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Introduction

The main scope of this work is to give new insights into the theory of functions of bounded
variation (BV') in the non-smooth context of metric measure spaces. To this aim, in
order to make the dissertation as self-contained as possible and to motivate the results we
established during our research, we attempted to give an exhaustive - albeit far from being
complete or detailed - survey on the field, discussing different notions of Sobolev and BV
spaces, with particular emphasis on the connections and equivalences among them.

The Thesis is organized as follows:

e In Chapter 1 we introduce the basic notions of our analysis, namely the notion
of p-summable functions LP(X) on metric spaces, the fundamental concept of a
metric measure space (X, d, 1) along with its most notable properties, and doubling
measures.

e Chapter 2 can be considered as the actual starting point of our discussion. Fol-
lowing the classical approach of [HKST], we introduce the concept of modulus of
families of curves on metric measure spaces, which eventually leads to the definition
and properties of (weak) upper gradients. This tool allows for the characterization
of the first-order Newton-Sobolev spaces N1P(X), 1 < p < oo, which are proven
to be Banach spaces ([Shl], [Sh2]). The chapter culminates in the discussion of
Poincaré Inequalities and their consequences, the most notable - assuming addition-
ally (X, d, p) to be doubling - being the density of Lipschitz functions inside Sobolev
spaces.

e In Chapter 3 our attention shifts to other definitions of Sobolev spaces in metric
measure spaces. We first consider the test-plan approach ([AGS2], [AGS3]), which
is inherited from the theory of Optimal Transportation ([Vi]) and, making use of
probability measures defined on the space of curves, allows for a characterization
of weak gradients in duality with the speed of p-absolutely continuous curves. The
discussion does not rely on particular assumptions on the underlying metric measure
space, like the validity of a Poincaré inequality or the doubling property for the
reference measure. However, Lipschitz functions are again proven to be dense inside
Sobolev spaces ([AGS4], [Gil]) and the respective notion of weak gradient turns
out to be equivalent with the Newtonian one ([AGS4]). Next, we focus on the
derivations approach described in [Dil]; this tool is reminiscent of the work [We]
and makes possible to define properly a notion of divergence by simply imposing
an integration by parts formula, from which we obtain a further definition of weak
gradients and the corresponding Sobolev spaces. As for test-plans, no structural
hypothesis is assumed about the ambient space but, again, a further equivalence
among the various definitions of Sobolev spaces is established.

e Chapter 4 deals with three different notions of BV functions in metric measure
spaces, in the same spirit of Chapters 2 and 3. We start with the well known relax-
ation procedure over sequences of weak upper gradients of Lipschitz - or, Sobolev -
functions ([Mi], [Sh3]) under the hypothesis that (X, d, u) is doubling and supports
a Poincaré inequality. We recall the notions of total variation of a function and of
perimeter of a set; then, we state the Coarea Formula for BV functions along with



the Isoperimetric Inequality ([Mi]) and illustrate the concentration and absolute con-
tinuity properties of the perimeter measure ([Am2]). Next, dropping the structural
assumptions on the metric measure space, we briefly survey the characterization of
BV functions via co-test plans ([AD]) and then we follow again [Dil] to describe
the BV space via derivations. Similarly to Chapter 3, the analysis culminates in the
equivalence between the three definitions of BV functions.

o Chapter 5 surveys the differentiable structure anticipated in [Gil] and then developed
and discussed in [Gi2]. The key-tool for this machinery is the notion of L”(u)-normed
module, which arises as a generalization of the L*°(u)-modules already introduced
in [We]. While in [Gi2] the author focuses on the L? theory, here we preferred to
re-adapt and to broaden the analysis to any exponent p € [1,00]. Thus, we define
the cotangent module LP (T*X) via the differentials of Sobolev functions. Since
the notion of differential is tailored to the weak gradients arising from test-plans,
which are in turn defined in duality with the speed of curves, this tool yields a sort
of cotangent object, whence the terminology. As expectable, the elements of the
cotangent module LP (T*X) play the role of differential forms and, by duality with
LP (T*X), the tangent module L1(TX), % + % = 1, is defined as the L9(p)-normed
module having vector fields as its elements. All this formalism allows for a well posed
notion of divergence of a vector field and, moreover, it yields a characterization of
the gradient of a given function as a vector field. Eventually, the hypothesis of
infinitesimal Hilbertianity of the space - namely, requiring W12(X) to be a Hilbert
space - is introduced and discussed; the most notable byproducts of this assumption
are the uniqueness of the gradient for every Sobolev function, and the possibility to
express the Laplace operator as the divergence of the gradient.

In the concluding two chapters we illustrate the results which arose from our studies:

o Chapter 6 starts by reviewing en passant the definition of RCD(K, o0) spaces, the
heat flow hy along with the related Bakry-Emery contraction estimate involving the
curvature of the space, and the notions of test functions and of test vector fields
([Gi2]). We then give a new notion of BV functions which, quite similarly to the
classical one, features the suprema over divergences of suitable vector fields. We
show that the RCD(K, o) structure allows for a definition of BV via a relaxation
procedure over test functions which is equivalent with the more classical of [Mi] and
[Sh3]. If moreover (X,d,p) is also doubling and supports a Poincaré inequality,
then the equivalence involves all the characterizations we have encountered so far
([Mi], [Sh3], [AD], [Dil}), including also our definition. We eventually discuss the
possibility of generalizing our notion - and thus, of an integration by parts formula
- to any domain  C X’; this, however, is still an open problem since it is not quite
clear to us how to properly choose the class of vector fields to work with.

o Chapter 7 is devoted to the issue of Gauss-Green formulae and of traces of BV func-
tions in metric measure spaces. Inspired by [MMS], we introduce the class of regular
domains, which proves to be the appropriate class of domains where an extended
Gauss-Green formula holds for every divergence-measure vector field F € DM (X),
namely those vector fields whose divergence is a measure with bounded total vari-
ation in X. The issue is then discussed in the specific context of an RCD(K, o)
space and tailored to a suitable sub-class of test vector fields. Next, we step back to
the more classical setting of a doubling metric measure space supporting a Poincaré



inequality, where we reformulate the theory of rough traces of BV functions ([Ma]).
We establish a further Gauss-Green type formula, this time involving explicitly the
rough trace of a BV function. The last part of Chapter 7 deals with the compari-
son between the rough trace and the trace defined via Lebesgue points. This study
was carried on during our stay at the University of Cincinnati (Ohio, USA) in col-
laboration with Prof. N. Shanmugalingam. Starting from the paper [LS], where
the authors determine the conditions for a linear trace operator to exist on BV ()
- with © C X bounded open set supporting a (1,1)-Poincaré inequality and such
that p|€ is doubling - and find that, for v € BV(Q), this trace Tu(x) coincides
with the approximate limits of its zero-extension almost everywhere on 02, we first
established that every bounded BV function on a domain admits a zero-extension
which is of bounded variation on the whole metric space, and then that the rough
trace coincides with Tu(x) for almost every x € 9. A very interesting consequence
of this equality is that the rough trace of a BV function defines a fortiori a linear
operator.

The contents of Chapters 6 and 7 will be included in two joint works ([BM1], [BM2]) with
Prof. M. Miranda, advisor for this Ph.D. Thesis.



1 Preliminary notions

In this introductory chapter, we shall survey the basic tools and notions which will recur
thoroughly in our work.

We assume the reader to be familiar with the notions of (outer) measure, o-finiteness,
completeness (in the sense of measure theory), measurability (of sets and functions), Borel
sets, measures and functions, Radon measures, Haudorff measures (classical, spherical) and
dimension.

The main reference for the following sections is Chapter 3 of [HKST]. Due to the intro-
ductory nature of the material presented below, we shall limit ourselves to the statement
of results only.

1.1 Lebesgue Spaces L?(X,pu; V) and Metric Measure Spaces

In view of the theory of Newton-Sobolev functions which will be surveyed in Chapter 2,
we focus here on the spaces of Banach space-valued LP functions and discuss the concept
of a metric measure space, a tool of fundamental importance. The choice of an arbitrary
Banach space instead of the field of real numbers R is just for the sake of generality; the
topics we shall discuss apply in a straightforward way to the real case.

Let (X, ) and Y denote a o-finite measure space and a Banach space, respectively.

1.1.1 Definition (Bochner Integrability). Consider a simple function f : X — Y,
that is,

n

f:Zvi']]-Em

=1

where v; € ), the E;’s are measurable sets forming a partition of X and 1g, denotes the
characteristic function of E;. Recall that any function g : X — Y is called measurable
whenever it is a pointwise almost-everywhere limit of a sequence of simple functions.
Assume v; = 0 for all the indices i such that u (E;) = co. Then we define the integral of
f over X with respect to the measure p as

/ fdp =" p(Ei)v;.
X i=1

The above expression gives a well defined element of ; being |f| measurable for every
simple function, see [HKST, Remark 3.1.1], we have

‘/X fdu‘ < /X | fldp = Zz:p,(E,») |vi| < oo, (1.1)



Then, such a simple function f will be said integrable.

A measurable function f : X — ) is called Bochner integrable if there exists a sequence
(fn)nen of integrable simple functions such that

n—oo

hm/X’f_fn’dM:O-

Thus, the Bochner integral of f is given by

fdp = lim / fndpu.
A n—oo X

By (1.1), the above definition is well posed in the sense that the integral of f - as an
element of ) - does not depend on the particular sequence (fy),cy chosen.

If £ C X is any measurable subset and f : E — ) is a function, we shall say that f is
integrable over E if f-1g : X — ) is integrable; so, we set

[Efdu :—/Xf']lEdN-

1.1.2 Proposition [HKST, Proposition 3.2.4]. If

(o]
X=JE
k=1

where the Ej’s are pairwise disjoint measurable sets and f : X — ) is an integrable
function over each E} with

)3 / Fldy < oo,
k=1" Ek

then f is integrable over X and, moreover,

/fdu—z fdu.
X k=17 Ek
O

1.1.3 Proposition [HKST, Proposition 3.2.7]. Bochner-integrable functions coincide
with measurable functions f such that |f| is integrable.

0

1.1.4 Definition (LP(X,pu;Y) Spaces). Let p € [1,00[. Given a measurable function
f:X =) we set

vz = (| |frpdu)‘1’. (1.2)

10



This defines a semi-norm on the space

LP(X, 1Y) = {f : X — Y measurable; HfHZp(XMy) < oo} ;

it is not a norm, since for every function which vanishes p-almost everywhere the formula
in (1.2) gives zero.

If we introduce an equivalence relation ~ on ﬂ”(X ,i;Y) by declaring f ~ g whenever
f — g = 0 p-almost everywhere, then for the resulting equivalence classes [f] one can
define [|[f]{|1»(x ;) With no ambiguity using (1.2) on any representative of [f]; thus,
we define the Lebesgue Spaces LP(X, ;) as the spaces of equivalence classes [f] with

H[f]HLP(X7H) < o0, namely

LP(X, 3 Y) = LP(X, s 3’)/ {f € LP(X, 1) 1o ey = 0} :

Of course, the equivalence classes shall be dropped from the notation, so one simply writes
£ and ||l oy, instead of [f] and (/1] o -

Endowed with the above norm, LP(X, u; )) is a Banach space; elements of LP spaces shall
be also addressed to as p-integrable functions.

1.1.5 Proposition [HKST, Proposition 3.2.13]. Given p € [1,00], a measurable
function f : X — Y is in LP(X, ;) if and only if there exists a sequence of simple
functions (fy), ey C LP(X, 13 Y) such that

lim / |f — fulP du = 0.
X

n—oo

0

1.1.6 Definition. For p = oo the space of essentially bounded measurable functions,
L>°(X, u; ), is the class of functions with bounded supremum norm,

oo e piyy = sup AN € R; e ({z € Xs |f(w)] > A}) # 0} = ess-sup| f(@)].

L>(X,pu;)) is a Banach space as well.

The notion of local Lebesgue spaces L

loc 1S given in the usual way.

1.1.7 Remark. L7 (X, u;YV*) embeds isometrically in LP(X, u; V)*, where p € [1, 0o and
q is its conjugate exponent, namely 1% + % =1

In the more usual case where ) = R, when p €]1,00[ the dual of LP(X,u) is exactly
L%(X, ) and LP-spaces are reflexive. Under the hypothesis of o-finiteness, the dual of
LY (X, i) is (canonically isomorphic to) L>(X, u1); the dual of the latter can be described
as a space of finitely additive signed measures on X.

Notice that, under general assumptions, L' and L™ are not reflexive.

11



Since they will be of practical use in the later chapters of our work, we recall here the
notions of “restriction” and of “extension” of a given measure:

1.1.8 Definition. A measure p on a set Z determines a measure on every subset W C Z
by simply restricting i - as a set function - to the subsets of W. The resulting measure,
denoted by uyp, will be called the restriction of u to W.

Alternatively, given a measure p on a set Z, one may define its restriction to W C Z by
setting

pW(E) = p(ENW),

for F C Z.

If instead p is a measure on a subset W C Z, we define its extension to Z as

A(E) = p(ENW),

for E C Z. In this way, we have u|W = .

Another recurring and useful notion will be the “push-forward” of a measure:

1.1.9 Definition. Let W and Z be two sets. If f : W — Z is any function and u is a
measure on W, we define the push-forward measure f4u on Z by setting

fo(B) = p (f1(B))

for E C Z, whenever the above formula makes sense.

When f is a Borel function and p is a Borel measure, then f4u is a Borel measure as well.

We now turn our attention to metric measure spaces, namely the key-tool for all the
forthcoming analysis and discussions.

Let us start with a characterization of balls in metric spaces:

1.1.10 Definition. By a ball in a metric space (X,d) we mean a set of the form
By(x) ={y € &; d(z,y) < p},

where z € X is the center and 0 < p < oo is the radius. The family of all balls in A will
be denoted by #(X).

It is worth to underline that a ball, as a set, does not in general uniquely determine a
center and a radius, which then make sense with respect to the notation B,(z). The closed
ball B,(z) is given by

By(z) ={y € X; d(z,y) < p}.

12



As an alternative notation, we may sometimes choose to write AB, A > 0, to denote the
“inflated” ball whose radius is A times the radius of B.

1.1.11 Definition. A metric measure space is a triple (X, d, u) where (X, d) is a separable
metric space and p is a non-trivial - that is, (X)) > 0 - locally finite Borel measure on X.

In this context, by “locally finite” we mean that for every = € X there exists p > 0 such
that p (B,(x)) < oc.

1.1.12 Remark. By the Lindeldf property of separable metric spaces - [HKST, Lemma
3.3.27] - every metric measure space can be written as a countable union of balls with
finite measure; thus, in particular, every metric measure space is o-finite - see [HKST,
Lemma 3.3.28].

Notice that we are not assuming a metric measure space to be complete or even locally
complete as a metric space.

The restriction of the measure u to a subset Z C X determines a metric measure space
(Z,d, | Z): in other words, subsets of metric measure spaces can be regarded as metric
measure spaces on their own. As a consequence, every metric measure space admits a
countable covering of pairwise disjoint subsets, each of them constituting itself a metric
measure space.

1.1.13 Proposition [HKST, Proposition 3.3.44]. If (X,d,u) is a metric measure
space such that (X, d) is complete, then p is a Radon measure. In particular, X can be
expressed as a countable union of compact sets plus a set of measure zero.

0

Taking into account Proposition 1.1.13 above, since in the following chapters and sections
we shall always consider complete metric measure spaces, from now on p will be assumed
to be a Radon measure.

Let us now see some properties of Lebesgue Spaces in the context of metric measure spaces.

1.1.14 Proposition [HKST, Proposition 3.3.49]. If (X,d,u) is a metric measure
space and p € [1,00], then for every f € LP(X,u;Y) and for every € > 0 there exists
g € C(X,Y) such that |[f — gl 1o(x ) <&

If in particular p is Radon, then the same holds with g being just a compactly supported
function from X to Y.

0

Since uniform limits of sequences of continuos functions are also continuous, a combination
of [HKST, Proposition 3.2.15] with Proposition 1.1.14 and [HKST, Remark 3.2.16] implies
the following:

1.1.15 Corollary [HKST, Corollary 3.3.51]. Under the same hypotheses of Proposi-
tion 1.1.14, for every f € LP(X,pu;)) and for every € > 0 there exists an open set A C X
with p(A) < e such that f|x\ 4 is continuous.

13



1.1.16 Proposition [HKST, Proposition 3.3.52]. Let (X,d, 1) be a metric measure
space with (X, d) locally compact and let p € [1,00[. Then, for every f € LP(X, u;)) and
for every £ > 0 there exists g € C.(X,)) such that

1f = 9ll Loy < e

1.1.17 Proposition [HKST, Proposition 3.3.55]. Let (X, d, 1) be a metric measure
space and let p € [1,00[. Then, LP(X, u;)) is separable - as a Banach space - if and only
if ) is separable.

O

We conclude this section by recalling quickly the notion of Lipschitz functions between
metric spaces and some of their notable properties.

1.1.18 Definition. Let (X,dx) and (), dy) be two metric spaces. A function f: X — )
is called L-Lipschitz if there exists a constant L > 0 such that

dy (f(w), f(2)) < Ldx (w, 2) (1.3)

for every pair of points w,z € X. The smallest value of L for which (1.3) holds is the
Lipschitz constant of f. The class of Lipschitz functions f : X — ) will be usually denoted
by Lip(X, D).

A bi-Lipschitz function is a bijective Lipschitz function whose inverse is Lipschitz as well.

Lipschitz functions are a dense class in the Lebesgue Spaces LP(X, u;)):

1.1.19 Theorem [HKST, Theorem 4.2.4]. If (X, d, 1) is a metric measure space, ) is
a Banach space and p € [1, 00|, then Lip(X,)) is dense in LP(X, ;). If moreover (X, d)
is locally compact, then Lip.(X,Y) is dense in LP(X, ;).

O
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1.2 Doubling measures

Doubling measures constitute a notable tool in the field of nonsmooth analysis and will
be of great use in our work as well. Let us see the main definitions and properties.

1.2.1 Definition. A Borel measure p on a metric space (X, d) will be called doubling
whenever for every ball B,(x) C X one has 0 < p1 (B,(x)) < oo and there exists a constant
¢ > 1 such that

1 (Bap(z)) < cp(By(x)) (1.4)

for all x € X and p > 0; in particular, u is asymptotically doubling if

lim 220000 (Bzp()) < 00

p=0t 11 (Bp(z))
for all x € X and p > 0. The smallest constant ¢ fulfilling the condition in (1.4) will be
said doubling constant; it will be denoted by Cp,

1(2B)
Cp= sup ——.
P Bea(x) (D)

(X,d) is separable as a metric space and (X, d, ;) is a metric measure space by Remark
1.1.12 and [HKST, Lemma 3.3.30] respectively.

When p is doubling on (X, d), then (X, d, u) is called a doubling metric measure space.

1.2.2 Remark. A metric space (X,d) is called “metrically doubling” if there exists a
constant ¢ > 1 such that every set of diameter ¢ in X can be covered by at most ¢ subsets
whose diameter is not larger than 6/2 ([He, 10.13]); in terms of balls, this is equivalent
to say that any ball B,(z) C X can be covered by at most ¢ balls with radii p/2 ([BB,
Section 3.1] or [HKST, Section 4.1]).

A metric measure space (X, d, 1) equipped with a doubling measure p is always metrically
doubling ([Ha, Lemma 4.3]); if moreover (X, d) is complete, then the two conditions are
equvalent ([Ha, Theorem 4.5]).

Observe that if one iterates the doubling condition (1.4) then
#(Bry(w)) < CoN“8( )y (B, ()

for every x € X, A > 1 and p > 0; the quantity log, (Cp) can be thought as a sort of
“dimension” of a doubling metric measure space (X, d, 1). Indeed:

1.2.3 Proposition [BB, Lemma 3.3]. Assume (X,d, i) is a doubling metric measure
space. Then, for every z,y € X and for every 0 < p < r < oo one has

p(Bp(z)) 1 (p)s

u(Br(y) = C3 \r

15



with s = log, (¢p).
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2 Upper gradients and Newton-Sobolev Spaces N'?(X)

This chapter is devoted to first-order Sobolev spaces defined by means of upper gradients.
This approach relies heavily on the theory of modulus of curves in metric measure spaces
and gives rise to the so-called “Newton-Sobolev” Spaces NP a term due to the fact that
the definition recalls the Fundamental Theorem of Calculus.

The concept of upper gradient made its first appearances in the works of J. Heinonen
and P. Koskela [HK1] and [HK2] under the name of “very weak gradients”, but soon, for
example in [KM], the denomination “upper gradient” was already preferred.

A systematic study of the theory of Sobolev Spaces via upper gradients was later carried
on by J. Cheeger in [Ch], making use of a weak differentiable structure, and soon after
in terms of p-modulus of curves by N. Shanmugalingam in her Ph.D. Thesis [Shl] and
in [Sh2|, where the author also proved this latter characterization to be equivalent to
Cheeger’s.

In order to make our discussion coherent with Chapter 1, here we shall closely follow
[HKST] again, in particular Chapters 5-8; another notable reference to be mentioned is
the monograph [BB], from which we shall take some additional definitions and remarks.

2.1 Modulus of families of curves in metric measure spaces

We start with the basic facts regarding curves in metric spaces in order to introduce and
discuss the concept of p-modulus of a family of curves.

2.1.1 Definition. A curve (or, path) on a metric space (X,d) is a continuous map
~v: I — X, where I is some real interval; we shall say that ~ is compact, open or half-open
if sois 1.

The interval I may also consist of one single point: in this case v will be called a constant
curve; in general, every curve whose image consists of only one element, shall be said
constant.

Given a compact curve v : I = [a,b] — X, its length is defined as

k
Uy) = sup > od(y(ti), v (tie1)), (2.1)
a=t0<t1<...<tk=b i=1
the numbers ¢; being a finite decomposition of the interval [a, b]; when 7 is non-compact,
its length will be set to be the supremum of the lengths of its compact subcurves (i.e., of
the restrictions of v to compact sub-intervals of its domain).

When £(v) is finite, we shall call the curve rectifiable; locally rectifiable if each of its
compact subcurves is rectifiable.

2.1.2 Remark. Given an L—Lipschitz map f : X —) between metric spaces and a
rectifiable curve v : I — X, the composition fory is rectifiable as well and £ (f o v) < Lé(7).

17



Moreover, it is possible to prove that the length of any rectifiable curve is bounded from
below by the 1-dimensional Hausdorff measure of its image H!(v), see [AT, Section 4.1] .

2.1.3 Definition. To every rectifiable curve v : [a,b] — X we associate a map, namely
the length function s : [a,b] — [0,£(v)] given by s,(t) =4 (’y|[a7t]).

Clearly, s, satisfies

d(y(t2),7 (1)) <L (Vo)) = 5 (t2) = 5 (1) (2.2)

for a <t1 <t9 <b.

It can be shown that the length function is increasing and continuous, see [HKST, Lemma
5.1.4].

2.1.4 Definition. Given a rectifiable curve 7 : [a,b] — X, its arc length parametrization
is defined as the curve 5 : [0,4(y)] = &,

7t =7 (557(0)

By the continuity of the length function one finds that

s;l(t) =sup {7, s,(7) =t} = max {7, s,(7) =t}
is the one-sided inverse of s,; moreover, s I is strictly increasing and right-continuous:

this allows us to say that -, is the only curve in & such that v(t) = v, (s(t)).

Via the arc length parametrization, we can also give a notion of the “length” of a curve
v in any set £ C X: namely, denoting by .#! the one-dimensional Lebesgue measure,
{(yNE) =" (v;1(E)). Of course, when E is the whole of X, this definition gives just
().

We remark that by the properties of Hausdorff measures, one always has H!'(yN E) <
(yNE).

2.1.5 Definition. If v : [a,b] — X is a curve, we say that it is absolutely continuous
provided there exists a function f € L'([a,b]) such that

dwﬁﬂms/fmw (2.3)

for every s,t €la,b] with s < t. The space of absolutely continuous curves v : [a,b] — X
will be denoted by AC([a,b], X).

If the above holds for f € LP([a,b]), p € [1,00], then ~ is called p-absolutely continuous
and the corresponding space of curves will be denoted by AC?([a, b], X).

To every p-absolutely continuous curve it is possible to associate a “derivative”, namely
the metric derivative, by means of an incremental ratio:

2.1.6 Theorem [AGS1, Theorem 1.1.2] Let v € ACP?([a,b], X') with p € [1,00]. Then
the limit
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5] (t) = i 2 (8), (1)

s—t |$ — t|

exists for #!-almost every ¢ €]a, b[ and defines a function in LP(]a,b[). Moreover, || ()
is an admissible integrand for (2.3) and it is minimal in the sense that || (t) < f(¢) for
L1 almost every t €a, b] for all f satisfying (2.3).

We shall call || (t) the metric derivative or the speed of ().

The metric derivative was already defined for general curves in [AT, Section 4.1].

Before discussing the concept of “modulus” of a family of curves, we need a further tool,
namely line integration:

2.1.7 Definition. If v : [a,b] — X is a rectifiable curve and p : X — [0,00] is a
non-negative Borel function, we define the line integral of p over 7 as the quantity

£(7)
/ pds = /0 p (1(1)) dt. (2.4)

Note that p o s is a non-negative Borel function on [0, #()], so the integral exists and
attains its values on [0, co].

When ~ is locally rectifiable, the definition is adapted taking the supremum of the integrals
of p over all compact subcurves of .

Observe that, by the properties of the length function and by the fact that |y(t)| = 5,(),
when ~ is absolutely continuous we can equivalently replace the right-hand side of the
previous definition by

b
/ p(4(1) 15(2)] dt.

In other words, the line integral of a non-negative Borel function makes sense over locally
rectifiable curves, as no line integral is defined on curves which are not locally rectifiable;
moreover, as the above equivalent formulation suggests, line integrals over constant curves
are always zero.

Let us suppose that (X, d, ) is a metric measure space such that (X, d) is separable and
w1 is a locally finite Borel regular measure. In accordance with the notation of Chapter 1,
we recall that by “measure” we mean an outer measure.

2.1.8 Definition. Given a family of curves I' in X, we define the p-Modulus of T,
1<p<ooas

Mod,(T') := j%%/)(ppd“’ (2.5)
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where A(T") denotes the class of admissible functions (or densities) for the family T,

A(T) = {p : X — [0, 00| Borel : /pds > 1V~ €T locally rectiﬁable} .
v

The p-modulus can take values in [0, c0]; if " is the family of curves in X which are not
locally rectifiable, then Mod,(I') = 0, while the modulus of every family containing a
constant curve is infinite.

2.1.9 Remark (properties of the p-modulus). First of all, we notice that Mod, () = 0
since the function p = 0 is admissible, in this case.

If I'y and T’y are two families of curves such that I'y C I'y, then Mod,, (I'1) < Mod,, (I'2)
because A (I'y) C A (I'1); in particular, if I'g and I' are two families such that every curve
v € I" has a subcurve g € T'g, one has Mod,, (I') < Mod,, (I'p): this happens by the simple
fact that every p which is admissible for I'g is also admissible for T'.

The p-modulus is subadditive: in other words,

Nh%(UFJgEZMM“D)
=1 =1

Indeed, let us assume - without loss of generality - that the right hand side above is finite;
for € > 0 fixed and for every i > 1 take p; € A (T';) such that

/ pPdu < Mod,, (T;) + 2.
X

If we set

|—=

p

plz) = (i pi<x>p> ,

then p is Borel measurable and p € A (T;) for all i because p > p;. Thus, setting

o
r=Jr,
=1

one has the following estimate:

Mod,(I") < / pPdp <" Mod, (Ty) + ¢,
x i=1

and letting € — 0 gives the assertion.

In other words, the set function I" — Mod,(I") defines an outer measure on the families of
curves in X.

2.1.10 Definition. We shall call every family of curves I' in & such that Mod,(I") = 0 p-
exceptional; consequently, every property which fails to hold on a p-exceptional collection
of curves will be said to hold for p-almost every curve.

Of course, by the subadditivity and by the monotonicity of the modulus it follows that
Mod,(I") = Mod,, (I'\I"") whenever I'" is a subfamily of I" with zero modulus.
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The following result provides an alternative characterization of p-exceptionality:

2.1.11 Lemma. A family I" of locally rectifiable curves in X is p-exceptional if and only
if there exist a p-integrable Borel function p : X — [0, 0o] satisfying

/pds =00 (2.6)
¥
for all vy € T'.

ProOF. We start with necessity. Since Mod,(I') = 0, for each i € N we can find an
admissible function p; such that

/ prdp <27,
X

The function

p(2) =3 pila),
=1

is non-negative, p-integrable and Borel measurable; moreover, it satisfies (2.6) for every
path v € I' as required.

Now assume that p : X — [0,00] is a p-integrable Borel function satisfying (2.6) for all
the curves v € I'; thus, for very € > 0, ep turns to be admissible, implying Mod,(I") = 0.

0

2.1.12 Definition. Any set £ C X is said to be p-exceptional when the family of all
non-constant curves which meet E is p-exceptional.

By the previous Lemma it is clear that F is p-exceptional if and only if the collection of
all non-constant, compact curves passing through F is p-exceptional.

2.1.13 Lemma. A countable union of p-exceptional sets is p-exceptional. Moreover, if
FE Cc M and every x € M has a neighborhood U, such that E N U, is p-exceptional, then
FE is p-exceptional as well.

PrOOF. By the subadditivity of the p-modulus we immediately have the first assertion.
For the second, we refer to [HKST, Lemma 3.3.27].

0

It is a well known fact from the classical Measure Theory that any convergent sequence of
functions in LP has a pointwise almost everywhere convergent subsequence; the following
Lemma, proven by B. Fuglede in [Fu], shows that an analogous property holds as well
in the present setting, involving p-exceptional families of curves. This result will be of
great importance in the development of first-order Sobolev space theory in metric measure
spaces.
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2.1.14 Lemma (Fuglede) If (g;),cy is a sequence of Borel functions converging in
LP(X,p), p € [1,400[, then there exists a subsequence (g;, ),y such that if g is any

Borel representative of the LP-limit of (g;);cy, one has

li . —glds =
kggo/wgzk glds =0

for p-almost every curve v in X.

PrOOF. Take g as in the statement of the Lemma, and choose a subsequence (g;, ),cn Of
(9i);en such that

/ |gi, — g dp < 27FEFD,
X

This subsequence is independent of the particular representative we have chosen.
Define

ok = |9, — 9|

and let I' be the family of locally rectifiable curves v in X such that

limsup/pkds >0
v

k—oo

Moreover, let I'y, be the family of locally rectifiable curves in X satisfying

/pkds > 27k,
~

Thus,

r=Uyrec fjrk

jENk>j k=j

for all j > 1; but 2¥p;, is admissible for 'y, for every k, and then

Mod,, (Ty) < ka/ phdp < 27,
X

Consequently, the subadditivity of the modulus gives
0 .
Mod,(I') < Y~ Mod,, (I'y) < 277!
k=j

for every j > 1; this means Mod,(I") = 0 as required.
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2.1.15 Proposition. Let 'y C I's C ... be an increasing sequence of path families in X.
Then, setting I' = |J;2; Iy, for all p > 1 it holds

lim Mod,, (I';) = Mod,(I").

11— 00

PRrROOF. By the monotonicity of the p-modulus, one has that the quantities Mod,, (I';) form
an increasing sequence and, moreover, Mod,, (I';) < Mod,(I") for every i. So, assuming
the above limit is finite, we need to prove the opposite inequality. For every ¢, consider an
admissible function p; for I'; such that

1
X 1

where M = lim Mod,, (I';). From this we deduce that (p;);cy is a bounded sequence in
1—00

LP(X, ) satistying

: 1P _
}Lrlolo HPZ”LP(X,#) = M.

Since p > 1, by the reflexivity of LP(X, u) we get that the sequence converges weakly to
some p € LP(X,p), and the lower semicontinuity of norms gives ||p||ip(/\,7u) < M. Now,
an application of Mazur’s Lemma - see for example Section 2.3 in [HKST] or the classical
monograph [Yo] - allows us to consider a convex combination of the p;’s, say (;),cy, such
that p; — p in LP(X, u) as well. Taking into account that (p;);cy is increasing and that
the admissibility condition is unaltered by convex combinations, we can assume the p;’s
to be admissible as well for the families I'; for every j. Then,

M<hm| < M.

|p]HLp (X)) = Hp”LP (X ,0)

By [HKST, Proposition 3.3.23] and by Fuglede’s Lemma, we may assume p to be a Borel

map such that
/ pds > 1
.

for p-almost every curve v € I'. At this point, invoking again the subadditivity of the
p-modulus yields

Mod,(T') < / Py = M
X
thus concluding the proof.
O
2.1.16 Lemma [HKST, Lemma 5.2.15]. If E C X has measure zero, then for p-almost

every curve 7 in X one has £(y N E) = 0; in particular, this means that H!(y N E) = 0.

0
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2.1.17 Lemma. Suppose that g and h are two non-negative Borel functions on X such
that g < h almost everywhere. Then,

/gdsﬁ/hds
v v

for p-almost every curve + in X and if the two functions agree almost everywhere, then
the above inequality becomes an equality for p-almost every v as well.

PRrOOF. Clearly, the set £ = {x € X, g(x) > h(x)} is p-negligible. By Lemma 1.1.14
above, this gives H! (y~! (E)) = 0 for p-almost every curve . By the definition of line
integrals, it follows

/Y(h—g)dszo.

The linearity of line integrals allows us to conclude.

We explicitly remark that, unfortunately, it is impossible to give a precise value for the
modulus of a family of curves, except in a few cases; in general it can be also quite difficult
even to give good estimates. In what follows we collect, without proof, a few examples
of particular exceptions. We refer to Section 5.3 of [HKST] for the details and for other
notable examples.

2.1.18 Proposition [HKST, Lemma 5.3.1]. Let I' be a family of curves in a Borel set
A C X such that for every v € I" one has ¢(y) > L > 0. Then, Mod,(I") < pu(A)LP.

0

2.1.19 Proposition [HKST, Lemma 5.3.2]. Given a family of curves I in X and a
sequence of Borel subsets of X, (B;) if every curve in I' has a non-rectifiable subcurve
in some B; then Mod,(I") = 0.

1€N

O

In other words, the p-modulus is not affected by “local” non-rectifiability of non-rectifiable
paths. In particular, non-rectifiable curves are p-exceptional whenever the volume growth
of X is at most polynomial of order p:

2.1.20 Proposition [HKST, Proposition 5.3.3]. If p > 1 and there exists x € X’ such
that

B
r—00 rP

then the p-modulus of the family of all non-rectifiable curves in X is zero.
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The following Proposition shows that lower semicontinuous functions can be chosen as
admissible densities:

2.1.21 Proposition [HKST, Proposition 5.3.13]. For every family of paths I in X
it holds

Mod,(I") = inf {/ pPdu; p: X — [0, 00 lower semicontinuous: p € A(F)} .
X

We end this section with a result regarding the behaviour of the modulus with respect to
the exponent p:

2.1.22 Proposition [HKST, Proposition 5.3.14]. Let I' be a family of curves in a
Borel set A C X of finite measure. Then, for 1 < ¢ < p,

Mod,(T)? < pu(A)P~9Mod, ().

In particular, if I' is exceptional for some p > 1 then it is g-exceptional for all 1 < g < p.

0

2.2 Upper gradients

Throughout this section, (X, dy, ) will be a metric measure space with (X, dy) separable
and p a locally finite Borel regular measure on X, (),dy) will be a metric space and
p € [1,00[

2.2.1 Definition. A Borel function g : X — [0, o] is called an upper gradient of u : X —
Y provided

dy (uly(a)), u(y(b))) < / gds (2.7)

Y

for every rectifiable path ~ : [a,b] — X.

If the above inequality holds for p-almost every path «y, then g will be said a p-weak upper
gradient of u.

The definition naturally restricts to any subset A C X if one considers A as a metric
measure space itself.
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Even though the concepts of upper gradient and p-weak upper gradient are very different,
the former being purely metric and defined on an arbitrary metric space, the latter being
dependent both on p and on the metric structure, it can be shown that they not “move
too far” from one another:

2.2.2 Lemma. If g > 0 is a Borel function on X such that it is finite-valued p-almost
everywhere and if u : X — ) admits ¢ as a p-weak upper gradient in X, then there
exists a sequence (gx),cy of upper gradients of u such that g < gr41 < gi for every k and
lg — gkl ;» — 0 as k — oo.

PRrROOF. Denote by I' the family of all non-constant compact rectifiable curves in X which
fail to satisfy the upper gradient condition (2.7) for the pair (u,g). Thus, Mod,(I') =0
and by Lemma 2.1.11 we can find a Borel map p : X — [0, o] such that

/pds:oo
v

for every v € I" and p € LP(X). Now, setting g := g+2*p we obtain a sequence of upper
gradients of v which satisfies our claim.

0

We explicitly remark that any given function actually has infinitely many (p-weak) upper
gradients.

2.2.3 Example. Let us collect a few basic examples of upper gradients:

e The function g = oo is an upper gradient of every function.

o If there exist no non-constant rectifiable curves on M, then g = 0 is an upper gradient
of every function.

e If w is L-Lipschitz, then the constant function g = L is an upper gradient of u.

o If f:Y — Z is an L-Lipschitz map between metric spaces, then Lg is an upper
gradient of fowu: X — Z provided g is an upper gradient of v : X — ).

o Ifu: X — )Y, AC X and g is an upper gradient of u, then g|4 is an upper gradient
of U|A.

e The collection of upper gradients of a given function is a convex set: indeed, if g and
h are upper gradients of some u and X € [0, 1], then the combination (1 — A)g + Ah
is an upper gradient of w.

2.2.4 Definition. Given a function v : X — ), we define its pointwise lower Lipschitz
constant as

d
lipu(z) = liminf sup AR, Y (u(z), u(y))
r—0 yEB,(2) r

(2.8)

and, similarly, its pointwise upper Lipschitz constant,

26



Lipu(x) := limsup sup M

29
r—0 yeB, (x) r ( )

We observe that if u is continuous, then both lipu(x) and Lipu(z) are Borel regular
functions; see [HKST, Lemma 6.2.5] for a detailed discussion.

2.2.5 Lemma. If u: X — ) is a locally Lipschitz map, then lip u(z) is an upper gradient
of u.

PROOF. Suppose v : [0,¢(y)] — X is a non-constant rectifiable curve parametrized by

arc-length. Since u € Lip,.(X), then the composition u o~ : [0,4(y)] — Y is absolutely
continuos and then [HKST, Proposition 4.4.25] grants

£(7)
dy (u(+(a)), u(x(b)) < /0 (w0 ) (8)] . (2.10)

Moreover, if we take t €]0,¢(y)[ and h € R with |h| small enough, we find

dy ((woy)(#), (woy)(t + 1) _ sup dy (u(y(?)), u(y))
Al T yeB, (1(1) |h|

Since the left hand side goes to | (u o) (t)] when |h| — 0 by [HKST, Theorem 4.4.8]
(previously established by L. Ambrosio in [Am1]), one may conclude that |[(u o) (t)] <
lipu(y(t)) for almost every t €]0,¢(y)[. Combining this fact with inequality (1.9), we
conclude.

O

The following result shows that any non-negative Borel function which agrees almost-
everywhere with a p-weak upper gradient of some function u is an upper gradient as well:

2.2.6 Lemma [HKST, Lemma 6.2.8]. If g is a p-weak upper gradient of u : X — )
and h : X — [0, 00] is a Borel function such that g = h p-almost everywhere in X', then h
is a p-weak upper gradient of u.

Moreover, if £ C X is a Borel set of measure zero and g is as above, then g - ly\g is a
p-weak upper gradient of u.

0

We now pass to the study of maps with p-integrable upper gradients. To this aim, we start
with a generalization of the notion of absolute continuity on curves to the metric setting:

2.2.7 Definition. We shall say that a function u : X — Y is absolutely continuous on
a curve v in X if 7 is rectifiable and, moreover, the composition u o7 : [0,£4(7)] — Y is

absolutely continuous.

2.2.8 Remark. The definitions and the absolute continuity of line integrals entail that if
u:X — Y, 7 is a rectifiable compact path in X', g : X — [0, 00] is a Borel function such
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that g is integrable over v and the pair (u, g) satisfies the upper gradient condition (2.7)
on v as well as on each compact subcurve of it, then v is absolutely continuous on +.

2.2.9 Proposition. If g is a p-integrable p-weak upper gradient of some map u : X — ),
then p-almost every compact rectifiable path + in X is such that g is integrable over v and
the pair (u, g) satisfies the upper gradient condition on « as well as on each of its compact
subcurves.

In particular, every v : X — ) which has a p-integrable p-weak upper gradient is absolutely
continuous on p-almost every curve in X.

Proor. If we denote by 'y the family of those compact rectifiable curves v such that
either (2.7) fails to hold or ¢ is not integrable on v, then Mod, (I'y) = 0 by definition
of weak upper gradients and by the subadditivity of modulus. Now, if I" is the family
of all the compact curves in X which have a subcurve in I'g, by Remark 2.1.9 we find
Mod,(I") = 0 as well.

To prove the second assertion of the Proposition, it suffices to apply the first along with
Remark 2.2.8.

0

2.2.10 Proposition. Let u : X — Y be any map and let «y : [0,4(y)] — X be a rectifiable
curve parametrized by arc length. Suppose g : X — [0,00] is a Borel function which is
integrable over v and that the pair (u,g) satisfies the upper gradient condition on v as
well as on each of its subpaths. Then, u is absolutely continuous on + and

|(wor)' ()| < (g07) (1) (2.11)

for almost every ¢ € [0, 4(7)].

In particular, if g is a p-integrable p-weak upper gradient of u : X — ), then the above
inequality holds for p-almost every path v : [0,4(v)] — X parametrized by arch length.
Moreover, if u has a p-integrable p-weak upper gradient in X and g : X — [0, 0o] is a Borel
p-integrable map satisfying (2.11) for p-almost every absolutely continuous rectifiable curve
v in X, then g is a p-weak upper gradient of u.

PRrROOF. The absolute continuity of u on 7 is a consequence of Remark 2.2.8.

Observe that, by hypothesis,

o wo t+h
dy (( ) (t)a}f 7) (t+h)) < % /t (go~)(s)ds

for every t € [0, 4(y)] and for every h €]0, ¢(y) — t[. For almost every ¢, as h — 0 the left-
hand side of the above inequality tends to |(u o v)'(t)| again by [HKST, Theorem 4.4.8] and
[Am1], and the right-hand side becomes (g o~y)(t) by Lebesgue’s Differentiation Theorem;
this allows us to conclude that (2.11) holds.

The second assertion follows from the first one and by applying Proposition 2.2.9; let
us then discuss the last statement. Recalling that if u has a p-integrable p-weak upper
gradient on X then it is absolutely continuous on p-almost every curve, the proof follows
by an application of [HKST, Proposition 4.4.25].

28



O

2.2.11 Lemma. If v : X — ) is absolutely continuous on p-almost every curve v in X,
and if there exists ¢ € ) such that u = ¢ p-almost everywhere inX’, then the family I'g of
all non-constant curves in A which meet the set

E={re X, u(z)#c}
has p-modulus zero. In particular, the constant null function is a p-weak upper gradient
of u.

As a consequence, if u has a p-integrable p-weak upper gradient and there exists ¢ € Y
such that u = ¢ p-almost everywhere in X', then g = 0 is a p-weak upper gradient of u.

Proor. For p-almost every non-constant rectifiable curve v in X we have that u is
absolutely continuous on v and that the length of v in E is zero. So, by our hypotheses,
u oy = ¢ and therefore v cannot pass through E. However, as every curve in I'p meets
E, by Remark 2.1.9 we find Mod,, (I'g) = 0. At this point, it is obvious that g = 0 is a
p-weak upper gradient of u.

The latter assertion is a consequence of the previous ones together with Proposition 2.2.9.

g

An interesting byproduct of the above result is that p-integrable p-weak upper gradients
are actually a good substitute for the notion of derivative in the metric setting, since every
locally constant map has the null function as p-weak upper gradient.

We stress the hypothesis of absolutely continuity of u along p-almost every curve, since if
it fails to hold, then the statement of Lemma 2.2.11 is not true anymore.

It is possible to “build” new upper gradients from given ones:

2.2.12 Lemma [HKST, Lemma 6.3.8]. Let 0 and 7 be two p-integrable p-weak upper
gradients of a map u: X — Y; if E C X is a Borel set, then

gI:O"]lE-f-T']].X\E
is a p-weak upper gradient of w.

O

Combining this result with Fuglede’s Lemma we find out the important lattice property
of p-weak upper gradients:

2.2.13 Corollary [HKST, Corollary 6.3.12]. The collection Dy(u) of all p-integrable
p-weak upper gradients of a function u : X — ) is closed under the (pointwise) operations
of maximum and minimum; in other words, Dy(u) is a lattice in LP(X, p).

0
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2.2.14 Lemma [HKST, Lemma 6.3.14]. Assume that v : X — ) is absolutely
continuous on p-almost every compact rectifiable curve in X. Let E C X be a Borel set
and suppose there exists two maps v, w : X — ) such that u = v p-almost everywhere in
E and v = w p-almost everywhere in X\ E. Then, if v and w possess p-integrable p-weak
upper gradients o and 7 respectively,

g=0"1lg+7 1xg
is a p-integrable p-weak upper gradient of u.

0

2.2.15 Corollary [HKST, Corollary 6.3.16]. Let g be a p-integrable p-weak upper
gradient of u : X — Y and take ¢ € J. Then, g 1y\g is a p-integrable p-weak upper
gradient of u in every set E C {x € X, u(x) = c}.

O

2.2.16 Definition. A p-integrable p-weak upper gradient g of a map u : X — ) such
that g < h almost everywhere in X for every p-integrable p-weak upper gradient h of u
will be said a minimal p-weak upper gradient.

By Lemma 2.2.6 it is clear that if a minimal p-weak upper gradient exists, then it shall be
unique up to a set of measure zero; moreover, it has the smallest LP-norm among all the
p-weak upper gradients.

The minimal p-weak upper gradient of a function u will by denoted by g,. The existence
of a minimal p-weak upper gradient will be discussed in Theorem 2.2.18 below.

2.2.17 Remark. It is quite easy to check that the minimal p-weak upper gradient - for
functions valued in some normed space - enjoys the following simple properties:

* Gu=0u
* Jutv < Jut Gu,

* Ylul < Gus

e if A €R, then gy = |A|gu,

o if f:Y — Zis an L-Lipschitz map between metric spaces, then gto, < Lgy.

The notion of p-weak upper gradient depends on the exponent p: by the properties of
modulus, for any ¢ < p one has gy ¢ < gup p-almost everywhere. However, as it is
customary, this dependence will be omitted from the notation. See Remark 2.4.9 for
additional comments.

2.2.18 Theorem. For every p € [1, 00|, the set of all p-integrable p-weak upper gradients
of amap u: X — Y is a closed convex lattice in LP(X’) and, if non-empty, it has a unique
element of smallest LP-norm. In particular, if a function has a p-integrable p-weak upper
gradient, then it possesses a minimal one.
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ProOOF. By Corollary 2.2.13, we already know that the collection D, (u) of all p-integrable
p-weak upper gradients of u is a closed convex lattice in LP(X, p).

It is a known fact that, in general, any such set has an element of minimum LP-norm.
Indeed, consider a sequence (g;);cy C Dp(u) such that

}g& ”giHLp(X,u) = pegf(u) HgHLP(X,,u) .
If we take into account the lattice property and replace g; by mini<;<; g;, we can then
assume that the chosen sequence decreases pointwise. As the limit function g, = lim; . g
is Borel regular, using Lebesgue’s Monotone Convergence Theorem we find that g; — gq,
in LP(X, u); moreover, Fuglede’s Lemma grants that g, € Dp(u).

Clearly, we can conclude that g, is minimal as required.

0

2.2.19 Proposition. Consider two maps u,v : X — Y with minimal p-weak upper
gradients g, and g, respectively. If © and v agree almost everywhere in some Borel set F,
then g, = g, almost everywhere in FE.

PRrROOF. The existence of p-integrable p-weak upper gradients allows us to infer that both
u and v are absolutely continuous on p-almost every compact curve, thanks to Proposition
2.2.9. Now, by Lemma 2.2.14, g, - 1g + g» - Lx\g is a p-integrable p-weak upper gradient
of v. Since g, is minimal, then g, < g, almost everywhere in E. A symmetric argument
gives the proof.

0

Upper gradients behave well under truncation by real functions; in other words,

2.2.20 Proposition [HKST, Proposition 6.3.23]. Let uj,us : X — R be two mea-
surable functions with minimal p-weak upper gradients ¢,,and g,, respectively. Then,

Imin{ui,uz} = Gui * ]l{ulgug} + Guy - ]l{u2<u1}, (212)
Ymax{ui,us} = Jui * ]l{u1>ug} + Gu, - ]]'{UQZUI} (213)

pointwise almost everywhere in X.

Combining this Proposition with the fact that g, = g—,, and with the definition of modulus,
|u| :== max{u, —u}, we have that for u : X — R with a p-integrable p-weak upper gradient,
Gu = GJu|- It is worth to remark that Proposition 2.2.20 does not assert that the functions
on the right hand sides of (2.12) and (2.13) are the minimal upper gradients of min {uy, ua}
and max {uy, ug} respectively; the statement actually holds only for Borel representatives
of these functions.

2.2.21 Proposition [HKST, Proposition 6.3.28]. Given a Banach space V, assume
that u : X — V and m : X — R are measurable functions that are absolutely continuous
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on p-almost every compact rectifiable curve in X. Assume also that g and h are p-weak
upper gradients of u and m respectively. Then, every Borel representative of |m|g + |u|h
is a p-weak upper gradient of mu : X — V and, in particular, if |m|g + |u|h € LP(X, u),
one has

Imu < |mlg + ulh

almost everywhere in X.

2.2.22 Proposition [HKST, Proposition 6.3.29]. If v : X — ) is absolutely contin-
uous on p-almost every rectifiable curve in X' and if there exists ¢ € ) such that u = ¢
almost everywhere in X', then the set {z € X, u(z) # ¢} is p-exceptional. The same holds,
in particular, if u : X — ) has a p-integrable p-weak upper gradient.

O

2.2.23 Proposition. Let (u;),cy be a sequence of functions, u; : X — ), with a cor-
responding sequence of p-integrable p-weak upper gradients (g;);cy. Suppose there exist
u: X — ) and a p-exceptional set £ C X such that lim; ,o ui(z) = u(z) for every
x € X\ FE; suppose also there exists a Borel function g : X — [0, 00| such that g; — ¢ in
LP(X) as i — oo.

Then, g is ap-weak upper gradient of wu.

PrOOF. Combining the hypotheses with Fuglede’s Lemma, we find that p-almost every
compact rectifiable curve v in X is such that:

i) each pair (u;, g;) satisfies the upper gradient condition (2.7) on ~;
i1) ~ does not pass through E;
iii) zliglo [, 9ids = [ gds.

Given such a curve v : [a,b] — X, one has

dy (u(y(a)), u(v(b)) = lim dy (u;(v(a)), ui(v(b))) < lim /gids.
Y

i—00 i—00

Applying iii), our claim follows.
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2.3 Newton-Sobolev Spaces N'7(X)

Here we suppose that (X, d, ) is a metric measure space, ) is a Banach space and p €
[1, 00[, unless otherwise stated.

In the classic, Euclidean theory, the Sobolev-Dirichlet class D%P(Q), Q C R" open set,
is defined as the class of locally integrable functions in 2 with distributional - or, weak -
derivatives in LP(2), equipped with the semi-norm

1
P
Il = (] 1Vuldz)”.

||| p1.p is just a semi-norm and not a norm because it vanishes on (locally) constant
functions which may not be identically zero.

In the metric setting, the notion of upper gradient allows us to extend the definition of
Dirichlet space in a straightforward way:

2.3.1 Definition. The Sobolev-Dirichlet class D''P(X,)) consists of all the measurable
functions u : X — ) with a p-integrable p-weak upper gradient in X.

DYP(X,)) is a vector space and we shall endow it with the semi-norm

||U||D1,p(x,y) = llgull oy » (2.14)

where g, is the minimal p-weak upper gradient of u. When ) = R, we shall omit it from
the notation.

2.3.2 Remark. The above characterization coincides with the classical one when u is
defined on any open set 2 C R"; we refer to [HKST, Proposition 7.1.2] for a proof of this
statement.

2.3.3 Lemma. Ifu € D'?(X,Y)and v : X — ) is such that u = v outside a p-exceptional
set, then v is in DVP(X,)) as well. Conversely, given two functions in D'?(X,)) which
agree almost everywhere, then they agree outside a p-exceptional set.

PROOF. By assumption, the set F = {x € X, u(z) # v(z)} is p-exceptional; moreover,
every p-integrable p-weak upper gradient of w is such for v as well, thus the first claim
follows.

Now assume u,v € DYP(X,))) are equal almost everywhere, so that E has measure zero.
Since u — v has a p-integrable p-weak upper gradient, it follows from Proposition 2.2.22
that F is p-exceptional.

0

The next result is just a simple application of the remarks given after Proposition 2.2.20:
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2.3.4 Lemma [HKST, Lemma 7.1.7]. If u € D'?(X,)), then |u| € D'P(X) as well
and

|Hu|||D17P(X) = HUHDLP(X,)))'

0

2.3.5 Proposition [HKST, Proposition 7.1.8]. Suppose uj,uz € D'P(X) and let
Guy, Gu, De their respective minimal p-weak upper gradients. Then, the following hold
pointwise almost everywhere in X

Imin{ui,us} = Jui ]l{ulgug} + Guy ]1{U2<u1}7 (2'15)
Imax{ui,ue} = Yu1 * ]1{u1>ug} + Gus 1{u22u1}. (216)

In particular, for u € D'P(X) and t € R one has g,, < gu, where u; € DP(X) is either
min {u,t} or max {u,t}.

0

As for Proposition 2.2.20, the right hand sides of (2.15) and (2.16) cannot be considered as
the minimal p-weak upper gradients of min {u1,us} and max {uy,us} respectively, since
they may not be Borel regular; however, it is possible to modify them on sets of zero
measure, finding Borel representatives for which the above identity is satisfied.

We shall not discuss further Sobolev-Dirichlet classes here, as what we already said is
enough to introduce first-order Newton-Sobolev spaces in the present setting. An alterna-
tive characterization of Sobolev-Dirichlet classes will be given later in Chapter 3 in terms

of curves defined in the space of probability measures, following the approach of the works
by L. Ambrosio, N. Gigli and G. Savaré ([AGS2], [AGS3], [AGS4]).

Given (X,d, ), Y and p as above, let us denote by N'P(X,)) the collection of all p-
integrable functions v with an upper gradient in LP(X); in other words,
NYP(x,Y) = D" (X, V)N LP(X,)).

The above definition has to be intended in terms of functions, not just equivalence classes.

N'P(X,)) is a vector space and it will be endowed with the semi-norm

||U”N1,p(x,y) = HUHLP(X,y) + HQU||LP(X)7 (2.17)

gy denoting the minimal p-weak upper gradient of u. Given that a function u has an upper
gradient in LP(X) if and only if it has a p-weak upper gradient in LP(X), by Lemma 2.2.2
the above semi-norm can be equivalently rewritten as

HuHNLP(X,y) = HUHLP(X,))) + inf HgHLP(X)u (2.18)

where the infimum is taken over all upper gradients of wu.
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It is not difficult to see that || - ||N1,p(;(7y) is not a norm, in general: if £ C X is a non-
empty p-exceptional set of measure zero, and if 0 # ¢ € ), then u := ¢ 1 is a non-zero
function from & to Y but [lul| g1, y) = 0.

2.3.6 Definition. The Newton-Sobolev space N Lp(x,Y) is the normed space of equiva-
lence classes of functions in N1P(X,)), where u; ~ us if and only if ||u; — u2||N1»P(X,y) -
0. In other words,

N (X, D) = N2(X,D) [ {u e K22, D), Jullgipmy) =0} (2.19)

We shall write ||u| y1.p(x ) for the quotient norm. As for Sobolev-Dirichlet classes, when
Y = R we shall omit it from the notation.

2.3.7 Remark. For any subset £ C X, the restricted measure pug gives us the corre-
sponding metric measure space (F,d, ug); it follows from the definitions that the restric-
tion operator u + u|g yields a bounded operator from N1P(X,)) to N'P(E,)) such
that

||U|E||N1,p(E,y) = ||U||N1,p(x,y)- (2:20)

Passing to the quotient norm, we also have

Hu‘EHNLP(E,y) < HUHNl,p(x,y)a (2.21)

the inequality being of course intended in terms of equivalence classes.

2.3.8 Definition. We introduce le’f(/\f', Y) as the vector space of functions v : X — Y
with the property that for every x € X there exists a neighborhood U, in X such that
u € NY (U, Y). Any two functions uy,us € Nﬂ)’f (X,Y) will be said equivalent if every
x € X has a neighborhood U, (which, by the above remark, can be assumed to be open)

such that the restrictions u1|y, and uz|y, determine the same element in NP (U, )).

The local Newton-Sobolev space Nﬁj’f (X,)) is the vector space of equivalence classes of

. . rl
functions in N, ¥

7(X,Y), under the same equivalence relation as in Definition 2.3.6.

2.3.9 Lemma. Two functions wuq,us € Nﬁ)’f (X,)) determine the same element in

Nlﬁ’f(x,y) if and only if u; —ug = 0 in NVP(X,)).

PROOF. We just need to show that a function v : X — ) determines the zero element in
N2 (X, ) if and only if [[ul| g1,y = 0-

ocC

P

If [Jul| grpcxy) = 0, by (2.20) u determines the zero element in Nﬁ)c (X,)), so we pass

directly to the converse implication assuming that v = 0 in Nli’f (X,Y). Then, the set

E ={z € X, u(z) # 0} has measure zero by [HKST, Lemma 3.3.31]; we wish to show that
F is also p-exceptional.

Fix 2 € X and denote by U, a neighborhood of z such that u|y, = 0 in N (U,,));
by Lemma 2.3.3, £ N U, is p-exceptional and this implies, by Lemma 2.1.13, that E
itself is p-exceptional. Consequently, g = 0 is a p-weak upper gradient of u and then
[ull g1 3) = 0 as required.
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The following Proposition summarizes what we have discussed so far and its proof is an
easy byproduct of the previous Definitions and Lemmata.

2.3.10 Proposition [HKST, Proposition 7.1.31]. Given u € ]\71})’5 (X,Y) and a func-
tion v : X — Y which agrees with u outside a p-negligible p-exceptional set, one has that
v € Ni’f (X,Y) and the two functions determine the same element in Nﬂ)’f (X,)). If,
moreover, u € N'P (X,)), then v € NP (X,)) as well and the two functions determine

the same element in NP (X, )).

Conversely, if any two functions in Nﬁ)’f (X,)) agree almost everywhere, then they coincide
outside a p-exceptional set. In particular, if two p-representative of a function in an
equivalence class of Nﬂ)’f (X,Y) are both in Nﬂ)’f (X,)), then they differ only in a u-
negliglible p-exceptional set.

O

2.3.11 Remark. Every function v in N%P (X,)) is also in LP(X,)) by construction, and
the inclusion NP (X,)) C LP(X,)) is a bounded embedding (and indeed an injection,
by the previous Proposition).

In some cases, namely those of metric spaces without non-constant rectifiable curves (for
example, totally disconnected and “snowflake” spaces), the Sobolev space N1 reduces to
the Lebesgue space LP; more generally, this happens if the p-modulus of the collection of
all non-constant curves in X is zero. The converse holds as well:

2.3.12 Proposition & Definition. The inclusion N'P(X|Y) C LP(X,)) is strict if and
only if the p-modulus of the collection of all non-constant curves in X is positive.

In this case, we shall say that the Newton-Sobolev space NP (X)) is non-trivial.

PROOF. The necessary implication comes directly from the definitions; let us then pass
directly to sufficiency.

Using the subadditivity of the modulus and the fact that X can be covered by countably
many open balls By (2;), with the z;’s forming a countable dense subset of X and ¢; € Q"
being fixed, we conclude that there exists an open ball B in X for which the p-modulus
of the family of curves in X with end points in B and X\ B respectively is positive. We
claim that the LP function ¢ - 15, 0 # ¢ € ), cannot have a representative in N'P(X,)).
Arguing by contradiction, suppose there exists such a representative u; then there exists a
p-negligible Borel set E' C X such that u|g\ g = ¢ and u|x\(pug) = 0. Then, we can find
a path v in X, parametrized by arc length, which passes through B\E and X\ (B U E);
moreover, u is absolutely continuous on 7 and ~ intersects F in a set of zero length.
However, this cannot be the case since on the dense set v\ E the function u takes only
the two values 0 and ¢, and it takes both values on sets of positive length, thus violating
absolute continuity. The Proposition is proven.
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Next, we introduce the notion of Sobolev p-capacity. This tool is of fundamental impor-
tance in the present context since it allows to express p-exceptionality and N1r_equivalence
in terms of p-capacity, and it will make possible to show, in the manner of [HKST, Section
7.3] and [Sh2, Section 3], that the spaces N1 are Banach spaces. As before, (X, d, i) is
a metric measure space and 1 < p < oo.

2.3.13 Definition (Sobolev p-capacity). Given a set E C X, we define its p-capacity
as the (possibly infinite) quantity

Cap,(E) = inf < / lufPdy + / ggdu), (2.22)
X X

the infimum being taken over all the functions u € NYP(X) such that u|g > 1 outside a
p-exceptional set of measure zero; such functions will be also said p-admissible or simply
admissible.

2.3.14 Remark. Of course, the above definition is well-posed since functions in N1 (X)
are defined up to u-negligible p-exceptional sets; then, any two equivalent functions in
N1P(X) are simultaneously admissible.

Without loss of generality, one may assume that admissible functions satisfy the condition
u > 1 everywhere on E. Note also that, in the definition of p-capacity, the infimum can
be equivalently taken over the functions u in N'?(X) such that u > 1 on E.

When no admissible function exists for £, we set Cap,(EF) = oo. Every p-negligible p-
exceptional set has zero p-capacity: in fact, the characteristic function of such a set is an
admissible function.

The p-capacity satisfies Cap,(f)) = 0 and a monotonicity property, that is, Cap, (£1) <
Capp (E3) whenever Ey C Eo; moreover, it turns out to be an outer measure:

2.3.15 Lemma. The p-capacity is a countably sub-additive set function, hence an outer
measure in X. In other words,

Cap, (D EZ> < i Cap, (E;) (2.23)
i=1

i=1

for any sequence of sets (£;);cy in X

PRrROOF. To begin, we observe that the p-capacity can be equivalently defined as

Cap,(E) := inf (/ IUIpdu+/ gidu),
X X

where the infimum is taken over the functions u € N'P(X) such that 0 < u < 1 in
X and ulg = 1. In fact, if u € N'P(X) is such that u|g > 1, taking into account
Proposition 2.3.5 we deduce that % := max {0, min {1,u}} € N'P(X) is admissible and
HﬂHNl,P(X) < Hu”vaP(X)‘

Let us now prove the Lemma. We assume that the right hand side of (2.23) is finite, the
opposite case being obvious.
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Fix ¢ > 0 and, for every i € N, pick u; € N'P(X) - pointwise defined - such that 0 < u; < 1
on X, uj|g =1 and

/ uldp —i—/ gh.dp < Cap,, (E;) +27".
X X

Proposition 2.3.5 grants that the functions v; :== max {u;, 1 <i < j} are in N"P(X) and
v(x) = limj_o vj(x) is well defined for every x € X'. Moreover, v = 1 on the union of the
E,L"S.

Now, denote by ¢g; = g4, the minimal p-weak upper gradient of u;; again by Proposition
2.3.5, 0; = max{g;, 1 <i < j} is a p-weak upper gradient of v;. Moreover, since

J
P P
0<of <)
i=1
and
J
P P
0<oj < Zgz ’
i=1
one has

P P S 1P 1P
o3ty + 2y < 2o (Wil + 1)

<) Cap,(E;) +¢ (2.24)
i=1

for every j. The limit o(z) = lim;_, () is a Borel p-integrable function and ¢; — o in
LP(X) by the Monotone Convergence Theorem. Thus, by Proposition 2.2.23 v € N1P(X)
and o is a p-weak upper gradient for it. Moreover, v is an admissible function for (J;2, E;.

Now, as v; — v in LP(X), the estimates (2.24) imply that

Cap, (U E) < ol ) + ooy < S Cap, (Bi) +e.
i=1 =1

Letting € — 0 gives the result. The Lemma is proven.

2.3.16 Proposition. A subset 2 C X satisfies Cap,(£) = 0 if and only if it is p-
exceptional and p(E) = 0.

PRrROOF. The definitions imply that a p-negligible p-exceptional set has zero p-capacity.
Indeed, the characteristic function 1 is p-integrable and admits g = 0 as a p-weak upper
gradient; in other words, 15 € NYP(X) and 11ell N1y = 0.

Now assume that Cap,(E) = 0. For every i € N there exists u; € N'?(X) such that
0 <wu; <1 and u;|p =1, satisfying
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el ey + 92y < 27° (2.25)

Arguing as in the proof of Lemma 2.3.15, we find that for positive integers j > jo the
functions v; = min {u;, jo <4 <j} are in N'P(X) with p-weak upper gradients o; =
max {g;, jo <@ < j} by Proposition 2.3.5. Moreover, one has wj,(z) = limj_, v;j(z) €
N1P(X) with p-weak upper gradient gj, = lim;_,o 0, see Proposition 2.2.23. In particu-
lar, (2.25) implies |Jwj, || Nip(x) S 240/ Applying the Monotone Convergence Theorem
we find a limit function v € N'P(X) such that [vll ;e = 0. Noting that the sequences
(wj)j ey and (gj)j cn are monotone increasing and decreasing respectively, by Proposition
2.3.10 we conclude that E is both p-negligible and p-exceptional.

0

2.3.17 Corollary [HKST, Corollary 7.2.10]. Two functions in N'?(X,)) determine
the same element in N'P(X,)) if and only if they agree outside a set of zero p-capacity.
Moreover, if two functions in N Lp(Xx,Y) agree almost everywhere, then they agree outside
a set of zero p-capacity.

O

2.3.18 Proposition [HKST, Proposition 7.2.12]. If X' is a proper metric space (i.e.
closed and bounded subsets are compact), then

inf _
Juf Cap,(U) =0
UCX open

for every set E' C X' such that Cap,(E) = 0.

0

We are now almost ready to show that the Newton-Sobolev space N'P(X,)) is a Ba-
nach space; before doing so, we need to prove that every Cauchy sequence of NYP(X, )
functions admits a subsequence which converges in some sense.

2.3.19 Definition. A sequence of functions uw; : X — ) is said to converge p-
quasiuniformly to v : X — ) if for every € > 0 there exists a set F. C X such that
Cap, (F:) < € and u; — u uniformly on FY.

It is clear that any p-quasiuniformly convergent sequence of functions converges pointwise
outside a set of zero p-capacity or, equivalently, outside a p-negligible p-exceptional set.

2.3.20 Proposition. Every Cauchy sequence of functions in N'P(X,)) contains a
p-quasiuniformly convergent subsequence. Moreover, the pointwise limit function is in
NYP(X,Y) as well and it does not depend upon the chosen subsequence.

PROOF. Note that any Cauchy sequence in N'P(X,)) is also a Cauchy sequence in

LP(X,)); this means that any two limit functions agree almost everywhere, and combining
this fact with Proposition 2.3.10 we obtain the required independence.
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Given a Cauchy sequence in N1P(X,)), choose a subsequence (u;) ;e converging pointwise
almost everywhere to its LP-limit @ and such that

< 97ipHD) (2.26)

lui = wiri 7o xy) + 191l 70 2

where g; ; denotes the minimal p-weak upper gradient of u; — u;. We find out that, in
general,

i—1
gi =091+ Z Jk+1,k
k=1
is a p-weak upper gradient of
i—1
Uu; = ur + Z (upr1 — ug) .
k=1
Moreover,
j+i—1 00
—k
ng - gj-&-iHLp(X) < Z Hngrl,kHLp(X) < Z 2 jjo 0.
k=j k=j

Thus, the sequence of upper gradients (g;);cy is a Cauchy sequence in LP(X, 1) and then
it converges in LP(X, 1) to a non-negative Borel function g. Set

u(z) = lim u;(x); (2.27)
1—00
the limit exists because u; — @ almost everywhere and one has u(x) = @(z) for almost
every x and, in particular, u € LP(X,)).
Now we consider the sets where the sequence (u;);cy does not have the Cauchy property,
namely

E; = {33 € X, ui(z) — uit1 ()| > Q_i}

and define

o)
=J

Outside Fj, one clearly has |u;(z) — uj1(z)| < 27 for every i > j; so (ui(2));ey Is a
Cauchy sequence in ) and therefore it has a limit, which is u(x) as shown above. Moreover,
on the one hand

lu(z) — ui(z)] < 21 (2.28)

foralli > jand z ¢ Fj; that is, u; — w uniformly in F¥. On the other hand, 20 |lu; — uiy1| €
N'P(X) by Lemma 2.3.4 and this quantity is greater than 1 on each of the E;’s by
construction. So by the estimate (2.26) it follows

) »
oy <27

Capy, (Ei) < 2% [lu; — w1 7oy + 27 [l gitril
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The sub-additivity of capacity implies
0 . .
Cap, (Fj) <> 27" = 217

for every j € N. This, together with (2.28), completes the proof.

2.3.21 Theorem. N'P(X,)) is a Banach space.

PrOOF. Take a Cauchy sequence (u;);,cy C N Lp(X,Y); passing to a subsequence if
necessary, we may assume that (u;);cy satisfies Proposition 2.3.20 and the condition (2.26)
as well. In particular, the u;’s converge pointwise to a function u € N'P(X,)) outside a
p-negligible p-exceptional set E. Since

[o.¢]
w(z) — ui(z) =Y (upgr (x) — up(x))
k=i

for x € E°, and

n oo
ng+1,k — Z Ik+1,k
k=i k=i

in LP(X, ) by (2.26), by Proposition 2.2.23 we have that

o0
Z Jk+1,k
k=i

is a p-weak upper gradient of u — u;. Moreover, again by (2.26)

oo
lu = will yro ey sz(uu
k=i

)

Z ( lug, — uk«l»]_”Z[)lp(X’y) + ”gk+1,kHiP(X))
k=i

<222 (43) <4071,

3=

In other words, u; — u in N%?(X,))). The Theorem is proven.

41



2.4 Poincaré Inequalities and density of Lipschitz functions

Having the notion of upper gradient at our disposal, we can introduce Poincaré Inequalities
in the metric setting and discuss some of their consequences, the most important being a
density result for Lipschitz functions in the spaces N1P(X).

In the following, (X, d, 1) is a metric measure space, ) is a Banach space and p € [1, 0o].

2.4.1 Definition. We say that (X, d, ) supports a (1, p)-Poincaré Inequality if every ball
in X has positive finite measure and if there exist constants ¢ = Cp > 0 and A > 1 such
that, for every open ball B € #(X), for every u : X — R such that u € L*(B, ;R) and
every upper gradient g of u one has

][ |lu —up|dp < Cpdiam(B) (][ gpdu)p ,
B B

up denoting the integral average of u over B.

The above definition extends with no modifications to Banach-space valued functions,
apart from u being in L'(B, u; ) instead of L' (B, u; R).

2.4.2 Remark. If (X,d,u) is doubling and supports a (1,p)-Poincaré inequality for
functions attaining their values in some Banach space, then it supports a (1, p)-Poincaré
inequality for functions valued in every Banach space, see [HKST, Theorem 8.1.42].

If a space supports a (1, p)-Poincaré inequality for some p € [1,00[, then an immediate
application of Holder’s Inequality yields the validity of a (1, ¢)-Poincaré inequality for all
q=p.

We refer to Section 8.1 of [HKST] for a detailed discussion about Poincaré Inequalities
and their consequences; here we shall focus only on the density of Lipschitz functions
in the Newton-Sobolev spaces and on some geometric facts related with “generalized”
(¢, p)-Poincaré Inequalities.

The following result is a re-adaptation of [HKST, Theorem 8.2.1]:

2.4.3 Theorem. If (X,d,u) is a doubling metric measure space supporting a (1,p)-
Poincaré inequality, p € [1, oc[, then Lip(X,)) is dense in N1P(X, ).

PROOF. Assume u € N*P(X,)). Since Newton-Sobolev functions with bounded support
are dense in N1P(X,)) by [HKST, Proposition 7.1.35], we may take u to be zero outside
some given ball. Also, by passing to a representative we may assume u to be pointwise
defined everywhere.

Let M f denote the Hardy-Littlewood maximal function of f : X — ),

M) = sup | ke

p>0

By [HKST, Theorem 8.1.49] there exists a p-negiglible set E C X such that
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3=

lu(x) —u(y)| < Cd(z,y) (Mgh(x) + Mgi(y))», (2.29)

where g, is the minimal p-weak upper gradient of u and x,y € E°. Now, for ¢ > 0 consider
the p-superlevel sets of MgP(x), namely

Ey={zxeX; M¢gh(z) > tP}.

The estimate (2.29) entails that the restriction of u to (E; U E) is ¢;t-Lipschitz for some
constant ¢; > 0 independent of ¢. By the Lipschitz extension property in [HKST, Theorem
4.1.21] there exists a cot-Lipschitz function u; : X — ) such that w;(x) = u(x) everywhere
on (E; U E), with ¢2 independent of ¢ as well.

Consider a ball By € #(X) such that u(z) = 0 outside of it; then, it must be E; C 2By
for ¢t > 0 large enough. Indeed, if 2 € E; N (2By) and we consider a ball B centered at z

and such that
tr < ][ gudu,
B

then since g, = 0 in (By)® by Proposition 2.2.19, we have BN By # 0. So By C 3B and
then

c
tp<c][ ghdu < /gpd;z::tp,
3B " w(Bo) Ja 7" 0

which gives the claim. This implies u; = u = 0 p-almost everywhere in (2B)¢ for ¢ > t.

Since ug is cot-Lipschitz on X, then |u| < est for t > ¢y with ¢3 > 0 independent of ¢. Thus

[lo-wlan= [ ju
X {urue}

<o urdt e ((utu),
{uzus}

where ¢ > 0 does not depend on ¢t > ty. As u({u # w}) < u(E:), the above inequality
and the properties of maximal functions in [HKST, Proposition 3.5.15] yield u; — u in
LP(X, ) as t — oo.

Next, in order to conclude we need to prove the same convergence for the minimal p-weak
upper gradients of u and u;. Let F' D E; U E be a Borel set such that u(F) = p(E; U E);
then v —uy = 0 in (F)¢, so applying Remark 2.2.17 and Proposition 2.2.19 one gets

Gu—ui (2) < (gu() + c2t) - Lp(2)

for p-almost every x € X. Moreover, integrating over F' gives

/X G- dp < c /F gudp + ctPu (Et)

with ¢ > 0 independent of ¢ > to. This conclusion allows us to state that ¢g,—,, — 0 in
LP(X, ) as t — 0.
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In other words, we have constructed a sequence of Lipschitz functions (u;);>¢ such that

tllglo lu = well jro 2,3y = 0-
The Theorem is proven.

0

A result similar to Theorem 2.4.3 above had already been shown in [Ch], where under the
same hypotheses the author established the density of locally Lipschitz functions inside
Sobolev spaces.

The issue will be considered again at the end of Section 3.1 in the context of “test plans”
(namely, probability measures on the spaces of absolutely continuous curves), a tool intro-
duced by in [AGS2] and [AGS3], and which later in [AGS4] allowed the authors to prove
a similar result without any structural assumptions like doubling measures and Poincaré
inequalities.

We conclude this chapter with some comments about the aforementioned “generalized”
Poincaré Inequalities. Our main reference will be Section 4.4 of [BB], which we suggest
for a more detailed discussion as well as for the proofs of the results stated below.

2.4.4 Definition. Given g > 1, we say that (X, d, u) supports a (g, p)-Poincaré Inequality
if for every ball B € #(X), every integrable function uin X and all of upper gradients g
of u, there exist constants A > 1 and Cp > 0 such that

1 1
(f lu —upgl? du) t < Cpdiam(B) (7[ gpdu> "
B AB

The next result states that, under the hypotheses of doubling measure and (g, p)-Poincaré
inequality, balls satisfy a growth rate estimate with esponent s related to the “dimension”
s which already appeared in Proposition 1.2.3:

2.4.5 Proposition [BB, Proposition 4.20]. If (X,d, u) is a doubling metric measure
space supporting a (p, q)-Poincaré inequality for some ¢ > p, then for all balls B =
B,(z),B' = By(a') in X with p’ < p one has

e (l)

for some constant C' > 0 and s = qp/(q — p).

O

2.4.6 Theorem [BB, Theorem 4.21]. If (X, d, u) supports a (1, p)-Poincaré inequality
with dilation factor A and the measure yu satisfies the condition (2.30) in Proposition 2.4.5
above for some s > p, then it supports a (p*, p)-Poincaré inequality with p* = sp/(s — p)
and dilation factor 2\.
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2.4.7 Corollary [BB, Corollary 4.22]. Assume (X,d,u) supports a (1, p)-Poincaré
inequality with dilation factor A and that (2.30) holds with s > p. If u € NYP(2AB) then
u € LP" (B) with p* as in Theorem 2.4.6.

0

The two results above yield the “local” embedding of NP into LP":

2.4.8 Corollary [BB, Corollary 4.22]. Assume (X,d,u) supports a (1, p)-Poincaré
inequality and that (2.30) holds for some s. Let Q@ C X be an open set. If s > p then

NLP(Q) < LP (Q) with p* as above, while s < p implies N2(Q) < LL (Q) for all
q € [l,00].
([l

We point out that assuming s < p allows for ¢ = oo in the above embedding; moreover,
as a further byproduct of Theorem 2.4.6, one has a (g, p)-Poincaré inequality with ¢ > p
whenever (X,d,u) is doubling and supports a (1, p)-Poincaré inequality (with dilation
factors 2\ and A respectively).

2.4.9 Remark. At the end of Remark 2.2.17 we made clear that, in general, the p-weak
upper gradient of a function depends on the exponent p; it was proven by J. Cheeger in
[Ch] that this dependence is cancelled under the hypotheses of a doubling measure and a
(1, p)-Poincaré inequality.

As proven in [GH], the dependence on p is not an issue as well in the context of RCD(K, o0)
Spaces, which will be the natural setting of Chapter 6.

Another question we didn’t consider in the previous sections - since a detailed discussion
would go beyond the scopes of our work - is that of the reflexivity of Newton-Sobolev
spaces, so we shall give some brief comments here. Again in [Ch], it was proven that if
(X,d, i) is doubling and supports a (1, p)-Poincaré inequality with p €]1, co[, then NP (X)
is always reflexive. The approach presented there is slightly different from the one giving
rise to NLP(X), but this is not an issue thanks to the aforementioned equivalence shown
by N. Shanmugalingam in [Sh1] and [Sh2].

Reflexivity of first-order Sobolev spaces was also proven in [ACD] under the hypothesis
that (X,d,u) is such that (supp(u),d) is doubling with the measure p being finite on
bounded sets.

45



3 Other notions of Sobolev Spaces

In this chapter we consider two other characterizations of Sobolev Spaces in the nonsmooth
setting, making use of tools such as “test plans” and “derivations” respectively. The
discussion will eventually lead to notable results such as the density of Lipschitz functions
inside Sobolev Spaces, and the Equivalence Theorem 3.2.9.

In both Sections 3.1 and 3.2, the underlying metric measure space (X, d, ) will not be
supposed to satisfy any particular structural assumption, like a doubling measure or a
(1, p)-Poincaré Inequality.

The following survey is based on the works of L. Ambrosio, S. Di Marino, N. Gigli and G.
Savaré; the precise references will be given inside each section.

3.1 Sobolev Spaces via Test Plans

Basically speaking, test plans are probability measures over the spaces of absolutely contin-
uous curves. This tool was first introduced in [AGS2] and [AGS3] to provide an alternative
characterization of weak upper gradients - and thus, of Sobolev spaces - in the more ab-
stract context of “extended” metric spaces, namely those where the distance between two
points may also not be finite. There the authors also proved, for p = 2, the equivalence
between the resulting notion of Sobolev spaces and the “newtonian” ones, as well as the
density in energy of Lipschitz functions. The approach was then improved in [AGS4] to
be extended for all exponents p € [1, co].

We preferred to follow N. Gigli’s work [Gil] which discusses the characterization of Sobolev-
Dirichlet classes via test-plans in a more concise - yet exhaustive and self-contained -
manner; we shall also refer to [Gi2] for additional comments.

Let (X,d,u) be a complete and separable metric measure space endowed with a non-
negative, locally finite Radon measure p.

We shall consider C ([0, 1], X'), namely the space of continuous curves equipped with the
supremum norm; since the underlying metric space is complete and separable, C ([0, 1], X)
will be complete and separable as well.

3.1.1 Definition. We define the evaluation map e, : C ([0,1],X) — X, t € [0,1] as

() =y =) VyeC([0,1],4).

Recall that by Definition 2.1.5, a curve v € C (][0, 1], X) is called p-absolutely continuous,
p € [1,00], if there exists f € LP (]0,1[) such that

d(ve,7s) < / f(r)dr, Vt, s €[0,1] with ¢ < s,
t
and in this case we write v € ACP([0,1], X).
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Recall also that by Theorem 2.1.6, to every p-absolutely continuous curve we associate the
metric derivative (or, the speed) t — |y € LP (]0,1]) defined as the essential infimum of
all the f € L? (]0,1]) satisfying the above condition, and which is representable in terms
of an incremental ratio for almost every ¢ € [0, 1]:

d (Vin, )
M ===

Below, & (C(]0, 1], X)) denotes the space of probability measures along continuous curves.

3.1.2 Definition. Let w € & (C([0,1],X)). We say that 7 has bounded compression
whenever there exists a constant ¢ = ¢(m) > 0 such that

(et)ym <c(m)p Vtel[0,1].

Let p € [1,00[; if 7 has bounded compression, it is concentrated on ACP(]0, 1], X) and
1
[ b dta) < o
0

With the notion of p-test plans, we are entitled to define the Sobolev-Dirichlet classes
DyP(X):

then it will called a p-test plan.

3.1.3 Definition. Let p € [1,00[ and let ¢ be its conjugate exponent, % + % = 1. The

Sobolev-Dirichlet class Dy (X) consists of all Borel functions f : X — R for which there
exists g € LP(X, u) satisfying

[1£em =1 Golant < [ / 9 (3) 5| dsdm () (3.1)

for every g-test plan 7.

Following the usual tradition, we shall say that g is a p-weak upper gradient of f.

3.1.4 Remark. Observe that Remarks 2.2.17 and 2.4.9 apply also in this case: we are not
assuming (X, d, ) to satisfy any structural properties, so p-weak upper gradients depend
on p. In particular, since the class of g-test plans contains the one of ¢’-test plans for
every ¢ < ¢, then we have the inclusion DyP (X) C Drp /(X ) for p > p'; in particular if
fe DiP (X) and g is a p-weak upper gradient, then it is also a p’-weak upper gradient.
The discussions in [AGS3, Section 5.2] and [AGS4, Section 4.5] entail that for every f in
the Sobolev-Dirichlet class Di?(X) there exists a minimal g > 0 in LP(X, ) satisfying
(3.1) ; such g will be obviously called minimal p-weak upper gradient of f and we shall
denote it by |Df|. The choice of this notation is motivated, like in [Gil], by the fact that
the notion is given in terms of duality with speed of curves and thus it is closer to the
(dual) norm of the differential, rather than of the gradient; in other words, this definition
yields some kind of “cotangent” object.

We continue our discussion giving some important properties of the classes },’p (X).
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3.1.5 Remark. Dy”(X) is a vector space. Moreover,
[D(eef + Bg)| < lal[Df| + 8| Dgl

p-almost everywhere for all f, g € DxP (X) and «, 8 € R. In particular, DyP(x YNL>® (X, 1)
is an algebra and a weak Leibniz rule holds, namely

[D(f9)l < [f11Dgl + |gl|Df]

p-almost everywhere for all f,g € Dx? N L®(X, ).

The minimal p-weak upper gradient is also a local object, in the sense that |Df| = |Dg|
p-almost everywhere on {f = g} for all f,g € DYP (X).

Another interesting - albeit expected - property of Sobolev-Dirichlet classes is the chain
rule: if f € DXP(X) and ¢ : R — R is a Lipschitz function, then o f € DyP(X) and

[D(¢o f)| = ¢ o flI D]

p-almost everywhere.

3.1.6 Definition. On Dy”(X) we define the semi-norm
£ pee ey = DM o

Clearly, the above does not give a norm since it vanishes on (locally) constant non-zero
functions; thus, we introduce the Sobolev space WP (X) as

WLP(X) = DL 1 IP(X, )
endowed with the norm
7150y = oy + 17 iy

With this definition, WP (X) is always a Banach space; completeness follows from [Gil,
Proposition 2.7].

As anticipated in the comments right after Theorem 2.4.3 and at the beginning of the

present section, test-plans allow to prove the density (in energy) of Lipschitz functions in
WaP(X):

3.1.7 Theorem. Suppose (X,d,u) is such that p is finite on bounded sets and let
p €]1,00[. Then, for every f € W,%’p (X) there exists a sequence of Lipschitz functions
(fn)nen C WP (X) such that

lim an - fHLP(X,u) =0

n—oo
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and

lim [ fnll ey = Jim, D Falloiesy = Jim [IDF],

n—oo n—oo

) = HfHD}rvP(X)a

where for any ¢g : X — R the function |Dg| : X — [0, o0] is defined to be zero on isolated
points, and

M(l‘) = inf  sup M

p>0 Y17Y2€B,(x) d(ylva)

elsewhere.

PROOF. Let (¢),cy C Lipy(X) be a sequence of 1-Lipschitz functions with bounded
support such that 0 < 4, <1 for every n and ¢, =1 on B, (Z) for some & € X fixed.

If we now fix f € WP (X), by the Dominated Convergence Theorem we get fi, — f
in LP(X,u) as n — oo. Moreover, the definition of the 1,’s and Remark 3.1.5 yield
|D (fvn)] = |Df| p-almost everywhere on B, (Z) by the locality of the minimal p-
weak upper gradient, and by the weak Leibniz rule |D (fv,)| < |Df| + |f| so that
HfT/anD}r,p(X) — HfHD}r,p(X) as n — oo (actually, in Remark 3.1.5 we assumed the function
to be essentially bounded, but the present case works as well since the 1,,’s are bounded
and Lipschitz).

Thus, (f1),) converges in energy to f in W,l’p()() asn — o0o. As fih, € W,lr’p(/l’) and has
bounded support, applying [Gil, Proposition 2.6], the finiteness of y on bounded sets and
a diagonalization argument along with the results in [AGS4] allows us to conclude.

O

3.2 Sobolev Spaces via Derivations. The Equivalence Theorem

In this section we shall follow S. Di Marino’s Ph.D. Thesis [Dil, Chapter 7] and his work
[Di2], where the author introduced an alternative characterization of Sobolev (and also,
BV - see Section 4.3) functions in terms of “derivations”, which allow a definition via an
integration by parts formula.

The concept of derivation is basically taken from N. Weaver’s work [We|, where the a more
general class of objects is considered, namely the “metric derivations”, defined as bounded
weak-* continuous linear maps from the space Lip(X) to some W*-module over L>(X, u)
and satisfying the Leibniz rule.

Derivations will appear again - actually with a slightly different characterization - in
Section 5.5, in the context of N. Gigli’s differential structure.

As in Section 3.1, (X,d, ) will be a complete and separable metric measure space en-
dowed with a non-negative, locally finite Radon measure p; moreover, we shall suppose no
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further structural assumptions to hold, like the doubling condition or the (1, p)-Poincaré
Inequality.

3.2.1 Definition. Let L%(u) denote the class of measurable functions. By a derivation we
mean a linear map 0 : Lipy (X, d) — L°(u) satisfying the Leibniz rule and a weak locality
condition, namely

i) for every f,g € Lipy(X,d), 2(fg) = 03(f)g + fo(9);

it) there exists g € L%(u) such that [d(f)| () < g(x)lip,f(z) for p-almost every
x € X and for every f € Lipy(X,d).

Above, lip, f(x) denotes the asymptotic Lipschitz constant of f at z,

liv, () = infLip (f. By(x) = lim Lip (f. By (z)

The smallest function ¢ satisfying i) will be denoted by [9|. By DER(X') we shall denote
the set of all derivations; 0 € LP(u) has to be intended as [0| € LP(u).

If we impose the integration by parts formula to hold, we are allowed to give the definition
of divergence as follows:

3.2.2 Definition. Given a derivation 0 € L{ (u), we define its divergence div(d) as the
operator Lipy(X) — R given by

Livg(X,) 3 fr— = [ a(f)diu= [ vy,

whenever the above formula makes sense. We write div(d) € LP(u) to signify that the
operator admits an integral representation via an LP(u) function h,

~ [ o= [ hpan= [ o

for every f € Lipy(X,d), and in this case it we shall write, with a slight abuse of notation,
h = div(?).
When div(d) € LP(u), then it is unique. Besides DER(X) we shall also consider the spaces

DERP(X) := {0 € DER(X); D € LP(X,pn)}
and

DERPY(X) := {0 € DER(X); 0 € LP(X, ), div(d) € LY X, 1)} .

By definition, DER(X'), DERP(X) and DERPY(X) are real vector spaces; in particular, the
last two are also Banach spaces if we endow them with the norms
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Pllpere ey = 1101l Lo ()
Pllpereary = IRl Lo + [1div) | Lo

respectively. When both p and ¢ are oo, we shall write DER; (“bounded” derivations)
instead of DER®®°.

The domain of the divergence is the space

D(div) = {0 € DEr(X); P[,div(d) € Lise(n)} -

Notice that for every p,q € [1, 0], one has the inclusion DERPY(X) C D(div).

3.2.3 Definition. We define the multiplication of a derivation by a scalar function as
follows: if 0 € DER(X) and u € LO(u), then uwd(f)(z) == u(z) - 9(f)(x) for y-almost every
x € X and for every f € Lipy(&X,d).

The set of derivations is closed under multiplication by scalar functions; moreover,

3.2.4 Lemma [Dil, Lemma 7.1.2]. If 0 € DER(X) and u € L°(u), then |ud| = |0] - |ul.
In particular, if 0 € DERP?(X') and u € Lip, (X, d), then ud is a derivation such that

div(ud) = udiv(d) 4+ 0(u)

and ud € DERP"(X), with » = max {p, ¢}.

0

Derivations behave well with respect to locality in D(div); indeed, we have the following
result:

3.2.5 Lemma [Dil, Lemma 7.1.3]. If 0 € D(div), then for all f,¢g € Lip(X,d) one

has
i) o(f) = 0(g) p-almost everywhere in {f = g};
it) o(f) < || -lip, (f|c) p-almost everywhere for every closed set C' C X.

With these premises done, we can now introduce Sobolev spaces in terms of derivations:

3.2.6 Definition. Let f € LP(x), p € [1,00[. Then f € W, P(X) if, denoting by ¢
the conjugate exponent of p, there exists a linear continuous operator Ly : DERTY(X) —
LY (X, i) such that

/ Le(@)dp = —/ fdiv(d)du (3.2)
X X
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for all 0 € DER?(X) and L¢(hd) = hL;(d) for every h € Lip,(X,d), 0 as above.

When p = 1, we need to ask also that L; can be extended to an L°°-linear map in
DER;° := L*° - DERy,.

We check that Definition 3.2.6 is well posed showing that the map L is uniquely defined.

3.2.7 Remark. Fix 0 € DER?Y(X) and f € Wal’p(X). If L; and Ly are two different
linear maps as in the definition of Wal’p(X) and we take h € Lip,(X,d), by Lemma 3.2.4
hd € DER??(X) and by applying (3.2) and the L*-linearity we get

/Xth(a)dp:/ Ly(ho) /fdlv ),

and the same holds for L ¢ as well. Moreover, as the last term does not depend on Ly,
[ L@ = [ L@
x x

so the arbitrariness of h € Lip, (X, d) is enough to conclude that L;(d) = L;(2d) p-almost
everywhere. This common value will be denoted by d(f).

Of course, the arguments apply also to the case p = 1 when 0 € DER;°.

As one may expect, the present framework allows for a consistent notion of p-weak upper
gradient. So, we are given the following statement:

3.2.8 Theorem & Definition [Dil, Theorem 7.1.6]. If f € W,”(X), then there
exists g5 € LP(X, u) such that

P <gs-0 (3.3)

p-almost everywhere for all 9 € DER?Y(X).

The smallest function gy satisfying (3.3) - in the p-almost everywhere sense - will be called
the p-weak upper gradient of f.

0

We conclude this section with some brief comments about the equivalence between the
notions of Sobolev Spaces presented here and in Chapter 2.

As we anticipated in the introductory remarks to Section 3.1, in [AGS4] the authors -
using technical tools from the theories of optimal transportation and of gradient flows -
established that the notion of Newton-Sobolev spaces via weak upper gradients proposed
in [HKST] is analogous to the test-plan approach which had already been carried on in the
previous papers [AGS2] and [AGS3], with the corresponding gradients being essentially the
same objects (in the sense that they coincide p-almost everywhere). Later, [Dil, Section
7.2] combined the equivalences shown in [AGS4] to prove that the use of derivations leads
to a further equivalent definition. Namely, we have the following:
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3.2.9 Theorem [Dil, Theorem 7.2.5]. If (X,d, i) is a complete and separable metric
measure space endowed with a locally finite measure u, then

NYP(X) = WEP(X) = WP ().

In particular, the respective notions of weak gradients coincide.
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4 Functions of Bounded Variation

Functions of bounded variation constitute the central object of our dissertation.

In accordance to Chapters 2 and 3, here we survey the theory of BV functions in the metric
setting making use of the tools already encountered: upper gradients (via the well known
relaxation procedure), test plans and derivations. Again, the discussion will culminate in
the equivalence of the definitions arising from the three approaches, established in Theorem
4.3.5 below.

BV functions will appear again in Chapter 6, where the definition will be given in the con-
text of RCD(K, 00) spaces via suitable vector fields arising from the differential structure
discussed by N. Gigli in [Gi2].

The precise references will be given inside each section of the chapter.

4.1 BV functions in the “relaxed” sense

In this section, we introduce a definition of functions of bounded variation via upper gra-
dients. This characterization first appeared in [Mi], where the author used a relaxation
procedure over sequences of locally Lipschitz functions on a metric measure space support-
ing a (1, 1)-Poincaré inequality and proved that classical results like the Coarea Formula
and the Isoperimetric Inequality have an analogous counterpart in the metric setting.
Here we shall follow [Sh3|, where the relaxation procedure is performed over sequences of
NULL(X) functions instead of Lipschitz functions; of course, thanks to Theorem 2.4.3, this
approach is equivalent by density - assuming the space is doubling and that a Poincaré
inequality holds - to that of [Mi].

Let (X,d, ) be a metric measure space such that u is a non-negative Radon measure
supported in X, with the property that 0 < u(B) < oo for every ball B in X.

4.1.1 Definition. A function u € L'(X) will be said of bounded variation in X, u €
BV(X) if its total variation in X,

| Dul| (X) = inf{ligninf/ Gudit; (ug)pey € NVHX), up — uin Ll(X)}, (4.1)
— 00 X

is finite. The same characterization applies to any open subset of the ambient metric
space; that is, if Q C X is open, then u € L'(Q) is in BV (Q) if

|| Du|| () := inf {li]}:ninf/ Gurdit; (ug)pey € NVH(Q), up — uin Ll(Q)} <oo. (4.2)
— 00 0

Sometimes, the total variation may be also referred to as BV-energy.

In line with the classical, Euclidean theory, the space BV (X) will be endowed with the
norm

54



lull gy ay = Nlull prx ) + 1Dull (X),

with the obvious modifications when we consider a domain instead of the whole of X.

We wish to prove that the total variation defines a measure; in order to do so, we start by
proving that it is an outer measure (Lemma 4.1.2 below) and then make use of the well
known Theorem by E. De Giorgi and G. Letta ([DL, Theorem 5.1]) within the proof of
Theorem 4.1.4.

4.1.2 Lemma. The total variation satisfies the following properties:

i) [ Dull () = 0;
it) ||Dul| (U) < ||Du|| (V) for any open sets U,V in X with U C V;
ii1) | Dul| (U; Vi) = >; || Dul| (Vi) whenever {V;}, is a pairwise disjoint family of

open subsets of X.

PROOF. Since i) and ) are direct consequences of the definition, we limit ourselves
to the discussion of #i3). Recall that any Newton-Sobolev function u € N1 (|J; Vi) has
restrictions u; :== uly, in Nb (V;), and

/ gudu=Z/ Gu,dpe
U. vi i Vi

7

for every index ¢, so it follows that

| Dul <u v) > 3 |Dull (V).

The above inequality relies on the fact that, as u; gets closer to u in L' (|J; Vi), then u;
gets closer to u in L' (V;). Let us prove the opposite inequality.

For every € > 0, we can take u; € N%! (V;) such that, for every i, one has

/ lu —w;|dp <272 and / Gu; dp < || Dul| (Vi) + 27" 2.
Vi Vi
Setting

Ug = Zuz . ]lvi
%

we obtain a function in N1 ({J; V;), because there are no rectifiable curves in |J; V; with
endpoints in two different V;’s (the partition being pairwise disjoint). Thus

JRRIEALTES oY USTALTES-
U v v 2

and
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€
[ auan= ¥ [ gudu< s+ S I0ul (0.
U, vi i Vi 25
The first inequality implies that u. — w in L' (J; V;) as € — 0; then,

| Dul (U v) < lim inf (2 + 371Dy <m>) = > Il (V)

as claimed.

4.1.3 Definition. Given A C X, we define

|Dul|* (A) == inf {||Dul|| (B); B C X open, B C A}.

By i) in Lemma 4.1.2, when A C X is open we have |[Dul|* (A) = ||Du|| (A). This
observation, along with Lemma 4.1.5 below, allows us to drop the * in the notation even
when A is any Borel set.

4.1.4 Theorem. If u € BV (X), then || Dul| is a Radon measure on X.
PRrROOF. Let us start by recalling the aforementioned result by De Giorgi and Letta:

4.1.5 Lemma [DL, Theorem 5.1]. If v is a non-negative function on the class of all
open subsets of X’ such that

i) v(0) = 0;

i1) if Uy and Uy are open sets such that U; C Uy, then v (Uy) < v (Us);
iii) v (U UUsy) <v(Up)+ v (Usp) for every Uy, Us C X open;

iv) v (U1 UUs) = v (Uy) + v (Us) for every disjoint open sets Uy, Us C X;
v) given U C X open,

v(U) = sup v(V),
VeUu
V open

then the Carathéodory extension - see for example [EG, Theorem 1.9] - of v to all Borel
subsets of X' gives a Borel regular outer measure on X.

Note that by A € B we shall always intend A C B and dist (4, B¢) >0 .

To prove the statement of the Theorem, we shall verify that v satisfies the five conditions
of Lemma 4.1.5. By Lemma 4.1.2 we already know that 4), 7) and iv) hold, so we prove
i17) and v); we start with v) and then use the arguments in its proof to show the validity
of iii).
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Condition v) will be proven for bounded open sets; the proof of the general case may be
found in [Mi, Theorem 3.4].

By the monotonicity property i), we only need to show that

[Dul| (2) < sup [|Dul| (V)
Ve

V open

for any open set 2 C X. Take J > 0 and set

Qs ={x e Q, d(z,Q° > 0d}.

Given 0 < 01 < 8y < diam(Q)/2, let V = Qs, and W = Q\Qs,. Note that V and W
are open subsets of 0, and V € Q; moreover, Q@ = VUW and 0V NOW = (. Then, we
consider a Lipschitz function 7 on © such that 0 < < 1on Q, 7 =1on V\W = Q,,
n=0on W\V = Q\Qy,, and whose Lipschitz constant is such that

2
Li <—1 .
ip(n) < 5y — 01 VAW

Now consider two functions v € N» (V) and w € NV (W) and set f = nv + (1 — n)w; by
[BB, Lemma 2.18] we deduce that f € N11(Q) and

2
/ grdp < / gudp —I—/ Juwdp + 53 / |v — w|dp. (4.3)
Q v 1% 2 — 01 Jvaw
Moreover, for any h € L'(£2), using the identity h = nh + (1 — n)h we find
/ \f — hldu < / v — hldp +/ o — hldu. (4.4)
Q 1% 1%

Take a sequence (vg),cy C N(V) such that v, — win L (V) and [{, g, dp — || Dul| (V)
as k — oo; take a sequence (wy)cy C NUH(W) with the same behaviour as (vg),cy in
W. Now, merge the two sequences into a new sequence (uy),cy With the same procedure
as in the above definition of f. Using (4.4) with h = u we get

/|u—ukd,u§/|vk—u|du+/ |lwg, —uldp — 0
Q \%4 w

as k — oco. Now, (4.3) implies
I1Dull (@) < timint [ gudi < |Dull (V) + | Dl (9.

Since V' € 2, we find that ||Dul| (©2) satisfies also the following inequality,

[Dul| (2) < sup [|Dul| (V) + || Dul| (W).
Ve

V open
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By the above, it suffices to show that

Jlim || Du (2\25) =0. (4.5)

First of all, we observe that the limit in (4.5) exists as, of course, ||Dul| (Q\Q(;) acts as
a decreasing function of §. Now we fix a decreasing sequence of positive real numbers
(0k)gen such that 6, — 0 and for k& > 2 we set Vj, = Qg%%\f_)g%. Doing so, we obtain
two families, namely {Vor},cny and {Vog41},ey, of pairwise disjoint open subsets of X';
invoking Lemma 4.1.2, we know that

[ Dull <U V2k> = > IDul (Var) < || Dul| () < o0

k=1 k=1

and

[ Dul (U V2k+1> = > [ Dull (Vars1) < [ Dull (Q) < oo
k=1 k=1

Then, for € > 0 we may find an integer k. > 2 for which

o

S [IDul| (Vag) + || Dull (Vags1)] < e
k=k.

Now we repeat the above argument (which may be referred to as a “stitching argument”,
since the idea is to “stitch” Sobolev functions on an open set to Sobolev functions on
another open set in order to obtain Sobolev functions on the union of such sets) for every
k, taking a Lipschitz function 7y (a “stitching function”) on Ufi,ig Vj such that 0 <n, <1,
e =1 on Vi\Vik_1, nx = 0 on U?;,ig Vj\Vix and with upper gradient g,, < Cj - Ly,nv;_,-
For each k we may find vy, ; € Nb! (V}) such that

9—(j+k)

and

/ G dps < || Dul] (Vi) + 270+,
Vi

We proceed inductively, stitching the functions together. First of all, fix ¢ € N; starting
with k& = k., one stitches fi; to fi41,; using as stitch function 7,11 = 141 in order to
obtain w; j, € N1 (Vks U Vk€+1). Then,

/ ’ ‘ 2—(’i+ke)
wip —uldp < o
Ve UVk, 11 ' 1+ Cks-i-l

and

ke+1
/ Gt < 3 || Dul| (V) + 21-4k),
Viee UVke +1 j=ke
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Now, suppose that for some k£ € N with k > k. + 1 we have constructed a Sobolev map
wi € N ( ,];:ks V]) such that

P
9—(i+7)

|w; fp —uldp < E
‘/LJ?_)% Vj j=ke 1+ CJ

and

k
/Uk v gwi,kdﬂ < Z {HDuH (V) + 21—(i+j)} )

Jj=ke J Jj=ke

Now we stitch fi41,; to w; i via ni1; we obtain w; ;1 which satisfies analogous inequalities
as above. Since wj 41 = w; p—1 on Viy_1 when k > k. 42, letting k — oo we obtain a limit
function w; = limy 00 wi g, € N5 (UpZy. Vi) such that

[ sy 2 (46)
w; —u|dp < .
U;o:kg Vj j=ke 1+ Cj
and
[ gudn< > Dul (V) + 227 < e 227 (4.7)
j=ke VI J=ke

From inequality (4.6) we get that w; — w in L' (U?ike Vj> as i — oo, while using (3.7)
we deduce

|Du] ( U V;-) = |Dull (2\05,,) < lim inf /U gurdp < e.

oo
Jj=ke j=ke I

In other words, we have proven our claim:

Jim || Dufl (2105) =0,

which completes the proof of v).

Let us now concentrate on #i%). By v), for every € > 0 there exist relatively compact open
subsets Q) € Q; and Q) € Q9 such that ||[Dull (1 UQ2) < ||Dull (2] UN%) + . Using
again a stitching argument, consider a Lipschitz function n on & such that 0 <n <1 on
X,n=1o0nQ}, n=0on Qf and

In < “Lopnar-

Coa, o
If we take u; € NV (Q) and ug € N (), we obtain the stitched function w =
nuy + (1 — n)ug € NHL(Q) U QL); note that, in general, w ¢ N5 (Q; UQs) and w is not
defined in ;)\ (2] U Q3) because 1 — 1 does not vanish there and us is not defined there.
Thus

1
/ Juwdp < / Gurdpe +/ Juadpe + 5 / lur — ug|dp, (4.8)
QIIUQIQ 191 Qo 01,0 Q1NN

99
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CQhQ/l > 0 depending on ¢, and

/ |lw — u|du §/ lug —u|du+/ lug — ul| dp. (4.9)
QU 03} Q2

Choosing (u1k),cn and (ugk),cy as the optimal approximating sequences for u on (4
and 2 respectively, (4.8) tells us that the resulting sequence (wg),cy approximates v in
Q) U Qf. Therefore,

IDull (20U Q) <&+ | Dul| () U Q)

k—o0

< s—Himinf/ i < [ Dull (1) + | Dul| (Qa) + <.
Q1UQ

Letting € — 0, 444) follows immediately.

0

4.1.6 Definition. Given a measurable set £ C X', we define its perimeter in X as the
total variation of its characteristic function in X', P(E,X) := |D1g|| (X). According to
this, E' will be said of finite perimeter in X whenever 15 € BV (X).

More generally, for any ' C X we set P(E, F) := |D1g|| (F). Following a well established
tradition, sets of finite perimeter shall be also said Caccioppoli sets.

Of course, by Lemma 4.1.2 and Theorem 4.1.4, the perimeter defines a measure which we
shall obviously call the perimeter measure.

We will always prefer the notations | D1g|| and ||[D1g|| (F) to denote the perimeter mea-
sure and the perimeter of £ in F' respectively.

Below, we give the statement of Coarea Formula, a classical result which illustrates the
deep connection between functions of bounded variation and sets of finite perimeter.

4.1.7 Theorem [Mi, Proposition 4.2]. If Q C X is an open set, for any u € Li () it
holds

/R [1D1g, || (A)dt = || Dul| (A), (4.10)

for every A C 2 open, where E; == {z € Q, u(z) > t}, t € R, denotes the super-level sets
of u. In particular, if v € BV(X), then for almost every ¢t € R the sets E; have finite
perimeter and (4.10) holds for every measurable set A C X.

O

4.1.8 Remark. For u € BV (X), we have the following generalization of Coarea Formula:
given any measurable function v : X — R and any measurable set A C X,

L ([ v@aipisl @)= [ v@aipu @)
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We continue this survey discussing some other notable properties of BV functions; for the
remaining part of this section, (X, d, u) will be assumed to be a doubling metric measure
space supporting a (1, 1)-Poincaré inequality.

4.1.9 Remark. A weaker version of Poincaré inequality holds for BV functions. Namely,
if B € #(X) is any ball in X, with the same notation as in Definition 2.4.1 one has

/ |lu —ug|dp < Cpdiam(B) || Du|| (AB),
B

for every u € BV(X). In particular, if the homogeneous dimension s - arising from
Propositions 1.2.3 and 2.4.5 - of X is greater than 1, one finds

s—1

<][ lu — uB|ﬁ du) T < cdiam(B)
B

| Dul| (AB)
uw(B)

where ¢ > 0 is a constant depending on s and Cp. See [Mi], [Am2] and the references
therein for more comments and details.

4.1.10 Theorem [Mi, Theorem 4.5]. If E C X is a set of finite perimeter and
B = B,(x) € #(X), then there exists a constant Ct > 0 such that the following relative
isoperimetric inequality holds:

1

win {41 (B 1 By()) , p (BN By(x))} < C (H(;(») T ID18] (Bargl@)) 7T

where s > 1 is as in Remark 4.1.9 and A > 1 is one of the parameters in the Poincaré
inequality. Ct will be called isoperimetric constant.

0

A remarkable property of the perimeter measure, which we shall use extensively later, is its
absolute continuity with respect to the spherical Hausdorff measure S*, built by applying
the Carathéodory construction - see for example [Fe, Section 2.10] - to the function h :

PB(X) — R defined by

Observe that S is doubling since p is doubling as well.

Before stating the result, we recall the notion of “essential boundary” of a set, which in
turn arises from the concept of “density”:

4.1.11 Definition. Given a subset E C X, we define its lower density and upper density
at x € X as
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z) = limin M an * ) = limsu M
O, u(E, )._1%0; 1w (B,(r) d O (E,x): 1/H0+p EAC)

respectively.
When the two densities coincide, the common value will be denoted by ©,(F, z).

The essential or measure-theoretic boundary of E is the set of points where both E and
its complement have positive upper density:

O'E = {x €X; 0,(E,z) >0, 0, (E“z) > O}.

Equivalently, the essential boundary can be characterized as the complementary set of
those points where the density of FE is either 0 or 1, namely 0*F = X'\ (E(O) U E(l)).

4.1.12 Theorem [Am2, Theorem 5.4] The perimeter measure ||D1g|| associated with
a set of finite perimeter £ C X is concentrated on the set

e (u(EAB,() p(E°NBy) *
E“‘{ e 4 T { W(B,)  u(B,) }EV}CE’E’

where v = v (Cp, A, C1) > 0. Moreover, S" (0*E\%,) = 0, S" (9*E) < oo and there exist
a = a(Cp, A\, Cy) > 0 and a Borel function 0g : X — [«, 00 such that

IDL(B) = [ 05()as" @)

for every Borel set B C X. Finally, the perimeter measure is asymptotically doubling; in
other words, for || D1g|-almost every z € X we have

D1g| (B
i sup l 2Lel (B2p(@)

p—ot [|1D1g| (B,(x))

O

Actually, in the above result the function g can be taken to be bounded by the doubling
constant, p < Cp; see [AMP, Proposition 4.5 and Theorem 4.6] for a detailed discussion.

4.1.13 Definition. Following [AMP], the metric measure space (X,d, x) will be called

local if, given two Caccioppoli sets E and Q with E C €, one has g = 0o S"-almost
everywhere on 9*Q) N O*F.
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4.2 “Weak” BV functions - a description via Test-Plans

In the concluding remarks of [AGS4], the authors suggested that, as a limiting case for
q = oo, functions of bounded variations could be described in terms of co-test plans.
The approach was then reprised and developed in [AD], where the equivalence with the
relaxation procedure was also shown.

The present section is taken from [AD]. The notation will be the same as in Section 3.1.

4.2.1 Definition. A measure w € &2 (C([0,1], X) will be called an co-test plan whenever
the following two properties hold:

i) 7 is concentrated on AC*([0, 1], X') and Lip(y) € L* ((C([0,1], X), );
it) there exists a non-negative constant ¢ = c(m) such that (e;), m < cu for every
t €[0,1].

A Borel set I' € C(]0,1],X) is said 1-negligible if w(I') = 0 for every oo-test plan 7r;
accordingly, a property of (absolutely) continuous curves which fails outside a 1-negligible
set, will be said to hold 1-almost everywhere.

Let us denote by M*(X) the spaces of signed Radon measure on X. With the definition
of oco-test plans, we can characterize BV functions as follows:

4.2.2 Definition. A function f € L'(X,u) will be said of bounded total variation,
f € BVR(X), if:

i) for 1-almost every curve v € C([0, 1], X') one has f o~y € BV(]0,1[) and

[f (1) = F (o)l < I[P (F o)1 (0, 1D),

where |D(f ov)| € M™(]0,1]) is the total variation measure associated with
fov:[0,1] = R;

i) there exists m € Mt (X) such that for every Borel set B C X

/ 2 1D (f o) | (B)dm () < () [ Lip(y) | ey m(B).

The least measure m satisfing the above inequality in ) will be called the total variation
measure associated to f; it will be denoted by ||Df]...

In an equivalent way, ||Df]|. can be seen as the supremum of the family of measures

1
c(7) [ILip (V)| oo ()

/ 7 1D (F o) d()

as 7 runs over oo-test plans.
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4.3 BV functions via Derivations and an Equivalence Theorem

The notion of “derivation has already been introduced in Section 3.2 to characterize
Sobolev spaces W P(Xx, p); following again [Dil], the same tool is used to give an alterna-
tive notion of functions of bounded variation via an integration by parts formula.

4.3.1 Definition. Given f € L'(X,u), we say that f € BV;(X) if there exists a linear
and continuous operator Ly : DERy(X) — M(X') such that

/ dL;(d / Fdiv(d (4.11)

and Ly(hd) = hL¢(0) for every 9 € DERy(X) and h € Lip, (&X', d).

It is readily checked that the definition is well posed:

4.3.2 Remark. Take f € BV,(X), 0 € DERy(X) and suppose Ly, fo are two linear
continuous map as in the above definition. If h € Lipy(X,d), by Lemma 2.2.4 one has
hd € DERy(X) and then, using linearity and (4.11),

/thLf(a):/Xde (ho) /fdlv (ho)d

Since the same holds by definition with f/f in place of Ly, the arbitrariness of h €
Lip, (X, d) gives L¢(0 = L¢(); this common value will be denoted by D f(d).

We shall now see that the above quantity D f(d) induces a measure |D fl|, namely the
total variation of f, which has the usual representation formula in terms of suprema of
divergences of derivations.

4.3.3 Theorem & Definition [Dil, Theorem 7.3.3]. If f € BV,(X), then there exists
a finite measure v € M™(X) such that for every Borel set B C X one has

/B aDf (o) < /B of*dv

for every 0 € DERy(X), where |9|* denotes the upper semicontinuous envelope of [9].

The least measure which fulfills the above inequality will be called the total variation of
f, and we shall denote it by || Df|],.

Moreover,

Dl (X) = sup {|Df(0)[(X); 0 € DERy(X), o] < 1}.
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4.3.4 Theorem [Dil, Theorem 7.3.4]. If f € BV;(X), then we have the classical
representation formula for ||Df||,; namely, for every open set Q C X,

| Dfll, (£2) = sup{/gfdiv(b)d,u; 0 € DERy(X), [b] <1, supp(d) € Q}

As in Chapter 3, we conclude this brief survey on BV functions in the metric setting with
some comments on the equivalence of the definitions we presented so far. In particular,
we state the following Theorem, which combines the results contained in [AD] and [Dil]
to show that the relaxation procedure, the “weak” characterization via test plans and
derivations actually yield to the same notion of the space of functions of bounded variation:

4.3.5 Theorem [Dil, Theorem 7.3.7]. If (X,d, i) is a complete and separable metric
measure space endowed with a locally finite measure p and f € L*(X, i), then

BV (X) = BVyx(X) = BVj(X).

In particular, the respective notions of total variation coincide.
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5 The Differential Structure

Throughout this chapter, we shall follow closely the work of N. Gigli [Gi2] and occasionally
the previous paper [Gil], which contains an anticipation of the theory we are going to
illustrate.

Starting from the concept of L*(u)-module already introduced by N. Weaver in [We], in
[Gi2] the author generalizes the discussion in order to define LP(u)-normed modules with
a well posed notion of (local) dimension. Then, focusing on the L? theory, this tool will
serve to construct the “cotangent module” - a metric counterpart to the cotangent bundle
in the smooth setting - L? (T*X) of a metric measure space (X, d, 1) by means of minimal
weak upper gradients of Sobolev-Dirichlet functions in D,lr’z(/'\,’ ) (which, as pointed out in
Remark 3.1.4, constitute a sort of “cotangent” object, being expressed in duality with the
speed of curves), and thus to give a definition of the “differential” of a Sobolev function.

By duality with the cotangent module, the tangent module L?(T'X) is given as a space
of “vector fields”. This machinery leads eventually to a well posed notion of the diver-
gence and of the gradient and, assuming the space to be “infinitesimally Hilbertian” (or,
equivalently, “infinitesimally strictly convex”), will allow to characterize the Laplacian as
a linear operator expressed as the divergence of the gradient.

In the following, we have preferred to generalize the approach of [Gi2] to the LP theory,
with an arbitrary exponent p € [1,00]; in regards to this - somehow delicate - choice, we
refer the reader to the important Remark 5.5.22 at the end of the chapter.

5.1 [P-normed modules

Consider a o-finite measure space (X,%, ) where X is a set, 2 a o-algebra and p a
non-negative, locally finite Radon measure on it, with the property that there exists a
countable family (E;),.y C 2 which covers X, such that p (E;) < +oo for every i € N.

Any two sets A, B € 2 shall be declared equivalent whenever p ((A\B)U (B\A)) = 0;
B(X) will denote the set of all equivalence classes.

Observe that by o-finiteness, any collection ¥ C B(X) which is stable under countable
union admits a unique maximal set with respect to the inclusion relation.

5.1.1 Definition. Let (.Z,| ‘| ,) be a Banach space endowed with a bilinear map
L>®(X,u)xA# > (f,v)— f v € .4 such that:

(f-g)-v=[f(9-v),
1-v=uv, (5.1)

1f - vlly < HfHLoo(u) lvll.z

where v € A, f,g € L () and 1 € L*°(u) denotes the function which is identically equal
to 1; under these conditions, (., || - || ,) will be said an L°°(u)-premodule.

An L°°(u)-premodule becomes an L*°(u)-module if the following additional properties
hold (with 15 denoting the characteristic function of any set E):
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o Locality: for every v € .# and A, € B(X), n € N, then 14, -v =0 for each n
implies 1y4,, v = 0;

o Gluing: for every sequence (v,) C .# and sequence (4,) C B(X) such that

n
Ta,na; - vi=14n4, " v; Vi,j €N and lim sup Z]lAi'Ui < 00
J J n—oo i=1 '%
there exists v € .# such that
n
Tg, - v="14 v VieN and ||v||k%§llnrg101.}f ;]1142,.111-
1= /A

A map between two L>°(u)-modules .#1 and #o, T : M\ — M>, will be said a module
morphism if it is a bounded linear map from .#; to .#> - viewed as Banach spaces -
and, moreover, if it satisfies the “locality condition” T'(f - v) = f - T'(v) for every v € .4,
f e Lx(u).

By HowM (A1, #5) we shall denote the set of all module morphisms mapping .#; to 5.
In particular, any two morphisms 7' € HoM (A1, #5) and S € HOM (A, #1) will be
called module isomorphisms whenever T'o S =1d 4, and SoT = 1d 4 . If isomorphisms
exist, the involved modules will be said isomorphic.

An isomorphism is an isometry provided it is norm-preserving.

5.1.2 Example. The LP(u) spaces of p-summable functions, and the space of LP(vol)
vector fields on a smooth Riemannian manifold are among the basic examples of L
modules.

5.1.3 Definition (the set {v = 0}). By the locality property of L*°(u)-modules, we can
define the set {v = 0} € B(X) for a generic element v of an L*°(u)-module .#. We claim
that v = 0 p-almost everywhere on A € B(X') provided 14 - v = 0; in this case, we shall
say that v is concentrated on A°€.

Of course, given an arbitrary L°°(u)-premodule, if v = 0 p-almost everywhere on
{A;} | C B(X), then it is zero on their union as well. Indeed, being

N
Loy 4, = F D Ta,
n=1
for some f € L*°(u) and for any fixed N € N, one has

< Nl poo
V%

N
H]lurllvzlf‘" UH% N H <f 2 ]lAn> ’
n=1

N
Z]lAn v
n=1

M

N
<oy 2 10, - vllg s
n=1

which is zero by hypothesis. By locality, this property can be extended to countable unions
and then the respective condition in Definition 5.1.1 can be reformulated as follows: ifv =0
p-almost everywhere on A,, for every n € N, then v = 0 p-almost everywhere on (J,,cn An-
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Thus, the maximality with respect to inclusion ensures the existence of a maximal set in
B(X) where v = 0: this set will be denoted by {v = 0} and its complement by {v # 0}.

5.1.4 Definition. Given an L*°(u)-module .#, a closed subspace .4 C .# which is
stable with respect to multiplication by L°(u) functions is surely an L°°(u)-premodule
with the locality property; if it is also closed with respect to the gluing operation, then it
becomes also an L*°(u)-module and we shall call it a submodule of . .

Basic examples of submodules are the kernel of a module morphism, and the module .#|g
obtained via elements which are zero p-almost everywhere outside of E € B(X).

5.1.5 Definition. With the notion of submodule .4 C .# of an L*>°(u)-module, it comes
natural to define the quotient space .# /.4 in the usual way.

It is easy to see that .# /.4 is an L°°(u)-premodule itself with the locality property.

5.1.6 Proposition. If .#Z and .4 are two L (p)-modules, then HOM(.#,./") inherits a
canonical structure of L (u)-module.

PROOF. Viewing .# and .4 as Banach spaces, HOoM(.#,./") is a Banach space as well if
we endow it with the operator norm

1T = " sup  [T()ll -
ved vl 4 <1

Keeping in mind that L°°(u) is a commutative ring, then for T € Hom(.#,./") and
f € L*>®(u) the operator fT : .# — A defined by (fT)(v) :== f(T(v)) for every v € A
gives a module morphism and thus Hom(.#, .4") is an L*(p)-premodule.

We need to prove the locality and gluing properties. Take T € HoM(.#,.#") and a
sequence (A,),cny C B(X) such that 14, T = 0 for all n € N. Thus, for a given
v € A one has (14, - T)(v) =0 = 14, (T(v)); the locality property in .4 implies
that 1,4, - T(v) = 0 and hence the arbitrariness of v gives 1,4, - T = 0. This proves
locality.

To conclude, consider two sequences, (1), € HOM(.AZ,.4") and (An),cny C B(X)
respectively, such that 1 4,0 A; Ty =T ana; T for every i,j € N and

<C
Hom(A,./)

n
Z La,; - T;(v)
=1

for all n € N and for some C > 0. Now let v € .#; using the gluing property in .4 for
the sequences (717,(v)),,cry and (Ay),,cn, since

<
N

vl < Clivll..

Z La,; - TZ(U)
=1

n
doda, T
i=1

Hom(A,.N)

for every n € N, then there exists w € A4 with ||w| , < Cljv] , and 14, - w = 14, - T;(v)
for every i € N. We then define T'(v) = 1y, 4, - w; notice that ||T(v)|| , < |lw| , <
C||v| , and that by the locality of .4, T'(v) is well defined, which means it does not
depend on w. Thus, the map v — T'(v) is a module morphism with norm bounded by C
and such that 14, T =14, - T), for every n € N.
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The above Proposition, along with the fact that L'(p) is naturally an L°(u)-module,
motivates the definition of “dual” of a module:

5.1.7 Definition. The dual module of an L*(p)-module .# is the set

M =Hom (4, L' (1)) .

The following important Remark shows that the dual of L>(u), viewed as an L% (u)-
module, is exactly L!(u), in contrast with the usual Banach space characterization; indeed
L*°(u), as a Banach space, is in general non-separable and infinite-dimensional, while as
an L°°(p)-module it has dimension one because every function can be written as a multiple
- always in the sense of modules - of the constant function 1.

5.1.8 Remark. Let p € |
with the space L(u), % + %
LP(u) — LY(p) given by T(f) = fg is a module morphism and, vice-versa, for every
T € HoMm (LP(p), L* (1)) we can find g € L9(p) such that T(f) = fg for every f € LP(p).
To see this, let us first assume that p < oo and T' € Hom (LP(u), L'(1)). Thus,

1,00]. Then, the dual module of LP(u) can be identified
= 1. In other words, for every g € L%(u) the map T :

D)3 i [ T(auer

is linear and the classical LP-L4 duality yields the existence of one - and only one - g € L9(u)
such that

/XT(f)du—/ngdu-

So, we claim that T(f) = g p-almost everywhere: as both the functions are in L!(p), it is
enough to show that the above equality holds on every set A € B(X). In fact:

AT(f)du=/)(1A-T(f)du=/)(T(ﬂA-f)du=/X1lA'fng=/Afgdu-

Now assume p = oo. Set g := T(1) € L'(u); then it suffices to observe that T(f) =
T(f-1)= fT(1) for every f € L>®(u).

We refer to [Gi2, Example 1.2.8] for an explanation of the fact that Hom (LP(u), L™ (u)) =
{0}.

It is interesting to characterize the duality of L°°(u)-module from the point of view of
Banach spaces.
5.1.9 Remark. Consider an L (u)-module .# as a Banach space and denote by .#" its

dual Banach space; by integration, we are given a map INT 4+ : .#* — .4’ defined by, for
a given T € .# *and for every v € .4,
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INT. - (T)(0) = [ T(o)d

X

Of course, INT, 4+ (T) satisfies |[INT 4+ (T)|| , < ||T| 4~; it is also norm-preserving: indeed,
given T' € .A* and v € .4 such that |v|| , < 1, let f = sgn(T(v)) € L>®(n), v = fu.
Thus, from [|f|| e,y < 1 we get [|7]| , < [[v]| , <1 and then

<
<

W@M@—AWMM—LHMM
= [ T@) =11 (1) () < N7 (D)l

At this point, the claim follows from the definition of ||T'|| ,.. Hence .#4* — .#’, the
embedding being actually an isometry.

Notice that, in general, such embedding is not surjective.

5.1.10 Definition. When the map INT ,« is surjective, we shall say that the module .#Z
has full-dual.

5.1.11 Definition. An LP(u)-normed premodule, p € [1, 0], is an L (u)-premodule .#
with a non-negative map | - | : .# — LP(u) such that

ol oy = 10l »

[fol =11l

p-almost everywhere for every v € .# and f € L (u).

The map || will be said pointwise LP(u)-norm. When such an .# is also an L™ (u)-
module, we shall call it an LP(u)-normed module.

The pointwise norm is continuous from .# to LP(u):
ol = lwlllzry < Ml = wlllzpgy = llv —wll 4
for every v,w € .

With the following Proposition we summarize the fundamental properties of L?(u)-normed
modules:

5.1.12 Proposition [Gi2, Proposition 1.2.12]. Let .# be an LP(y)-normed premodule
with p € [1,00]. Then,

i) For v € A4 and FE € B(X), v =0 p-a.e. on E if and only if [v| = 0 p-a.e. on
E.
it) M has the locality property; moreover, the pointwise LP(u)-norm is unique

and fulfills the (pointwise) triangle inequality:

lv+w| < ||+ |w| prae Yo,we .
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If there exist v € 4 and E € B(X) such that 0 # ygv # v, then . is not an
L%(p)-normed premodule for g # p.

If p < oo, then the gluing property holds and .# becomes an LP(u)-normed
module.

If A and 4> are respectively an LP'(u) and an LP?(u)-normed modules
with p1,p2 € [1,00], p1 > po, and T : #1 — M5 is a linear map, then
T € Howm (A1, #5) if and only if there exists g € LI(p) with /p% — p% = % such
that

|T(v)| <glv] wp-ae., Yve ..

In this case, the operator norm ||T'[| is given by the least of [|g[| ;q(,) among all
the ¢g’s as above.

0

5.1.13 Definition & Remark. We say that an element v of any LP(u)-normed module
M is bounded whenever its pointwise norm is an L (u) function.

Observe that a separable LP(u)-normed module admits a countable dense subset of
bounded elements. Let us show this statement.

When p = oo there is nothing to prove; for p < oo, notice that for every v € ., the
sequence n +— Ty (v) = lyjyj<n) " v, n € N, converges to v and then if D C .Z is a
countable and dense set, {T),(v); v € D, n € N} is countable and dense as well. So the
claim follows.

When p < oo the following additional property holds:

In fact,

Vv € . and (4;);cy € B(X) disjoint, Jim H]lULlAi” — Ly 4,0

]:0.

P
Jtuz a0 = 1o a0, = Lo, a0

p
= vf” dpe
’/// /UfolAi ’

and by Dominated Convergence the last term goes to zero when n — oco.

5.1.14 Proposition. If .# is an LP(u)-normed module, p < oo, then it has full-dual.

PrOOF. Take h € .#' and for v € .# consider the map A > A — h(14-v), A € B(X)
being the equivalence class of A. This map is real-valued and additive; moreover, the
previous remark yields that is is o-additive as well. So, h (14 - v) defines a measure,
absolutely continuous with respect to p by construction, and then by the Radon-Nikodym
Theorem there exists a unique L(v) € L'(x) such that

h(ly-v)= /AL(v)du

for every A € B(X). The map .# > v+ L(v) € L*(u) is linear by construction; moreover,
L(1g-v)=14"L(v) for every v € # and A € B(X) and
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/ Lw)dp = h(v) < [|Bl] [lv]l ,
X

for every v € A .

Now, given v € .# we set f = sgn(L(v)) € L*(u) , ¥ := fov; notice that ||7] , <
[ F ooy [IVll. s < [lv]l 4, and that by the definition of f and by (#above), [L(v)| = L (9),
SO

1L 1 / IL(o)| dpt = / L @) dp < 1l 161y < 1Bl 0l

which implies the continuity of .# > v~ L(v) € L(u).

To conclude, using the approximation of L*°(u) functions via simple functions and the
estimates above, we see that L(fv) = fL(v) for every v € .4 and f € L*>(u).

O

Let us now see how the pointwise norm behaves when passing to the dual and to the
quotient modules of a given LP(u)-normed module:

5.1.15 Proposition. Let .# be an LP(u)-normed module with p € [1, o0]. The following
hold true:

i) If ¢ € [1,00] is such that %—l—% =1, then .#* is an L9(p)-normed module with
pointwise norm given by

|L|, = esssup |L(v)|.
veA, |v|<1 p-a.e.

i1) Given a submodule A4 C .#, the quotient .# /./" turns out to be an LP(yu)-
normed module with pointwise norm given by

|[v]] == ess-inf |v + w].
weN

PROOF. We limit ourselves to the proof of 7) only; the second part is of no direct interest
in our work and it may be found in [Gi2, Proposition 1.2.14].

Using point v) of Proposition 5.1.12 with ps = 1, one has ||L|| = |||L|*”L4(u) so with the

above definition of pointwise norm it follows |fL|, = |f||L|, p-almost everywhere for all
feL>®(u)and L € 4"

O

We now discuss briefly the reflexivity of modules; in what follows, .Z** shall denote the
bi-dual module of any module .Z .

Let .# be an L*°(u)-module; there is a canonical map J , : A4 — #** such that to
every v € ./ it is associated the morphism J 4 (v) : .#* — L*(p) given by
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Juw()(L) = L(v), VLe&.u*

5.1.16 Remark. Since
/X T (o) (L) dps = /X L(o) dp < 1]y 0]l

and J,()(fL) = fL(v), one has J,(v) € #** for every v € .# such that
1Ta W)l gee < VIl

In general, one cannot assert that J , is an isometry, this being true for modules with
full-dual only:

5.1.17 Proposition. Suppose .# is a module with full-dual; then, 7 4 is an isometry.
Proor. Take v € #; by the Hahn-Banach Extension Theorem, there exists a functional

h E ///’ with ||h|]///, =1 and h(v) = ||v|| ,. By hypothesis, there exists L € .#* such that
= [y L(w)dp for all w € .#; thus, |L|| ,. = ||k ,» =1 and

o], = h(v) = / o)y = / Ta@)D)Ap < 1T 4 @)y 1ElLge = 1T 0)]] v -

O

5.1.18 Corollary. If .# is an LP(u)-module, p < oo, and v € #, then there exists
L € #* such that

|LIL = [v]” = L(v)
p-almost everywhere with % + % = 1. When p = 1, the first equality should be read as

|L[, = Lgyr0y-

PROOF. Consider the construction of L € A *as in the proof of Proposition 5.1.17 and
define L = ||v|[”," L. Then,

rp _ T T _ T _ p
lol?, = /X L(v)dp < /X |E] ol du < Mol zag ML oy = Iolla |1Z] . = 017 -

At this point, when p > 1 it suffices to apply Holder’s Inequality to conclude; if p = 1
instead, replacing L with 1 {v£0} L gives the assertion.
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If A is an LP(p)-module with p < oo, then there exists L € .#* such that |L|! = |v|P =
L(v) p-almost everywhere, where ¢ as usual denotes the conjugate exponent of p. In
general, when p € [1, o0] the following duality property holds:

lv] = ess-sup |L(v)|.
Le#*, |L|,<1 p-a.e.

5.1.19 Definition. An L (u)-module with full-dual will be said reflexive when the map
T M — M is surjective.

The reflexivity of a module does not imply, in general, its reflexivity as a Banach space;
the converse instead always holds true:

5.1.20 Proposition. Suppose .# is a module with full-dual which is reflexive as a Banach
space; then, it is reflexive also as a module.

PROOF. The hypotheses imply that the map INT 4+ : .#* — .#’ is an isomorphism of
Banach spaces, thus its “transpose” map INTt///* is an isomorphism from the the bi-dual
M" of M to the Banach dual (.#*)" of .4*; in particular, it is then surjective.

Denoting by Z 4 : # — .#" the canonical isometry between .# and its Banach bi-dual,
one obtains the following commutative diagram:

ML g (5.2)
I.//[l \LINT//[**
" ﬂ*(%*)l

Since INT -+ is injective and, moreover, Z , and INT,t///* are surjective, we obtain that
T x is itself surjective.

0

5.1.21 Corollary. Any LP(u)-normed module, p €]1,00], is reflexive if and only it is
reflexive as a Banach space

PROOF. The necessary part is given directly from the Proposition 5.1.20 and by the fact
that .# has full-dual, being an LP(x)-normed module, see Proposition 5.1.14.

For the converse implication, consider the diagram in (5.2); we already know that both
A and #* have full dual, and this yields that INT ,+«+ is surjective and that INTf//* is
injective. Hence, if J 4 is surjective, so must be Z 5. The assertion follows.

O

All the above justifies the introduction of “Hilbert modules”, which we survey en passant
for the sake of completeness:

5.1.22 Definition. An L*°(u)-module .# will be called a Hilbert module whenever -
viewed as a Banach space - it is indeed a Hilbert space.
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It is possible to show that, as one may expect, Hilbert modules are always L?(u)-normed:

5.1.23 Proposition [Gi2, Proposition 1.2.21]. Suppose # is an L (u)-premodule
satisfying the locality property and such that, viewed as a Banach space, it is also an
Hilbert space. Then, 2 is L?(p)-normed.

Moreover, for the pointwise norm it holds

v+ w+ v —w* =2 + 2w

p-a.e. for every v,w € 2.

As a consequence, all Hilbert modules are reflexive.

O

5.1.24 Definition & Remark. Given a Hilbert module 57, we define the pointwise
inner product S x ¢ — L' (u),

(v:0) = (00} i= 3 (fo+wl? = Jof? = uf?)

A polarization argument applied to the above map entails the following;:

(fivr + fave,w) = f1 (v1,w) + fa (v, w),
(v, w)| < [v] |w],
(v, w) = (w,v),

<Uv U) = ‘U’2 )
p-a.e. for every fi, fo € L'(u) and every vy, va, v, w € H; see [G] for more remarks.

If we now fix v € # and define a map L, : 5 — L'(u) by setting L,(w) = (v,w) for
every w € J¢, then it is clear from the above formulae that L, is a module morphism,
i.e. L, € #* and, moreover, |L,|, = |v| p-almost everywhere; in other words, we have a
Riesz-type property:

5.1.25 Theorem (Riesz Theorem for Hilbert modules). If 7 is a Hilbert module,
then the map L, is a morphism of modules, bijective and an isometry. In particular, for
every | € /' there exists a unique v € 5 such that [ = INT jp«L,,.

Proo¥r. The map v — L, is linear and norm-preserving - even in the pointwise sense - as
the previous discussion shows. Of course, it is also a module morphism since

Lo(w) = (fv,w) = f(v,w) = (fLy) (w)

p-almost everywhere for every v,w € J# and f € L>(u).

Now let L € s#* and consider the linear functional INT s« L € J#'; an application of the
classical Riesz Theorem for Hilbert spaces yields the existence of an element v € 57 such
that
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/X L(w)dpt = INT - L(w) = (v, w)

for every w € J#. By a polarization argument applied to the first condition in the
definition of pointwise norm for LP(u)-normed modules, one has

[ v wldn = (o,

for every v, w € ¢ and then

/ Lw)dp= | 14 -L(w)dpu= [ L1y w)du
A X X

:<v,]lA'U))%ﬂ://y(v,]lA‘U}}dﬂz/A(v,w)d,u

holds for every set A € B(X). Thus, L(w) = (v, w) p-almost everywhere, forcing L = L,,.

Uniqueness follows as well via the same argument.

O

5.1.26 Remark. The requirement of LP(u)-integrability on the elements of LP(x)-normed
modules may be too restrictive in application where one may need to handle objects with a
different order of integrability, or just elements of a bigger space endowed with a pointwise
norm.

Any discussion on this topic would go far beyond the scopes of our work, thus we ad-
dress the reader to Section 1.3 of [Gi2], where the issue is treated via the introduction of
LY(p)-modules (the notation being reminiscent of the fact that these objects arise from
measurable functions).

5.2 Local dimension

In this brief section we discuss the notion of local dimension for L°°(u)-modules; we
shall see that the definition of dimension is well-posed and that the underlying metric
space admits a “dimensional decomposition” via sets for which a given module has finite
dimension, a fact which is in turn linked to the reflexivity of LP(u)-normed modules.

5.2.1 Definition. Given an L*°(p)-module .# and A € B(X) with p(A) > 0, we shall
say that a finite family vy, ..., v, € .# is independent on A if the identity

> fivi=0
i=1

holds p-almost everywhere on A only when f; = 0 p-almost everywhere on A for every
1=1,...,n.
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5.2.2 Definition. Let .# be an L*(u)-module, V' C .# any subset and A € B(X).
We denote by Span, (V) the span of V on A, namely the subset of .# consisting of
vectors v concentrated on A with the following property: there is a disjoint sequence
(An)peny C B(X) such that U,y An = A and, for every n elements vy, ..., Vm,.n € A
and every functions fi,, ..., fm.n € L>(p), one has

ze
La, v=">_ finVin

i=1
Thus Spany, (A) is the space spanned by V on A, or simply the space spanned by V' when
A = X; its closure Spany (A) is the space generated by V (on A).
A is finitely generated if there is a finite family vy, ..., v, spanning .# on the whole metric
space X; locally finitely generated if there exists a partition (E;);cy of & such that the
localization .| g, is finitely generated for every i € N.

5.2.3 Remark. The above definitions are invariant under inclusion and under countable
unions. Moreover, they are also invariant under isomorphism: if vq,...,v, € #; are
independent on A and T : .#1 — .#> is a module isomorphism, then 7" (vy), ..., T (v,) are
independent on A as well, and the same holds for local generators as well.

5.2.4 Definition. A finite family {v;};", is a basis on A € B(X) if it is independent on
A and Spany {v;};_ | = A |a.

If .# has a basis of cardinality n on A, we shall say that .# has dimension n on A, or
that its local dimension on A is n. Otherwise - that is, when .# has not dimension n for
each n € N - it has infinite dimension.

The former is actually a good definition of dimension:

5.2.5 Proposition. Suppose that .# is an L°°(p)-module and A € B(X). If {v;};
generates .# on A and {wj};.”:l is independent on A, then n > m. In particular if both
the v;’s and the w;’s are bases of .# on A, then n = m.

PROOF. By hypothesis, {v;};~, generate .# on A; then, there exist sets A; € B(X),
i € N, such that A = |J;eny 4; and functions f; j € L>°(u) such that

n
]1,41. Tw = Z fi,jvj. (5.3)
j=1

Take i € N such that p (4;) > 0; since {w;}7", is independent on A, then wy # 0 p-almost
everywhere on A (the opposite yielding to a contradiction). By the above identity, for some
j€{1,..,n} and some A; C A; with p(A4;) > 0 one has fij # 0 p-almost everywhere on
A;.

Up to permutations of the v;’s, we can assume j to be 1. Hence for some B; C A; with
positive measure and for some ¢ > 0 we find |f; j| > ¢ p-almost everywhere on By, and
then g1 = 1p, - ﬁ € L>°(u).

Now, (5.3) implies

n
Ip, -vi=(p g - (g, " gifij)v
7j=2

77



This identity, along with the hypothesis on {v;};;, means that {wi,vs, ..., v,} also gen-
erates .# on Bj.

We can now proceed by induction; let then & < n and assume we already proved the
existence of By € B(X) such that {wi, ..., wg, Vg41, ..., n} generates .# on By. Thus, by
the above argument we find B; C By, with p(B},) > 0 and fi, ..., f,, € L°(u) satisfying

B, " Wkt1 = Zf]wj+ Z fjvj

Jj=k+1

Observe that f; cannot be zero p-almost everywhere on By, for every j = k+1,...,n; in
fact, if this were the case we would obtain

Lp " w1 = Z fiw;

p-almost everywhere on By, contradicting the hypothesis that the w;’s are independent
on A D By. In particular, one has k < n and there exist By, C By, with p(Bjgt1) > 0,
¢ > 0 such that for some j € {k+1,...,n} one has |f;| > ¢ p-almost everywhere on By .
Relabeling the indices if necessary, we assume j = k + 1 and arguing as above we find out
that {w1, ..., Wkt1, Vki2, ..., Vn} generates .4 on Byiq.

Iterating this procedure up to kK = m, the proof follows.

g

Every L*°(p)-module .# admits a “dimensional decomposition”, namely a partition of the
underlying metric space into sets where the module has given dimension:

5.2.6 Proposition [Gi2, Proposition 1.4.5]. If .# is an L°°(u)-module, then there
exists a unique partition {E;}

ieNU{oo} OF A such that:
i) For every i € N such that p (E;) > 0, .# has dimension i on E;.
it) For every E C Ey with u(E) > 0, .4 has infinite dimension.

5.2.7 Remark & Definition. The notion of basis obviously allows us to write locally
any element of a given module via coordinates: consider a local basis {v;};"; of .# on A,

v € .M and A;, A; € B(X), i € N, such that

A=JA=]A4

1€EN 1€EN

Consider also f; ;, f’” € L*(u) such that for every i € N one has

n n
1y, v= Zfiijj and ]lAi . Z fijvj-

J=1
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Then, f;; = fi/J p-almost everywhere on A; N Ay for every i,i € N; this comes easily
from the fact that
n ~

(fz‘,j - fz",j) v; =0

1

J

p-almost everywhere on A; N Ay and from the definition of local independence.

In other words, the functions f; : X — R, defined for j = 1,...,n by f; == f; ; p-almost
everywhere on A; for every ¢ € N, and set equal to zero outside of A, are well defined since
they depend only on the local basis {v;};-; and on the vector v. Thus, we shall call the
f;’s the coordinates of v on A with respect to the local basis {v;}._;.

5.2.8 Proposition [Gi2, Proposition 1.4.6]. Let .# be an LP(u)-normed module, p €
[1,00], v1, ..., v, € A and A € B(X). Then, Spany {v;},;—, is closed and, in particular, it is
a submodule which coincides with the intersection of all the submodules of .# containing
XAVL; -os XAUn-

Local dimension is preserved under duality:

5.2.9 Theorem. If .# is an L”(y)-normed module with p < oo, A € B(X) and the local
dimension of .Z on A is n € N, then the local dimension of the dual module .Z™* is also n.

In particular, any locally finitely generated LP(u)-normed module with p < oo is reflexive.

PROOF. Take a local basis {v;};, of .# on A and set # =
Span 4 {v1, ..., Vi—1,Vi+1,...,un} for i = 1,..,n. By Proposition 5.2.8, the .#;’s are
submodules of .# and then by Proposition 5.1.15 the quotient .# /.#;, i = 1,...,n, is an
LP(p)-normed module as well; thus, denoting by m; : 4 — .# | .#; the natural projection,
the fact that {v;};; is a local basis on A gives m; (v;) # 0 p-almost everywhere on A.

Now, Corollary 5.1.18 applied to .# /.#; and to m; (v;) gives the existence of Li € (A | M)
such that L; (m; (v;)) # 0 p-almost everywhere on A. Define L; € 4™ as L; := L; o m; so
that L; (vj) = 0 p-almost everywhere on A for i # j and L; (v;) # 0 p-almost everywhere
on A.

Claim: {L;};", is a basis of .Z™* on A.

Take L € .#* and set f; :== L (v;) € L' (). Thus if we write a generic v € .# concentrated
on A using its coordinates with respect to the local basis {v;};;, one has

n
La-L=14x"Y fils,
=1

the identity being understood in (.#*)? - see [Gi2, section 1.3] for the definition of the
LY(p)-modules .#°. In other words,

Spany {L;} | = A *|a.
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To prove linear independence, assume  _, f;L; = 0 p-almost everywhere on A for some f; €
L*>(p) and compute this against v; in order to obtain f;L; (vj) = 0 p-almost everywhere
on A; but since L; (v;) # 0, a fortiori f; = 0 p-almost everywhere on A. The claim is
proven.

The second assertion is a direct consequence of the previous arguments and of the fact
that J 4 : M — #*" is an isomorphism of .# with its image.

0

The next result gives an interesting criterion to characterize the elements in the dual
module via their action on a generating subspace of a given LP(u)-normed module:

5.2.10 Proposition. Let .# be an LP(u)-normed module with p < oo. Consider a
linear subspace V' C .# which generates .# and a linear map L : V — L!(u) such that
|L(v)| < I|v| p-almost everywhere for every v € V and for some [ € L%(p), % + % =1.
Then, L can be uniquely extended to a module morphism L : .# — L'(u) - that is, to an
element of .#* - such that ’Z}‘ <l p-almost everywhere.

PROOF. Denote by V C .# the set of clements of the form

n
v = Z]lAi " Vg,
=1

for some n € N, 4; € B(X) and v; € V for i = 1,...,n; of course, V is a vector space.
Consider the map L : V — L(u) given by

i <Z]1Ai "Ui> = Z]lAi 'L(’UZ').
i=1 i=1

The bound on |L(v)| grants that the definition of L is well posed; in other words, the
right hand side above depends only on v and not on the particular way we represent the
element. Hence, L is linear.

In the definition of v, we may assume the A;’s to be disjoint; thus

o= 2 [ melan< S [ udan= [ avian < Wl Il

This implies the continuity of L, which is then extendable to a continuous linear map -
still denoted by L - from the closure of V to L'(p). Taking into account the definition
of Spany (V) and Remark 5.1.13, one finds that the closure of V contains Span (V') and
then also its closure, which is the whole of X.

2w,

The bound ’E(U)’ < lJv| p-almost everywhere for every v € .# is a direct consequence of

the construction; invoking v) of Proposition 5.1.12 we obtain that L is a module morphism,
which in turn gives its uniqueness.

0
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We conclude the section with two further interesting results about generating subsets of
LP(u)-normed modules.

5.2.11 Proposition [Gi2, Proposition 1.4.9]. Suppose .# is an LP(u)-normed module
with p €]1,00[ and V' C .# a linear subspace generating .#. Then, for every L € .#* one
has

—|L|? = ess-sup <L(v) - = \v]p> 1 — almost everywhere.
\% p

0

5.2.12 Proposition [Gi2, Proposition 1.4.10]. Let .# be an LP(u)-normed module
with p < oo and choose a generating set V' C .#. If V, endowed with the induced topology,
is separable, then .# is separable as well.

5.3 Pullback

One of the main tools in the costruction of a differential structure in differential geometry
is that of pullback bundle, which has an analogous counterpart in the non-smooth setting
of LP(u)-normed modules. We shall focus on the case p < oo.

The construction of the “pullback module” ¢*.# of an LP(u)-normed module .# we
shall give below, taken from [Gi2, Section 1.6], is actually of no direct interest for our
discussion, but we chose to survey this topic since it is useful in comparison with the
“cotangent module” LP (T*X’) which will be the central object of Section 5.4, and whose
characterization will be strongly reminiscent of that of ¢*.Z.

5.3.1 Definition & Remarks. Suppose (X7, A1, 1) and (Xa, Az, pg) are two o-finite
measure spaces. A map of bounded compression ¢ : X5 — X} is a measurable map - more
precisely, the equivalence class with respect to ps-almost everywhere equality - such that
wipto < Cuy for some C' > 0.

Given two o-finite measured spaces as above, ¢ of bounded compression and an L' (u1)-
normed module .# with p € [1, co[, we define the pre-pullback as the set

PpB = { {(vi, Ai) Fiew s (Ad) e 1s a disjoint partition of X'y,

v; € HANVieN, and

ZXAi vl o ¢

1€N

<oof.

Lr(p2)

81



On PPB we introduce an equivalence relation by declaring {(vi, Ai)};en ~ {(wj, Bj)} ey
whenever |v; — w;| o ¢ = 0 po-almost everywhere on {A; N B;} for every 4,5 € N.

Denoting the equivalence classes by [(vs, A;);], we define the sum and the multiplication
by scalars on PPB/~ as follows:

[(Ui’Ai)i] + [(w]’B )]] = [(Uz +wj;, AN Bj)i,j]?
AM(vi, Ag)y] = (i, Ai)], A eR.

Of course, the two operations are well defined and give PPB/ ~ the structure of a vector
space.

Let Sf(p) C L*™(u) denote the set of simple functions already introduced in Definition
1.1.1, namely those which attain only a finite number of values; that is, functions of the
form

g = Zaj]]-Bja
J

(B; being a finite partition of X5. We define the multiplication by g € Sf(us) C
L™ <7H2 in the following way:

g [(Uz,Az)Z] = {(ajvi,Ai N Bj)i,j} S PPB/N .

The resulting operation is a bilinear map from Sf(u2) xPPB/~ into PPB/ ~. Finally, let
us consider the map |-| : PPB/~— LP (u2) given by

[(vi, Ai)]| —Z]lA |vi| 0 .
€N

It is easy to check that |-| satisfies the following conditions:

|[(vi +wj, Ai 0 By)i ]| < [[(vi, Ai)i]| + [[(wy, Bj)s]l
(A [(vi, Aa);ll = [A[ (i, Aa)ill (5.4)
‘g [(U%Al)z” = ’g’ |[(Ui> Al)z” )

which hold true pp-almost everywhere for every [(vi, 4;);], [(w;, Bj);] € PPB/ ~, A € R
and g € Sf(u9). In this way, we are entitled to define a norm on PPB/~ by settmg

v, Aa) Il = 1w, Al oy = || D L lvil 0 0 (5.5)
ieN LP(HQ)
5.3.2 Definition. The completion of PPB/~ with respect to the above norm ||-||, namely

o = {PPB/~}" will be called the pullback module.

5.3.3 Proposition. For p < oo, ¢*.# has a canonical structure of LP (ug)-normed
module.
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PROOF. From the third condition in (5.4) and from the definition of the norm (5.5), one
has

g [(vis Ai) ]Il < Mgl oo (1 (Vi Ai) ]l

for every g € Sf(u2) and [(v;, Ai);] € PPB/ ~. By the density of simple functions in
L, the multiplication can be uniquely extended to a bilinear, continuous map from
L (u2) x @*AM to p*.A, giving rise to an L (ug2)-premodule structure. Now, the first
condition in (4.3) ensures that for a Cauchy sequence ([(,Unvi’Anvi)i])neN C PpB/ ~ the
sequence (|[(vn,i, Ani);]]) ey 18 LP (p2)-Cauchy. Passing to the limit as n — oo we are
given a map |- | : ¢*# — LP (u2) which, in comparison with (5.4.) and (5.5) defines in
turn a pointwise norm.

At this point, by iv) of Proposition 5.1.12 we obtain our claim.

O

5.3.4 Definition. The pullback map ¢* : A — ©* A is given by ¢*v = [(v, X2)]; here,
(v, X2) € PPB has to be intended as (v;, A;);cy With vg = v, Ag = A and v; =0, A; =
for all 7 > 0.

5.3.5 Remark. ¢*.# is generated - in the sense of modules - by the vector space
{¢*v; v € A }; this is a direct consequence of the definition itself.

Moreover,

@ (fv) = fop ¢,
" 0] = Jv[ o
po-almost everywhere for every v € .# and f € L® (u1). The first comes on the one hand
from the definition of pullback map, and on the other hand from the equivalence relation
on PpBif f =14, A € B (X}); then, by linearity it holds for every simple function and an

approximation argument yields also the general case. The second condition is just given
by the definition of pointwise norm on @*.#.

5.4 The Cotangent Module

From now on, (X,d, ) will denote a separable, complete metric space (X,d) equipped
with a non-negative Radon measure p.

The following construction is technically similar to the one of the pullback module, the
main and important difference being the lack of any module as a starting point.

5.4.1 Definition. We shall call pre-cotangent module the set
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PcoM = {{(fi,Ai)}ieN; (Ai);ien € B(X), f; € DX (X) Vi €N, Z/A_ |Df;P dp < oo} :

1€EN

where the A;’s form a disjoint partition of X and Dx? (X), 1 < p < oo, denotes the
Sobolev-Dirichlet class of order p as in Definition 3.1.3.

By Theorem 3.2.9, DYP (X) may be replaced with no ambiguity by D'P(X), the two
classes being equivalent; however, since the aim is to construct a metric counterpart to
a cotangent bundle, in accordance with Remark 3.1.4 we prefer to adapt our notation in
order to be coherent with the notion given in [Gil] and [Gi2].

We introduce an equivalence relation ~ on PcM by stating {(fi, 4i) }ien ~ (95, Bj)}

JEN
whenever |D (f; — gj)| = 0 p-almost everywhere on A; N B; for all ¢,j € N.

PcMm/ ~ turns into a vector space if we define the sum and the multiplication by scalars
as

[(fis Ad)il + [(95, Bj);] = [(fi + 95, Ain By), 5 ],
M(fi, Ai);] = [(Mis Ad)y] -

We can also define a multiplication by simple functions: if h = 37,15, - a; € Sf(u) with
Bj partition of X and [(f;, A;);] € PCM/ ~, then we set

h{(fi, Ai);] = [(ajfi, Ai N Bj)i,j]‘
This operation gives a bilinear map Sf(u) x PCM/ ~— PcM/ ~ such that 1[(f;, Ai);] =
[(fi, Ai)yl.

5.4.2 Definition. Consider the map |-|, : PCM/~— LP(u) given by

[(fis Ai)ll, = [Dfil

p-almost everywhere on A; for all i € N; this map, namely the pointwise norm on Pcm/ ~,
is well defined thanks to the above definition of the equivalence relation on PcMm.

Since DxP(X) is a vector space, one has the following inequalities for -],

\[(fi + 95, 4N Bj)i,j ] |* < I[(fi; Al + [[ (g5, Bj)j ] ‘*7
IMCfi, Aaill, = [ATLCE Al (5.6)
[P (i Ayl = [RIICfi Aa)ll.

valid p-almost everywhere for every [(fi, 4i),], {(gj, Bj)]} € Pom/~, h € Sf(u) and A € R.

5.4.3 Definition. The above arguments, in particular (5.6), allow us to define a norm
[l o (7 0y = PCM/ ~— [0, 00[ on PcM/ ~ by setting

I AN ey = [ 15 ADIF =S [ 1DAP

i€EN
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The completion of PcM/ ~ with respect to the norm [|-|| 17+ xy will be called cotangent
module and denoted by LP (T*X). Consequently, its elements will be called cotangent
vector fields or, more traditionally, 1-forms.

LP (T*X) is a Banach space and, moreover, it has a structure of LP(u)-normed module: if
we concentrate on the third condition in (5.6), then we see that the bilinear map (-,-) :
St(p) x PeM/ ~— PeM/ ~, (h, [(fi, Ai);]) = h[(fi, As),], can be uniquely extended to a
bilinear map (g, w) — gw from L*(u) x LP (T*X') to LP (T*X) such that |hw|, = |h||w|, u-
almost everywhere for all h € L*(p) and w € LP (T*X); this gives LP (T*X') the structure
of an LP(u)-normed premodule and thus, by iv) of Proposition 5.1.12, it is actually an
LP(u)-normed module.

5.4.4 Remark. The choice of denoting the cotangent module by LP (T*X) is just formal:
we are not given, in fact, any definition of a cotangent bundle to the metric space X. The
notation is motivated by the fact that, if X’ is a smooth manifold, the above construction
gives a structure which we may canonically identify with the LP sections of the cotangent
bundle; see [Gi2, Section 2.2] for more comments.

5.4.5 Definition. Given a function f € Dy?(X) we define its differential df € LP (T*X)
as

df =[(f,X)] € Pem/~C LP (T*X).

Here, as in Definition 5.3.4, (f, X') stands for (f;, A;);cy With fo = f, Ag = X and f; =0,
A; = 0 for every i > 0.

By construction, the differential is linear; moreover, by the definition of the pointwisenorm
on the cotangent module, one has

|dfl. = IDfl. (5.7)

p-almost everywhere for every f € Dy? (X).

As the next result shows, the differential is a local operator:

5.4.6 Theorem. For every f,g € Dx"(X), one has df = dg p-almost everywhere on the
set {f = g}.

PrOOF. By the linearity of the differential, the assertion can be equivalently stated as
d(f — g) = 0 p-almost everywhere on {f — g = 0}; this, by 7) of Proposition 5.1.12, is the
same as claiming |d (f — g)|, = 0 p-almost everywhere on {f — ¢ = 0}. Thus, (5.7) and
the locality of the minimal weak upper gradient with f — g instead of f and 0 in place of
g allow us to conclude.

Another interesting byproduct of the construction is that the cotangent module is gener-
ated by differentials:
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5.4.7 Proposition. LP (T*X) is generated - in the sense of modules, see Definition 5.2.2
- by the space Df := {df; fe W,%’p(X)}.

In particular, if WP (X) is separable, then LP (T*X) is separable as well.

PROOF. Let us first prove that LP (T*X) is generated by {df; fe D}r’p(ét')}. Indeed,

by definition, the differential of a Sobolev function, we have df = [(f, X)] and, by the
operations defined on PcMm/ ~,

D M, - dfi = [(fi, Al
i=1

for any finite partition (A4;);" , of X and f; € Dx? (X). Now recall the definition of norm
on PcM/ ~. We can pass to the limit, thus extending the previous property to generic
elements [(f;, A;);] € PoM/~ ; the claim then holds by the density of PcM/~ in LP (T*X).

If we take f € DyP(X) and consider the truncations f, := min{max{f,—n},n},
n € N, an application of the chain rule for Sobolev functions yields |D (f — f,)] = 0
p-almost everywhere on the set {|f| <n}, which implies df, — df in LP(T*X) as
n — oo. Thus, by approximation one has that the cotangent module is generated by

{df; felL®n D};p(x,u)}.

Next, assume f € LOOOD}T’I’(X, u). Take xz € X and find a corresponding radius p = p, > 0
for which p (Ba,(x)) < co. Setting

- Bylr) o)

ey) = ma {1 = £

we have that 7, is a bounded, Lipschitz function in Wa(X) and by the weak Leibniz rule
for weak upper gradients, see Remark 3.1.5, one has n, f € Wt (X); moreover, f = n,f
p-almost everywhere on B,(x) and by Theorem 5.4.6 this means

1p,(z) df =1p, () - d(nf)- (5.8)

The Lindel6f property of X already mentioned in Remark 1.1.12 ensures the existence of
a countable set {z,},y C A such that

U By, (z0) = &,
neN

Pn = pn (z), and then, applying (5.8) we find that for all n € N the 1-form

wn =2 1p,, @) df
=1

belongs to the submodule generated by Df. Since |df —wy|, < |df]|, € LP(X,u) and
|df —wn|, — 0 p-almost everywhere as n — oo, by dominated convergence one has
wp — df in LP (T*X) as n — oo: in other words, df is in the submodule generated by
Df, which turns to be the whole of LP (T*X).
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The second assertion of the Proposition comes from the fact that |[df|[;ppey) <
HfHWLp(X) implies the separability of Df C LP (T*X). At this point, it suffices to ap-
ply Proposition 5.2.12 to conclude the proof.

0

Taking into account [Gi2, Theorem 2.2.6], the identity (5.8) above and the locality of the
differential already proven in Theorem 5.4.6, one recovers the Leibniz and Chain rules for
the differential:

5.4.8 Proposition [Gi2, Corollary 2.2.8]. For every f,g € Dx?(X), N' C R Borel
Z1-negligible set and ¢ : R — R Lipschitz, the following hold p-almost everywhere:

d(fg) = gdf + fdg,
df :OOHf_l(N),
d(pof)=¢ ofdf.

The differential is a closed operator:

5.4.9 Theorem. Consider a sequence (fy),,cny C DxP(x ) converging p-almost everywhere
to f € L) and such that (dfy),cy converges to w € LP (T*X) in the LP (T*X) norm.

Then, f € DyP(X) and df = w.

In particular, if (f,),cn C WaP(X) satisfies f, — f and df, — w for some f € LP(y)
and w € LP (T*X) in the weak topologies of LP(u) and LP (T*X) respectively, then f €
WaP(X) and df = w.

PROOF. The hypotheses yield |df,,| — |w| in LP(u); then, by (5.7) and by the lower semi-
continuity of minimal weak upper gradients - see (2.1.3) in [Gi2] - one has f € Wa(X).
Since

148 = gy = [ 1D = )l di

again by the aforementioned property applied to the sequence (f, — fin),cny With m € N
fixed gives

1df = dfmll o2y < Hminf [[dfin = dfall 1o 7 )

Now, take the limit supremum as m — oo and use the Cauchy behaviour of (dfy,),cy in
LP (T*X); hence, df, — df in LP (T*X) forcing df = w.

For the second claim, just apply Mazur’s Lemma. The Theorem is proven.
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5.4.10 Remark. In [Gi2, Proposition 2.2.10], the author showed that, in the case p = 2,
the reflexivity of W,%’Q(X ) is equivalent to the weak compactness of the differential. In other
words, Wa2(X) is reflexive if and only if, for every bounded sequence ( Jn)nen C Wa?(X)
there exist a subsequence (fy,, ),cy and f € Wa2(X) and such that fn, — fanddf,, —df
in the weak topologies of L?(u) and L? (T*X) respectively.

Reflexivity of Wa? (X) for general p has been established in [Ke] using slightly different
techniques; see the suggested reference for a detailed discussion.

5.5 The Tangent Module. Gradients, Divergence and Laplacian

In this section, p,q € [1,00] will always denote two conjugate exponents, % + % =1. By
duality with the cotangent module, we introduce the tangent module as follows.

5.5.1 Definition. The tangent module L4(TX) is the dual module of LP (T*X). The
elements of L7 (TX) will be called vector fields.

5.5.2 Remark. By i) of Proposition 5.1.15, LY(TX) is an L%(u)-normed module. Fol-
lowing the well established tradition of the smooth setting, we shall keep the notation ||

for the pointwise norm in the tangent module as well; accordingly, the duality between
w € LP(T*X) and X € L(TX) will be denoted by w(X) € L(u).

Equivalently, LY(TX') can be characterized in terms of “derivations”; following [Gi2], we
shall see that the two approaches coincide.

The definition we are going to give below is slightly different from S. Di Marino’s given in
Definition 3.2.1 and, in general, it turns out to be a particular case of the tool described
by N. Weaver in [We]; see Remark 5.5.22 for more comments.

5.5.3 Definition. A lincar map L : Dx"(X) — L'(p) such that

IL(f)I <1|Df| (5.9)

p-almost everywhere for every f € Wa?(X) and for some [ € L%(u), will be called a
derivation.

Of course, the Chain and Leibniz rules hold for derivations, since

IL(f—9)| <UID(f-g)|=0

p-almost everywhere on {f = g}, whence

L(f) = L(g) p-almost everywhereon {f = g} . (5.10)
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Moreover, we clearly have
VL1 < Wz 11D o

for every f € D,lr’p(?(), so that the locality property (5.10) and [Gi2, Theorem 2.2.6]
applied to the module .# = L!(p) yield the desired calculus rules (Leibniz, chain).

The following result shows that vector fields and derivations actually describe the same
concept from different points of view:

5.5.4 Theorem. For every vector field X € LY(TX), the composition X od : D,lr’p(/\,’) —
L'(p) is a derivation.

Conversely, given a derivation L there exists a unique vector field X € LY(TX) such that
the following diagram

is commutative.

PRrROOF. X od is a linear map satisfying

(X od) (f)] = [df(X)] < [X[|df|« = [X[|DF]

p-almost everywhere for all f € DyP(X). As |X| € L(u), we get that X od fulfills (5.9)
and then it is a derivation.

Now let L be a derivation. Consider the linear map L : {df; fe D,lf’p(/\,’)} — LY (X, p)

given by df — L (df) = L(f) and notice that (5.9), together with the identity |df|, =
|Df]|, ensures that L depends only on the differential and not on the function itself.
Moreover,

L(ap)| <.,
and then by invoking Propositions 5.2.10 and 5.4.7 we conclude.

O

5.5.5 Definition. Given f € DiP(X), we say that X € LY(TX) is a gradient of f
provided

df(X) = X[ = |df[}

p-almost everywhere. Corollary 5.1.18 grants that the set of the gradients of f, Grad(f),
is not empty for every f € DP (X); in general, however, uniqueness fails.

5.5.6 Remark. Since for every X € LI(TX) and every f € Dx?(X) it holds
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1 1
df(X) < ldfl, |X] < » dfI%+ §\X|q7

then a necessary and sufficient condition for X € Grad(f) is that

[ arcodu= [ (Slase+ 2Ix1) an

Similarly to the cotangent module, which is generated by differentials, the tangent module
is generated by gradients:

5.5.7 Proposition. The set

V= {X =) 14 Xi; neN, (4) CB(X), X; € Grad (f;) with f; € D,lgp()()}
=1

is weakly*-dense in LY(TX).

In particular, if L9(TX) is reflexive, then is generated - in the sense of modules - by

U Grad(f).

feEDFP(X)

PRrROOF. We start by observing that, since the A’s need not be disjoint, then V' is a vector
space.

Denote by W the subset of LP (T*X) given by

W = {w = Z]]'Ai ~dfi; neN, (4;) C B(X) disjoint and f; € D,lr’p(X)} .
i=1

Since LP (T*X) is generated by {df; fe D,lr’p(X)}, see Proposition 5.4.7, by Remark
5.1.13 W is strongly dense in LP (T*X).
Now given a form w € W we consider X € V. By the definition of gradient,

[ w0 = [l

Hence, the strong density of W in LP (T*X) gives that, if w € LP (T*X) is such that the
above integral is zero for all X € V| then w = 0; in other words, V is weakly*-dense in
L1 (TX).

Let us turn to the second claim. The reflexivity of LP(T'X’) implies that its weak*-topology
coincides with the weak one, and then the proof follows by Mazur’s Lemma.

0
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The following Proposition summarizes the basic calculus rules for gradients:.

5.5.8 Proposition [Gi2, Proposition 2.3.6]. For f,g € Dy (X) and X € Grad(f) one
has

Lijmgy X =Ty Y

p-almost everywhere for some Y € Grad(g). Moreover, if V' C R is a Borel .Z!-negligible
set and ¢ : R — R is a Lipschitz function,

X =0, pu — almost everywhere on f~1(N),
¢ o fX € Grad (po f).

We now survey en passant the duality properties between differentials and gradients; we
follow [Gil, Section 3.1], as an additional reference.

5.5.9 Remark. By the properties of Sobolev-Dirichlet classes discussed in Remark 3.1.5,
given f,g € DyP(X) one has that the map R > £ — |D(g+ef)| is convex p-almost
everywhere: in other words, for every 1,62 € R and A € [0, 1] the inequality

[D(g+((L=A)er+Ae2) /)l (A=A [D(g+erf)| +A[D (g +e2f)]

holds p-almost everywhere. Thus, for e; < &5 with £1,e5 # 0 one has

[D(g+eif)l —|Dgl’ _ [D(g+e/)I” — [Dgl”

5.11
pe1|Dg|P—2 - pea|Dg|P—2 (5:11)
and then, in particular,
D P _|Dgl? D P _ | Dgl?
eSS—Sllp‘ (g + 6f)’ ’ g’ S ess_inf’ (g + 8-][.)‘ ‘ g‘ , (512)
<0 pe|Dglp=2 >0 pe|Dglp=2

both inequalities being intended p-almost everywhere. Observe that ess-sup and ess-inf in
the above may be replaced by lim.o and lim, | respectively.

5.5.10 Proposition [Gi2, Proposition 2.3.7]. If f,g € D}r’p(X), then for every X €
Grad(g) one has

D (g +ef)I" —|Dgl’
< _
df(X) < eses>10nf oDyl

(5.13)
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p-almost everywhere. Moreover, there exists an element in Grad(g), say Xy for which
equality holds.

Similarly, for every X € Grad(g) one has

AF(X) > esssupl 20 NI — Dol

5.14
e<0 pe|Dglp—2 ( )

p-almost everywhere and, as above, there exists Xy _ € Grad(g) such that equality holds.

0

5.5.11 Proposition. The following statements are equivalent:

i) for every g € DyP(X), Grad(g) has only one element;

ii) for every f,g € DEP(X), (5.10) is an equality.

PROOF. “i) = )" is a direct consequence of Proposition 5.5.10 above: indeed, the two
vector fields Xy, Xy _ € Grad(g) for which (5.13) and (5.14) become equalities, must
coincide.

For the converse implication, fix g € DLP (X) and take X, X2 € Grad(g); notice that
the hypothesis and Proposition 5.5.10 imply that for all f € D}T’p(X) it holds df (X;) =
df (X2) p-almost everywhere, so for w € LP (T*X) of the form

W = ZHAZ ’ dfz
=1

for some f; € DEP(X) and (4;) C B(X), i € N, one also has w (X;) = w (X3) p-almost
everywhere.

Since the w’s as above form a dense subset of LP (T*X), we conclude that X; = Xo.

O

5.5.12 Definition. (X,d,u) will be called infinitesimally strictly convex whenever the
two equivalent conditions in Proposition 5.5.11 are fulfilled.

When infinitesimal strict convexity holds, the only element in Grad(g), g € D (X), will
be denoted with the usual notation Vg.

With all the above tools at our disposal, we are entitled to define the notion of divergence:

5.5.13 Definition. We introduce the set

D (div) == {XELQ(TX); IfeLi(u): /ngdu:—/ng(X)d,quEW,%’p(X)}.
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Clearly, D(div) C LY(TX); the function f, which is unique by the density of W,lr’q(X ) in
L%(u), will be called the divergence of the vector field X, f := div(X).

5.5.14 Remark. The linearity of the differential implies that D (div) is a vector space and
hence that the divergence is a linear operator. Moreover, the Leibniz rule for differentials
immediately yields the same property for the divergence as well: given X € D (div) and
f e L® N DEP(X, p) with |df|. € L (), one has

£X € D(div),
div(fX) = df (X) + fdiv(X).

In fact, these hypotheses give df(X) + fdiv(X) € LP(u) and for all g € Wa(X) one has
fge W,%’p(X), whence

- / g fdiv(X)dy = / d(f9)(X)dp = / (9df(X) + dg(£X)) dp,
X X X
so the claims hold.

5.5.15 Remark. Combining [Gi2, Proposition 2.3.13] and the results contained in [Ke],
we have that if D(div) is dense in LI(T'X) with respect to the strong topology, then
WP (X) is reflexive.

At this point, we wish to discuss an interesting byproduct of the infinitesimal strict con-
vexity of X': namely, the possibility of characterizing the Laplacian as the “divergence of
the gradient”, just as in the smooth setting.

In order to do so, we step back for a moment to a few more basic definitions.

5.1.16 Definition. Let p € [1,00[. We define the Cheeger-Dirichlet Energy E, :
L2(X, ) — [0,00] as the functional given by

]19/ |Df|Pdp, f e DxP N LA(X, p)
By(f)=1{"""

400, otherwise.

By the properties of the minimal weak upper gradient, E, is convex and lower semi-
continuous; moreover, its domain is dense in L?(X, p).

5.1.17 Definition. Let p = 2. The subdifferential 0~ Eq(f) C L*(X,p) of Eg at f €
L?(X, i) is defined as the empty set whenever Eo(f) = +00 and, otherwise, as the possibly
empty subset of L?(X, 1) given by

O Ea(f) = { € L2(X, u); Ba(f) + /X vgdi < Bo(f +g), Vg € LQ(X,m} |
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The  subdifferential is  always closed and  convex, and the class
{feL?(Xx,u); 0Ea(f) # 0} is dense in L*(X, u).

Thus, we define the domain of the Laplacian as
D(A) = {f € L(X, u); 9" Ba(f) # 0} C LA(X, p),

and for f € D(A) we define its Laplacian Af € L?>(X, u) as Af := —v, v being the element
of minimal norm in 0~ Es(f).

5.5.18 Proposition. For f € Wx?(X), assume there exists a vector field X € Grad(f) N
D(div). Then, div(X) € 07 Ea(f) and in particular f € D(A).

Vice-versa, if the space is infinitesimally strictly convex and f € D(A), then Vf € D(div)
and div(Vf) = Af.

ProoF. Take f and X as in the statement. Given an arbitrary g € Wﬂl-’?(?{ ), the convexity
of the 2-energy yields

Ea(f +g) — Eo(f) > lim / |Df+59| ~IDf1 E/ng(X)du——/ngiv(X)d,u,

e—0t

where we used (5.14) for p = 2. Thus, the first claim follows.
Let us now observe that, by the definition of Laplacian, for every g € Wﬂl—’Z(X ) it holds

By (f +eg) — Ea(f) > /X cgAfdp

for all € € R. If we divide by ¢ and then let ¢ — 0%, by Proposition 5.5.11 we find

i B2 +eg) —Ea(f) _ _/ gAfdp.
X

e—0 )

On the other hand, Proposition 5.5.10 grants that the above limit equals

/ dg(V f)dp,
X
which is enough to conclude.
O

The following definition, along with the notion of infinitesimally strictly convex space, will
be of crucial importance in the development of our discussion:

5.5.19 Definition. (X,d, x) will be called infinitesimally Hilbertian whenever Wa?(X)
is a Hilbert space. This is equivalent to ask that the semi-norm ||-|| DL2(x) satisfies the
parallelogram rule, and that the 2-energy Es is a Dirichlet form.
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Observe that, by definition, infinitesimal Hilbertianity is necessary to ensure that A is a
linear operator.

At first glance, the above property is of global nature but, actually, it forces a pointwise
Hilbertianity of the space, whence the term “infinitesimal”:

5.5.20 Proposition [Gi2, Proposition 2.3.17]. The following claims are equivalent:

i) (X,d, u) is infinitesimally Hilbertian;
i1) (X,d, ) is infinitesimally strictly convex and
df(Vg) = dg(Vf) (5.15)

p-almost everywhere for all f,g € D};Q(X );

ii1) L?(T*X) and L*(TX) are Hilbert modules;
i) (X,d, ) is infinitesimally strictly convex and
V(f+9)=Vf+Vyg (5.16)

p-almost everywhere for all f, g € D,lr’Q(X ).
v) (X,d, u) is infinitesimally strictly convex and
V(fg) = fVg+gVf (5.17)

p-almost everywhere for all f, g € D,lr’z(X ).

5.5.21 Remark. We already pointed out that, under the hypothesis of infinitesimal
Hilbertianity, the 2-energy Eg : L?(u) — [0,00] is a Dirichlet form; moreover, by Propo-
sition 5.5.20, Eo admits a carré du champ given by (Vf, Vg) where (-,-) denotes the
pointwise inner product on L?(TX).

In particular, the Laplacian and its domain D(A) C W#’Q(X ) can be equivalently charac-
terized in the usual way, namely

FeD@) h=Af = [ ghdu=~ [ (Va.Vpdu YgeWi)

hence D(A) is a vector space and A : D(A) — L?(p) is a linear operator.

Infinitesimal Hilbertianity also implies the following Leibniz rule for the Laplacian:

{f,g €D(A)NL®(u), {fg € D(A) and
|dfl. . |dgl, € L>(n) A(fg) = fAg+gAf+2(Vf Vg),

see the remarks after [Gi2, Proposition 2.3.17] for a more detailed discussion.

We conclude this chapter with some comments about the machinery we have illustrated
so far.
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5.5.22 Remark. i) As already pointed out in the introductory comments to the present
chapter, we preferred to extend the approach of [Gi2] to an arbitrary exponent p for the
sake of generality. However, we are faced with the recurring issue of the dependence of weak
gradients on p: more precisely, in quite general settings where no structural assumption is
given, we would have one cotangent module for each possible value of p. In other words, in
such cases LP (T*X'), as we described it in Section 5.4, would not be well defined. Anyways,
if we assume (X, d, ;) to be an RCD(K, 0o) space (see for instance [GH]), or a doubling
metric measure space supporting a (1, p)-Poincaré inequality (by the already mentioned
results in [Ch]), all the above is not an issue anymore and thus there is always one, and
only one, cotangent module, regardless of p. In particular, the fundamental Proposition
5.5.20 - which we reported as it is in [Gi2] - holds as well for any p # 2, with the obvious
exception of point 7).

it) Right before Definition 5.5.3, we made clear that the notion of “derivation” taken
from [Gi2] differs from the corresponding ones given in Definition 3.2.1 after [Dil], and
in [We] respectively. The main difference is that, both in [Dil] and [We], derivations act
on Lipschitz functions, while in our case they act on Sobolev ones. Again, if we assume
that (X, d, ) is a doubling metric measure space supporting a (1, p)-Poincaré inequality,
then - still by [Ch] - lip(f) = |Df| p-almost everywhere for every f € Lip(X); in other
words, the difference between the two approaches becomes negligible, being just a matter
of integrability requirements. In more general situations, the derivations as in Definition
5.5.3 are always derivations in both the sense of [Dil] and [We| as well, but the converse
is not clear because with our choices the definition makes sense within the context of a
metric measure space, while in [We] - and then, also in [Dil] - the assignment of a measure
is not actually needed.

In view of the notion of BV functions we shall give in Chapter 6, we anticipate here that
the above technicalities will not be an issue, since under our future assumptions - namely
an RCD(K, o) space, or a doubling metric measure space supporting a (1, p)-Poincaré
inequality - Theorem 4.3.5 will be still valid, including also our definition of the BV
space.
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6 Functions of Bounded Variation BVy(X)

Throughout this chapter, we shall assume that (X, d, i) is a complete and separable metric
measure space equipped with a non-negative Radon measure p. In accordance with the
clarifications made in Remark 5.5.22; we start with some preliminaries about RCD(K, o0)
spaces.

6.1 Preliminaries

Basically speaking, RCD(K, c0) spaces are metric measure spaces whose Ricci curvature
is bounded from below by some number K € R and whose dimension is bounded from
above by 4o00. These objects first appeared in [AGS2] and were later axiomatized in
[AGMR] after the seminal works of J. Lott and C. Villani ([LV2]), and of K. T. Sturm
([St1], [St2]), where the authors attack the issue of describing spaces with controlled
sectional curvature and dimension - namely the CD (K, N) spaces - by means of the theory
of Optimal Transportation.

In the works of L. Ambrosio et al. ([AGMR], [AGS2], [AGS3|, [AGS4]), the characteriza-
tion of RCD(K, o0) spaces is strongly reminiscent of the optimal transportation approach,
but it is combined heavily with the tools from the theory of Gradient Flows to prove
eventually that both the descriptions yield equivalent notions.

Below, we shall give an informal and brief overview on the subject of RCD(K, c0) spaces.
In the manner of [Gi2], the “heat flow” - namely, the gradient flow of the Cheeger-Dirichlet
2-energy Eo - will be the key tool of our discussion; also, a crucial role will be played by
“test objects”, which will allow us to rephrase the definition of BV functions in the present
setting.

Due to the patchy nature of this overview, besides the aforementioned papers we refer the
reader to the monographs [Vi] and [AGS1], which provide deep and extensive surveys on
the theories of optimal transportation and gradient flows, respectively.

6.1.1 Definition. The relative entropy is defined as the functional &), : Z(X) - RU
{+0o0} given by

/ plog(p)dp ifm = ppand (plog(p)) € L* (X, )
X
&, (m) =

400, otherwise.

6.1.2 Definition. (X,d, ) will be called an RCD(K, 00) space, K € R, if it is infinitesi-
mally Hilbertian and, for every my, my € %9(X) with finite relative entropy, there exists
a Wh-geodesic m; with ep (m) = m; and e; (M) = my and such that, for every ¢ € [0, 1],

B (0) < (1= 0065 (m) + 18, (ma) = S4(1 = O3 (s, ma),
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where (Z5(X),Ws) denotes the L? Wasserstein Space, namely the space of probability
measures on X with finite Wasserstein distance W,

W3 (my, mp) = inf/ d*(z, y)dvy(z,y),
X xX

the infimum being taken among all v € & (X x X') such that 77#(7) = m; and 77;2@& (v) =
my. Here, 7%, i = 1,2, denotes the canonical projection over the i-th component.

6.1.3 Remark. If (X,d,pn) is an RCD(K, 00) space, then every ball B,(z) € #A(X)
satisfies the volume bound

1(By(2)) < c- e

for some constant ¢ > 0, see [St1]. This bound entails that if m € (X)) with m = py,
then it is always true that (plog(p))~ € L'(u), which makes the relative entropy a lower
semicontinuous functional.

6.1.4 Definition. The heat flow h; is the gradient flow of the Cheeger-Dirichlet 2-energy
E,.

6.1.5 Remark. As observed in [Gi2], the theory of gradient flows ensures the existence
and uniqueness of the heat flow as a 1-parameter semigroup (hy),~q, he : L2(u) — L*(u),
such that for every f € L2(u) the curve ¢ — hy(f) is continuous on [0, o[, absolutely
continuous on |0, co[ and moreover fulfills the differential equation

d

&ht(f) = Af

for almost every ¢t > 0, which means h;(f) € D(A) for every f € L?(u) and for every
t>0.

The infinitesimal Hilbertianity of RCD(K, 00) spaces grants that, in our setting, (h¢),~,
defines a semigroup of linear and self-adjoint operators.

Also, from the analysis carried on in [AGS3], we have that for every p € [1, o] it holds

e fll oy < Il ze ) (6.1)

for every ¢ > 0 and for every f € L? N LP(X,u). Then, by a density argument we
can uniquely extend the heat flow to a family of linear and continuous operators h; :
LP(X, ) — LP(X, 1) of norm bounded by 1 for every p € [1, 00|, as the contraction results
proven in [AGS2] and [AGMR] showed.

A non trivial consequence of the Ricci curvature bound, again proven in [AGS2], is the
following regularity result:

f has a Lipschitz representative f

c WhA(x), df|. € L™(X, = .
FEWEAD AL C LB = i Lip () < 1Sl e

(6.2)
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In regard to our discussion, the most important property of the heat flow is the Bakry-
Emery contraction estimate:

Vhef? < e 2K, (V1) (6.3)

p-almost everywhere for every ¢ > 0 and for every f € Wﬂl-’z(X ) - see for example [AGS2]
and [GKO] for a throughout treatment of this property.

A “self-improvement” of (6.3) was later given by G. Savaré in [Sa] - which generalizes the
seminal work by D. Bakry [Ba] -, namely

[Vhif| < e ™ (IVf]) (6.4)

p-almost everywhere for every ¢ > 0 and for every f € W,%’Q(X ).
Next, we introduce the anticipated “test objects”.

6.1.6 Definition. The class of test functions TESTF(X) C Wx?(X) is defined as

TESTF(X) = { f € D(A) N L®(X, p); |Vf| € (X, ), Af € WH(X) .

From (6.2) one infers that any f € TESTF(X) has a Lipschitz representative f : X — R
such that Lip (f) < IV £l (- Moreover, (6.3) implies that if f € L2 N L>®(X, ),

then h; f € TESTF(X) for every t > 0; as a notable byproduct of the latter, TESTF(X) is
dense in Wa2(X).

6.1.7 Definition. By finite linear combinations of test functions and of their gradients,
we obtain the class of test vector fields TESTV(X) C L?(TX) as

TESTV(X) = {X = Zngi; neN, fi,g; € TESTF(X)Vi=1, ,n}
i=1

By the arguments in [Gi2, Section 3.2], TESTV (X) is dense in L?(TX), while the properties
of TESTF(X) yield the inclusions TESTV(X) C L' N L>®(TX) and TESTV(X) C D(div).

6.2 The space BVp(X)

Thanks to the discussion carried forth in Chapter 5, we saw that we are given a notion of
vector fields in the abstract metric setting. This argument suggests us the possibility of
rephrasing the definition of BV in terms of suprema over the divergence of suitable vector
fields, in accordance with the classical characterization of the Euclidean calculus.

For convenience, we shall suppose (X, d, 1) to be an RCD(K, o) space; the motivation for
this choice will be clear as our analysis goes on.

In order to avoid integrability issues, we slightly modify the definition of test vector fields
as follows:
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6.2.1 Definition. The class of co-test vector fields is defined as

TESTVOO(X) = {X = Zf,Vgl, fi,gi € TESTF(X) Vi=1,..,n, Ag; € Loo(,u)} .
=1

According to the remarks in [Gi2, Section 3.2] the class TESTV™(X) is weakly-* dense in
L®(TX).

6.2.2 Definition.A function u € L'(X, 1) will be said of bounded variation in X, and we
shall write u € BVg(X), if its total variation in X', namely

1Dul| () = sup {/ udiv(X)dg; X € TrSTV®(X), [X| < 1} ,
X

is finite. The notation is reminiscent of the fact that this definition is tailored on vector
fields, whence our choice of the label F'.

As one may expect, the perimeter of any measurable set £ C X will be defined in the
usual way, namely as the total variation of the characteristic function 1z on X:

D1 (X) = sup {/ div(X)du; X € TESTV®(X), |X| < 1} .
X

6.2.3 Remark. i) The RCD(K, o0) structure actually allows us to define functions of
bounded variation also via a relaxation procedure over sequences of TESTF(X') functions.
Namely, u € BV (X) whenever

| Dul|| (X) := inf {limjnf/ IV fildps; (f5) ey © TESTF(X), fj — uin Llloc(?(,u)} < 0.
J—1T00 X
(6.5)

Indeed, let us consider

IDul () = inf {liminf [ V£;]dps (1), © Ling(0), f; = uin LX)} (66)

and let us label the quantities in (6.5) and (6.6) by T-Var,(X) and Var,(X) respectively.

The remarks right after Definition 6.1.6 imply that the class of test functions is contained
in Lipy(X) and then we obviously have Var,(X) < T-Var,(X); we need to prove the
opposite inequality.

Choose (fj),ey as in the definition of Var,(X); then hf; € TESTF(X) for all j € N.
Now fix a positive decreasing sequence <tj)j€N such that t; — 0 and define g; := hy, fj,
which again defines a test function for every index j. Moreover, it is clear that g; — u in
Li (X, ), a convergence which is guaranteed by the properties of the heat flow.

loc

Now,
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T-Var, (X) < lim mf/ |Vg;| du

Jj—+oo

= lim mf/ ‘Vhtj fj‘ du

j—+oo
< liminf (e_Ktj/ A\ d,u) ,
Jj—+oo X

where we explicitly used the self-improvement of the Bakry-Emery contraction estimate.

Thus, upon passing to the infimum we obtain T-Var,(X) < Var,(X), which shows the
two notions to be equivalent.

Of course, in accordance with Theorem 4.3.5 the formula (6.5) defines an equivalent char-
acterization of the total variation given in [Dil].

it) By Remark 5.5.22, the equivalence shown in i) extends to BV (X) if one additionally
assume the space to be equipped with a doubling measure and to support a Poincaré
inequality, because in such case the notions of derivation given in [Gi2] and [Dil] coincide.
However, it is not clear to us if, without assuming also the doubling property and a
Poincaré inequality, the RCD(K, 00) hypothesis alone is enough to ensure an equivalence
between the two definitions of derivation. It is known anyways ([LV2], [St1], [St2]) that
conditions like CD(K, N) or CD(K, co) imply Poincaré inequalities, at least of local nature;
a sharp global Poincaré inequality was derived in [LV1] for CD(K, N) spaces.

i17) Of course, one may attempt to define BV functions on a domain @ C X. In line with
Theorem 4.3.4, one modify the class of TESTV™(X) vector fields and consider

LipV,, () = { ZfZVgZ,fl € Lip,(Q),supp(f) € Q,¢9; € TESTF(X), Ag; € L‘X’(,u)}
=1

in order to state that u € L'(Q, u) is in BVE(2) whenever

| Du| (£2) == sup {/ udiv(X)dp; X € TESTV,.(Q), | X]| < 1} < 00
Q

With this characterization, we would easily have the Coarea Formula, whose proof would
just be the same as in [EG, Theorem 5.9]. However, we are faced again with the same
issues as in i), so it is not enough clear to us which would be the most appropriate choice
of vector fields to work with.
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7 Traces and Gauss-Green Formulae

In this concluding chapter, we consider the issue of traces of BV functions in metric
measure spaces, with the aim of finding the appropriate classes of domains where Gauss-
Green type formulee hold.

7.1 Integration by parts on Regular Domains

We shall begin with the characterization of “regular domains”, a class of open sets which
improves the notion of “regular ball” given in [MMS] and allows for an extended Gauss-
Green formula which in turn refines the analogue established therein.

Let us start with some preliminary considerations.

We shall assume (X, d, ;) to be a complete metric measure space with the property of
being geodesic. In other words, for every z,y € X, one has

d(a:,y) = lnf{E(V)v v [07 1] - Xv 0=, N = y}
If this assumption is satisfied, it is possible to prove that the distance function
dgo(z) = d(x, x0), Vage X
is a Lipschitz function with upper gradient given by

[Vda| () =1

p-almost everywhere in X.

7.1.1 Definition. Given a sequence of finite Radon measures (Mj)j ey on &, we shall say
that (,uj)j cn 18 weakly convergent in the sense of measures to a Radon measure p if

lim /deuj:/xfdu, Ve Cy(X).

Jj—+oo

7.1.2 Remark. The above notion of convergence is the natural generalization of the
weakly-* convergence in the duality of C'(K) with its dual M(K) for any compact set
Kcx.

The duality of C(K) with M(K) allows us to deduce that for a Radon measure p € M(X),
its total variation in X is given by

(%) = sup { /X f@ulda)s f € Cy0), 1) <1, Yo e X},

Since bounded Lipschitz functions, Lip,(X'), constitute a subalgebra of Cp(X) and its
restriction to K for any compact set K C X is a subalgebra of C'(K) containing a non—zero
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constant function and which separates points, it turns out that the restiction of Lip,(X’)
to K is dense in C'(K) and then we also obtain that

() = sup { /X F@)ulda)s § € Lipy(¥), [7(@)] <1 Yo e X ],

Of course, this argument can be also extended to Radon measures on open domains 2 C X
to deduce that for any p € M(Q)

(@) = sup{ /Q F@)du(@); f € Lipyo(Q), |f(2)] <1, Ya e X},

where

Lip;, () := {f € Lipy(X); dist (supp(f), 2°) > 0}.

With these premises at our disposal, we proceed by giving a definition of regularity on
domains that will allow us to define some integration by parts formula. To begin, we recall
the notion of inner Minkowski content of a set; if we set

Q= {x € Q; dist (z,Q°) > t},
t > 0, then we define

M;(09) == lim sup M
t—0 t

7.1.3 Definition. An open set 2 C X is said to be a regular domain if it has finite
perimeter in X, namely 1 € BV (X) and if

DL (X) = M (82).

A first easy consequence of the regularity of the domain 2 is that, since by the lower
semicontinuity of the perimeter

Q\Q
|D1g| (¥) < liminf N,
t—0 t

one then has that there exists

. M(Q\Qt)_
lim F = — [ D1g| ().

Examples of regular domains are given by balls; it is known that for any zg € X and for
almost every p > 0, Q1 = B,(xg) is a regular domain.

We have the following result:

7.1.4 Proposition. Let  C X be a regular domain. Then, ||D1g,| — ||[D1g| (in the
sense of measures).
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PROOF. We have to prove that, for any f € Cy(X),

lim /X f(2)d|| Dlg,|| (z) = /X f(@)d||Dig| ().

Thanks to [Bo, Theorem 8.2.9], it is sufficient to prove that for any Borel set E such that
|D1g|| (OF) = 0, one has

lim [ DL, || (B) = | Dol (£).

We denote by A the interior of E, namely A = E = E\OFE, and by C its closure, C' =
E = EUOJE. We obviously have that A C E C C and u(C \ A) = 0.

We claim that

o £(2\20) 01 4)

tim LU0 D2 D (4)

indeed, by Coarea Formula and by the fact that the function g(x) = dist (z, Q°) is Lipschitz
with |Vg(z)| = 1, since ; = {g > t} we obtain

p@\Q)NE) 1 )
t ot /(Q\Qt)mA ()
1

—i [ IVe@ldut)
(Q2\Q0)NA

:ziAJmex}(GAQQﬂAﬁk

1 t
— [ 1pta] (s
0

1
- /0 | Dlg.| (A)ds.

Hence, by Fatou Lemma and by the lower semicontinuity of the perimeter measure, using
the fact that Qg converges to €2 in measure we get

g (@020 01 4)
t—0 t

> || D1al| (4).

The same argument can be done to prove that

lim inf
t—0

O\Q) N E° £
H(OO0E) oo (77) = el 9.

Hence, by writing

p\2)NA)  p()  p ()N AT _ p () p ((Q\2) 0 ES)

t t t - t t

)

we get that

lim sup < [ Dlgf| (X) — [[DLoll (E°) = [[D1al| (A),

p((N\2) N A)
t—0 t
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which means there exists
o P10 01 4)
t—0 t

for any A C X with || D1g|| (0A) = 0.

In conclusion, since for any s € [0, 1]

= [|[D1q|| (A)

<t
Do (A) < liminf [ Dlg,,[| (A),

we find
1
o o n ()N A)
< = _— = .
D80l (4) < timipt [ 108, (A)ds = timjur (25 |D1g] (4)
This implies that for any s € [0, 1] there exists
lim [ Dl | (4) = | D]l (4),
whence the existence of
lim [ Do, | (4) = [ D1l (4).
O
7.1.5 Remark. We notice that from Proposition 7.1.4, if we define
0, x € Q°
pe(z) =  BHEEL e \Q. (7.1)
1, T € Q,,
since
w((Q\Q)NA
[ 1¥ed @yante) = LERZADD,
A 9
then also the measures pu. = |Vp.|p are weakly convergent - always in the sense of

measures - to ||[D1g]|.

The ¢.’s define a sequence (¢.).., C Lip.(£2), which will be also called the defining
sequence of a regular domain ).

In the manner of [MMS], we wish to prove an integration by parts (or better, a Gauss-
Green) formula on regular domains, making use of “divergence measure” vector fields; in
order to do so, let us start with the following definition:

7.1.6 Definition. We denote by DM (X) the set of divergence measure vector fields,

namely the class of vector fields F' € L*™ (T'X) such that div(F') is a measure in the
distributional sense, that is, there exists a measure up € M(X') such that
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/deﬁ(F)du = —/X@dup, V¢ € Lipy(X).

7.1.7 Theorem. Let F' € DM™(X) and let 2 C X be a regular domain; then, there
exists a function - which we shall call the inner normal trace of F' on 0f2 - denoted by
(F-v)50 € L' (99, || D1g|)) such that the following extended Gauss-Green formula holds:

/ F(@)dpr (@) + / Af (F)(x)du(x) = / f@)(F  )p(@)d | Do) (z),  (7.2)
Q Q X
for every f € Lip,(X).

PROOF. We shall consider the defining sequence (¢:).. as in (7.1). Then

/ F(@)dpe (F) (@)dp(x) = / d(for) (F)()du(x) — / e (2)df (F) () dp(z)
X X X
_ / oo () F (@) dpp () — / e (2)df (F) (@) du(z).
X X

By the fact that ¢ converges to 1 everywhere, by the Dominated Convergence Theorem
we obtain that there exists

lim /X J(@)dp-(F)(2)du(x) = — /Q f(@)dpur () — /Q df (F)(x)du().

e—0

We have then defined, for any f € Lip,(X), the distribution

Tr(f) = lim T&(f),

e—0

where

T5(f) = /X f(@)dpe (F) (x)dpu(z).

Since we have the estimate

TS < 11l (| Fll ez /X Vo] dp,

we deduce

Tr(N)] < | fllooll Fll oo (ray |1 DTa| (X).

From the above we infer the existence of o% € M(X') such that

Tp(f) = /X f(2)do (z).

We claim that o}, is concentrated on 02 and that o < ||D1q||. The first assertion follows
since if K C X is a compact set such that K N9Q = (), then as r = dist(K, 9Q) > 0, there
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exists an open set A such that K C A, dist(A,9Q) > 0 and P(Q,0A) = 0. Indeed we can
consider

K C U Bp(x)(.%'),
zeK

where 0 < p(z) < r/2 is such that || D1q]| (8Bp(x) (:U)) = 0 for all z € K. By compactness,
there exists a finite number of balls B; :== B,((,) (%), i = 1,...,m, such that

KcA= U B;.
i=1
We then have that if ¢ < r/2,
/ [Ve|dp = 0.
A

Thus, for any f € Lip, .(A4),

/A fdot = /X fdor = lin /X Fde-(F)dy = 0.

In conclusion, we get |o%| (A) = 0, whence

o (K)| =0

for every compact set K such that K N oQ = 0.

Let us now turn to absolute continuity. If K is a Borel set with [|[D1q]| (K) = 0, we have
that for any 7 > 0 there exists an open set A, with || D1q|| (A4,) < n and |[[D1gql| (0A4,) = 0.
Then, for any f € Lip, . (Ay),

‘ / fdot,
A"]

< ity o | Fllecry [ Vipel i

n

= | fll oo 1F | oo (rey 1Dl (An) < 0l fll Loo () 1| oo (1) -

v

o' (K) = 0 for any compact set K such that ||DLg|l (K) = 0; the fact that the

measures are Radon implies the absolute continuity o% < ||[D1gl|. Thus, by the Radon-
Nikodym Theorem there exists a function (F - )5, € LY(89, || D1g||) such that

Hence

| f@F @ Dol @) = - [ dfE)e)duto) - | F@)ue(a).
X Q Q

0

The following Proposition is useful to extend the results contained in [MMS] to the case
fewa?(X):

7.1.8 Proposition. Let FF € DM (X) and let B C X be a Borel set such that Capy(B) =
0; then |up| (B) = 0.
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ProoFr. We follow the same approach of the proof given in [MMS, Lemma 3.6] for the
measure-valued Laplacian. Since up is a signed measure, we can consider its positive and
negative parts, namely pup = ,uJIE — pp; we can also decompose & into two parts X = PUN
in such a way that

pH(E) >0, VECP,

and

un(E)>0, VECN.

Without loss of generality, we may assume B to be a compact set, because both ,u;,C and
[ are inner measures (as Radon measures) and B is a Borel set.

Let us show that if B C P is such that Cap,(B) = 0, then uf(B) = 0; We can take a
sequence (¥n), ey € Lipy(€2) such that

supp (vn) C | B

zeB

;3\.-

0<yY, <1, ¢, =10n B and

Hwnuwjﬁ()() < 27

With this choice, 1, — 0 on X\ B and

[ onl@nr(e

Thus, by the Dominated Convergence Theorem

1
L/’d¢m du\<:uwa««TX Iy ey (D)

0= Jin_ [ du(o)dnr(s) = pe(B) = 1H(B).

n—-+0o0o

A similar argument shows that if B C N is such that Capy(B) = 0, then pn(B) = 0.
For the general case, if B C X is such that Capy(B) = 0, by decomposing B as B =
(BN P)U (BN N), the monotonicity of capacity yields Capy(B N P) = Capy(BNN) =0
and then

lur| (B) = pp(BNP) + pp(BNN) = 0.

0

The validity of Theorem 7.1.7 can be extended to any function f € N12(X) in the case
X is a doubling metric measure space supporting a Poincaré inequality; indeed, in this
case Theorem 2.4.3 holds and it becomes possible to approximate any f € NY2(X) by
Lipschitz functions f; converging to f everywhere except for a set of zero 2-capacity. We
repeat here this approximation argument in the Sobolev space W,%’z(X ).

7.1.9 Proposition. Let f € Wi (X); if (fj)jen C TESTF(X) is a sequence such that
fi — fin Wa(X), then there exists a Borel set B C X with Capy(B) = 0 such that, up
to subsequences, f; — f everywhere on X \ B, f being a W,}-’Q(X ) representative of f.
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PROOF. The proof is essentially a repetition of the one contained in [Sh2, Theorem 3.7];
since the sequence (f;);en is converging in W,}-’Q(X ), it is a Cauchy sequence. Passing to
a subsequence if necessary, we may assume that for any k£ € N,

i = frrillyrzey <2720 NIV (fr = fer)llpage,y < 27°

Let us define the set

Ey = {\fk — frral > 27’{}-
By the definition of capacity, we then have

Capy (Fe) < 2% | fi — i [yage < 27*

So if we define

o0
Bj = U Ek,
k=j
the properties of capacity give us
0 .
Cap, (B;j) <> Cap, (E) <2771
j=k
Let us now set
B =) B;.
JEN

By monotonicity, we find Cap,(B) = 0. If z € X\ B, then there exists j € N such that
x € X'\ Bj and so, for every k > j, x € X \ E} and then

[fi(@) = frga(2)] < 27FF0 < 279H

As a consequence, if h, k > j, we have that

| fr(2) = fu(z)] <2777

which in turn entails

Jlim f(@) = f()

for every x € X\B.

O

7.1.10 Remark. Observe that a particular subclass of elements in DM (X) is given by
TESTV(X). Let us discuss the particular case F' = fVg; in this case clearly F' € L>®(T'X)
and regarding the divergence measure we find that it is absolutely continuous with respect
to pu with
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dup(z) = (df(Vg) + fAg)du(z) = div(F)dpu().

Hence, we have the following integration by parts formula

/ o (@)divF(z)du(z) = — / (@)(F - )50 Dl (z) - / dg(F) (z)du(z)
Q X Q

for any ¢ € Lip,(X).

We want to discuss now how to generalize this formula to functions f € W%’2(X ); in order
to do so, we consider again the following subclass of TESTV (X),

TESTVOO(X) = {X = ZfZ-Vgi; fiygi € TESTF(X) Vi=1,..,n, Agi S LOO(,LL)},
1=1

already introduced in Definition 6.2.1. For the reader’s convenience, we explicitly observe
once again that, when (X, d, u) is an RCD(K, o0) space, the above class is weakly-* dense
in L>®(TX) by the remarks in [Gi2, Section 3.2].

Using the same notation as in [Dil], we have the following:

< o0, let

7.1.11 Lemma. Let Q be a set with finite perimeter and such that u(2)
| (B) = 0.

F € TESTV®(X); then, if B is any Borel set with Capy(B) =0, |Lo (0F)

PROOF. We can use the fact that any F' € TESTV®(X) defines a derivation dp €
DERy(X),

where ¢ is any function in Lipy(&X’). Then, we may consider a sequence (), ey C Lip,(X)
as in the proof of Proposition 7.1.8 to obtain

/ dn(@)dLa (0F) (z) = / dLo (0F) (2)
X X
—— [ W) @)uta) - | dulo)divF@)du(o),
Q Q

which in turn gives

[ @i @) @)] < loulyaee) (1Pl + 16V ) w2

From this we infer

[La (07)[(B) =0

whenever Cap,(B) = 0.
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Putting together the previous results, we have thus proven the following:

7.1.12 Proposition. Let  be a regular domain with p(2) < +oo; then for any F €
TESTV®(X) it holds

/ (@) divF (2)dp(z) = / o(@)dLo (0r) () / dp(F)@)du(r), Ve € Wh3(X).
Q X Q

O

7.2 Rough Trace

In this section, we shall assume (X, d, 1) to be a doubling metric measure space supporting
a Poincaré inequality. After V. Maz’ya ([Ma]), we re-adapt the notion of “rough trace”
of a BV function to the present setting and eventually prove that this tool allows for a
Gauss-Green type formula involving indeed the rough trace of such a function. Then, we
compare our analysis with the discussion done in [LS], where traces of BV functions are
studied by means of the Lebesgue-point characterization, and we determine the conditions
under which the two notions coincide.

7.2.1 Definition. Let Q@ C X be a bounded open set, and denote by 9%} its essential
boundary. Given u € BV (), we define its rough trace as the quantity

W' (@) = sup {t € R; | D1g, | (X) < o0, v € 0" By},

where E; as usual denotes the super-level sets of u for ¢ € R. Of course, when u has a
limit value at = € 0*€2, then

u*(x) = limu(y).

Yy—x

Below, 8" denotes as usual the spherical Hausdorff measure generated from the function
h(z), see the comments right before Definition 4.1.1.

7.2.2 Lemma. If |Dlg|| (X) < co and u € BV (), then u* is S"-measurable on 9*Q
and

St ({z € 0*Q; u(z) > t}) = S" (0" QNI Ey) (7.3)
for almost every t € R.

PROOF. Instead of the above condition (7.3), we shall prove that, for almost every ¢t € R
except a countable and dense subset, it holds

Sh({x € 0" ut(x) >t} AG*Ey) =0,
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where AAB = (A\B) N (B\A) for any two sets A and B.

For brevity, let us set A; = {x € 0*Q; u*(z) > t}, B, = 0"E; and F, = A;)\B;. By
definition of rough trace, one always has the inclusion By C A, so we need to prove
Sh(F) =0.

By Coarea, the sets B, are measurable, while the F;’s are disjoint. Observe that for every
to < t1 one has By, D By, and B, U Fy, D By, U Fy,, so By, D Fy,. Thus we have

(ﬂ Bt) \B:, D Fy,

t<ty

with the sets (N« ) By) \ B, being measurable and disjoint; therefore, they have zero Sh
measure for almost every t; € R. As a consequence, the sets F}, being subsets of S"-
negligible sets, are measurable and S”-negligible as well. We can then conclude that the
B,’s are measurable sets, and the proof follows.

O
The following Lemma combines Lemma 4 and Corollary 2 in [Ma, Section 9.5].
7.2.3 Lemma. For any u € BV () and for S"-almost every = € 9*Q, one has
—u*(z) = (—u)" (2).
Consequently, (u*)" = (u)", (u*)” = (uv7)" and then v* = (u*)* — (u™)".
U

7.2.4 Theorem. Let ||Dlg| (X) < oo and assume S" (9Q\9*Q) = 0. In order for any
u € BV (Q) to satisty

inf/ lu* () — o dS"(z) < k|| Dul ()
ceR o0

with k£ > 0 independent of u, it is necessary and sufficient that

min { | D1g] (29),

Dilgyg|| (@)} < k[ D15 ()

holds for any E C €.

PRrROOF. We start with necessity. Let E C Q be such that ||D1g| (©2) < oo, and apply
Lemma 1 in [Ma, Section 9.5] to find that ||[D1g| (X) < co. Then,

. * - h — . . h * * h * *
égﬂg/mmE(x) | dS"(z) = min {1 - 15" (0B N 9°0) +]elS" (0°0\0"F)}

= min {§" (9"EN0°Q), 8" (0°0N\0"E) }

= min {|| D15 (2, | Dlo\s|| (@)}
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Since by hypothesis
inf/ 1% (x) — ¢ dSh(x) < k|| Dul| (Q),
cER J90

we obtain the required inequality.
We then pass to sufficiency. Let u € BV (Q); then for every t, S" (90N 0*E;) is a non-

increasing function of t. In fact, if x € 9*"QNI*E; and 7 < t, then Q D E, D E; and the
same holds as well for the essential boundaries); moreover,

This means - by the hypothesis and by the definition of essential boundary - that 0, (E;)
# 0,1 and then x € 9*Q NI E.

In a similar manner we can show that S" (9Q\9* E;) is a non-decreasing function of ¢.

By the Coarea Formula,
k|| Dul| () = k:/ ID1g, || (Q)dt > / min {S" (90N 0" Ey) , 8" (92\0"Er) } dt.
R R
If we now set ¢y = sup {t; |D1g,|| (X) < oo, S" (00N I*E;) > St (OQ\O*Et)} we get

+o00 to
k|| Dul| () > / Sh (0N O Ey) dt + Sh (9Q\0* E;) dt
t, —0o0
O—l—oo to
= / St ({z; u*(z) >t} N Q) dt + S ({z; u*(z) <t} NOQ)dt

to —0o0

— [ @) ol St @)+ [ (@) - o] S
o0 o0
:/ lu* () — to] dS"(z).
o0
In other words,

k||Dul| () > inf lu* () — | dS"(z).
ceER Jo0

0

7.2.5 Definition. Let A C Q. We shall denote by d‘a) the infimum of those k > 0
such that [||[D1g|| (Q9]* < k|| D1g| () for all sets E C  which satisfy u(ENA) +
S (ANd*E)=0.

7.2.6 Theorem. Let ||Dlg|| (X) < oo and assume S" (9Q\0*Q) = 0. Then, if A C Q,
for every u € BV (Q2) such that u|anq = 0 and u*|4n9+q = 0, it holds

/ ju* ()] dS" () < ¢§{ | Dul ()
oN
and the constant CS) is exact.
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Proor. We know that

+oo
/ u*(2)| dS" () = / (" ({; w* (@) > 1} N09) + " ({a; —uw*(2) > 1} 99)] dt.
o0 0
Notice that the integral of the first summand is equal to
+oo o0
/ S (0*E;n o Q) dt = / | D1g,|| (Q°)dt.
0 0

By our hypotheses, we get (AN E;) + 8" (AN §*E;) = 0 for almost every ¢; so, by the
definition of ¢\,

+o00

/;OO Sh ({z; u*(x) > t}) dt < /0

and similarly we find

(1) “+o00
D15 () dr < ¢ /0 D1 | ()dt,

0
@) dt < ¢V / |D1g, | (Q)dt.

—00

—+o00o

0
Sh ({as —u*(z) > 1)) dt g/ D1,
0 —00

To deduce that C1(41) is sharp, it suffices to substitute u with 1g, taking E as in the above
definition.

7.2.7 Definition. We set

Gats) = sup (IS EOE: B c @, D1 @) > 0, D161 ) < 5.

With this definition, the following result is straightforward:

7.2.8 Corollary [Ma, Section 9.5.3]. Let || D1g]| (X) < 0o and assume S" (92\9*Q) =
0. Then, for every u € BV () such that S" ({z; u*(z) # 0}) < S, it holds

/ |u* ()| dS"(z) < (1(9) | Dul ().
o0N

Moreover, the constant (;(95) is exact.
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7.2.9 Theorem [Ma, Theorem 9.5.4] Let || D1g]| (X) < oo and assume S* (9Q\0*Q) =
0. Then, every u € BV (Q) satisfies

w21 (00) < Fllullpy o)

with a constant £ > 0 independent of u, if and only if there exists § > 0 such that for
every measurable set E C {2 with diameter at most equal to § it holds

IDLg[|(Q°) < ¥ || DLg| ()
with a constant &’ > 0 independent of E.

O

7.2.10 Definition. Suppose that || D1g| (X) < oo and that S" (9Q\0*Q) = 0. For ¢ € R,
we set

c, x € Q°.

7.2.11 Lemma. ||Duc|| (X) = | Dull (Q) + [u* — ¢]l 11 g0y-

ProoF. We have

1Dl @)= [ [P o
.
= /0 [HD]I{I; |u—c|>t}H Q)+ HD]l{z; |u—c|>t}H (QC)} dt.

Of course the total variation of u in €2 is given by

+o00
1Dl @) = [ [ @0

so by the hypothesis " (9Q\8*Q) = 0 we deduce

+o00
/0 HD]I{:E; |lu—c|>t} H (QC) dt =

+o0 0
= S"({x; (u—c)* >t})dt +/ S ({z; (u—c)* < t})dt

0

— / (u(x) — )| dS"(z) = / u*(z) — ¢f dS™ ()
o0 o0

= |lu* - C||L1(8Q) :

The proof is complete.
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Summarizing the previous results, we see that || D1g]|| (X) < co and S" (9Q\0*Q) = 0 are
the necessary conditions under which the rough trace u*(z) of u € BV(Q) is in L' (99).
This conclusion allows us to proceed towards a Gauss-Green formula for functions of
bounded variation.

Namely, we have the following result:

7.2.12 Theorem. Let Q C X be a bounded open set such that |[D1g| (X) < oo and
S (0Q\0*Q) = 0. Then, for every u € BV N L*°(Q) and every F' € TESTV(X) one has

/Q du(F) + /Q udiv(F / O (u*(z)) dla(F)dpu(z),

where

u* (@)
© (u*(z)) 3_/ L, e, 0dt
0
with fg, o given by (7.4) below.

PROOF. Observe that, in order to drop the assumption that u is also in L*(u), one may
have to suppose for instance u > 0, in order to avoid summability issues when working
with positive and negative parts of wu.

We already know that an integration by parts formula holds for the whole of X', namely

/ du(F) = —/ udiv(F)dp.
X X
Moreover, clearly,

/Q du(F) = /X du(F) — /X GRS /X udiv(F)dy — /X ),

Now, suppose u = 1 with E as above. The previous equalities become

/anE(F) = —/X]lEdiv(f)dy—/X\Q dlg(F) = —/XﬂEdiv(F)du—/mma*EdllE(F).

We used the fact that - by Theorem 4.1.12 - the perimeter measure is concentrated on the
essential boundary of E, so

ID1g[| (2) = = [|D1g| (02) = — | D1g|| (02N §7E) .

Using Coarea Formula we now obtain

+oo
/ du(F) = / i / dip, (F
Q 0 Q
+oo
= —/ dt (/ ]lEtdIV du-i-/ d]lEt ))
0 X oNNo* Ey
+oo
:—/ dt (/ ]lEtdIV du-i—/ d]lEt )>
0 X 0*QNo* Ey
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The pairing d1 g(F) actually defines a measure which is absolutely continuous with respect
to the perimeter measure: setting

vE Am / dlg(F) = v (A),
A
one has ’1/5‘ (A) < [|Fll poe (72 [[P1E| (A) and then again by Theorem 4.1.12
) = [ oh@a|DLel @)= [ oS (o).
A ANO*E
So, d1g(F) = 05058 9*E and similarly d1o(F) = 05058"| 0*Q. Let us set

FpF F
opty _ AE

Summing up, we find
fa*Q dﬂE(F)
- / AEdSh (@) = / Modsh (@) = [ frodS().
o0*QNo*E 0*QNO*E O*E
Applying the same argument to our case,
+oo
/ du(F) = — / at ( / 1, div(F)dp + fEt@d]lQ(F))
Q 0 X 0*FEy
+oo
= —/ dt (/ 1g,div(F)du —l—/ fE‘t’Qd]lQ(F)>
0 Q {u*>t}
= —/ udiv(F)dp — O (u*(x)) dlq(F),
Q 0
where
. u* ()
G)(u (x)) :/ ]lEtht,th-
0
O

7.2.13 Definition & Remark. i) According to Definition 4.1.13, we shall say that
(X,d,p) is strongly local if, besides the condition §p = fq S"-almost everywhere on
0*Q N O*E, one also has ok = of S"-almost everywhere on 9*Q N 9*E.

Observe that if (X, d, u) is strongly local, then the function fg o in (7.4) is identically 1.

it) If we change the statement of Theorem 7.2.12 assuming that 2 is a regular domain
with S" (9Q\0* Q) = 0, then for every u € BV N L>(Q) there exists an operator Tr :
BV N L®(Q) — L' (09, ||D1g]|) such that for every F € TESTV(X) one has

[ autRy+ [ wdiv(E)e =~ | 0@ (F-v)zadDtal @) = (Trw). (F-v)0).

Q
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Indeed, in this case we can use the defining sequence (¢:).., C Lip.(£2) of the regular
domain 2 and we are entitled to repeat the proof of Theorem 7.1.7.

We now pass to the comparison between the rough trace and the trace defined in terms
of Lebesgue points. In order to do so, we step back for a moment to a few more basic
definitions and then recall quickly the salient results of [LS].

7.2.14 Definition. For any measurable function u : X — R, we define its lower and
upper approximate limits as

A ‘= su R: lim M —
uMz) = p{teR pL0+ o (B.0) 0}

and

W (z) = inf Lt € B; lim PBe@NEY)
) f{tER’ () 0}’

where F; as usual denotes the super-level sets of u. The arithmetic average of the approx-
imate limits will by denoted by .

7.2.15 Definition. Let 2 C X be an open set and let u be a p-measurable function on
Q. Then, we shall say that a function Tu : 0Q — R is a trace of u if for S"-almost every
x € 0L one has

lim |u — Tu(x)|dp = 0.
=0t JonB, (z)

Recall that the zero extension of u from €2 to , ji, is given by ji(A) :== u(ANQ) whenever
AcCQ.

7.2.16 Proposition [LS, Proposition 3.3]. Let Q C X be a bounded open set support-
ing a (1, 1)-Poincaré inequality and assume that p is doubling on €. Let Q be equipped
Q.

with the extended measure fi. If u € BV (), then its zero-extension u! := 4 to Q is such

that [|@] 5y, @) = vl gy (), whence || Dul| (0€2) = 0.
(©) (@)

7.2.17 Remark. The condition ||Dul| (€2) = 0 entails the equality

for S"-almost every = € 9.

7.2.18 Definition [LS, (3.2)]. We say that an open set ) satisfies a measure-density
condition if there exists a constant C' > 0 such that

118



1 (Bp(z) N€Y) = Cpu(By(x)) (7.5)

for Sh-almost every = € 9Q and for every p €]0, diam(Q)[.

7.2.19 Theorem [LS, Theorem 3.4]. Let  and p be as in Proposition 7.2.16. Then,
denoting by S" the zero-extension to O of S" there exists a linear trace operator T on
BV () such that, given v € BV (), for S" almost every x € 02 one has

lim lu — Tu(av)|ﬁ dp = 0.
=0t JonB,(z)

Moreover, if § satisfies also (7.5), the above holds for S -almost every x € 9.

7.2.20 Remark. Putting together Proposition 7.2.16, Remark 7.2.17 and Theorem 7.2.19,
one obtains that Tu(x) = @(z) = 4" (z) for S"-almost every z € 9. This is a direct

consequence of the fact that the BV -energy associated to & does not charge the boundary
of Q, || Dul| (02) = 0.

To conclude, we give an extension result in comparison with Lemma 7.2.11 and then show
that u*(z) = Tu(z) for S"-almost every x € 9S).

7.2.21 Proposition. Suppose 0 C X is an open set such that S*(9Q) < oo and
S" (0Q\0* Q) = 0; let E C Q be a set of finite perimeter in Q. Then, 15 € BV (X).

Under the same hypotheses, for any v € BV N L>®(Q2) one has u € BV (X).

PrOOF. As in the proof of Proposition 7.2.12, we remark that in order to drop the
assumption that w is also in L>°(u), one may have to suppose for instance u > 0, in order
to avoid summability issues when working with positive and negative parts of u.

We can write

[1D1g|| (X) = [[D1g| () + [D1g] (¥\Q)
= [[D1g[[ () + [ D1g| (5)
= [|DLg| () + | D1l (9°Q) < ||D1g| () +S" (9* 2N &*E),

which is finite by our assumptions. Then the assertion follows for 1 € BV ().

Let us now take u € BV (Q); we shall make use of the above argument and of the Coarea
Formula. For simplicity, assume v > 0. Then

|Da| (X):/OJFOOHD]_IEtHdtS/DOO (1015, (@) + $* (@* 2o E)] .

by the previous inequality. We already know that f0+°° |D1g, || dt is finite since u €
BV (Q); let us then estimate 0+O° Sh (0" N 9*E;) dt. Using Cavalieri’s Principle,
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+oo +o0 +oo
/ Sh (90N 0" By dt = / dt / L1, dS"(z) = / dS" (x) / Lo, dt.
0 0 o0*Q 0*Q 0

Now observe that since we are integrating over 9*Q N 9*F;, then t € [0, 4" (x)]. Indeed,

if t > u”(x), then we would have ©% (E;,z) = 0 and thus ©;, (Ej, ) = 0 - see Definition

4.1.11 for the notion of density of a set at a point - implying EISO) > x ¢ 0*Ey, which is a

contradiction. If 0 < ¢ < @”(x), then the upper density associated with f, OF (B, ), is
positive and then also O}, (E, z) > 0.

Moreover, if x € 0*Q2 then we find

im su M — lim su H (Bp(x) N Et) 1% (BP(LU) N Q)
o<t o0 1 (By() 1 0t 1 (By(x) N Q) pu(B,(x))
; (By(z) N Ey)
= 111;13(1)1;) i (B/;(x) NnQ) <l

This means x € 0*F;. In other words, for x € 0*¢) we have shown the following:

i) if z € 0*E; then 0 <t < uV(x);
ii) if 0 <t < u(x) then z € 0*E}.
Thus,

+oo v (z)
/ dS"(z) / L, dt = / dS"(z) / Lo p,dt
*Q 0 *Q 0

_ / i (2)dS" ()
0*Q

:/ u*(az)dSh(az) :/ Tu(x)dSh(:E).
0*Q 0*Q

Summarizing, we have found

IDal () < 10wl @)+ | Tu(@)s’ (@)

The Proposition is proven.

7.2.22 Proposition. Let 2 C X be an open set. Then, for every z € 0*Q and u € BV (),
assuming " (x),u"(z) € R one has v/ (z) < u*(x) < uV(x).

PROOF. Assume u > 0 for simplicity. By definition, @ := u|? is the zero-extension of u
to the whole of X'. Recall that, by definition, u*(z) is the supremum of those ¢ for which
xr € 0*E;. We first assume ¢ < @\ (x). This gives, by the definition of approximate limits
and of extended measure,
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hence x ¢ Et(l). Let us then show that z ¢ Et(o). Since by hypothesis x € 0*(Q, there exists
a constant ¢ > 0 such that ¢ < 0, , (Q,2) <1 — c. Then, arguing in the same manner as
above we find

forcing x ¢ Et(o). In other words, z € 0*E; and ¢t < u*(x).

Now, assume t > ﬂv(m) Using the previous arguments,

0 =07 (Et, )
1 (B,(x) N BN Q)
= lim su
o0t (By(x) N9
: p(Bp(x) N E) .
> lim su =07 (B, x),
T i (Bylay) OB

but this would force Oy, (Ey,x) = 0. Hence, x € Et(o) implying ¢ 0*E;. This means
t > u*(x), and then u*(z) < uV(x).

0

7.2.23 Remark. Observe that, when ¢ > @ (x) we may actually take z to be an arbitrary
point of X.

If we combine Proposition 7.2.22 with Theorem 7.2.19 and Remark 7.2.20, we obtain
u*(z) = Tu(z) S"-almost everywhere on 9€; an important consequence of this equality is
that u*(x) defines a fortiori a linear operator.
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