by

V(=3 o [
" i—1 o m(E}) JEp '

It is clear that Pév has operator norm < 1 for every n, N € N and an application of the

dominated convergence theorem shows that

(6.39) lim lim PN (f) = f

n—oo N
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for every f € Cy,(I'(X)), the limits being intended in L?(r). Therefore (6.39) also holds for
every f € L?(m). The linearity and continuity of P grant that if ¢ — a; belongs to the
space W12([0,1], L*(x)), then ¢ — PN (a); = P (a;) is in W2([0,1], L?(m)) as well and
(6.40) (PTJLV(CL))/ PN (a}) for Li-a.e. t € [0, 1].

t =
All these considerations imply that

Jim Tim PNa)=a in Wh2([0, 1], L*())
for every a € W12([0,1], L?(m)), thus to conclude it is sufficient to prove that P2 (a) belongs
to the W'2([0,1], L?())-closure of A for every n, N € N and a € W'2([0, 1], L*()).
Finally, it is clear by construction and by (6.40) that we can write PN (a) = 32N | g; x Er
for some g; € W2(0,1). Given any i = 1,..., N, we can find a sequence (g; ;); € LIP([0,1])
that W12([0, 1])-converges to g;. Note that

N 2 N
2 .
S (9 — 9i) X = S w(ED) gy — 9ilnan — 0 asj— oo
i=1 WH2([0,1],L2(m) =1
Since Ef\il gi,j Xgr € A for every j, the proof is completed. O

6.2 Parallel transport on RCD spaces

6.2.1 Definition and basic properties of parallel transport

By relying upon the machinery developed in the Section 6.1, we propose a notion of parallel
transport for RCD spaces. Let (X,d, m) be a fixed RCD(K, o0) space, for some K € R.

We shall frequently use the fact that, since s#12(m) is continuously embedded into €()
by Theorem 6.23, any vector field V' € #12(m) has pointwise values V; € ef L?(TX) defined
at every time ¢ € [0, 1].

Definition 6.26 (Parallel transport) Let m be a Lipschitz test plan on X. Then a parallel
transport along 7 is an element V € #V%(w) such that DV = 0.

The linearity of the requirement D,V = 0 ensures that the set of parallel transports forms
a vector space. From Proposition 6.24 we deduce the following simple but crucial result:

Proposition 6.27 (Norm preservation) Let V' be a parallel transport along a Lipschitz
test plan w on X. Then the map t — |V;|?> € LY() is constant.

Proof. We know from Corollary 6.13 that the map ¢ ~ |V;|? € L'(m) is continuous. Hence
the choice W = V in Proposition 6.24 tells that such map is absolutely continuous, with
derivative given by

d
I Vil? =2(Dx Vi, Vi) =0 for Li-a.e. t € [0,1].

This is sufficient to conclude. O
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Linearity and norm preservation imply uniqueness:

Corollary 6.28 (Uniqueness of parallel transport) Let m be a Lipschitz test plan on X.
Let V1, Vs be parallel transports along 7 with Vi 4, = Vay, for some tg € [0,1]. Then Vi = V5.

Proof. Since D (V) — Vi) = D Vi — D Vo = 0, we have that V; — V3 is a parallel transport
and by assumption we know that |V 4y — Va4, = 0 in the 7-a.e. sense. Thus Proposition 6.27
grants that for every ¢ € [0, 1] it 7-a.e. holds that [Vi; — Vo | =0, i.e. Vi, = Vo, O

Remark 6.29 We emphasise that the norm preservation property is a consequence of the
Leibniz formula in Proposition 6.24. We do not know if such formula holds for V, W € #1:2(m)
and this is why we defined the parallel transport as an element of .72 () with null convective
derivative, as opposed to an element of # 12(7) with the same property. |

We now assume existence of parallel transport along some/all Lipschitz test plans and
see what can be derived from such assumption. First of all, we show that a parallel transport
sends bases into bases:

Proposition 6.30 Let 7 be a Lipschitz test plan on X with this property: given anyt € [0,1]
and V; € ef L*(TX), there exists a (unique) parallel transport V along m such that V; = V;.
Call (En)nenufoc} the dimensional decomposition of et L?(TX) and choose any orthonormal
basis (Vp)nen of eyL?(TX), i.e. Vi,...,Vy is an orthonormal basis for e L*(TX) on E, for
any n € N. Denote by t — V,,; the parallel transport of Vi, along 7. Then for every t € [0,1]
it holds that the partition (Ep)nenufoo} s also the dimensional decomposition of ef L*(TX)
and that the set (Vi t)nen is an orthonormal basis of ef L?(TX).

Proof. For every t, s € [0, 1], let us consider the map sending V' € e; L?(TX) to V; € et L?(TX),
where V' € #12(m) is the parallel transport along 7 such that V; = V. Proposition 6.27
ensures that this map preserves the pointwise norm. Since it is clearly linear, it is easily
verified that it is an isomorphism of e} L2(TX) and e*L?(TX). The conclusions follow. [

We shall apply the previous result to show that — under the same assumptions — we have
the equality 7 12(m) = #12(m):

Proposition 6.31 (J = #') Letw be a Lipschitz test plan on X with the following property:
given any t € [0,1] and V; € e L*(TX), there exists a (unique) parallel transport V along 7
such that V; = V. Then V2 () = W42 (m).

Proof. Fix V € #12(m). Choose an orthonormal basis (V;)ien C e L?(TX) of e L*(TX) and
call t — V;; the parallel transport of V; along 7. Then by Proposition 6.30 we see that

(6.41) Vi, = Zai,tVi,t where we set a;; = (V4, V) for a.e. t € [0,1],
€N

being intended that the series absolutely converges in ef L?(TX) for almost every t € [0, 1].
By Proposition 6.24, we see that ¢ — a;; is in W!([0,1], L*(rr)), with derivative given by

(642) a;ﬂg = <D7rV:fa V%,t>-

In particular, since |Vj;| < 1 we see that a;s, aj, € L?([0,1], L?(7)) and in turn this implies
— by Proposition C.3 — that the mapping ¢ — a;; belongs to WI’Q([O, 1], Lz(w)). This fact
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and item ii) of Proposition 6.25 give that (t > ai,tVi,t) € H#Y2(m) for every i € N, thus
accordingly we have (t — Y1 a;;Vis) € #5*(m) for any n € N.

Hence to conclude it is sufficient to show that these partial sums form a #12(w)-Cauchy
sequence, as then it is clear from (6.41) that the limit coincides with V. From (6.41) and
(6.42) we have that

1
3 / /0 @142 + a2 At A = [V ]2z + DV 2oy < +0.
€N

Since we also have the identity

ZaiVi = Z(ZiVi + ZaéVi :Z// |aid|® + |aj,|* dt d,
i=n WL2(m) i=n L2(m) i=n ZL2(m) i=n 0
the conclusion follows. O

We shall now prove that if the parallel transport exists along all Lipschitz test plans, then
the dimension of X — intended as the dimension of the tangent module — must be constant.

Theorem 6.32 (From parallel transport to constant dimension) Suppose that, given
any Lipschitz test plan m on X, any t € [0,1] and any V € ef L>(TX), there exists the parallel
transport V along w with V; = V. Then the tangent module L?(TX) has constant dimension,
i.e. in its dimensional decomposition (Ei)ieNU{oo} one of the E;’s has full measure.

Proof. We argue by contradiction: assume to have m(E;), m(E;) > 0 for some 7,5 € NU {oo}
with i # j. Let Fy C E;, F1 C E; be bounded Borel sets of positive (finite) measure. Consider

po = m(EFp) " my
= m(Fl)’1 m g,

Let 7 be the unique optimal geodesic plan connecting them and recall that it is a test plan
(cf. Remark 4.42). Since Tr(eal(Fo)) = 110(Fp) = 1 and the dimension of L?(TX) on Fy is i,
by Theorem 3.38 we see that for the dimensional decomposition (Eg)nENU{oo} of e} L?(TX)
we have that 7(E?) = 1 and 7(E)) = 0 for every k # i. Similarly, for the dimensional
decomposition (E%)neNu{oo} of i L?(TX) we have ﬂ(E]l) =1 and 7(E}) = 0 for every k # j.
In particular, it holds that

(6.43) n(E)AE}) =m(EY) =1> 0.

Now notice that — from basic considerations about optimal transport — we have that = is
concentrated on geodesics starting from Fjy and ending in F;. The constant speed of any such
geodesic is bounded from above by sup,cp yem d(2,y) < 00, so that 7 is a Lipschitz test
plan. Therefore Proposition 6.30 grants that the dimensional decomposition of e} L?(TX)
does not depend on ¢. This contradicts (6.43), whence the proof is achieved. u

Remark 6.33 It has been recently proved in | ] that any finite-dimensional RCD space
has constant dimension, in the sense of Theorem 6.32. As already mentioned in the Introduc-
tion,this represented one of the most important open problems in the theory of RCD spaces.
The proof relies upon some regularity estimates for the regular Lagrangian flows, that have
been obtained in | ]. [ |
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6.2.2 Existence of the parallel transport in a special case

It is unclear whether on general RCD spaces the parallel transport exists. Aim of the present
subsection is to show at least that the theory we propose is not empty, i.e. that — under
suitable assumptions on the space — the parallel transport exists. We will not insist in trying
to make such assumptions as general as possible (for instance, the ‘good base’ defined below
could consist of different vector fields on different open sets covering our space), as our main
concern is just to show that in some circumstances our notion of parallel transport can be
shown to exist.

We shall work with spaces admitting the following sort of basis for the tangent module:

Definition 6.34 (Good basis) Let (X,d, m) be a given RCD(K, N) space, for some K € R
and N € (1,00). Let us denote by (Ap)p_, the dimensional decomposition of X. Then a
family W = {wq, ..., wy} C Hé’2(TX) of Sobolev vector fields on X is said to be a good basis
for L2(TX) provided there exists M > 0 such that the following properties are satisfied:

i) For anyk=1,...,n, we have that wy,...,wy, constitute a basis for L>(TX) on Ay and

e (MM
(6.44) [wil € ( T ) m-a.e. in Ag for every i,j =1,...,k with i # j.
| (wi, w))| < 375

ii) It holds that

(6.45) [Vwilys <M m-a.e. in X for everyi=1,...,n.

Let us notice that the ‘hard’ assumption here is given by point ii) — perhaps coupled with
the lower bound in i) — which imposes an L> bound on the covariant derivative, when in our
setting the L? ones are more natural (compare with Theorem 6.39 below). Let us mention,
in particular, that for spaces admitting a good basis it is not hard to prove — regardless of
parallel transport — that the dimension is constant, as we shall see in Proposition 6.36.

Let us start the technical work with the following simple lemma:

Lemma 6.35 Let # be a Hilbert L?(m)-normed L (m)-module. Fiz a Borel subset A of X
and a constant M > 1. Let k € N. Suppose that there exist wy, ..., w, € F such that

i M1 M
(6.46) { |‘1<U|€(>‘ <’ 1) hold m-a.e. in A,  for everyi,j =1,...,k with i # j.
Wi, Wy )| > M2k

Given any hq, ..., hy € L° (m|A), let us define w = Zle hi w; € 70, where #° denotes the
LO-completion of 5. Then it holds that

(6.47)

k k

1

e > bl <JwP < MPEDY |h* meae. in A,
i=1 =1

thus in particular w € %|A if and only if h; € L? (m|A) for everyi=1,...,k.
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Proof. For the second inequality in (6.47), note that (w;,w;) < M? m-a.e. on A for every 1, j,
thus accordingly

k
> hiw
=1

For the first inequality in (6.47), we recall that [w;| > M~ and (w;, w;) > — 77 hold m-a.c.
on A for i # j to deduce that

wl? =

2 k k k
1 1
— s 2 TRl - 2Rl = M2 |2
_ME:thh] (wi,wj) <M ”EZIZVLJ +2]h]] =M k;Zl |hi]*.

k 2 k k
1 1
w> =D hiwi| = bl [wil® + > hi by (wiywy) > el > Ihil* - e > lhihy|
i=1 i=1 i#j i=1 i#j
1 o 1 1 1 1 g
2 2 2 _ 12
2 g 2l = g7 Dol Gl = g Do bl
=1 1#] =1
Therefore the statement is achieved. O
The constant dimension now easily follows — without using | | — from Lemma 6.35

and the fact that if a good basis exists, then there is another one for which the functions
(w;, w;) are Lipschitz, as shown in the proof of the following proposition.

Proposition 6.36 Let (X,d,m) be an RCD(K, N) space admitting a good basis for L*(TX).
Then the tangent module has constant dimension, meaning that in its dimensional decompo-
sition (Ey)j_, one of the E}’s has full measure.

Proof. Let k € N be the maximal index such that m(E)) > 0; its existence follows from
the finiteness results in [ ] and [ ]. To conclude, it is enough to show that on a
neighbourhood of E; the tangent module has dimension > k. Let (wi)é“:l be a good basis
and let f € C°(R) be such that f(z) = z for every z € [0, M]. Let us consider the vector
fields w; = f(|w;|?) w;. Note that f(|w;]?) € WH(X) with

V(Jwil?) =2 £ (lwil?) Vi (-, wy),

hence by (6.45) and the choice of f we see that f(|ws|?) is bounded with bounded gradient.
It follows that @; € Hy*(TX) with

Vi, = Vf(jwil?) @ w; + f(|wil?) Vs,

so that from the expression of V f(|w;|?) we deduce that 1; is bounded with bounded covariant
derivative. Hence each g;; = (;,w;) belongs to W?(X) and is bounded with bounded
gradient as well. By the Sobolev-to-Lipschitz property (recall item iii) of Definition 4.40) we
deduce that g; ; has a Lipschitz — in particular continuous — representative. By construction,
the bounds (6.44) hold on Ej, for the w;’s, hence the continuity of g;; grants that they
hold also on some neighbourhood of Ey. By Lemma 6.35, this is sufficient to conclude that
the vector fields w; are independent — by the first in (6.47) — on such neighbourhood, thus
concluding the proof of the statement. O

We now prove existence of the parallel transport for the class of those RCD spaces that
admit a good basis for their tangent module. In the proof we shall use, for simplicity, the
fact just proved that the dimension must be constant, but actually the same argument works
even without knowing a priori this fact (this remark is perhaps irrelevant, since constant
dimension follows so directly from the existence of a good basis).
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Theorem 6.37 (Existence of the parallel transport) Let (X,d,m) be any RCD(K, N)
space, with K € R and N € (1,00), that admits a good basis. Let w be a Lipschitz test plan
on X and fix V € ejL*(TX). Then there exists the parallel transport V€ #%2(w) along m

such that Vo = V.

Proof. We know by Proposition 6.36 that the dimension of the tangent module must be
constant. From this fact and Definition 6.34, we see that there exist wq,...,w, € Hé’2(T X),
for some n € NT, such that (6.44) and (6.45) hold on X. Put W;; = efw; for all ¢ € [0,1].
By item i) of Proposition 6.25 we have that W; € 2#%2(m) with

Dﬂ-WZ‘,t = Covt(wi),
therefore from (6.23), (6.45) and the assumption that 7r is Lipschitz we get
(6.48) IDaWi| < ML(m).

Moreover, by the defining property of the pullback map and from (6.44) we know that for
every t € [0,1] it holds

’Wit|e(M717M)7 .o . . .
’ B T-a.e. for every 4,5 = 1,...,n with i # j,
{ (Wi Wia)| < (M2 k)™
thus accordingly Lemma 6.35 grants the existence of suitable functions gi,...,g, € L?(m)

that satisfy V = Sor giehw;. A similar argument applied to the pullback of the map e
(recall Proposition 6.9 and the definition (6.13)) — and based on the bound (6.48) — shows
that there are functions H; ; € L*(m x L) such that

(6.49) D,TWM = ZHi’j’t Wj,t for a.e. t € [0, 1].

J
It will be technically convenient to fix once and for all Borel representatives of these functions
— still denoted by H; ; — such that

(6.50) su? |Hij(v)| = 1 Hijll oo (ex 1) for every i =1,...,n.
,77

We shall look for a parallel transport of the form V =, g; W; with g; € AC?([0,1], L*(w)).
Notice that Lemma 6.35 grants that any such V belongs to #%2?(m) with

n n n n
(6.38) (6.49)
DrV; = Z 9i e Wit + Z Git DeWiy = Z 9iy Wi + Z it Hije Wiy
i=1 i=1 i=1

ij=1
n n
= > (gé,t + > Hie gj,t) Wi for a.e. t € [0,1].
i=1 j=1
Hence our V is the desired parallel transport if and only if ¢1,..., g, solve the system
9i,0 = Gis .
6.51 ’ for every i =1,...,n.
(651 { 9ir+ 251 Hjirgjr =0 forae.t

To solve the previous system, we shall apply Theorem C.6 to the Banach (in fact, Hilbert)
space B = [LQ(Tr)]n equipped with the norm

n 1/2
1l = <Z/!fi!2d7r) for every f = (f1,..., fu) € B.
=1
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For every ¢ € [0, 1], let us define \; € End(B) as
(e f)i ZHMf] for every i = 1,...,n and f = (f1,..., fn) € B,

so that the system (6.51) can be equivalently rewritten in the compact form

go =G,
for a.e. t € [0,1],
{ g = A\t 0.1]

where g = (g1, ..., gn). Theorem C.G grants that a solution in LIP([0,1], B) € AC?([0,1],B)
exists provided the )\;’s are equibounded and ¢ — A, f is strongly measurable for every f € B.
The former follows from

<n Z | Hjie fjHi2(ﬂ')

W

nesllz =

Jit fJ

(6.50)
2 2 2
< i | H e[ S 2 2 10 | Hig 2y 11
i,j=1 7
For the latter, notice that since B is separable it is sufficient to prove that for any f € B the
map t — A f € B is weakly measurable. Given that B is also Hilbert, we just need to show
that for any f,g € B the function t — (M f, g)p € R is measurable. Since we have that

Atf g Z /H],z,tfj gzdﬂ-

1,j=1

the conclusion follows from Fubini theorem. OJ

6.3 Sobolev basis of the tangent module

In this conclusive section we show that one can always build a basis of the tangent module
of an RCD space which has Sobolev regularity, as opposed to just L? regularity. The basic
idea used in the construction is based on the observation that ‘being a basis’ is a non-linear
requirement. Technically speaking, the crucial argument is contained in the following lemma:

Lemma 6.38 Let (X,d, m) be an RCD(K, ) space, for some K € R. Let w € L*(TX) be
gien. Then there exists v € Hé’Q(TX) such that (v,w) # 0 holds m-a.e. on {|w| # 0}.

Proof. We can assume w # 0 or otherwise there is nothing to prove; then replacing if
necessary w with (X{ju(<1} + X{jw/>13/w|~")w, we can assume that |w| < 1 holds m-a.e. in X.
Let (wy), € TestV(X) be L?(TX)-converging to w and m a Borel probability measure on X
such that m < m < Cm for some C' > 0. Then (wy,,w) — |w|? in L?(m), thus accordingly

(6.52) my = W ({{wn, w)| > 0}) — Mmoo =m({|w] >0}).
We now observe that:
For every v, € L*(TX) and a > 0 there exists b € (0, a)

(6.53) such that ﬁl<{|<d),w>| >0} N {(v+bw,w) = 0}) = 0.
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Indeed — setting for brevity E, = {|(w,w)| > 0} N {(v+ b, w) = 0} — we have that
m(E, N Ey) < ﬁl({\(ﬁ},wﬂ >0} N {(b—b)(w,w) = O}> =0 whenever b # b/,

so that the claim follows from the finiteness of m and the fact that the set (0, a) is uncountable.

Now let us set oy, = H‘wnme(X) + ||wnHWé,2 We can recursively define decreasing

(TX)
sequences (Bn)n, (Yn)n C (0,00) with 81 = 1 and such that for any n € N we have

{ 3Bn+1 < Ynt+1 < B,

= n B
B = mg( ), hereweset B {{( B w)] 2w )

To see that this is possible, let 51 = 1 and notice that trivially

{08 wn,w)] > 0} = {](wr,w)]| > 0},

so that for v2 € (0, 1) sufficiently small the above holds. Now assume that Bn—1 and Yn

have been already chosen. We use property (6.53) for v = 377} g Srwi, W = wy and a = 7y, /3

to find B, = b < 7,/3 such that m({|( >, gi wi,w)| > 0}) > m({|{wp, w)| > 0}) = my,.
Hence for v,41 € (0, 3,,) sufficiently small the above claim holds.
We claim that the vector v = > .o, o B - w; satisfies the conclusion of the statement and

start by observing that 3; < 377, thus accordmgly

by definition of «;. Hence the series converges in Wé’Q(TX), so that v is well-defined and
belongs to H é’2(TX). Now notice that by construction and (6.52) we have that m(E,,) — meo
and m(E, \ {|w| > 0}) = 0, so that @m({|w| > 0} \ U, En) = 0. Hence to conclude it is
sufficient to show that for every n > 1 one has that (v, w) # 0 holds m-a.e. on E,,. Fix n > 1,
let m > n and observe that — by definition of the a;’s and the 5;’s — we have that

Bi

oy wiHWé’2(TX) < 37 Haiil wi”Wé’2(TX) < 37

’(B—m W, W >| <3rmtlg g ’(a;ll Wy, w| < 3l g holds m-a.e. in X,

so that ‘ Zm>n s Wi, W >‘ < %5n+1 < %’}/n+1. On the other hand, we have by construction

that |Ei:1 gz w;, w >‘ > Yn+1 holds m-a.e. on E,,. Finally, this grants that |(v,w)| > %'ynﬂ
is verified m-a.e. on F,,. Therefore the proof is achieved. O

By repeatedly applying Lemma 6.38, we can find a family of H, é’Q(TX)—Sobolev generators
of the tangent module on any RCD(K, 00) space X, as follows:

Theorem 6.39 (Sobolev base of the tangent module) Let (X,d, m) be an RCD(K, 00)
space, for some constant K € R. Suppose that the dimensional decomposition of X is given
by (Ap)nen. Then there ezists a sequence of vector fields (vy)n>1 C Hé’2(TX) such that

(6.54) 1, ...,y is a local basis for L?(TX) on A, for every n € NT.

Proof. The statement can be equivalently rewritten in the following way:

(6.55) v1,...,U, are independent on U Ay for every n € NT.
k>n
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We build the sequence (vy,), by means of a recursive argument. First of all, choose a vector
field w € L?(TX) such that 0 < |w| < 1 m-a.e. in Uk>1 Ak, then pick vy € Hé’Q(TX) such
that (vi,w) # 0 m-a.e. in |J,~; Ak, whose existence is granted by Lemma 6.38. Thus in
particular we have |v;| > 0 m-a.c. in Ug>1 Ak, proving (6.55) for n = 1. Now suppose to have
already found v1,...,v, satisfying the _required property. It can be easily seen that there
exists w € L?(TX) such that (v, w) = ... = (vp,w) = 0 and 0 < |w| < 1 hold m-a.e. in
the set |, Ax. Hence Lemma 6.38 ensures the existence of a vector field v, 41 € Hé’2(TX)
such that (v,11,w) # 0 m-a.e. in (-, Ax-

Now take any fi,..., fnr1 € L°°(m) such that Z?ill iv; = 0 meace. in (Jyo,, Ak, thus
one has fri1(vnir,w) = S filvi, w) = 0 m-a.e. in Uksn Ak, from which we can deduce
that fn,41 = 0 holds m-a.e. in |J-,, Ax. Therefore > 7" | fiv; = 0 m-a.e. in {J,-,, Ar and
accordingly also f; = ... = f, = 0 m-a.e. in | J;,,, Ak, as a consequence of the independence
of v1,...,v,. This grants that the vector fields vy,...,v,41 are independent on Uk>n Ag,
proving (6.55) for n + 1. The statement is then achieved. O
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The purpose of this chapter is to explain in which sense any Sobolev vector field on an
RCD(K, o0) space (X, d, m) — more precisely, any element of the space Hé’Q(TX) — admits a
(unique) quasi-continuous representative. The whole discussion is taken from | ].

Consider a metric measure space (X,d,m) and the variational 2-capacity associated to
the Sobolev space W1?2(X), which will be shortly called capacity and denoted by Cap (cf.
Subsection 7.1.1). We recall that a function f: X — R is quasi-continuous if for any £ > 0
we can find an open subset  of X with Cap(£2) < e such that f is continuous when restricted
to X\ 2. Then it is well-known that — provided continuous functions are dense in W2(X) —
any Sobolev function has a (unique up to Cap-a.e. equality) quasi-continuous representative.
This means that an element of W12(X) is ‘more regular’ than a generic element of L?(m),
since it is defined not only m-a.e. but also Cap-a.e. (it is worth to point out that m < Cap).

A natural question arises: given an RCD(K, co) space (X, d, m) and some Sobolev vector
field v over X, is it possible to speak about ‘quasi-continuous representative’ of v7 As we are
going to see, the answer is positive. However, it is still unclear whether this theory could

133
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shed new light on the ‘fine’ properties of RCD spaces.

We now briefly describe some technical details of our construction. We denote by L°(Cap)
the space of all equivalence classes (up to Cap-a.e. equality) of Borel functions on X. It turns
out that L°(Cap) has a natural structure of topological ring (cf. Definition 7.6), whence we
can give a meaningful definition of L°(Cap)-normed L°(Cap)-module (or normed Cap-module
for brevity); cf. Definition 7.21. The axiomatisation of normed Cap-module mimics that of
LY(m)-normed L°(m)-module, but with the capacity in place of the reference measure m, so
that — morally speaking — the elements of a normed Cap-module are defined Cap-a.e..

The only normed Cap-module we shall actually exhibit is the tangent Cap-module, which
is introduced in Theorem 7.25 and denoted by Locap(T X). The idea is the following: given
any test function f € TestF(X), we already know that its minimal weak upper gradient |D f|
belongs to the Sobolev space W12(X) (cf. Subsection 4.2.2); this tells us that, heuristically,
the ‘gradient of f’ is defined Cap-a.e., thus also the limits of L°(Cap)-linear combinations of
‘gradients’ of test functions (that constitute the tangent module) are defined Cap-a.e..

Given a test function f € TestF(X), we denote by Vf the gradient of f as an element

of L%ap(TX). Then we can give the definition of quasi-continuous vector field over X in
the following way: we say that an element v € L%ap(T X) is quasi-continuous provided the

function |v — V f| is quasi-continuous for every f € TestF(X); cf. Definition 7.29.
Therefore the main result of the chapter states the following:

Any element of Hé’Q(TX) has a quasi-continuous representative in L%ap(TX).

We refer to Theorem 7.34 for the precise formulation and the proof of such result.

7.1 Capacity on metric measure spaces

7.1.1 Definition and main properties of capacity

Let (X,d,m) be a fixed metric measure space. We briefly recall the definition of capacity in
this context and its main properties; the forthcoming discussion is mainly taken from [ ].

Definition 7.1 (Capacity) Let E be a given subset of X. Let us denote

(7.1) Fg = {f e Wh(X) | f > 1 m-a.e. on some open neighbourhood of E}

Then the capacity of the set E is defined as the quantity Cap(E) € [0,400], given by
.. 2

(7.2) Cap(E) = flen}fE HfHWLZ’(X)7

with the convention that Cap(E) = +o0o whenever the family Fg is empty.

In the following result we collect the main properties of the capacity; cf. Appendix A for
the language of outer measures that will be used.

Proposition 7.2 The capacity Cap is a submodular outer measure on the space X. More-
over, it satisfies the following properties:

i) m(E) < Cap(E) for every Borel subset E of X.
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ii) Cap is continuous from below, i.e.

(7.3) Cap( U En) = lim Cap(E,)

n—00
neN

for any increasing sequence (Ey), of subsets of X.

iii) Given any z € X and 0 < r < R, it holds that

(7.4) Cap(B,(z)) < <1 + (R_1T)2> m(Bg(z)).

Proof. The only statement that is not proven in | , Proposition 8.1.3] is item iii). To
show its validity, fix x € X and 0 <7 < R. Given any A € (0, R — ), define f\ € Fp () as

fr= (1 - d('7BT(x))>+.

A

Notice that fy <1, |[Dfy| < 1/A hold m-a.e. on X and spt(fy) € Bgr(z), whence accordingly

B
Cap (B, () < A lfrrae) = 11 52m + 1DF[20m) < m(Br(z)) + ‘“(;‘;(l’))

By letting A /* R — r in the previous inequality, we thus obtain (7.4). [l

Remark 7.3 (The capacity is o-finite) It follows from item iii) of Proposition 7.2 that
there exists a partition (Ag)ren of X into bounded Borel sets satisfying 0 < Cap(Ag) < 400
for every k£ € N and with the following property: there exists a point £ € X such that the
ball By (z) is contained in A1 U...U Ay for every k € N. [ |

Example 7.4 Consider the open segment S = (0, 1) in R (equipped with Euclidean distance
and Lebesgue measure). Given any n > 2, denote by P, C S the singleton {1/n}. One can
check that 0 < Cap(P,,) < Cap(S), but that Cap(S '\ P,) = Cap(S). In other words, we have
that fXS\pn dCap = [ xgdCap and Cap({XS\pn #* Xs}) > 0. This shows that for y = Cap
and f < g the converse of item iv) of Proposition A.1 fails. [ |

Remark 7.5 In this context, the monotone convergence theorem can be easily shown to
hold. Namely, given functions f, f, : X — [0, +00], n € N we have that

(7.5) fu(z) 7 f(x) for Cap-a.e. x € X = /deap = nl;r{:o/fn dCap.

In order to prove it, call F' the set of points x € X with f,,(z) / f(x), thus Cap(X\ F) = 0.
For any fixed ¢t > 0, we have that the sequence of sets {Xpf, > t} is increasing with respect
to n and satisfies |, {Xrfn >t} = {Xzf > t}. Hence by applying the monotone convergence
theorem (for the Lebesgue measure) and item iv) of Proposition A.1 we conclude that

+o0 +oo
/deap = /Fdeap = /0 Cap({XFf > t}) dt = nli_>r20/0 Cap({Xan > t}) dt

n—o0

= lim fndCap = lim /fn dCap,
F n—oo

thus proving that the claim (7.5) is verified.
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On the other hand, an analogue of the dominated convergence theorem cannot hold, as
shown by the following counterexample. For any n > 2, let us consider the point P, in R
defined in Example 7.4. Since the capacity in the space R is translation-invariant, one has
that Cap(P,) = Cap(P) > 0 for all n > 2. Moreover, we have lim,, Xp, () =0 for all z € R
and Xp, < X(o,1) for all n > 2, with i X(0,1) dCap = Cap((O, 1)) < +o00. Nevertheless, it holds
that [ Xp, dCap = Cap(P») does not converge to 0 as n — oo, thus proving the failure of the
dominated convergence theorem. In order to provide such a counterexample, we exploited the
fact that the capacity is not o-additive; indeed, we built a sequence of pairwise disjoint sets,
all having the same positive capacity, which are contained in a fixed set of finite capacity. The
lack of a result such as the dominated convergence theorem explains the technical difficulties
we will find in the proofs of Proposition 7.7 and Theorem 7.10. [

7.1.2 The space L°(Cap)

It makes sense to consider the integral associated to Cap and that such integral is subadditive,
by Proposition 7.2 and Theorem A.3. In light of this, the following definition is meaningful:

Definition 7.6 (The space L°(Cap)) Given any two functions f,g : X — R, we will say
that f = g in the Cap-a.e. sense provided Cap({f % g}) = 0. We define L°(Cap) as the space
of all the equivalence classes — up to Cap-a.e. equality — of Borel functions on X. It turns
out that L°(Cap) is both a topological vector space and a topological ring when endowed with
the usual pointwise operations and the distance

_ 1
(7.6) dcap(f,9) = % 2k (Cap(Ay) V 1)

/ |f —g| A1dCap for every f,g € LO(Cap),
Ay

where (Ax)g is any fixred Borel partition of X as in Remark 7.5.

Note that the integral | A, | f—g|A1dCap is well-defined, since its value does not depend on
the particular representatives of f and g, as granted by item iv) of Proposition A.1. Moreover,
we point out that the fact that dcap satisfies the triangle inequality is a consequence of the
subadditivity of the integral associated with the capacity.

The next result shows that, even if the choice of the particular sequence (Ay)x might
affect the distance dcap, its induced topology remains unaltered.

Proposition 7.7 Let (f,), C L°(Cap) be given. Then the following are equivalent:
1) hmn,m dCap(fnv fm) = 07
i) limy, Cap(E N {|fn — fml| > 6}) =0 for any € > 0 and any bounded set £ C X.

Proof. We separately prove the two implications:

i) = 1ii) Fix any 0 < ¢ < 1 and a bounded set £ C X. Choose k € N such that £ C By(7),
so that F C AjU...UAg. Since dgap(fo, fm) =5 0, we have limy p, [ |fo = fm| A1dCap =0
for all i =1,...,k. Therefore we conclude that

n,Mm—00

k
lim eCap(Eﬂ {’fn — fml| > 5}) < n}vgmgzcap(fli N {|fn — fml| > 5})
’ i=1

k
< i - pu— .
_Z;n}gw/A |fa — fn] A1dCap = 0
i= i
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ii) = i) Let € > 0 be fixed. Choose k € N with 27% < . By our hypothesis, there is 7 € N
such that Cap(AZ- N {\fn — fml] > 5}) < eCap(4;) for every n,m >n and i = 1,...,k. Let
us call B! = A; N {|fn — fm| > 6} and CI" = A; \ B"". Therefore for any n,m > n it
holds that

k )
1 1
nyJm S -/ AN n-—_Jm 1 a7
deapl e f) € Y- grganriy [, V= ful A1+ S 2
=1 v i=k+1
k

/ |fn—fm|/\1dCap+/ |fn— fm| A1dCap| + ¢
Bnm cpm

< 2. 5 Cap(a)

1
<D s [Can(B™ A)] + ¢ < 3¢,
<Y 3 Gap(ay [CaP(BI™) + < Cap(y)] + & < 3

proving that limy, », dcap(fn, fm) = 0, as required. O

We omit the proof of the following result, since it is analogous to that of Proposition 7.7.
Proposition 7.8 Let f € L°(Cap) and (fn)n C L°(Cap). Then the following are equivalent:

1) hmn dCap(fna f) =0,

i) lim, Cap(E N {|fn — f| >€}) =0 for any € > 0 and any bounded set E C X.

Remark 7.9 It can be readily checked that any converging sequence in L°(Cap) admits a
pointwise Cap-a.e. converging subsequence. Namely, if dcap (fn, f) X 0 for some f € LO(Cap)
and (f,,)n C LY(Cap), then there exists a subsequence (f,,); of (fn)n such that f, (z) — f(x)
is verified as ¢ — oo for Cap-a.e. x € X.

On the other hand, the converse implication is in general false, as shown by the following
counterexample. Consider P, as in Example 7.4 for any n > 2. We have that f,, = Xp,
pointwise converges to 0 as n — co. However, it holds that

Cap((0,1) N {|fn] > 1/2}) = Cap(P,) = Cap(P,) >0

does not converge to 0, thus we do not have lim,, dcap(fn,0) = 0 by Proposition 7.8. |

We now prove that (LO(Cap),dCap) is complete. Observe that Propositions 7.7 and 7.8
ensure that such completeness does not depend on the particular choice of (Ag)g.

Theorem 7.10 The metric space (LO(Cap),dCap) s complete.

Proof. Let (fn)n be a doap-Cauchy sequence of Borel functions f,, : X — R. Fix any k € N.
Let (fn,;)i be an arbitrary subsequence of (fy),. Up to passing to a further (not relabeled)
subsequence, it holds that

(7.7) Cap(Ag N {|fri = faia| >27}) <277 for every i € N.

Let us call F; = AN {|fn, = fria| > 27"} for every i € Nand F = ),y U;s; Fj. Given that
we have ). Cap(F;) < 400 by (7.7), we deduce from Lemma A.4 that Cap(F) = 0. Note
that if v € A\ F' = U;en ;> Ak \ Fj, then there is i € N such that | fr; (@) = frjpr ()] < 27
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for all j > ¢, which grants that (fm(:t;))l C R is a Cauchy sequence for every x € Ay \ F.
Therefore we define the Borel function ¢¥ : A, — R as

) limg f, () if v € Ap \ F.
k’ - 7 )
g(x)_{o ifzeF

Now fix any & > 0. Choose i € N such that Do 27 <e Ifi>iandx € j>i Ax\Fj (thus in

particular x ¢ F'), hence one has ‘fni (x) —gk(az)’ <D ’fnj (x)— fnjﬂ(ac)’ < i 277 <e.
This implies that

(7.8) Akﬂ{|fni—gk| >e} C UFj for every i > i.
j>i

Then Cap(Ay N {|fn, — g% > €}) < > j>i Cap(Fy) < 30, 277 holds for every i > i, thus
accordingly

(7.9) lim Cap(Ax N {|fn, — g¥ > e})=0 for every ¢ > 0.
11— 00

We proved this property for some subsequence of a given subsequence (fy;); of (fn)n, hence
this shows that

(7.10) nh_)nolo Cap(Ak N {|fn — g > e})=0 for every € > 0.

Now let us define the Borel function f : X — R as f := Y, yXa, g*. Notice that the
equality Ay N {|fn — fI >} = A0 {|fn — g*| > e} and property (7.10) yield

lim Cap(AyN{|f, — f|>¢€})=0 forevery k€ Nande >D0.
n—oo

Since any bounded subset of X is contained in the union of finitely many Aj’s, we immediately
deduce that lim, Cap(E N {|fn — f| > ¢}) = 0 whenever ¢ > 0 and E C X is bounded. This
grants that lim, dcap(fn, f) = 0 by Proposition 7.8, thus proving that (LO(Cap),dcap) is a
complete metric space and accordingly the statement. O

In the next section, we shall need the density result we are now going to present.

Proposition 7.11 The space Sf(X) of simple functions, which for this chapter is defined as

(an)nEN CR and (En)neN
1s a Borel partition of X ’

(7.11) SF(X) = {ian XE,
n=1

is dense in (L°(Cap),dcap)-

Proof. Fix f € L°(Cap) and £ > 0. Choose a Borel representative f : X — R of f. For any
integer i € Z, let us define E; = f~!([ie, (i+1)¢)). Then (E;);cz constitutes a partition of X
into Borel sets, so that g = > ., i€ Xg, is a well-defined Borel function that belongs to Sf(X).
Finally, it holds that ‘f(x) — g(x)} < ¢ for every x € X, which grants that dcap(f,g9) < e,
where g € L(Cap) denotes the equivalence class of g. Hence the statement follows. O
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7.1.3 Quasi-continuous representative of a Sobolev function

We conclude the present section by investigating the notion of quasi-continuous function and
its main properties. We refer to | | for a more detailed discussion about this topic.

Definition 7.12 (Quasi-continuity for functions) We say that a function f: X — R is
quasi-continuous provided for every € > 0 there exists an open set Q C X with Cap(Q2) < ¢
such that f|y o+ X \ Q@ — R is continuous. Moreover, we denote by Ci¢(X) C L°(Cap) the
set of all equivalence classes — up to Cap-a.e. equality — of Borel quasi-continuous functions.

The well-posedness of the definition of C?¢(X) stems from the following result:

Lemma 7.13 Let f,f : X — R be two functions that coincide Cap-a.e. on X. Then f is
quasi-continuous if and only if f is quasi-continuous.

It can be readily checked that sums and products of two quasi-continuous functions are
quasi-continuous functions as well. More generally, given any n € N and any continuous
function ® : R" — R, it holds that the function X > z — ®(fi(z),..., fo(z)) is quasi-
continuous whenever fi,..., f, : X — R are quasi-continuous functions.

Remark 7.14 Let f: X — R be a given quasi-continuous function. The very definition of
quasi-continuity grants the existence of an increasing sequence (C),), of closed subsets of X
with lim,, Cap(X \ Cy,) = 0 such that f is continuous on each Cj,. Then N =, X\ C), is a
Borel set with null capacity — in particular, we have m(N) = 0 by item i) of Proposition 7.2
—and f is Borel on X\ N. This proves that any quasi-continuous function is m-measurable
and Cap-a.e. equivalent to a Borel function. |

Since m is absolutely continuous with respect to Cap, there is a natural projection map
(7.12) IT: L°(Cap) — L%(m).

Namely, we define II([f]cap) = [f]m for every Borel function f : X — R, where by [f]cap
(resp. [f]m) we intend the equivalence class up to Cap-a.e. (resp. m-a.e.) equality of f.

Proposition 7.15 (Uniqueness of the quasi-continuous representative) Fiz any two
quasi-continuous functions f,g on X. Then f = g m-a.e. on X implies f = g Cap-a.e. on X.
In other words,

(7.13) : C%(X) — L%(m) is an injective map.

I ooex)

Theorem 7.16 (Quasi-continuous representative of Sobolev functions) We assume
that the space C(X) N W12(X) is dense in WYH2(X). Then there exists a unique map

(7.14) T: WhH(X) — C(X)

such that the composition ILo T : W12(X) — L%(m) is the inclusion map W12(X) C LO(m).
Moreover, T is linear and ‘T(f)’ =T(|f]) holds for every f € WH(X).

We conclude the section by recalling the notion of quasi-uniform convergence and two
important results concerning such concept.
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Definition 7.17 (Quasi-uniform convergence) Let f, : X — R, n € NU {oo} be any
functions. Then we say that f, quasi-uniformly converges to foo as n — oo if for any e > 0
there exists an open set Q C X with Cap(Q2) < € such that f,, — foo uniformly on X\ €.

Remark 7.18 Note that the quasi-uniform convergence is invariant under Cap-a.e. modifi-
cations. Namely, given any functions f,, g, : X = R, n € NU {oo} such that f, = g,, in the
Cap-a.e. sense for all n € NU {oo}, it can be readily checked that f,, — foo quasi-uniformly
if and only if g, = goo quasi-uniformly. In particular, this grants that — as in the next result
— it makes sense to speak about quasi-uniform convergence for elements of L°(Cap). |

Proposition 7.19 Let (fn), € WH2(X) be a sequence that WH2(X)-converges to some
limit function f € WH2(X). Then there exists a subsequence (fn,); such that T(f,,) quasi-
uniformly converges to T(f) as i — oo.

Lemma 7.20 Let (f,), € L°(Cap) be a sequence such that f,, — f quasi-uniformly for some
limit function f € L°(Cap). Then lim, dcap(fn, f) — 0.

Proof. Let f,, f be fixed representatives. Pick any € > 0. Let us choose any open set 2 C X
with Cap(f2) < € such that f,, — f uniformly on the set X\ Q. Then there exists i € N such
that supx\q |fn — f| < € holds for every n > ni. Given dcap as in (7.6), we thus have that

Cap( Ak NnQ) 1
dCap fm + / stap <2e
;CGZN ,CGZN 2k Cap(Ax) Ja,\o

holds for every n > n. Therefore lim, dcap(fn, f) = 0, as required. O

7.2 Quasi-continuous vector fields on RCD spaces

7.2.1 Normed Cap-modules

In the present section, we shall use the term normed m-module in place of LY(m)-normed
L°(m)-module and we will typically denote by .#, any such object. Here we introduce a
new notion of normed module — called normed Cap-module — in which the measure under
consideration is the capacity Cap instead of the reference measure m.

Let (X,d, m) be a metric measure space and (Ag) a partition of X as in Remark 7.3.

Definition 7.21 (Normed Cap-module) We say that a quadruple (///cap,T, - |) S a
normed Cap-module over (X, d, m) provided the following hold:

i) (AMcap,T) is a topological vector space.

ii) The bilinear map - : L°(Cap) X Mcap — Mcap satisfies f-(g-v) = (fg)-v and1-v =0
for every f,g € L°(Cap) and v € Mcap-

iii) The map |- |: Mcap — L°(Cap), called pointwise norm, satisfies

|v]| >0  for every v € Mcap, with equality if and only if v =0,
(7.15) |v+w| <|v|+ |w| for every v,w € Mcap,
\f-vl = |fllv] for every v € Mcap and f € L°(Cap),

where all equalities and inequalities are intended in the Cap-a.e. sense.
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iv) The distance d 4, on Mcap, given by

1
(Cap(Ak) V 1)

(7.16) o (0,0) = Y

/ |v —w| A 1dCap
keN Ak

Jor every v,w € Mcap, is complete and induces the topology T.

The relation with the normed m-modules is explained by the following result:

Proposition 7.22 Let #cap be a normed Cap-module over (X,d,m). We define an equiva-
lence relation ~y on Mcap as follows: given any v, w € Mcap, we declare that

(7.17) Vo~ W = v —w| =0 m-a.e. in X.

Then the quotient My = Mcap/ ~m inherits a natural structure of normed m-module.

Proof. Let us denote by [v]m € Ay the equivalence class of v € Acap. Given [V]y, [Wn € Mn
and [f]m € L°(m), we define

[V]m + [W]m = [V + W]|n € M,
[f]m ’ {v]m = Hf]Cap ’ U}m € M,
bl ] = T1(le) € L)

Hence standard verifications show that the above operations are well-posed and endow .,
with a normed m-module structure. O

Remark 7.23 In analogy with the case of normed m-modules, one could be tempted to
define the dual of a normed Cap-module .#c,;, as the space of all L°(Cap)-linear continuous
operators L : .#cap — L°(Cap) and to declare that the pointwise norm |L| of any such L is
the minimal element of L°(Cap) (where minimality is intended in the Cap-a.e. sense) such
that the inequality |L| > L(v) holds Cap-a.e. for any v € .#cyp that Cap-a.e. satisfies [v| < 1.

Technically speaking, for normed m-modules this can be achieved by using the notion
of essential supremum of a family of Borel functions. Nevertheless, it seems that this tool
cannot be adapted to the situation in which we want to consider the capacity instead of the
reference measure, as suggested by Example 7.4. |

Definition 7.24 Let #tap be a normed Cap-module over (X,d, m). Then we say that Htap
is a Hilbert module provided

(7.18) v +w|? + v —w? =2 |v]* + 2 |w|? holds Cap-a.e. in X

for every v,w € Hap.

By polarisation, we define a pointwise scalar product (-,-) : H#ap X #ap — LY(Cap) as

2 (]2 fapl2
(7.19) (v, w) = Jv+ ] 2|U| il Cap-a.e. in X.

Then the operator (-, -) is L?(Cap)-bilinear and satisfies

| (v, w)| < [v]|w]

(7.20) 2 Cap-a.e. for every v, w € Htap.

(v,0) = v
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7.2.2 The tangent Cap-module

Let (X,d,m) be a given RCD(K, 00) space, for some constant K € R. We point out that
we are in a position to apply Theorem 7.16 above, since Lipschitz functions with bounded
support are dense in W12(X) by Theorem 2.27.

We use the notation L (7X) to indicate the tangent m-module over X. We now introduce

0

Cap(T'X) over X, which is a normed Cap-module in the

the so-called tangent Cap-module L
sense of Definition 7.21.

Theorem 7.25 (Tangent Cap-module) Let (X,d, m) be an RCD(K, c0) space. Then there
exists a unique couple (L%ap(TX), ?), where L%ap(TX) s a normed Cap-module over X and

the operator V : TestF(X) — L%ap(TX) is linear, such that the following properties hold:

i) For any f € TestF(X) we have that the equality |V f| = T(|Df|) holds Cap-a.e. on X
(note that |Df| € WY2(X) as a consequence of Lemma J.5/).

ii) The space of > ey XE,V fn, with (fn)n C TestF(X) and (E,), Borel partition of X, is
dense in L%ap(TX).

Uniqueness is intended up to unique isomorphism: given another couple (Mcap, V') with the
same properties, there exists a unique isomorphism @ : L%ap(TX) — Mcap with o VvV =V.
The space L%ap(TX) is called tangent Cap-module associated to (X,d, m), while its ele-

ments are said to be Cap-vector fields on X. Moreover, the operator V is called gradient.

Proof. We first prove the uniqueness part of the statement and then the existence one.

UNIQUENESS. Consider any simple vector field v € L%ap(TX), Le. v =3 ey XE, Vi for

some (fn)n C TestF(X) and (E,,), Borel partition of X. We are thus forced to set

(7.21) () =Y X5, V' fn € Mcap.

neN

Such definition is well-posed, as granted by the Cap-a.e. equalities

jg:;XEnﬁﬂfﬁ

neN

=3 XEV'fal =D X Dful = Xp,|Val = 0],

neN neN neN

which also show that ® preserves the pointwise norm of simple vector fields. In particular,
the map ® is linear and continuous, whence it can be uniquely extended to a linear and
continuous operator @ : L%ap (TX) — Mcap by density of simple vector fields in LOCap(TX).
It follows from Remark 7.9 that ® preserves the pointwise norm. Moreover, we know from
the definition (7.21) that ®(fv) = f ®(v) is satisfied for any simple f and v, whence for
all f € L°(Cap) and v € L%ap(TX) by Proposition 7.11. To conclude, just notice that the
image of ® is dense in .#c,p by density of simple vector fields in .#cayp, thus accordingly @ is
surjective (as its image is closed, being ® an isometry). Therefore we proved that there exists
a unique module isomorphism ® : Locap(TX) — Mcap such that ® oV = V', as required.

EXISTENCE. We define the ‘pre-tangent module’ Ptm as the set of all sequences (Ey, fn)n,
where (fy)n C TestF(X) and (E,), is a Borel partition of X. We now define an equivalence

relation ~ on Ptm: we declare that (Ey, fn)n ~ (Fin, gm)m provided

T(ID(fn — gm)|) =0 holds Cap-a.e. on E, N Fp, for every n,m € N.
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The equivalence class of (E,, f)n will be denoted by [Ey, fu]n. Moreover, let us define

o [Emfn]n +0 [Fmagm]m = [En N Fo,a fn +ﬂgm]n,m

for every «, 8 € R and [Ey, foln, [Fm, gm)m € Ptm/ ~, so that Ptm/ ~ inherits a vector space
structure; well-posedness of these operations is granted by the locality property of minimal
weak upper gradients and by Theorem 7.16. We define the pointwise norm of any given
element [E,, fu|n € Ptm/ ~ as

(7.22) |[En, foln| = > XE,T(IDfal) € L°(Cap).
neN

Then we define L%ap (TX) as the completion of the metric space (Ptm/ ~,d Lo, (TX)), where
ap

1
7.23) d ,w) = —w|A1dCap for all v,w € Ptm/ ~,
(729) 8y qrx(00) = 3 gy o vl ALdCap  foral v € Prm
while we set Vf = [X, f] € L%ap(TX) for every test function f € TestF(X), thus obtaining a

linear operator V : TestF(X) — L%ap(TX). Item i) of the statement is thus clearly satisfied.
Observe that [E,, fuln = D ,en XE, V fn for every [E,, fuln € Ptm/ ~, so that also item ii)
is verified, as a consequence of the density of Ptm/ ~ in Locap(TX). Now let us define the
multiplication operator - : Sf(X) x (Ptm/ ~) — Ptm/ ~ as follows:

(7.24) ( > am XFm) B, faln = [En 0 Fyy @ falnm € Ptm/ ~ .
meN

Therefore the maps that are defined in (3.41) and (7.24) can be uniquely extended by con-
tinuity to a pointwise norm operator | - | : L%ap(TX) — L%(Cap) and a multiplication by
L°(Cap)-functions - : L%(Cap) x L%ap(TX) — L%ap(TX), respectively. It also turns out that
the distance djo Wo(TX) is expressed by the formula in (7.23) for any v, w € L%ap (TX), as one
can readily deduce from Remark 7.9. Finally, standard verifications show that L%ap(TX) is
a normed Cap-module over (X,d, m), thus concluding the proof. O

Remark 7.26 An analogous construction has been carried out in Theorem 4.1 to define
the cotangent m-module L (7*X), while the tangent m-module L (TX) was obtained in
Definition 4.7 from the cotangent one by duality. However, since we cannot consider duals of
normed Cap-modules (as pointed out in Remark 7.23), we opted for a different axiomatisation.

We just point out the fact that — since RCD spaces are infinitesimally Hilbertian — the
modules L2 (T*X) and LY (TX) can be canonically identified via the Riesz isomorphism. B

Proposition 7.27 The tangent Cap-module L%ap(TX) is a Hilbert module.

Proof. Given any f,g € TestF(X), we deduce from item i) of Theorem 7.25 and the last
statement of Theorem 7.16 that

IVf+Vgl> +|Vf = Vgl =T(ID(f +9)]° + ID(f - 9)]") = T(2|Df|” +2|Dg[*)
=2|Vf* +2|Vg|.
This grants that the pointwise parallelogram identity (7.18) is satisfied whenever v, w are

L°(Cap)-linear combinations of elements of {? f:fe€ TestF(X)}, whence also for any two

%ap(TX) by approximation. This proves that LOCap(TX) is a Hilbert

module, as required. O

Cap-vector fields v,w € L
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The next result illustrates the relation that subsists between tangent Cap-module and
tangent m-module. The projection II we are going to describe represents a generalisation of
the projection II introduced in (7.12).

Proposition 7.28 There is a unique linear continuous operator 11 : L%ap(TX) — LY (TX)

that satisfies the following properties:
i) TI(Vf) = Vf for every f € TestF(X).
ii) TI(gv) = (g) (v) for every g € L%(Cap) and v € L%ap(TX).
Moreover, the operator 11 satisfies the equality
(7.25) [I(v)| =(Jv]) m-a.e. for every v € L%ap(TX).
Proof. Given a Borel partition (E;,)nen of X and (vy)neny C LOCap(TX), we are forced to set

(726) ﬁ(Z[XEn]Cap?fn> = Z[XEn]mvfn

neN neN

The well-posedness of such definition stems from the following m-a.e. equalities:

Z [XEn]mvfn = Z [XEn]m ’Dfn| = Z H([XEn]Cap) H(T(‘Df”’))
neN neN neN
(rm) =1 X edew T(00) ) =1 X (el 1951
neN neN

Z [XEn]Cap?fn

neN

:n( )

Moreover, we also infer that such map II — which is linear by construction — is also contin-

uous, whence it admits a unique linear and continuous extension II : L%ap(TX) — LY(TX).
Property i) is clearly satisfied by (7.26). From the linearity of V and V, we deduce that
property ii) holds for any simple function g € L°(Cap), thus also for any g € L%(Cap) by

approximation. Finally, again by approximation we see that (7.25) follows from (7.27). O

7.2.3 Quasi-continuity of Sobolev vector fields on RCD spaces

Let (X,d, m) be an RCD(K, 00) space, for some K € R. The aim of this conclusive subsection
is to prove that any element of the space Hé’Q(TX) admits a quasi-continuous representative,
in a suitable sense. We begin with the definition of quasi-continuous vector field on X:

Definition 7.29 (Quasi-continuity for vector fields) Let v € Locap(TX) be given. Then

we say that v is quasi-continuous provided
(7.28) lv — Vf| € C?°(X) for every f € TestF(X).
We denote by C1¢(TX) C L%ap(TX) the set of all quasi-continuous Cap-vector fields on X.

The well-posedness of the previous definition immediately follows from Lemma 7.13.
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Remark 7.30 It is well-known that a vector field v : R™ — R" in the Euclidean space is
quasi-continuous if and only if R" > z }v(x) —-Vf (m)‘ is quasi-continuous for every smooth
function f : R™ — R. This served as a motivation for our definition and shows its consistency
with the classical notion of quasi-continuous vector field in the smooth setting. |

Lemma 7.31 The family C1¢(TX) C L%ap(TX) contains the set

(7.29) TestV(X) = { Z T(g:)V fi

i=1

n €N, (f)y, (g © TestFoc)}.

Moreover, it holds that |v| € C1°(X) for every v € CI°(TX).

Proof. In order to prove the first statement, let us fix v = Y1 | T(g;)V f; € TestV(X). Given
any fni1 € TestF(X) and called g,+1 = —1, it clearly holds that

n+1
0= VfupalP = T(9:) Tg;) (V fi, V ;)
ij=1
& vH—-Q—?@-Q—??
= ZT(gi)T(gj)’ (f f])' 2| fil* = IV £l

ij=1

n+1 ] N2 12\ _ |2
:ZT(gi)T(gj)T(}D(fﬁfg)\) 1;(|sz|) TAPLF) ¢ pae (),

ij=1

Therefore [v —V fy11] € C1(X) for every fp,+1 € TestF(X) and accordingly v € C9¢(TX). The
last statement is trivial: since the identically null function 0 belongs to TestF(X), one has
that |v| = [v — V0| € C?¢(X) for all v € CI(TX). O

Remark 7.32 It is not clear whether in general C%¢(TX) is a vector space. |
Proposition 7.33 Let V C C%(TX) be any given vector subspace of Locap(TX). Then the
map ﬁ’v 1V — LY(TX) is injective.

Proof. Let v,w € V be such that II(v) = II(w). In other words, we have that

:29) |

(v — w)) g (v — w)| =0 holds m-a.e. in X,

whence Proposition 7.15 grants that |[v —w| = 0 holds Cap-a.e. in X. This shows that v = w,
thus proving the claim. O

Finally, we are ready to state and prove the main result of the chapter: any element of the
space Hé’Z(T X) admits a quasi-continuous representative in C2(TX), in the sense described
above. This is a generalisation of Theorem 7.16 to vector fields over an RCD space.

Theorem 7.34 (Quasi-continuous representative of Sobolev vector field) Let us fix
an RCD(K, c0) space (X,d, m), for some K € R. Then there exists a unique map

(7.30) T: H*(TX) — C%(TX)

such that Lo T : Hé’Q(TX) — LY (TX) coincides with the inclusion Hé’Q(TX) C LY (TX).
Moreover, T is linear and |T(v)| = T(|v]) holds for every v € Hé’z(TX).
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Proof. Fix v € HY*(TX). Pick (), C TestV(X) such that v, = II(,) — v in WE*(TX).
We know from Lemma 4.54 that |v, — v| € W2?(X) and ‘D|vn - UH < !V(vn - v)‘HS m-a.e.
for all n € N, thus accordingly |v, — v| — 0 in W2(X) as n — oo. Proposition 7.19 grants
that — up to a (not relabeled) subsequence — we have that T'(|v, — v|) — 0 quasi-uniformly
as n — 0o, whence T(\Un — Um|) — 0 quasi-uniformly as n, m — oo. Thus Lemma 7.20 yields

dLO

0., (%) (Un, Um) = dcap (T (Jvn — vm]),0) — 0 as m,m — oo.

This shows that (v,), C L%ap(TX) is Cauchy, thus it converges to some v € LOCap(TX).
Hence one has I1(v) = II(lim, 0,) = lim, II(7,) = lim, v, = v, so that we define T'(v) = ©.
Proposition 7.33 grants that the map T : Hé’Z(TX) — C1(TX) is well-defined and is the
unique map such that IT o T coincides with the inclusion Hé’2(TX) C LY(TX). Finally, the

last two statements follow from linearity of II, Theorem 7.16 and Proposition 7.33. O

Remark 7.35 We point out that T'(TestV(X)) = TestV(X). [
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Let (X,dx, m) be a metric measure space and let (Y,dy) be a complete and separable
metric space. We shall also fix p = 2 for simplicity. There are several possible definitions of the
concept of Sobolev map from X to Y. Here we work with the one based on post-composition
(see [HIKST15] for historical remarks): we say that f belongs to S?(X;Y) provided there
exists G € L?(m) such that for any Lipschitz function ¢ : Y — R we have ¢ o f € S?(X) and

|D(po f)‘ < Lip(p) G in the m-a.e. sense.

The least such G is denoted by |Df| and called minimal weak upper gradient of the map f.
Since Y has no linear structure, the set S?(X;Y) is not a vector space in general. We refer
to Section 8.1 below for the relative discussion.

The question we address in this chapter — entirely taken from [GPS18] — is the following:
in analogy with the fact that ‘behind’ the minimal weak upper gradient |D f| of a real-valued
Sobolev function there is an abstract differential df, does there exist a notion of differential
for metric-valued Sobolev maps?

Let us now motivate our interest in such problem. In the celebrated paper [[1564], J. Eells
and J. H. Sampson proved the Lipschitz regularity of harmonic maps between Riemannian

147
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manifolds, when the target manifold N has non-positive curvature and is simply connected;
the Lipschitz estimate is given in terms of a lower Ricci curvature bound and an upper
dimension bound on the source manifold M. A key point in their proof is the establishment of
the so-called Bochner-Eells-Sampson formula for maps f : M — N, which can be informally
stated in the following way:

1) |de2

> Vi(Af)+ K |df?,

where |df| is the Hilbert-Schmidt norm of the differential of f and K € R is a lower bound
for the Ricci curvature of M; let us remain vague about the meaning of the term V f(Af).
A direct consequence of (8.1) is that if f is harmonic, then

(8.2) AP f|2

> K [df*.
This bound and Moser’s iteration technique show that |df| is locally bounded from above
in the domain of definition of f, thus showing the local Lipschitz regularity of f (the upper
dimension bound for M enters into play in the constants appearing in Moser’s argument).
Since the Lipschitz regularity of harmonic maps does not depend on the smoothness of
M and N, but only on the stated curvature bounds, it is natural to ask whether the same
results hold by only assuming the appropriate curvature bounds on the source space and the
target space — without any reference to smoothness. Efforts in this direction have been made
by Gromov-Schoen in | ], by Korevaar-Shoen in [ | and by Zhang-Zhu in | ].
The most general result is in [ ], where the authors handle the case of source spaces that
are finite-dimensional Alexandrov spaces with (sectional) curvature bounded from below and
targets that are CAT(0) spaces (i.e. metric spaces with non-positive sectional curvature).
Still, given Eells-Sampson’s result, the natural synthetic setting appears to be that of maps
from an RCD(K, N) space to a CAT(0) space. The content of this chapter aims at being
a first step in the direction of obtaining (8.1) for maps from RCD(K, N) spaces to CAT(0)
spaces (cf. also | ]). If successful, this would easily imply the desired Lipschitz regularity
for harmonic maps and at the same time improve the understanding of the subject even in
previously studied non-smooth settings. The very first step to tackle in order to write down
(8.1) is to understand what the differential ‘df’ is, which is what we are going to do.

Let u € S2(X;Y) be a Sobolev map. As we will see in Subsection 8.1, a special measure
on Y associated to u is given by g = (|Du|2 m). The importance of this measure is due to
the fact that it has nice composition properties (cf. Proposition 8.3), which will allow us to
define the differential

du: LY(TX) — (u*LY(T*Y))"

of u as an appropriate adjoint of the well-posed map df — d(f owu) (cf. Definition 8.4).
Once this definition is given, we verify that it is compatible with some previously known
notions of differentials in the non-smooth setting:

e The differential of a real-valued Sobolev function on X, as an element of the cotangent
module L°(T*X); see Subsection 8.2.1.

e The differential of a map of bounded deformation between metric measure spaces, in
the sense of Theorem 4.34; see Subsection 8.2.2.
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e The ’'metric differential’ for metric-valued Lipschitz maps defined on the Euclidean
space, which has been studied in [ | and corresponds to the pointwise magnitude
of the differential of a map (rather than a true differential); see Subsection 8.2.3.

Finally, in Section 8.3 we shall also consider the case of locally Sobolev maps u € SlzoC (X5Y).
More precisely, we will discuss how to define the differential in this situation. The main
complication here is that the weighted pushforward u = u*(]Du\Qm) no longer defines a
o-finite measure. We shall see that this difficulty can be handled by proving a sort of sheaf
property for pullback of differentials, so that the differential of u can be defined via an

appropriate inverse limit construction.

Although we formulate our results for maps in S?(X;Y), one could use precisely the same
arguments to treat Sobolev maps with general exponent p € (1,00). In this case, one has to
keep in mind that the constructions using minimal weak upper gradients — in particular the
notion of differential of a Sobolev map — will depend on p. Nevertheless, the exponent p = 2
is sufficient for the applications we have in mind.

8.1 Metric-valued Sobolev maps and their differential

Let (X,dx, m) be a metric measure space and (Y,dy) be a complete separable metric space.

Definition 8.1 (Metric valued Sobolev map) The class S?(X;Y) is defined as the col-
lection of all Borel maps u: X — Y for which there exists a function G € L?*(m)T such that
for any f € LIP(Y) it holds that f ou € S*(X) and

(8.3) |d(f ou)| < Lip(f) G in the m-a.e. sense.

The minimal function G (in the m-a.e. sense) for which the above holds is denoted by |Dul.

Given any u € S?(X;Y), the class of G € L?(m) for which (8.3) holds is a closed lattice,
hence an m-a.e. minimal element exists and accordingly the definition of |Du| is well-posed.
Our study of the maps in S?(X;Y) begins with the following basic lemma:

Lemma 8.2 Let u € S*(X;Y) and f € LIP(Y) be given. Then

(8.4) |d(f ou)| <lip,(f) o u|Du] in the m-a.e. sense.

Proof. Let (yn)n € Y be a countable dense set. For any r € QT, let f,.,, € LIP(Y) be

any McShane extension of f 5 v i.e. any Lipschitz function defined on the whole Y that

) )
coincides with f on B, (y,) and such that Lip(f, ) = Lip ( f; By (yn)), recall property (1.21).
Then from (8.3) and the locality of the differential we see that

d(f o u)’ < Lip(f; Br(yn)) | Dul m-a.e. on u_l(Br(yn)).

Since for every y € Y we have that lip,(f)(y) = inf Lip(f; Br(yn)) — where the infimum is
taken among all n and r such that y € B, (y,) — the conclusion follows. O

Let us fix v € S?(X;Y) and equip the target space Y with the finite Radon measure

(8.5) p = ui (| Dul*m).
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Notice that for any f € L(u) the function f owu is not well-defined up to m-a.e. equality, in
the sense that if f = f holds p-a.e. then not necessarily fowu = fo u in the m-a.e. sense.
Still, we certainly have fowu = f ou m-a.e. on {|Du| > 0}. For this reason, we have that
the equality f ou|Du| = f o u|Du| holds m-a.e., or in other words the map f — f owu|Du
is well-defined from L°(p) to L°(m). Then the trivial identity [ ‘f o u|Dul ‘2 dm = [|f>du
shows that the operator

(8.6) L*(u) > f — fou|Du| € L*(m) is linear and continuous.
Moreover, we define the space LIPp4(Y) as follows:

(8.7) LIPLq(Y) = {f Y =R ’ f‘B is Lipschitz for any B CY bounded}.
In particular, any element of LIP4(Y) is continuous. It is then easy to check that:

For any f € S*(Y, u1) there is a sequence (f,), C LIPpq(Y)

8.8
8.8) p-a.e. converging to f such that lip,(f,) — |Df] in L*().

We now turn to our key basic result about pullback of Sobolev functions:

Proposition 8.3 Let u € S*(X;Y) be given. Put p = u.(|Dul*m) and let f € S*(Y, p).
Then there exists g € S*(X) such that g = f o u holds m-a.e. on {|Du| > 0} and

(8.9) |dg| < |duf| o u|Dul in the m-a.e. sense.

More precisely, there exist g € S?(X) and a sequence (fn)n C LIPpq(Y) such that

fm—f i the u-a.e. sense,
lipg(fa) — |duf|  in L2(n),
(8.10)
frnou—yg in the m-a.e. sense,
lip,(fn) o w|Du| — |d,. f] o u|Du| in L?(m).

Proof. Up to a truncation and diagonalisation argument, we can assume that f € L(u).
Then let (f)n C LIPLq(Y) be as in (8.8). Since f is bounded, by truncation we can assume
the f,,’s to be uniformly bounded. Thus the first two claims in (8.10) hold and — by taking
(8.6) into account — we see that also the last claim in (8.10) holds. Now observe that if
we could prove that the sequence (f, o u), has a pointwise m-a.e. limit g, then (8.9) would
follow from Lemma 8.2, property (8.6) and the closure of the differential. Let B C X be
bounded and Borel. The functions f,, o u are equibounded and m(B) < oo, hence (fy, ou),, is
bounded in L? (m| B). Thus by passing to an appropriate (not relabeled) sequence of convex
combinations — which do not affect the already proven convergences in (8.10) — we obtain
that (f, ou), has a strong limit in L? (m’ B). Thus some subsequence converges m-a.e. on B.
Therefore considering a sequence (By); of bounded sets such that X = J, By, we conclude
by a diagonalisation argument. ([l

Let us notice that, since p is a finite measure on Y, we have LIP(Y) C S?(Y, u1). Also:
(8.11) For f € LIP(Y) and g € S*(X) as in Proposition 8.3, we have d(f o u) = dg.

Indeed, the locality of the differential gives d(f ou) = dg on {|Du| > 0}, while the bounds
(8.4) and (8.9) grant that |d(f owu)| = |dg| = 0 holds m-a.e. on {|Du| = 0}.
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Observe that for v = m| (IDul>0y Ve have u,v < p, thus u*Lg(T*Y) is a well-defined

LY(v)-normed L°(v)-module. Recalling the ‘extension’ functor introduced in Remark 3.11,
our definition of the differential du is the following;:

Definition 8.4 (Differential of metric-valued Sobolev maps) The differential
(8.12) du: L(TX) — Ext((u*L)(T*Y))")

of a map u € S%(X;Y) is the operator defined in the following way. For any v € L°(TX), the
object du(v) € Ext((u*Lg(T*Y))*) is characterised by this property: for any f € S%(Y, p)
and g € S%(X) as in Proposition 8.3, we have that

(8.13) ext(u*d, f)(du(v)) = dg(v) in the m-a.e. sense.
We now verify that this is a good definition and check its very basic properties:

Proposition 8.5 (Well-posedness of du) The definition of du(v) is well-posed and the
map du : LO(TX) — Ext((u*Lg(T*Y))*) is LO(m)-linear continuous. Moreover, it holds

(8.14) |du| = |Dul in the m-a.e. sense.

Proof. Let f € S?(Y, i) be given. Observe that if g, ¢ € S?(X) satisfy the properties listed in
Proposition 8.3, then the locality of the differential and the bound (8.9) show that dg = dg’.
Hence the right hand side of (8.13) depends only on f, v and v. Then notice that again the
bound (8.9) gives

1 (8.9)
Jext(u*d,, ) (du(v)| = [dg(v)] < ldgl ol < Idflow|Dullo] = |ext(u”d, )| [ D fo].

Thus the arbitrariness of f € S?(Y,u), the universal property of the pullback and (3.10)
ensure that du(v) is a well-defined element of (Ext (u*Lg(T*Y)))* ~ Ext((u*Lg(T*Y))*), as
desired, with

(8.15) ’du(v)‘ < |Dul |v] in the m-a.e. sense.

The fact that du(v) is L?(m)-linear in v is trivial, while the bound (8.15) gives both continuity
and in (8.14). To get , let f:Y — R be 1-Lipschitz and notice that since u(Y) < oo
we also have that f € S%(Y,u). Notice that since u € S?(X;Y) we have that f ou € S%(X),
thus we can find an element v € L%(TX) such that

(8.16) lv| =1 and d(fou)(v) =|d(fou)| in the m-a.e. sense

(the existence of such v follows by Banach-Alaoglu theorem, see | , Corollary 1.2.16]).
Moreover, pick any g € S?(X) as in Proposition 8.3 and observe that

lA(f o w)] "2 |a(f o w) ()] "2 [dg(v)] "2 [ext(ud, f) (du(v))| < [ext(u*d, f)] |dul |

L9 14, f] 0 u|du| < |dul,

having used the fact that f is 1-Lipschitz in the last step. By arbitrariness of f and the very
definition of |Du| given in Definition 8.1, this establishes in (8.14). O
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8.2 Consistency with previously known notions

8.2.1 The case Y =R

In this subsection we assume that Y = R and prove that — once few natural identifications
are taken into account — the newly defined differential du is ‘the same’ as the one as defined
by Theorem 4.1, which for the moment we shall denote by du € L°(T*X).

To start with, let us observe that directly from the definitions and the chain rule
(8.17) d(fou) = foudu for every u € S?(X) and f € C'(R) N LIP(R)
(recall Proposition 4.3), we have that the class S?(X;Y) coincides with S?(X) as soon as Y = R
and that the two notions of minimal weak upper gradient coincide. Now fix any u € S?(X),
define y1 = . (Jdu|*m) and consider the L”(m)-normed L°(m)-module Ext (u* Ly, (T*R)). From
the separability of Lg(TR) provided by Corollary 4.29, the characterisation of the dual of the
pullback described in Theorem 3.34 and property (3.10), we see that

Ext(u”L)(TR)) ~ Ext(u*L%(T*R))"

via the coupling ext(u*L)(ext(u*v)) = ext(L(v) o u). Hence in our situation we shall think
of du as a map from LO(TX) to Ext(u*L}(TR)).

Let us consider the maps P : LO(R,R* u) — LO(T*R) and ¢ : L)(TR) — L°(u) as in
Theorem 4.27. Put v = X{|py|>0ym and consider the L°(v)-linear continuous operators

uw* P u*LP(R,R*; p) — u*Lg(T*R), e u*Lg(TR) — u*Lo(p) ~ LO(v)

defined via the universal property of the pullback module. It is then clear that u*. is the
adjoint of u* P, thus we deduce that

(8.18) (u*Df)((u*e)(V)) = (w*duf)(V) v-ae. for all V € u*Lg(TR) and f € CL(R).
Finally, noticing that ext : u*Lg(TR) — Ext (u*Lg(TR)) is invertible, we define

(8.19) 7 : Ext (u*Lg(TR)) — L%(m) as T = exto (u*t)oext™!.

Then we can prove the following result:

Theorem 8.6 With the above notation and assumptions, we have |du| = |du| m-a.e. and
(8.20) Z(du(v)) = du(v) m-a.e. for every v € LY(TX).

Proof. The identity |du| = |du| follows from (8.14) and the fact that for u € S?(X) = S?(X; R)
the two notions of minimal weak upper gradient underlying the two spaces coincide. We turn
o (8.20). For f € CL(R), let us denote by Df : R — R* its differential and by f': R — R
its derivative. Clearly — up to identifying R and R* via the Riesz isomorphism — these two
objects coincide and thus checking first the case h = u*g we easily get that

(8.21) flouh =ext(u*Df)(h) holds m-a.e. in X
for every h € Ext(u*L°(p)) ~ Ext(L%(v)) € L°(m). Then for g as in Proposition 8.3 we have

(8 21) 19),(3.10)

frouZ(du(v)) "= (w*Df)Z(du ) = ext((u*Df)((u*L)(ext_l(du(v)))))

(8':8) ( (u*d,f)(e ( xt ™ (du(v )) (3.10) ext(u*duf)(du(v)) (8.13) dg(v)

(8.17

La(fou)(w) =7 f o udu(v).
Since {f'ou: f € C’CI(R)} generates L°(m), this is sufficient to establish (8.20). O

—

~
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8.2.2 The case u of bounded deformation

In this subsection we also assume that (Y,dy) carries a non-negative Radon measure my
giving finite mass to bounded sets and study the differential of a map u € S?>(X;Y) that is
also of bounded deformation. Let us call mx = m. We can consider the notion of differential

du: LX(TX) — (u*L2 (T*Y))"

defined in Theorem 4.34. We now study the relation between du and du. We start by noticing
that the definition of |Du| trivially gives |Du| < Lip(u) in the mx-a.e. sense, so we have

(8.22) 1t = uy (|Dul*mx) < Lip(u)® usmx < C Lip(u)® my.
Furthermore, let us prove the following general statement:

Lemma 8.7 Let py, pio > 0 be two non-zero Radon measures on the complete space (Y,dy)
with g1 < po. Then S2(Y, ) € S2(Y, u1) and there exists a unique L°(u2)-linear continuous
operator P : LgQ (T*Y) — Ext (Lg1 (T*Y)) such that

(8.23) P(d,, f) = ext(dy, f) for every f € S*(Y, u2).

Moreover, it holds that |P(w)| < |w| in the pa-a.e. sense for every w € L22 (T*Y).

Proof. The assumption u; < us ensures that the topologies of L?(ju2) and L°(us9) are stronger
than those of L?(u1) and L°(u1), respectively. Thus both the inclusion S(Y, p2) € S?(Y, u1)
and the pg-a.e. bound ext(|dy, f|) < |du, f| for f € S*(Y, u2) follow from the definition of
Sobolev class. In order to conclude, just apply Proposition 3.31 with ¢ the identity operator
and T'(dy, f) = ext(d,, f) € Ext(L), (T*Y)). O

By applying this lemma to the case under consideration, we get the next result:
Proposition 8.8 There exists a unique L°(my)-linear and continuous operator
(8.24) m: Lo, (T*Y) — Ext(LY(T*Y))

such that m(dmy f) = ext(d, f) for every f € S*(Y,my), which also satisfies |7T(w)| < |w| in
the my-a.e. sense for all w € L?nY (T*Y). Moreover, for any f € S2(Y,my) and g € S*(X) as
in Proposition 8.5 we have that

(8.25) dg =d(f ou).

Proof. The first part of the statement follows from Lemma 8.7 and (8.22). To prove (8.25),
notice that thanks to the locality of the differential we know that (8.25) holds mx-a.e. on the
set {|Du| > 0}, while (8.9) shows that dg = 0 mx-a.e. on {|Du| = 0}. Hence in order to
conclude it is sufficient to prove that |d(f o u)| = 0 mx-a.e. on {|Du| = 0}. To see this, pick
a sequence (fn)n C LIPLa(Y) such that f, — f in the my-a.e. sense and lip,(f,) — |dmy f]
in L2(my). Then the assumption u,mx < Cmy grants that f, ou — f owu in the mx-a.e.
sense and lip, (fn) 0 u — |dmy f| 0w in L?(mx). Therefore by passing to the limit in (8.4), we
conclude that |d(f o u)| = 0 is satisfied mx-a.e. on {|Du| = 0}, as desired. O
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It can be readily verified that the map sending u*ext(w) to ext(u*w) is an isomorphism
between u*Ext (Lg(T *Y)) and Ext (u*LZ(T *Y)), hence from Proposition 8.8 above and the
universal property of the pullback we see that there is a unique L°(mx)-linear and continuous
map w*m : w* Ly (T*Y) — Ext (u*Lz(T*Y)) such that

(8.26) (u*m)(u*dmy f) = ext(u*d,[) for every f € S?(Y,my)

and such map satisfies the inequality

(8.27) ‘(u*w)(w)} < |w| mx-a.e. for every w € u*ng (T*Y).

Denoting by (u*m)* : (Ext (u*LB(T*Y))yk — (u*Ly,, (T*Y))* the adjoint of u*7, we have:
Theorem 8.9 With the above notation and assumptions, it holds that

(8.28) du(v) = (u*m)* (du(v)) for every v € LY(TX).

Moreover, it holds that

(8.29) ‘au(vﬂ < |du(v)| mx-a.e. for every v € LY(TX).

Proof. Let f € S2(Y,my) and notice that

(udmy £) (Au()) 27 d(F o u)(@) "2 dg(v) LV ext(wrd, £) (du(w))
(8.26

) o« *
= (u'm)(udmy f) (du(v)).
Since elements of the form u*dm, f generate u*LY_(T*Y), this is sufficient to prove (8.28).
Now observe that (8.27) yields |(u*r)*(V)| < [V| mx-a.e. for every V € (Ext (u*Li(T*Y)))*
by duality, hence (8.29) follows from (8.28). O

Equality in (8.29) can be obtained under appropriate assumptions on either X or Y:

Proposition 8.10 Suppose that either W12(X, mx) or WY2(Y, ) is reflexive. Then
(8.30) ‘au(vﬂ = |du(v)| mx-a.e. for every v € LY(TX).

Proof. We separately consider the two cases:

Wh2(X, mx) IS REFLEXIVE. By inequality (8.29) and a density argument, to conclude is
sufficient to show that for any f € L>(u)NS%(Y,u), g € S?(X, mx) as in Proposition 8.3 and
for any v € L°°(TX) with bounded support it holds

(8.31) dg(v) < |duf|ou ‘&u(v)| in the mx-a.e. sense.

Let us observe that (8.29) and the very definition of |du| give ‘au(v)’ < ’du(v)} < |dul |v]
in the m-a.e. sense, hence the mx-a.e. value of G ou ‘au(vﬂ is independent of the p-a.e.
representative of G € L?(ju), thus the right hand side of (8.31) is well-defined mx-a.e. and
vanishes mx-a.e. on the set {|du| = 0}. Also, the trivial bound

/yG|2 ou‘au(v”z dmx §/|G\2 o u|dul?|v]?dmx < H’”H‘iw(mx)/\GP du, (|dul*m)
shows that

(8.32) L*(u) 3G+ Gou }au(v)‘ € L*(mx) is linear and continuous.



8.2. Consistency with previously known notions 155

Now fix f,v as in (8.31). Let n € LIP(X) be identically 1 on the support of v and take a
sequence (fn)n C LIPpq(Y) as in (8.8) for the space (Y, dy,u). Since we assumed f to be
bounded, up to a truncation argument we can assume the f,,’s to be equibounded. Thus the
functions f, o u are equibounded as well and (by taking into account the Leibniz rule) we
see that 7 f,, ou € WH2(X, mx) with equibounded norm. Since we assumed such space to be
reflexive, up to passing to a non-relabeled subsequence we can assume that (n f, o u), has
a W12(X, mx)-weak limit and it is then clear that such limit is 7 g. Thus we have that the
sequence (d(nf, o u))n converges to d(n g) weakly in L?(T*X) and — by the choices of v, 1 —
this implies that (d(f, o u)(v)) weakly converges to dg(v) in L?(mx). Now notice that

d(fn 0 w)(v) = (W dmy fo) (du(v)) < |dmy fol 0 u|du(v)] < lipg(fn) 0 u|du(v)].

Property (8.32) and the choice of (f,), give that the rightmost side of the above converges
to the right hand side of (8.31) in L?(mx), whence we conclude.

WY2(Y, ) 18 REFLEXIVE. As already observed, given any f € WH2(Y, ) we can find a
sequence (fp,)n C LIPps(Y) € WH2(Y, my) converging to f in W12(Y, 1) and such that we
have lip, (fn) — |d,uf| in L?(u). Notice that the definitions of du and du give

ext(u*dufn)(du(v)) (821) d(frnou)(v) = (u*defn)(au(v)) < ’au(v)‘ |dmy fn| 0 u
< }au(v)’ lip, (fn) o u.

Since the construction also ensures that u*d, f, — v*d, f as n — oo, by passing to the limit
in the above we get that

ext(u*d,f)(du(v)) < ‘au(v)’ |duflou = ’au(v)} ‘ext(u*d#f)’ in the mx-a.e. sense.

By arbitrariness of f € W12(Y, u), this is sufficient to conclude. O

8.2.3 The case X = R? and u Lipschitz

In this subsection we assume that the source space X is the Euclidean space (Rd, dEucl, £d)
and that the map u € S?>(R%;Y) is also Lipschitz. In this case, B. Kirchheim proved in | ]
that for £L%a.e. z € R? there is a seminorm md(u, z) on R? — called metric differential — such
that the following property holds:

(833) For Lhne 2 € B md(u, 2)(v) = lim Y (4E 1) u@))

for every v € R?,
t\,0 t

where it is part of the claim the fact that the limit in the right hand side exists.

We now show that such concept is fully compatible with our notion of differential:

Theorem 8.11 Let u : RY — Y be a Lipschitz map in S2(R%Y) and let v € R? ~ TR,
Denote by © € LO(TR?) the vector field constantly equal to v. Then

(8.34) |du(v)|(z) = md(u, z)(v) for L%a.e. x € RY.

Proof. We separately prove the two inequalities:
Let (yn)n be countable and dense in u(R?) C Y. For any n € N, put f,(-) = dy (-, yn).
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From the compatibility of the abstract differential with the classical distributional notion in
the case X = R? and Rademacher theorem, we see that

(8.35) d(fn o u)(v) = lim (fnou)(-+ hv) — (fnou)(-)

holds £%a.e. in R%.
h—0 h

For 2 € R? let 4% : [0,1] — Y be the Lipschitz curve defined by ¥ = u(z + tv) and let us
put gp; = funoaf. By | , Theorem 1.1.2] and its proof we know that for the metric
speed |§f| it holds that |4F| = sup,, & g%, for every x € R? and a.e. t, so that taking (8.35)
into account we obtain

d
md(u, x +tv)(v) = |3{| = sup T It = supd(fn ou)(v)(x +tv) for a.e. z € R? and a.e. t.

Therefore Fubini theorem yields

md(u, ) (v) = supd(f o u)(5) "= sup ext(u*d, f,) (du(®)) < [du(@)|  Ll-ae. in RY,

having used the trivial p-a.e. bound |d, fn| < 1 in the last step.
Let f € S%(Y, i) be arbitrary and let g € S?(X) as in Proposition 8.3. We will show that

(8.36) dg(v) < |d,f| o umd(u,-)(v) holds £%-a.e.,

which is sufficient to conclude. The already proven bound in (8.34) and the same argu-
ments used in studying (8.31) show that the right hand side of (8.36) is well-defined £%a.e.
and that

(8.37) L*(p) 3 G +— Goumd(u,-)(v) € L*(R%) is linear and continuous.

Now let (fp)n € LIPpq(Y) be as in Proposition 8.3. Observe that for every n € N the identity
(8.35) yields for £%a.e. z € R? the following inequalities:

‘d(fn o u)(rf))‘(a;) < hpa(fn) (u(x)) lim dy (u(x + hv), u(x))

h—0 ) = (lip, (fn) © u) (z) md(u, z)(v).

By (8.37) and the choice of (f,)n, we see that the rightmost side of the above converges to
the right hand side of (8.36) in L?(R?). By following again the arguments in the first part
of the proof of Proposition 8.10 — that are applicable as W12(R%) is reflexive — we see that
the sequence (d(fy o u)(@))n converges to dg(v) in the weak topology of L?(R%). Hence the
inequality (8.36) is obtained. O

8.3 Differential of locally Sobolev maps between metric spaces

8.3.1 Inverse limits of modules

Here we briefly discuss some properties of inverse limits in the category of LY(m)-normed
L?(m)-modules, where morphisms are L°(m)-linear contractions, i.e. maps T : .# — .4 such
that |T(v)| < |v] holds m-a.e. in X. We start with:
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Proposition 8.12 Let ({#;}ic1, {Pf}igj) be an inverse system of L°(m)-normed modules.
Then the inverse limit (///, {Pi}ig) exists and for every family I > i — v € .#; such that

O A i 0
(8.38) Pi(v?) =v and eSjGS}lp |v'| € L”(m)

there is a unique v € A such that v = P'(v) for all i € I. Moreover, |v] = esssup ;¢ [v?].

Proof. The system ({#;}icr, {Pf}igj) is also an inverse system in the category of algebraic
modules over the ring L°(m), in the sense of | , Chapter II1.§10]. Hence — according to
[ , Chapter III, Theorem 10.2] and its proof — the algebraic inverse limit (.#Zaig, P]ilg)
exists and for every family i — v' € .#; there is a unique v € .#yj, such that P}Mg(v) ="
for every i € I. Now define |v| for any v € .#x), as

(8.39) |v| = esssup ‘Pglg(v)’,
iel

so that |v| : X — [0, +0o0] is the equivalence class of a Borel function up to m-a.e. equality.
Furthermore, let us set

M ={vE Mpg : |v] € LOm)} ={vE My : |v| <+oo mae.}

and P’ = Pglg’k - We claim that (A, P?) is the desired inverse limit and start by noticing
that (8.39) ensures that ’PZ(UM < |v| m-a.e., i.e. the P%’s are contractions, as required. Let
us now check that . is an L°(m)-normed L°(m)-module: the only non-trivial thing to verify
is that it is complete, i.e. that if (v™), is Cauchy in .# then it has a limit. Since the P"’s are
contractions, we see that n — P’(v,) is Cauchy in .#; and thus has a limit v’ for every i € I.
Passing to the limit in the identity P!(v") = P]?'(Pj (v™)) — valid for every i < j — and using
the continuity of P}, we deduce that v* = P}(v7), whence v = {v'}ier € Malg. Since (vy,)y is
Cauchy and the pointwise norm in .# trivially satisfies the triangle inequality, we see that the
sequence (|v,|) has alimit f in L°(m). Then the bound [v'| = lim,, | P (vy)| < limy, Jvp| = f,
valid for every i € I, grants that |v| < f and thus v € .. Similarly, from

‘vi - Pi(vn)‘ = W}gnoo ‘Pi(vm) - Pi(vn)| < W%gnoo |Um, — v
we deduce that |v — vy,| < lim,, [v, — v,|, whence by passing to the L°(m)-limit in n and by
using that (vy,), is .#-Cauchy we conclude that v, — v in .#, showing completeness. The
fact that for v’s as in (8.38) there exists a unique v € .# projecting on them is consequence
of the construction and from this the universality property of (.#, P?) follows. O

It is now easy to check that there exists the inverse limit of a compatible family of maps:

Proposition 8.13 Let ({%i}iej,{P;}igj), ({:/Vi}iej,{Q;-}igj) be two inverse systems of
LP(m)-normed L°(m)-modules and call (4, P?), (A, Q%) their inverse limits. For anyi € I,
let T': M — N be an L°(m)-linear continuous operator such that the diagram

T i
(8.40) pzi le.

J
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commutes for all i,7 € I with i < j and so that for some £ € L°(m) we have
(8.41) |T"(v")| < €]v"] m-a.e. for everyi € I and v' € 4"
Then there exists a unique L°(m)-linear continuous operator T : .M — N such that

Ty
(8.42) P’T TQZ-
M — N

is a commutative diagram for every i € I. Moreover, the inequality }T(v)} < l|v| is satisfied
m-a.e. for every v € M .

Proof. Let v € 4, put w' =T*(P'(v)) € 4" and notice that (8.40) yields Qé (w?) = w' and
(8.41) that |w'| < ¢|v| m-a.e. for every i < j. Thus Proposition 8.12 above ensures that there
is a unique T'(v) € 4" such that Q(T'(v)) = w’ for every i € I and it satisfies |T'(v)| < £]v|
in the m-a.e. sense. Since the assignment v — T(v) is LY(m)-linear, the proof is done. O

8.3.2 Locally Sobolev maps and their differential

In this subsection we come back to the case of general (X,dx,m), (Y,dy) as in Section 8.1

2

and study the case of u € Si (X;Y), which is the collection of all maps u such that every

loc
point z € X has a neighbourhood U, where u coincides m-a.e. with some u, € S?(X;Y).

Then for u € S2 (X;Y) the locality of the differential ensures that the formula

loc

(8.43) |Du| = |Du,| m-a.e. on U, for every x € X

well-defines a function |Du| € L} (X). For this kind of map u, the measure u, (|Dul*m) is
— in general — not anymore o-finite, hence to define the differential du we need to suitably
adapt the definition previously given. This is the scope of the current subsection.

Let u € S2 (X;Y) be fixed. By F(u) we denote the collection of all open sets 2 C X such

loc

that [, |Dul?*dm < oco. Since u € S _(X;Y), we see that the family F(u) is a cover of X.
We shall now build two inverse limits of L°(m)-normed L°(m)-modules indexed over F(u),

directed by inclusion. For the first one, define for Q@ € F(u) the measure pug on'Y as
(8.44) pa = us(|Duf*myg).

Thus g is a Radon measure. We can consider the cotangent module L?L J(T7Y) of (Y, dy, pa)

and its pullback u*L?LQ (T*Y), which is an L°( -normed module. Then we put

m|m{|Du|>0})
(8.45) u* LY (T*Y) = Ext(u* L), (T*Y)).
Observe that for ,Q € F(u), Q' C Q we have ug < pq and thus Lemma 8.7 provides a
canonical ‘projection’ map PY : L?m (T*Y) — Ext (Lgﬂ/ (T*Y)). Then we can consider the
(extended) pullback map u* P& : u*LY(T*Y) — u*LY, (T*Y) and notice that — since one has
that Py o Py? = PS for every Q1,Q,Q3 € F(u), Q3 € Qp C Q) — the functoriality of the
pullback grants that
*70 * * 4

<{“ La(T Y)}QG}'(u)’ {u' P, }QQQ')
is an inverse system of L°(m)-normed L°(m)-modules. We call (u*LY(T*Y), {P*}gcr() its
inverse limit (recall Proposition 8.12).
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Remark 8.14 For every f: Y — R Lipschitz with bounded support we have f € S*(Y, 1)
for any finite Radon measure p and obviously |d,f| < Lip(f) p-a.e.. Hence there is an
element w € u*LY(T*Y) such that P (w) = ext(u*d,, f) for every Q € F(u). [ ]

For the second, consider for any open set 2 C X the module
LY(T*X) = Ext(L%’Q(T*X)),
which is L%(m)-normed. Since trivially for €' C Q we have that m|, < mj,, Lemma 8.7
grants the existence of canonical (extended) ‘projection’ maps Qf : LY (T*X) — LY, (T*X).
By construction, it is also clear that ({L%(T*X)}Qeﬂu), {QQ/}Q,QQ) is an inverse system of
L°(m)-normed L°(m)-modules. We then have the following non-obvious result:

Lemma 8.15 The inverse limit of the inverse system ({L%(T*X)}Qeﬂu), {Qg}g,gg) S
given by (LO(T*X), {Q%}Qeﬂu)).

Proof. The fact that Qg o Q% = Q%/ for  C O C X open is a direct consequence of the
definition of the @’s. For the universality, we recall | , Theorem 4.19] and its proof
(the assumption m(X) = 1 plays no role) to get that ‘Q%l (dmmf)‘ = ‘dmm,f‘ m-a.e. on .
Moreover, if f € S? (X, m‘Q/) has support at positive distance from X\, then f € S? (X, m‘Q)
as well. It easily follows that Qg : LY(T*X) — LY, (T*X) has a unique norm-preserving right
inverse; call it PS'. Hence if F(u) 3 Q  w? € LY (T*X) satisfies QF (w?) = w® for every
choice of 2, € F(u) with Q' C Q, then it is clear that there exists a unique w € L°(T*X)
such that Xqw = PZ(w®) for every Q € F(u). This is sufficient to conclude the proof of the
statement. O

Let Q € F(u) and define Sq : {d,f : f € S*(Y,ua)} — L& (T*X) by putting
(8.46) Sa(dug f) = ext (dm’Qg),

where ¢ is related to f as in Proposition 8.3, in this case applied to the space (X, dX,m’ Q)
In particular, the bound (8.9) yields

(8.47) 1Sa(dug f)| < Xa ldug f] o w|Dul,

which is easily seen to ensure that the map Sq is well-posed (i.e. the value of Sq depends
only on d,, f and not on f). Thus by the universal property of the pullback we see that there
exists a unique L°(m)-linear continuous map Tq : u*LY(T*Y) — LY (T*X) such that

To(ext(u*dy, f)) = Sa(du f) for every f € S*(Y, ugq)
and from (8.47) we deduce that such Tq satisfies
(8.48) {Tg(u))‘ < |Du||w| m-a.e. for every w € u* L (T*Y).

It is now only a matter of keeping track of the various definitions introduced so far, to check
that for every Q,Q € F(u) with Q' C Q it holds that

(8.49) Toy (v PG () = QF (To(w))
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for every w € u*LY(T*Y) of the form w = ext(u*dmmf), for some f € S%(Y, uq). Then by
LY(m)-linearity and continuity we see that (8.49) holds for every w € u*L{(T*Y), so that
(keeping (8.48) into account) we infer from Proposition 8.13 and Lemma 8.15 that there is a
unique L°(m)-linear and continuous map T : u*LY(T*Y) — L°(T*X) such that
QQ
LYT*X) —X— LY(T*X)
(8.50) TT TTQ

uw*LO(T*Y) —a w* L (T*Y)
is a commutative diagram for every Q € F(u).

We can now give the main definition of this section:
Definition 8.16 The differential du : L°(TX) — (u*Lg(T*Y))’k is the adjoint of T'.

Observe that from (8.48) it follows that |T'(w)| < |Dul||w]| for every w € w*L{(T*Y).
Hence by duality we also get that ‘du(v)‘ < |Du| |v] m-a.e. for every v € LY(TX), i.e. that the
inequality |du| < |Du| holds m-a.e. in X. Then — arguing as in Proposition 8.5 — we can prove
that actually |du| = |Du| in the m-a.e. sense. Analogously, natural variants of the properties
stated in Subsections 8.2.1, 8.2.2 and 8.2.3 hold for this more general notion of differential.
We omit the details.

We conclude by noticing that if u € S*(X;Y) C S2.(X;Y) then X € F(u), ie. the
directed family F(u) has a maximum. It is therefore clear that the differential du in the

sense of Definition 8.16 canonically coincides with the one given by Definition 8.4.



Integration of outer measures

Given any set X, let us denote by 2% its power set, i.e. the collection of all the subsets of X.
By outer measure on X we intend any set-function p : 2% — [0, +-00] with u()) = 0 that is
monotone and o-subadditive, i.e. such that

(A'l) M(EOO) < Z:U’(En) for every (En)nGNu{oo} - 2X with Fo C U Ey.
neN neN

We say that an outer measure p on X is continuous from below provided

(A.2) u( U En) = lim ,u( U E,> for every sequence (E,)nen C 2%.
i=0

n—ro0
neN

Observe that the limit in the right hand side of formula (A.2) always exists, because the
sequence 1 —» ,u( Uign E’z) is non-decreasing by monotonicity of p.

Let us fix a set X and an outer measure p on X. Then the integral [ fdu of any given
function f: X — [0, +00] can be defined as

(A.3) /fdu = /0+00 p({f > t})dt.

The definition (A.3) of [ fdu is well-posed, since the function ¢ — ,u({f > t}) € [0, +o0] is
non-increasing, thus in particular it is Lebesgue measurable. Given any set F C X, we define

(A.4) / fdu= /XE fdu.
E
In the next result we collect the basic properties of the above-defined integral:

Proposition A.1 Let f,g: X — [0, +00] be fized. Then the following holds:
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i) [ fdp < [gdp provided f < g.
i) [Afdpu=X[fdu for every A > 0.
i) If ,u({f % 0}) =0 then [ fdp =0, while the converse implication holds provided p is

continuous from below.

iv) [ fdp= [gdp provided ,u({f #+ g}) =0.

Proof. We divide the proof into several steps:

i) Given any ¢ > 0 it clearly holds that {f > ¢} C {g > t}, whence p({f > t}) < u({g > t})
for all ¢ > 0 and accordingly i) follows.

ii) Observe that

“+oo

/)\fdu:/Jroou({)\f>t})dt:/0+oou({f>t//\})dt:)\/0 w({f > s}) ds

0
[ an,

thus proving the validity of ii).
iii) Suppose that p({f # 0}) = 0. Then p({f > t}) = 0 as well for all ¢ > 0 by monotonicity

of u, whence accordingly [ fdu = 0+°° ,u({ f> t}) dt = 0. Conversely, suppose that u is

continuous from below and [ fdu = f0+oo p({f > t})dt = 0. This grants that p({f >t}) =0
for a.e. t > 0, thus also for every ¢ > 0 by monotonicity of p. Given that {f > 1/n} /~{f # 0}
as n — oo, we conclude that p({f # 0}) = lim,, u({f > 1/n}) = 0 by continuity from below
of p. Therefore property iii) is proved.

iv) For any ¢ > 0 it holds that {f >t} C {g > t} U{f # g}, whence

p({f>t}) <p({g>t}) +u({f #9}) =n({g>t})  forallt>0,

sothat [ fdu < [ gdu. By interchanging the roles of f and g, we obtain that [ gdu < [ fdpy,
thus [ fdu = [ gdu. This shows the validity of iv). O

Nevertheless, this notion of integral for outer measures is — in general — not additive.
Even to get just its subadditivity, we need to require the following strong assumption on p:

Definition A.2 (Submodularity) We say that an outer measure p is submodular provided

(A.5) W(EUF)+u(ENF) < u(E)+ u(F)  for every E, F C X.

Then a key result is the following, for whose proof we refer to | , Theorem 6.3]:

Theorem A.3 (Subadditivity theorem) Let p be an outer measure over X. Then p is

submodular if and only if the integral associated to p is subadditive, i.e.
(A.6) /(f—i—g)d,ug/fdu—l—/gdu for every f,g: X — [0, +00).

We shall also make use of the following simple property of outer measures:

Lemma A.4 (Borel-Cantelli) Let (E,)nen be subsets of X satisfying Y, n(Ep,) < +o0.
Then ,U,( nnEN Umzn Em) =0.
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Proof. Call E = (,cyUpsy Em- Then u(E) < N(Umzn E,,) for all n € N, so that

p(E) < lim u( U Em) < lim Y p(En) =0,

n—00
m>n m>n

which proves the statement. O






Hausdorfl measures

Given any real number k € [0, +00), let us define

k/2

(B.1) R —

+00
= - h T(t) = t—1 —T q.
Ta+h/2)’ where I'(t) /0 e dr

The function I' is the so-called gamma function. Recall that T'(n) = (n — 1)! for all n € N.
In the case k € N, the quantity wj, coincides with the £¥-measure of the unit ball in R¥.

Let (X,d) be a metric space. Given any real number § € (0, +00) and any subset £ C X,
we define the quantity HX(E) € [0, +00] as

(B.2)  HY(E) = inf {;’j > diam(E,)" | E C | J En, diam(E,) < § for all n € N} .
n=0

= n=0

More precisely, in the case k = 0 we make use of the following convention: diam({z})? = 1
for every x € X and diam((Z))O = 0. It holds that each function ’H§ is an outer measure on X.
Let us now associate to any set £ C X the quantity H*(E) € [0, cc], which is given by

(B.3) HE(E) = y\r% HE(E).

Given that ’H§ (E) is non-increasing with respect to 4, in the above definition limgs\ o can

be replaced by sups.o. The function H¥ : 2% — [0, +00], which turns out to be an outer

measure on X, is referred to as the k-dimensional Hausdorff measure on the space (X,d).
An important property of #* is the following: given k € (0, +00) and E C X, one has

(B.4) HYE)>0 =  H(E)=+4occ for every k' € [0, k).
Given any subset E of X, we define the Hausdorff dimension of E as
(B.5) dimy (E) = inf {k € [0, +00) | H"(E) = 0}.
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A consequence of (B.4) is that H*(E) = +oc if k < dimy(E) and H¥(E) = 0if k > dimy(E),
while in general nothing can be said about the value of H4™#(E)(E).

Given two metric spaces (X,dx), (Y,dy) and any k € (0,+00), it holds that
(B.6) H*(f(A)) < Lip(f)F #*(A) for every f € LIP(X,Y) and A C X,

whence in particular dimy ( f (A)) < dimy/(A). Another important property of Hausdorff
measures is the following, for whose proof we refer to | , Theorem 2.4.3]:

Proposition B.1 Let (X,d, u) be a metric measure space and k € N. Let A C X be a Borel
set and A € (0,400). Then

B. lim ——~ > A A) < u(A).

(B.7) lim o >\ for every x € = AHE(A) < p(A)

Given a metric space (X, d), we say that a Borel set A C X is countably H*-rectifiable provided
there exist a sequence of Borel subsets (B,,), of R* and Lipschitz maps f, : B, — X such
that H*(A\ U, f2(Bn)) = 0. A fundamental property of countably H"-rectifiable sets is:

Theorem B.2 (Spherical density) Let (X,d) be a metric space and k € N. Let A C X be
a countably H¥-rectifiable set and 0 : A — (0,+00) be a Borel map. Define p = HHk|A and
suppose that u is a finite measure. Then

(B.8) lim M Br(2))

N0 wprk =0(x) holds for HE_q.e. x € A.
r k

The previous result is proven, for instance, in | , Theorem 5.4].



Bochner integral

We recall some basic results about measurability and integration of Banach-valued maps of a
single variable t € [0,1]. A detailed discussion about this topic can be found e.g. in | .

For the sake of brevity, we shall use the notation £; to indicate the 1-dimensional Lebesgue
measure restricted to [0, 1], namely

- rl
(Cl) ﬁl =L ‘[071}.

Let B be a fixed Banach space. We denote by B’ its dual space. A simple map is any B-valued
mapping y : [0,1] — B that can be written in the form

k
y= ZXEi v;, for some Ey, ..., E; C[0,1] Borel and vy, ...,v; € B.
i=1

A map y : [0,1] — B is said to be strongly measurable provided there exists a sequence (yn)n
of simple maps ¥, : [0,1] — B such that lim, ||yn(t) — y(t)||z = 0 for Li-a.e. t € [0,1], while
it is said to be weakly measurable provided [0,1] > ¢t — w(y(t)) € R is a Borel function for
every w € B'. Tt directly follows from the very definition that linear combinations of strongly
(resp. weakly) measurable maps are strongly (resp. weakly) measurable. Moreover, if some
map y : [0,1] — B is strongly measurable, then [0,1] 3 ¢ — Hy(t)H]B € [0,400) is Borel.

The relation between the strongly measurable maps and the weakly measurable ones is
fully described by a theorem of Pettis, which states that a map y : [0,1] — B is strongly
measurable if and only if it is weakly measurable and there exists a Borel set N C [0, 1] of
null £1-measure such that y([O, 1\ N ) is a separable subset of B. The latter property is often
referred to as essential separably-valuedness.

We now describe how to define B-valued integrals, the so-called Bochner integrals. First
of all, given any simple map y : [0,1] — B — written in the form y = Zle XEg, vi — we define

1 k
(C.2) /0 y() dt = ;zl(@) v € B.
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It can be readily checked that this definition does not depend on the particular way of
expressing the map y. Further, we say that any strongly measurable function y : [0,1] — B
is Bochner integrable provided there exists a sequence (yy), of simple maps y, : [0,1] — B
such that lim,, fol Hyn(t) - y(t)HBdt = 0. In particular, the sequence (fol yn(t)dt) C Bis
Cauchy, so that it makes sense to define

1 1
(C.3) / y(t)dt = lim | ya(t)dt € B.
0

n—oo 0

It turns out that the value of fol y(t) dt just defined is independent of the approximating
simple maps (yn), and that it satisfies the fundamental inequality

(C.4) H/Oly(t) dtHB < /01 () || dz-

An alternative characterisation of the B-valued integrable maps is given by the following
theorem, which is due to Bochner: we have that a strongly measurable map y : [0,1] — B is
Bochner integrable if and only if it satisfies fol Hy(t)HB dt < 4o0.

The previous result naturally leads to the notion of B-valued LP space: given p € [1, 0],
we define Lp([O, 1], IB%) as the space of all (equivalence classes of) those strongly measurable
maps y : [0,1] — B for which the quantity ||y||Lp([071]7B) is finite, where

(/01 ol dt)l/p if p < oo,

ess sup ||y(t)]|g if p = oo.
te(0,1]

(C.5) HyHLP([O,l},IB) =

Therefore Lp([(), 1],183) itself is a Banach space for any p € [1, 00].

Definition C.1 (Vector-valued Sobolev/AC maps) Letp € [1,00] be a given exponent.
Then the space Wl’p([O, 1],B) consists of all those curves y € LP([O7 1],IB3) for which there
exists a map y' € Lp([O, 1],133) such that

1 1
(C.6) /0 () y(t)dt = —/0 o(t)y'(t)dt for every p € C°(0,1).

We endow the Sobolev space Wl’p([O, 1},13%) with the norm

/p )
(112 0. + 11001139 if p < oo,

(C.7) Iyllweo,1,8) = / ‘
191l Lo o, 17,) T 1191 oo 10,1),8) if p = ooc.

Moreover, we define AC’p([O, 1],]8) as the space of all curves y : [0,1] — B for which there
exists f € LP(0,1) such that

(C.8) |y(t) — y(s)H]B < /t f(r)dr for every t,s € [0,1] with s < t.

We point out that the above definition of AC? ( [0, 1],IB) is consistent with Definition 1.1.
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Proposition C.2 (Absolutely continuous representative) Let y € Wl’p([O, 1],IB%) be
given. Then there exists §j € ACP([0,1],B) such that y(t) = §(t) for a.e. t € [0,1]. Moreover,
such curve § satisfies the identity

(C.9) g(t) —g(s) = /t y'(r)dr for every t,s € [0,1] with s < t.

Proof. The curve t — z(t) = fg y'(s)ds belongs to AC”([O, 1],183) N Wl’p([O, 1],153), thus
in particular the curve ¢ — y(t) — z(t) belongs to W?([0,1],B) and has derivative almost
everywhere equal to 0. Hence to conclude it is sufficient to show that any such curve is a.e.
constant. This follows by noticing that for any ¢ € B the function ¢ — ¢(y(t) — 2(t)) belongs
to W1P(0,1) (by direct verification) and has derivative a.e. equal to 0. O

Proposition C.3 (Characterization of Sobolev curves) Let y,z € L?([0,1],B). Then
the following conditions are equivalent:

i) It holds that y € WP([0,1],B) and z = ¢/
ii) For some D C B dense, we have £ oy € W11(0,1) with (foy) = {0z for any £ € D.

In particular, if B = Li(pn) for some Radon measure i and some exponent q € [1,00), then
we have y € Wl’p([O, 1], Lq(u)) and z =y if and only if for every Borel set E it holds that
the function t — [, y(t) du belongs to WH(0,1) with derivative t — [, z(t) dp.

Proof. By assumption and by using the fact that the Bochner integral commutes with the
application of ¢, we see that

e(/ol & (1) y(t) dt> _ z( _ /01 o(1) 2(1) dt> for every o € C2°(0,1),

for every £ € D. Then the conclusion follows by density of D in B’.
For the second claim, just observe that the linear span of the set of all characteristic
functions of Borel sets is dense in L9/(@=1 (1) = LI(p)’. O

It is important to underline that in general absolute continuity does not imply almost
everywhere differentiability: this has to do with the so-called Radon-Nikodym property of
the target Banach space (we refer to | | for a thorough discussion about this topic).

A sufficient condition for this implication to hold is given by the next theorem:

Theorem C.4 Let B be a reflexive Banach space. Let p € [1,00] and y € AC’T’([O, 1],B).
Then for a.e. t € [0,1] it holds that the limit of (y(t + h) —y(t))/h as h — 0 exists in B.

In particular, we have ACP([O, 1],183) ~ Wl’p([(), 1],18%), i.e. every absolutely continuous
curve is the (only) continuous representative of a curve in Wl’p([O, 1],B).

Given any Banach space B, we denote by End(B) the space of all linear and continuous
maps of B to itself, which is a Banach space if endowed with the operator norm.

The space I'(B) = C([0, 1], B) is a Banach space with respect to the norm || - Ir(m), given
by [ly[lp@m) = max {llwellg : t €[0,1]} for every y € T'(B).
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Theorem C.5 (Integral solutions to vector-valued linear ODEs) Let B be a Banach
space. Let z € T'(B). Let A : [0,1] — End(B) be a bounded function, i.e. there exists ¢ > 0
such that H)\(t)HEnd(IB) < ¢ for every t € [0,1]. Assume that [0,1] > ¢t — A(t)v € B is strongly
measurable for every v € B. Then there exists a unique curve y € T'(B) such that

(C.10) y(t) = z(t) —I—/O A(s)y(s)ds for every t € [0, 1].

Moreover, the solution y satisfies ||y|lpg) < € [|z||

Proof. Given any simple mapping ¢t — 1y = ZZ L X, () vi, with Ay, ..., A, € B([0,1])
and vy,...,v; € B, we have that ¢t — \(t)y; = ZZ 1 X4, (t) A(t)v; is strongly measurable by
hypothesis on A. Now fix y € T'(B). In particular, y : [0, 1] — B is strongly measurable, hence
there exists a sequence (y¥); of simple maps y* : [0,1] — B such that limy |yf — gz = 0
holds for £i-a.e. t € [0, 1]. This grants that H)\(t)yf - /\(t)ytHB <clyf —ulg 5 0 is satisfied
for L£i-a.e. t € [0,1], thus accordingly the map ¢ — A(t)y; is strongly measurable as pointwise
limit of strongly measurable functions. Moreover, since || A(t)y||5 < ¢ 1y[lp () for all ¢ € [0,1],
one has that ¢ — A(t)y; actually belongs to LOO([O 1],B). Therefore it makes sense to define
the function Ay : [0,1] — B as (Ay)(¢ fo s)ys ds for every ¢ € [0, 1]. Note that

(C11)  ||Ay(tr) — Ay(to)||g < ¢ yllp)(t1 — to) for every to,t; € [0, 1] with ¢t < t;.

Therefore Ay is Lipschitz with Lip(Ay) < c|ly|[pm), so that in particular Ay € I'(B). By
plugging ¢, =t and tp = 0 into (C.11), we deduce that HAy(t)HB < cllyllpt for all t € [0, 1]
and accordingly that [|Aypg) < c||lylpm)- This guarantees that the map A : I'(B) — I'(B)
is linear and continuous, with [[A[g,qr@)) < ¢. Now observe that

(C.12) y € I'(B) satisfies (C.10) = (idrm) — A)(y) = 2.

For any n € Nt the iterated operator A = Ao...o A satisfies
t
4oy < [ty dr,

t rin
<& / / A2y (1) |, At dt,
0J0

tn
// / y(t1)]| Aty - .. Aty dty
tn to
<any||F // / dty...dt,—1 dt,

=" HyHr(]B

| /\

for every y € I'(B) and t € [0, 1], whence ||A”||End(F(B)) < c"/n!. Hence idp(g) — A is invertible
and the operator norm of its inverse (idpg) — A)~1 =372 JA™ is bounded above by €. In
light of (C.12), we finally conclude that there exists a unique curve y € I'(B) fulfilling (C.10),
namely y = (idpg) — A) ' (2), which also satisfies lyllr@) < € l1zllrm)- O

We will actually make use of the following consequence of Theorem C.5:
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Corollary C.6 (Differential solutions to vector-valued linear ODEs) Fix a reflexive
Banach space B. Lety € B be given. Let X\ : [0,1] — End(B) be a bounded function. Suppose
that the map [0,1] > t — A(t)v € B is strongly measurable for every v € B. Then there exists
a unique curve y € LIP([O, 1],18%) such that

(C.13) { y'(t) = A(t)y(t) for Li-a.e. t € [0,1],

Moreover, the solution y satisfies ||y||rg) < € ||Y[lp, where ¢ = max;ep 1) H/\(t)HEnd(B).

Proof. Define z(t) =g for all t € [0,1]. Consider the curve y € T'(B) given by Theorem C.5.
For every t,s € [0,1] with s < ¢ we have that

/t A(r)y(r)dr

S

R t
o6 =3t = | U< [ howolpar<e o] o

Since Hy() HB € L*°(0,1), we deduce that the map y is Lipschitz, so that Theorem C.4 grants
that y is a.e. differentiable. Then (C.13) trivially follows from (C.10).

Conversely, let y € LIP([0, 1], B) be any curve such that (C.13) holds true. By integration
we conclude that y satisfies also property (C.10), thus proving uniqueness. O
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