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Abstract

In the Euclidean framework, a (vector valued) function of bounded variation is a func-
tion f € L'(R™)™ whose distributional differential is a matrix valued Radon measure,
meaning that there exist nm Radon measures, (D;f;)i=1,....n,j=1,...m, satisfying

fi0p,9dL" = f/ gdD; f; for every g € C1(R"™),
R’ﬂ

n

for every i« = 1,...,n, and for every j = 1,...,m. An important class of functions of
bounded variation is the one of sets of finite perimeter, i.e. those sets whose characteristic
function f = Xg has bounded variation.

Functions of bounded variation have proven to be an essential tool in many situations,
both from the theoretical perspective and from the applied perspective, for instance
in the fields of minimal surfaces, image segmentation, and denoising. This led to the
study of many properties of functions of bounded variation (in particular, of sets of finite
perimeter), such as their fine properties and calculus rules. For example, a fundamental
theorem of De Giorgi characterizes a suitable measure theoretic boundary for sets of finite
perimeter and shows properties similar to those of sets with smooth boundary, whereas
the Vol'pert chain rule describes the distributional differential of ¢ o f in terms of the
distributional differential of f, for a (vector valued) function of bounded variation f and
a C! Lipschitz function ¢.

Recently, there has been growing interest in the class of RCD(K, N) spaces. RCD(K, N)
spaces are those metric measure spaces whose Sobolev space is a Hilbert space and having,
in a synthetic sense, Ricci curvature bounded from below by K and dimension bounded
from above by N. A metric measure space consists in a triplet (X,d, m) given by a set,
a complete and separable distance and a non-negative Borel measure that is finite on
bounded sets. In this non-smooth framework, it is possible to give a meaning to various
function spaces. The RCD(K, N) condition can be enforced through several (equivalent)
methods, such as requiring the convexity of certain entropy functionals defined on the
space of probability measures or a version of the Bochner inequality, coupled with the
request that the Sobolev space is a Hilbert space. One of the motivations of the interest
in RCD(K, N) spaces is the following: any sequence of Riemannian manifolds with Ricci
curvature bounded from below by K and dimension bounded from above by N, has a
subsequence that converges to an RCD(K, N) space (which, in general, is not a Rieman-
nian manifold). For this reason, RCD(K, N) spaces have been proven to be useful also
when one starts from an investigation in the smooth context of Riemannian manifolds.

The goal of this manuscript is to provide a comprehensive study of (vector valued) func-
tions of bounded variation defined on RCD spaces, describing their distributional differ-
ential and investigating their fine properties and calculus rules. More precisely, this note
begins with a recollection of results already present in the literature, some of which are
proved in a slightly different way in comparison to the original references: the ideas and
techniques used are still the same, but a careful reordering and slight modifications bring
to an improvement of the presentation. Then, the bulk of this note contains a collection
of results obtained by the author together with coauthors, see [32, 33, 46, 45, 44, 42, 43].
Improvements about the organization of the results and their proofs, in comparison to
the original references, are obtained also in this part.
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Chapter 1

Introduction

This manuscript is about functions of bounded variation on RCD spaces. We start this introduction
by recalling the most classical results about functions of bounded variation on Euclidean spaces,
with the goal of generalizing them to the non-smooth framework. Then, we recall the definition
of RCD space along with some properties. Finally, we discuss how the results mentioned at the
beginning of this introduction can be proved in the context of RCD spaces.

1.1 Functions of bounded variation on Euclidean spaces

As stated above, we begin with a recollection of results that are nowadays part of the classical
literature of geometric measure theory, e.g. [18, 77, 76, 79, 91], and are fundamental tools in
various areas of both applied and theoretical analysis.

1.1.1 Definitions

Functions of bounded variation are those functions whose distributional derivatives can be repre-
sented by a Radon measure and arise naturally, for example, taking weak limits of sequences of
smooth functions with uniformly bounded 1-Sobolev norm. Namely, for f € L'(R"), we say that f
is a function of bounded variation, or f € BV(R"), if there exist n Radon measures Dy f,...,D, f
satisfying

fOy,gdL" = — / gdD; f for every g € CL(R™),
]Rn n

for every i = 1,...,n. We also have a local version of this definition: f € BVj,.(R") if for every
open and bounded set B, we can find fp € BV(R") such that fgp = f on B. This induces a
well-defined notion of distributional differential also for functions belonging to BVi,.(R™).

Finally, applications often require the study of vector valued functions of bounded variation,
i.e. m-tuples of functions of bounded variation. To a map of bounded variation f = (f1,..., fm) €
BV(R™)™ (or in BVi.(R™)™) one associates in a natural way the matrix-valued Radon measure
Df := (Difj)i=1,....n,j=1,..,m, the distributional differential of f. Then, the total variation of a map
f € BV (R™)™ is, by definition, the total variation (as a matrix-valued Radon measure, with
respect to the Hilbert—Schmidt norm) of Df and is denoted by |Df|. It is also customary to write
the polar decomposition
dDf

P/ = 4oy

IDfI,

where Gﬁg}c' is the polar matrix which has (Hilbert—Schmidt) norm equal to 1 |D f|-a.e.

9
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As a particularly relevant example, we have sets of finite perimeter, also known as Caccioppoli
sets, after [54, 55]. A set of finite perimeter is a Borel set E such that Xgp € BV,.(R™) with
IDXEg|(R™) < co. The total variation of the indicator function of a set of finite perimeter is also
called perimeter and is also denoted by Per(E, -) := |DXg|. In this case, one denotes the polar
vector as vg, so that DXg = vg|DXg| = vgPer(FE, ). A similar notation is used for sets of locally
finite perimeter, i.e. those Borel sets E satisfying Xp € BV]o(R™). The perimeter measure can be
seen as a generalization of the concept of (n — 1)-dimensional surface area.

Of great importance, and a hint towards the strong link between sets of finite perimeter and
functions of bounded variation in general, we have the coarea formula [78],

IDf| = /R IDX{>p|dt, (1.1.1)
which holds for any f € BVj.(R™).

1.1.2 De Giorgi’s Theorem

A deep result establishes that sets of (locally) finite perimeter behave infinitesimally as sets with
regular boundary do. Specifically, as proved in [65], given a set of (locally) finite perimeter E, there
exists an (n — 1)-rectifiable set FE such that the perimeter measure is concentrated on FE, more
precisely

DXgp|=H"'LFE

(here and after, H denotes the Hausdorff measure), and satisfying the following blow-up conditions.
For every x¢ € FE, the blow-ups iz, »(E) converge in measure to the half-space

{zeR": z - vg(xg) > 0}
and the blow-ups 7~ ("~ (1,, .).|DXg| weakly converge to
H {2 €R": 2 - vp(xo) = 0},

as N\, 0. Here ¢y, , : R" — R" is defined by y + r~(y —x0) and (ts+)«|DXg| is the push-forward
of [IDXg| through ¢z .

1.1.3 Fine properties

Given f € BVio.(R™)™, one considers its singular set Sy, i.e. the complement of the set of approxi-
mate continuity of f, the latter defined as the set of those € R" such that there exists (a unique)
f(z) € R™ satisfying
lim |f — f(x)|dL™ = 0. (1.1.2)
"0/ B, (x)
Here and after, the dashed integral sign denotes the averaged integral. Moreover, there exists a
H" Lrectifiable set Jf, the jump set of f, such that H"1(Sy \ J¢) = 0 (this is meaningful, as
IDf| < H"™™1), that is characterized as follows. If I/}] : Jy — R™ denotes a Borel choice of the unit

normal to Jy, every point « € Jy is a jump point, i.e. there exist f"(z), fYz) € R™, satisfying

I — f(@)]dL = 1i
im 1F = 7@ =l

If — fi(z)|dL™ = 0, (1.1.3)
r™\0 Bﬁ(x,u}](x) B;(az,u}](w))
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where BF(z, 1/]{(3:)) ={y € By(z) : £(y — x) - V]{(ac) > 0}. On Jy, we set

"(x Nz
oy = SO0

Recall (1.1.2) and notice that f is a Borel representative of f, called the precise representative.
It is customary to split the total variation into absolutely continuous part and singular part as
IDf| = |Df|*+ |IDf]® where |Df|* < L™ and [Df|® L L",
and further split the singular part into jump part and Cantor part,

IDf|* = DfF +DfI*  where [Df = [Df|L Jy.

1.1.4 Calculus rules

As soon as one has at disposal the precise representative of a map of bounded variation, it is
possible to investigate various calculus rules. The most powerful is the general chain rule of [12]:
if f € BV(R™)™ and ¢ € LIP(R™) with ¢(0) = 0, then ¢ o f € BV(R™) and it holds

D(po f)LJs = (o(f") — ()i DfIL Jy,

- dDf
Dpo NLOX\ ) = (Vel) - 400 ) DAL X\ 1),
Here, it is part of the claim that for |Df|-a.e. z & Jy, ¢ is differentiable at f(x) in the directions

of the image of Cﬂg}c'. Hence, the term in brackets in the second line is meaningful (this is not due

to Rademacher Theorem, notice indeed that it is possible that the image of f is contained in a
negligible set, see the discussion after (4.3.10)).

Among the consequences of the general chain rule, we find the Vol’pert chain rule (which has
been proved, previously and independently, in [125, 126]), that is the specialization to the case
@ € CYR™) N LIP(R™): in this case, we can even combine the two equations above using the
so-called “Vol’pert averaged superposition” as

1
Dwof>=<XJV¢@f+(1wﬂ)~fggdﬁ|nﬂ

Finally, if f, g € BV(R") N L®(R"), it holds that fg € BV(R") with
D(fg) = fDg+ gD/,

which can be seen as a straightforward consequence of the above chain rule applied to ¢(t) = t2
(by polarization) or to ¢(u,v) = uv (applied to (f,g)).

1.1.5 Subgraphs

The results of this section provide another inspiring link between sets of finite perimeter and
general functions of bounded variation (recall the coarea formula (1.1.1)). Let f € BV(R™). Then,
as investigated in [107], see also [79], setting

Gr={(z,t) eR" xR : t < f(x)},
it turns out that Gy is a set of locally finite perimeter. Furthermore, if we denote 7 R*xR — R”
the map defined by (z,t) — z, the expressions concerning the push-forwards 71D;Xg . 7l DiXg ; |,

and 71 |DXg ;| can be computed in terms of D f (such rules are obviously compatible with the usual
ones, recall e.g. the area formula, in the case in which f is smooth).
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1.1.6 Alberti’s Rank one Theorem

It is not hard to prove that on Jy, cﬁ%fﬂ =(fr—fHe 1/}] , in particular, (ﬁ%ﬁz‘ is a rank one matrix

IDf|L Jg-a.e. Alberti’s Rank one Theorem, conjectured in [14] and proved in [1] (see also [106]),
shows that this behaviour also holds for the Cantor part. In other words, for any f € BV(R™)™,
dg% is a rank one matrix |D f|*-a.e. Notice that the same claim for the absolutely continuous part
of [Df| is obviously false.

The Rank one Theorem has found application, for example, in the field of partial differential
equations, as in [8, 38| (it has to be said that the Rank one Theorem is not strictly necessary for

[8], see [8, Remark 3.7]), and in the field of relaxation of integral functionals, see [13].

1.2 RCD spaces

We introduce RCD spaces and some of their key properties that will be needed in the rest of
this introduction, with the aim of motivating the fact that, despite being non-smooth spaces,
RCD spaces have a regular enough structure to allow the generalization of the results recalled in
Section 1.1. We do not provide a systematic introduction to this deep subject, as it is not the
focus of the manuscript and also as we are going to use the fine properties of RCD spaces as a
“black box” rather than a comprehensive understanding of the subject. We refer to the surveys
[124, 9, 85], the references therein, and the textbook [123], for an account on this subject.

1.2.1 Definitions

Now we briefly introduce the RCD condition, which stands for Riemannian Curvature-Dimension
condition. In essence, RCD(K, N) spaces are those metric measure spaces whose Ricci curvature is
bounded from below by K and whose dimension is bounded from above by IV, in a synthetic sense.
Here and after, a metric measure space is a triplet (X,d, m) where X is a set, d is a complete and
separable distance and m is a (non-negative) Borel measure giving finite mass to bounded sets. On
metric measure spaces one can define the 2-Sobolev space W12(X). For example, the approach of
[21], after [57], is as follows. Given a function g € LIP(X), one defines

' Jimm sup lg(y) — g(z)]
lip(g)(z) := ¢ y—=z d(y, z)
0 if x is isolated

if x is not isolated,

and then the Cheeger energy of f € L?(m) is defined by
Ch(f) := inf { limkinf/ lip(f)2dm : {fr}x € L*(m) NLIP(X), f — f in L2(m)}.
X
Then the 2-Sobolev space W12(X) is defined as
W12(X) := {f € L*(m) : Ch(f) < oo}
and it is endowed with the || - [[y1,2(x) norm,
1P Bnsg0 o= 1o + Ch(f)  for every f € WH2(X).

It turns out that (W2(X), | - |y, 2(x)) is always a Banach space, but, in general, is not a Hilbert
space. Moreover, to f € Wb Q(X), one associates |V f| € L?(m), called the minimal asymptotic
relaxed slope, satisfying Ch(f) = [, [V f[*dm.
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By definition, (X,d,m) is an RCD(K, N) space, where K € R and N € [1,00], if it satisfies
the Curvature-Dimension condition CD(K, N) ([120, 121], [104], a suitable convexity property of
certain entropy functionals in terms of Wasserstein geodesics) and its 2-Sobolev space is a Hilbert
space ([82], [22]). It is possible to give an idea towards the rigorous definition of the RCD condition,
considering an equivalent formulation with respect to the one mentioned above. Namely, a metric
measure space (X,d, m) is an RCD(K, N) space if, in addition to certain technical assumptions (a
bound for the growth of volumes and the so-called Sobolev to Lipschitz property), the associated
2-Sobolev space is a Hilbert space, and moreover the “Bochner inequality”

VIR (A
2 - N
holds in a weak sense for any f € D(A) such that Af € HY2(X).

Let us motivate this definition involving the weak Bochner inequality. For an n-dimensional
Riemannian manifold (M, g), the well known Bochner equality states that, for a C3 function f,

2
A1V
2

A +Vf - VAf+K|Vf? (1.2.1)

= VAf - Vf+ [Hessf|4g + Ric(Vf, V). (1.2.2)

If the Ricci curvature is bounded from below by K, in the sense that Ric > Kg, and N > n, we can
use the bound from below on the Ricci tensor and the inequality N|Hessf|%q > n|Hessf|%g > (Af)?
to prove that (1.2.1) is satisfied in this setting. Conversely, if (1.2.1) above holds for any C* function
f at any point, then indeed Ric > K¢ and N > n. This is seen by plugging into (1.2.1) suitable
chosen test functions, namely, for every p € M, v € T,M, and XA > 0, it is possible to choose
a C3 function f = f,, satisfying Vf(p) = v and V2f(p) = Ad, see [123, Proof of Theorem
14.8] for details in a more general situation (i.e. the weighted case). Thus, we have seen that the
inequality (1.2.1) is strong enough to entail bounds on the Ricci tensor and on the dimension, but,
with respect to (1.2.2), the term |Hessf| (which involves second order derivatives and that cannot
be directly understood in the sense of distributions) disappeared.

In this Introduction, we will only consider finite dimensional RCD spaces, i.e. the case N €
[1,00).

RCD spaces enjoy many interesting properties, for example, the class of RCD spaces (with a
bound on the volume of unit balls) is compact with respect to the pointed-measured-Gromov—
Hausdorff (pmGH) topology (at the end of this section, we give a brief description of such conver-
gence). Moreover, as discussed above, the RCD(K, N) condition is compatible with the smooth
case: the metric measure space (M,d,, Voly) naturally induced by an n-dimensional Riemannian
manifold (M, g) is RCD(K, N) if and only if Ric, > K and n < N. As a consequence, the following
important fact is usually used to motivate the interest in the class of RCD space:

given any sequence of Riemannian manifolds with Ricci curvature uniformly bounded from
below and dimension uniformly bounded from above, there exists a subsequence converging
(in the pmGH topology) to an RCD space.

It is worth mentioning that RCD spaces obtained with such procedure are usually called Ricci-
limits, after [59, 60, 61], and are not, in general, Riemannian manifolds.
1.2.2 Properties

This short section recollects results about the structure theory of finite dimensional RCD spaces,
obtained in several papers [67, 98, 111, 52, 90, 49]. Given an RCD(K, N) space (X,d, m), there
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exists n € N, n < N, such that m = ©,H", where O, is a Borel function. The integer n is called the
essential dimension of the space. Moreover, an RCD space of essential dimension n is n-rectifiable,
in the sense that it can be covered, up to an m-negligible set, by countably many Lipschitz images
of Borel subsets of R™. A notable property of RCD spaces is that at m-a.e. x € X, the blow-up
of (X,d,m) at z is (R",d, ¢, L"), where the blow-up is the suitable generalization of the tangent
space, and ¢, is a renormalization constant that depends only on n. Rigorously, a blow-up is the

pmGH limit of the sequence
m
X, r i, ————, :13>
( m(B,(x))

as 7 N\ 0 (later on, we are going to take a different renormalization factor, but this plays no
role). Informally speaking, a sequence of pointed RCD(K, N) spaces (X;,d;, m;, z;) converges to a
pointed metric measure space (Xoo, oo, Moo, Too) in the pmGH topology if there exists a complete
and separable metric space (Z,dz) such that, for every i € NU {oco}, we can isometrically embed
(Xi,d;) in (Z,dz) and the image measures of m; weakly converge to the image measure of ms, and
the image points corresponding to x; converge to the image of zo,. It is worth mentioning that,
after [37], rectifiability and characterization of blow-ups are morally equivalent.

1.2.3 Functions of bounded variation on metric measure spaces

In the seminal paper [108] (and in [6, 7]), a definition of function of bounded variation on general
metric measure spaces has been given (see [71] and references therein), inspired by [35] (recall also
the definition of the 2-Sobolev space above, [57]). In particular, this definition suits the context
of RCD spaces, but, nevertheless, in this section we will consider also less regular spaces. More
precisely, given a metric measure space (X,d,m) and f € L'(m), define

IDf|(U) := inf { limkinf/xlip(fk)dm A{fete € L*(m) NLIP(X), fy — f in Ll(m)} (1.2.3)

for any U C X open. Then, f € BV(X) if [Df|(X) < oo and, in such case, it is possible to prove
that [Df] is induced by a Radon measure, still denoted by |[Df|. As in the Euclidean framework,
one can define the space BVi,.(X) and sets of (locally) finite perimeter.

1.2.4 Functions of bounded variation on PI spaces

An intermediate (thanks to [113], [121]) setting between general metric measure spaces and RCD
spaces is given by the one of PI spaces. PI spaces are those metric measure spaces (X,d, m) such
that there exists A € R and, for every R > 0, there exist Cp(R), Cr(P) > 0 satisfying

m(Ba,(z)) < Cp(R)m(B,(x)) for every x € X, r € (0, R),

and, for every f € LIP(X),
][ |f - fB.(x)fdm‘dm < Cp(R)r][ lip(f)dm  for every z € X, r € (0, R).
Br(z) ' Br(z)

BV functions on metric measure spaces start behaving like the ones on Fuclidean spaces already
in the PI framework. For example, given a set of (locally) finite perimeter F, it holds that ([6, 7])

IDXg| = OpH"LO*E,
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where O is a suitable Borel function, H" is the one-codimensional spherical Hausdorff measure
and is a replacement for H" !, and 0*E, the essential boundary of E, is the replacement for FE
and is defined as

*E:=<x : lim su —m(Br(:c)ﬂE) and limsu —m(BT(x)\E)
”"{ S B @y M P (B, (o)) >0}'

Then, one is tempted to study further fine properties of functions of bounded variation and hence,
for a (scalar valued function) of bounded variation f, one defines fV, f* (which play the role of
f7, f!) using approximate limits:

fMx) == ap ;in;inff(y) ‘= sup {t €ER: }1{‘% m(BTrEj?Br:(i‘};; 1) = O} )

fY(x) = ap lyiinmsup f(y) := inf {t eR: }1{% m(B”rix()Br:(iJ;; th _ 0} :

and finally defines f := ! V-;f a However, it turns out that the usual Leibniz rule does not hold
even if one only looks at total variations: the seemingly natural inequality

ID(f9)| < |fIIDg| + |glIDf|  for f,g € BV(X) N L*(X)

does not hold in general, see e.g. [102, Example 4.8]. For various reasons, including this one, further
investigation is needed in the more regular setting of RCD spaces.

1.3 Contributions

Now we want to discuss how the results of Section 1.1 can be generalized to the setting of RCD
spaces as in Section 1.2.

1.3.1 Structure of the thesis

We first draw a parallel between the results recalled in Section 1.1 and their generalization contained
in this manuscript.

The first section of this manuscript aims at generalizing the results mentioned in Section 1.1.2.
This manuscript begins by recalling the main results about the study of sets of finite perimeter
on RCD spaces obtained in [10, 51, 50]. At the time when [10, 51] were written, the powerful
result of [70] was still not available. Later on, the result of [70] was used in [50] to sharpen one
of the conclusions of [51]. We can then leverage the findings from [70] right from the beginning
to introduce the results of the articles mentioned above. This not only significantly shortens the
proofs but also makes some of them simpler and better suited for the subsequent development of the
theory. The main ideas and techniques used in this section, even after the modifications described
above, are the ones contained in [10, 51, 50]. As we do not use the remarkable “splitting via rigidity
in the Bakry-Emery inequality in BV” of [10] in this manuscript, we add a brief discussion about
the topic in Section 3.6.

The second section of the manuscript deals with the results of Section 1.1.1, Section 1.1.3, and
Section 1.1.4. In particular, we define the distributional differential of (vector valued) functions of
bounded variation and study some related properties. The material is mostly taken from [42, 43],
but simplifications have been made especially for what concerns the proofs. It is worth noticing
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that in the particular case of sets of finite perimeter, a definition of the distributional differential
has already been proposed in [51]. Here, the result has been improved to hold for vector valued
functions of bounded variation, but the technique is still borrowed from [51]. With respect to the
definition of the distributional differential, a completely different technique can be used, see [44].

The third section deals with the interplay between functions of bounded variations and the sets
of locally finite perimeter represented by their subgraphs, see the results of Section 1.1.5. The
material is taken from [32, 33] and proofs have been rewritten to become more readable.

The fourth section deals with the bulk of the proof of the Rank one Theorem, [32], and is a
generalization of Section 1.1.6. Thanks to the adaptations of some key lemmas about the rectifia-
bility of the reduced boundaries of sets of finite perimeter, the proof contained in this manuscript
is shorter than the original one.

Finally, the fifth section is extracted from [46] and deals with the nonlocal characterization of
the total variation, but it will not be discussed in this introduction.

1.3.2 Contents

Having thus outlined the structure of the manuscript, we pass to a more detailed discussion about
the mathematical content. The statements are not always completely precise, and are sometimes
informal: this is done not to overwhelm this introduction with the necessary technicalities, which,
given the technical nature of this work, would make this introduction unreasonably long. Also,
as most of the results of the first section were already present in the literature, the discussion is
limited to some properties of functions of bounded variation, taken from the second, third, and
fourth sections (we do not discuss here the fifth section). The purpose of this introduction is to
highlight the main challenges faced in obtaining the results presented in this thesis as well as to
give a taste of the techniques of geometric measure theory on non-smooth spaces we used.

For what remains of the introduction, fix an RCD(K, N) space (X,d,m). First, one has to
define the objects that are at the centre of the investigation, namely the distributional differentials
of functions of bounded variation. There are (at least) two equivalent approaches: the polar
decomposition as in [51] and the abstract one as in [44], here we consider the first one. In order to
define this object, one needs the machinery of normed modules on metric measure spaces ([84], [69]).
Without entering into details, a normed module is the suitable generalization of a vector bundle.
For example, the notion of tangent module, read in the smooth (Riemannian) framework, is the
algebraic object whose elements are the sections of the tangent bundle. In the non-smooth world,
elements in normed modules are defined up to equivalence with respect to a suitable outer/Radon
measure; even though the possibility of defining these elements almost everywhere with respect to
total variations is a key point, let us avoid this discussion. To sum up, it is possible to show that
given a function of bounded variation f, we have the “polar decomposition” D f := v¢|D f|, where

e vy is an element of the tangent module, defined up to |D f|-a.e. equivalence,
e |Df| is the total variation of f, as defined in (1.2.3).

Generalizing this notion to vector valued functions of bounded variation does not take much effort.
Indeed, if f = (f1,..., fm) € BV(X)™, one defines Df := v¢|Df|:

e vy is an element of the Cartesian product of m copies of the tangent module, defined up to
|D fl-a.e. equivalence,
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e |Df]| is the total variation of f, seen as a vector valued function of bounded variation. We
omit the adaptation of (1.2.3) to the vector valued setting, but it is important to mention
that this definition is compatible with the standard one in the Euclidean context.

As soon as that one has the object Df, the first step is the investigation of its fine properties.
Namely, a generalization of the coarea formula as in Section 1.1.1 ([108]) and rather soft arguments
building upon the theory of sets of finite perimeter, allow us to prove what follows. For a vector
valued function of bounded variation f € BV(X)™, there exists a vector field V]{ (“normal to J;”)
such that, for every ¢ = 1,...,m,

vy, is parallel to 1/}7 on Jy,

where J¢ is a suitable generalization of the jump set of f. Also, we obtain the analogue of (1.1.3).
Moreover, adopting the notation as in Section 1.1.1, we prove that

IDfIL Jp = dp|f" — fHldH L Jy,

where d,, is a constant that depends only on the essential dimension of (X, d, m). The just mentioned
properties will play a role in the derivation of the calculus rules, as they imply that it is morally
enough to establish the calculus properties outside the jump set.

For what concerns the calculus properties, we generalize the results of Section 1.1.4. In the
Fuclidean framework, one can follow this scheme:

1. General chain rule: compute D(p o f), where f € BV(X)™ and ¢ € LIP(R™),

2. Vol'pert chain rule: compute D(p o f), where f € BV(X)™ and ¢ € LIP(R™) N C}(R™),
3. Leibniz rule: compute D(fg), where f,g € BV(X) N L>*(X),

4. Chain rule: compute D(p o f), where f € BV(X) and ¢ € LIP(R) N C1(R).

Indeed, item (1) can be proved by slicing, relying on elementary results about functions of bounded
variation of real variable, [12]. Then item (2) and item (4) follow as particular cases whereas item
(3) follows taking as ¢ € LIP(R?) a function that coincides with (u,v) + uv on a sufficiently large
neighbourhood of 0 € R2.

In the non-smooth setting the slicing technique used to prove item (1) in the Euclidean frame-
work is not available so we have to resort to other ideas. The technique is then to reverse the
procedure, i.e. starting from item (4) and obtain, as a chain of consequences, items (3), (2), and
finally (1). In particular, item (4) is obtained via a suitable modification of the coarea formula,
carefully exploiting fine properties of functions of bounded variation. Then item (3) is obtained
by polarization, from item (4). Item (2) is then proved in the case in which ¢ is a polynomial,
iterating item (3), and then is proved by approximation, in the general case. Finally, (1) is obtained
by approximation from (2), exploiting a link between “closability of certain differentiation oper-
ators” and “differentiability of Lipschitz functions in related directions”, [2]. Just to explain the
difficulties encountered in proving the implication from item (2) to item (1), notice the following
fact: it is false, in general, that ¢ is differentiable at f(z) for |Df|-a.e. x, hence a statement of the
kind D(p o f) = V(f)Df has to be suitably interpreted.

In order to build the tools for the proof of the Rank one Theorem, we need to study the
relations between functions of bounded variation and the sets of locally finite perimeter given by
their subgraphs. Namely, let f € BV(X), and consider, in the product space,

Gr={(z,t) eXxR:t < f(2)}.
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It is not hard to prove that Gy is a set of locally finite perimeter. Let m : X x R — X be defined
by (z,t) = x. Then we establish the link between the push-forward m.|DXg,| and [Df|. Moreover,
we study important relations between vg,(z,t) and vy(z). As a result, it turns out that the
singular behaviour of f is presented at the projections of the points (z,t) at which the vector vg ;
is horizontal. In particular, we have a description of the set Cy, i.e. the set on which the Cantor
part of |[Df| is concentrated, as a projection of a suitable set in X x R.

With the tools mentioned above at our disposal, it is possible to prove the Rank one Theorem,
which is the most technical result of the manuscript. The motivation behind the interest in this
theorem is to showcase the possibility of obtaining very refined results in the non-smooth setting
of RCD spaces. The proof of this result builds upon all the theory developed in this thesis and its
bulk aims at showing what follows. Given f € BV(X)™, the polar vector v; has rank one |D f|*a.e.,
where this means that vy ,..., vy, are parallel |Df|%a.e. It is not hard to realize that it is enough
to prove this statement in the case m = 2.

The discussion above implies that it is enough to show that vy, and vy, are parallel a.e. with
respect to |Df1|¢ A |D f2|¢, where the wedge denotes the minimum of two measures, i.e. the biggest
measure (4 satisfying p < [Df1|¢ and p < |Df2|¢. Then, one relies on fine properties of functions of
bounded variation to reduce the claim to a statement about the reduced boundaries of subgraphs
of functions of bounded variation. Then, we prove a transversality lemma in the spirit of [106],
exploiting heavily the rectifiability of reduced boundaries of sets of finite perimeter, which ultimately
implies the thesis.



Chapter 2

Preliminaries

The aim of this chapter is to give the preliminary notions that are necessary for the understanding
of the thesis. For most of the results, we will not give a proof but rather some references, and
in some cases, we refer to the references also for the definition of objects involved. Most of the
material contained in Section 2.1 and Section 2.2 (and much more) can be found in [89]. We assume
that the reader has familiarity with the content of [89], nevertheless, we recall below the notions
that we are going to use most frequently.

2.1 Metric measure spaces

Here we deal with metric measure spaces in general, which will be the framework in this manuscript.
Later on, we are going to focus on RCD spaces, as in Section 2.2.

2.1.1 Definitions

In this manuscript, we consider only complete and separable metric spaces. A metric measure
space is a triplet (X,d,m) where X is a set, d is a (complete and separable) distance on X and
m is a non-negative Borel measure that is finite on balls. We adopt the convention that metric
measure spaces have full topological support, that is to say that for any x € X and r > 0, we have
m(B,(x)) > 0. Also, to avoid pathological situations, we assume that metric measure spaces are
not single points.

A pointed metric measure space is a quadruplet (X, d, m,z) where (X,d, m) is a metric measure
space and = € X. We consider two pointed metric measure spaces (X', d’, m’, 2’) and (X", d"”, m”, z")
to be isomorphic if there exists an isometry ¥ : X' — X” such that ¥(z') = 2” and ¥,m’ = m”,
where the notation f.v denotes the push-forward of the measure v through the measurable map f.

We denote the Borel o-algebra of X by B(X). For B subset of X and A open subset of X, we
write B € A if B is a bounded subset of A with d(B,X\ A) > 0. Clearly, if the space is proper
(i.e. bounded sets are relatively compact), B € A if and only if B is a compact subset of A.

Given A C X open, we denote with LIP},.(A) the space of Borel functions that are Lipschitz
in a neighbourhood of z, for any = € A. If the space is locally compact, LIP},.(A) coincides with
the space of functions that are Lipschitz on compact subsets of A. LIPp4(X) denotes the space
of Lipschitz functions that have bounded support. We adopt the usual notation for the various
Lebesgue spaces and we extend the meaning of the subscripts loc and bs in the natural way to
other function spaces.

19
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2.1.2 Sobolev functions

The Cheeger energy ([57], see also [116, 21, 20]) associated to a metric measure space (X,d,m) is
the convex and lower semicontinuous functional defined on L?(m) as

Ch(f) := ;inf{limkinf/lip(fk)de {fr}x € LIPL(X) N L*(m), fx — f in LQ(m)}, (2.1.1)

where lip(f) is defined as
: : |f(y) — f(=z)]
lip(f)(z) := limsup —=———,
) y—z  d(y,x)
which has to be understood to be 0 if z is an isolated point. The finiteness domain of the Cheeger
energy is denoted by H'2(X) and is endowed with the complete norm HfH%ILQ(X) = Hf”%g(m) +

2Ch(f). It is possible to identify a canonical and local object |df| € L?(m), called minimal relaxed
slope, providing the integral representation

Ch(f) = ;/]df]Qdm for every f € HY?(X).

We denote with Hﬁ)f(X) the space of measurable functions f : X — R such that for every
point x € X, there exist a neighbourhood of x, B = B,, and a function fg € H"?(X), such that
f = f m-a.e. on B, and we define |d f| exploiting locality. We define S?(X) as the space of functions
f such that, for every n € N, (f An)V —n € Hllo’f(X) and such that |df| (which is well defined by
locality), belongs to L?(m). Sometimes, with a slight abuse, we write |V f| in place of |df|. In the
setting of infinitesimal Hilbertian spaces, however, it is possible to prove that this is not an abuse
at all.

It is important to mention that most of the usual calculus rules hold also in this context.

2.1.3 Infinitesimal Hilbertianity

Any metric measure space on which Ch is a quadratic form is said to be infinitesimally Hilbertian,
[82]. Under this assumption, (see [82]) it is possible to define a symmetric bilinear form

HY(X) x H*(X) 3 (g9,f) = Vf - Vg € L'(m)

such that
Vf-Vf=|df]>=|VfP m-a.e. for every f € HY?(X).
On infinitesimally Hilbertian metric measure spaces it is possible to define a linear Laplacian
operator A : D(A) € HY2(X) — L?(m) in the following way: we let D(A) to be the set of those
f € HY2(X) such that, for some h € L?(m), one has

/Vf - Vgdm = /hg dm for every g € H%?(X), (2.1.2)

and, if this is the case, we put Af = h, which is uniquely determined by the equation above, as
LIPyps(X) € HY2(X) is dense in L?(m).

We are going also to use the Laplacian for functions defined on balls, see [25], or [51, Section
1.2.2]. In particular, one fist defines the space Hﬁ)’cz(B), where B is any (open) ball, similarly

to what done at the end of Section 2.1.2. Then, H“2(B) are those functions f € H,"*(B) with

loc

f,IVf| € L3(B,m). Then, for f € H"?(B), one defines Af as the unique (if exists) function
h € L?(B, m) satisfying (2.1.2), tested against Lipschitz functions whose support is contained in B.
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2.1.4 Heat flow on infinitesimally Hilbertian spaces

We can define the heat flow h; as the L? gradient flow of Ch, whose existence and uniqueness follow
from the Komura-Brezis theory. On infinitesimally Hilbertian spaces, we can characterize the heat
flow by requiring that for any u € L?*(m), the curve [0,00) 3 t — hyu € L?(m) is continuous in
[0, 00), locally absolutely continuous in (0, 00) and satisfies

%htu = Ahsu for every t € (0, 00),

hou = u,
where we implicitly state that if ¢ > 0, hyu € D(A). It is possible to prove that on infinitesimally
Hilbertian spaces, the heat flow provides a linear, continuous and self-adjoint contraction semigroup
in L?(m), which extends to a linear and continuous contraction semigroup, that we still denote
with hy, in all spaces LP(m), for p € [1,00). We define h; on L°°(m) in duality with L!(m), i.e. if
f e L®(m),

/ghtf dm = /fhtg dm for every g € L'(m),

and, with this extension, h; turns out to be a linear and continuous contraction semigroup in all
spaces LP(m) with p € [1,00]. Moreover, A and h;, when well defined, commute.

2.1.5 Normed modules

We assume that the reader is familiar with the notion of normed module, introduced in [84], inspired
by the theory developed in [127]. To briefly introduce this concept, take a metric measure space
(X,d,m). Let R be either L>(m) or L°(m) and let M be an algebraic module of the commutative
ring R. A LP-pointwise norm, for p € {0} U[1,00), is a map | - | : M — LP(m) such that

e |v] > 0 m-a.e. for every v € M, and |v| = 0 m-a.e. if and only if v = 0,
o |v+w| <|v|+ |w| m-ae. for every v,w € M
e |fv| = |f||v] m-a.e. for every f € R and v € M.

One can then consider

e LP(m)-normed L>(m)-modules, for p € [1,00), i.e. the case of a module M over R = L*°(m),
endowed with an LP(m)-pointwise norm | - | such that ||v[[r = [|/|v]||Lr(m) s @ complete norm

on M,

o L%(m)-normed L°(m)-modules, i.e. the case of a module M over R = L°(m), endowed with
an L°(m)-pointwise norm | - | inducing a complete distance on M.

It is possible to prove that there exists a unique couple (L?(T*X),d) where L?(T*X) is a L*-
normed L*>-module (the cotangent module) and d : HY2(X) — L?(T*X) a linear operator (the
differential), such that

i) |df| is equal to the one introduced in Section 2.1.2, for every f € H'2(X),

ii) L?(T*X) is generated (in the sense of modules) by {df : f € H"*(X)}.



22 CHAPTER 2. PRELIMINARIES

We define the tangent module L?(TX) as the dual (in the sense of modules) of L?(T*X). We define
LO(T*X) as the L°-completion of the cotangent module L?(7*X) and also (this definition coincides
with the previous one if p = 2)

LP(T*X) := {v € L%(T*X) : |v| € LP(m)} for p € [1, 00].
Similarly, we define L°(TX) as the L°-completion of L?(TX) and
LP(TX) := {v € LYTX) : |v| € LP(m)} for p € [1, 00].

We also remark that our definition of the tangent and cotangent modules is, in general, different
from the one given in [53] for p # 2. If the space is infinitesimally Hilbertian, it turns out that
L?(T*X) is a Hilbert module so that we can, and will, identify L?(T*X) with its dual L?(TX), via
a map that sends df to Vf (the latter vector field being given by Riesz Theorem).

Definition 2.1.1. Let p € {2,00}. For v € LP(TX) we say that v € D(div?) if there exists a
function g € LP(m) such that

/df(v) dm = — / fgdm for every f € H“*(X) with bounded support, (2.1.3)

and such g, which is uniquely determined, is denoted by div v.

Notice that if v € D(div?)ND(div™), then the two objects div v as above coincide, in particular,
dive € L*(m)NL>(m). From (2.1.3) it follows that supp (div v) C supp v and also notice that, if the
space is infinitesimally Hilbertian and p = 2 (then LIP,¢(X) € H%2?(X) is dense, as a consequence
of the result in [20, Section 8.3] or [11]), (2.1.3) reads

/Vf vdm = /fgdm for every f € LIPpg(X).

Also, the classical calculus rule holds: if v € D(div™®) and f € LIPy(X), then fv € D(div™) and
div(fv) = df(v) + fdivw. (2.1.4)

In the case p = 2, again from the algebra properties of bounded Sobolev functions together with
an easy approximation argument, we have that if v € D(div?) N L>(TX) and f € S2(X) N L>(m),
then fv € D(div®) and the calculus rule above holds.

In the case p = 2, we often omit to write the superscript 2 for what concerns the divergence.

2.2 RCD spaces

Now we turn to the particular framework of RCD metric measure spaces.

2.2.1 Definitions

The main setting for our investigation is the one of RCD(K, N') metric measure spaces (for K € R
and N € [1,00]), that are infinitesimally Hilbertian spaces ([82]) satisfying a lower Ricci curvature
bound and an upper dimension bound (meaningful if N < oo) in synthetic sense according to
[120, 121], [104]. General references on this topic are [19, 21, 22, 23, 29, 83, 84, 74, 89] and we
assume the reader to be familiar with part of this material. See also [124, 9, 85] and references
therein.

Our focus be mainly on finite dimensional RCD spaces, so that in the sequel when we write
RCD(K, N) we will assume 1 < N < o0.
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2.2.2 Doubling and Poincaré

Recall that RCD(K, N) spaces are locally uniformly doubling ([104, 121]), i.e. for every R > 0 there
exists Cp = Cp(R) > 0 such that

m(Bz,(x)) < Cpm(B,(x)) for every x € X and 0 < r < R, (2.2.1)

and support a weak local (1,1)-Poincaré inequality ([113]), i.e. there exists A > 1 and for every
R > 0, there exists Cp = Cp(R) > 0 such that, for every f € LIP(X),

][ |f = {5 (x)fdm‘ dm < C’pr][ lip(f) dm for every z € Xand 0 <r < R. (2.2.2)
Br(x) " B)\,,—(CL')

By [93, Theorem 5.1], the Poincaré inequality improves to the following form (see also [57] for what
concerns this formulation): there exists A > 1 and for every R > 0, there exist C» = CL(R) > 0
and @ = Q(R) > 1 such that, for every f € LIP(X),

Q-1

Q_ @
][ ‘f —f5 (m)fdm‘ Q-1 dm < C})r][ lip(f) dm for every x € X and 0 < 7 < R.
By (x) " Baxr(2)

(2.2.3)
Recall that locally uniformly doubling spaces are proper. We call locally uniformly doubling spaces
supporting a weak local (1,1)-Poincaré inequality PI spaces. We can, and will, assume that R —
Cp(R),R — Cp(R), R — Cp(R) are non-decreasing functions.

2.2.3 Test functions and test vector fields

Following [84, 114] (with the additional request of a L> bound on the Laplacian), we define the
vector space of test functions on an RCD(K, 00) space as

TestF(X) := {f € LIP(R) N L>®(m) N D(A) : Af € HY*(X) N L®(m)},

and the vector space of test vector fields as

TestV(X) := {i fiVgi: fi € S5 (X)NL®(m), g; € TestF(X)} .

=1

To be precise, the original definition of TestV(X) was slightly different. However, when using
test vector fields to define regular subsets of vector fields such as H11{’2(TX) and Hé’z(TX) (see
Section 2.2.4), the two definitions produce the same subspaces, as one may readily check inspecting
the proofs of Lemma 2.2.2 and Lemma 2.2.3 below.

It is possible to see that TestF(X) C HY?(X) is dense. Also, if f € HY?(X) N L*(m), we can
find a sequence {f,}n C TestF(X) with f, — f in H"*(X) and || fullzoc@m) < [If]lzoo(m)- Using
[89, Theorem 6.1.11] (extracted from [114]), one proves that TestF(X) is an algebra. Clearly, if
f €S%(X) N L>®(m) D TestF(X) and v € TestV(X), then fv € TestV(X).

2.2.4 Second order calculus

By [84], we know that RCD spaces admit second order calculus. In particular, it has been de-
fined the object of covariant derivative for vector fields in L?(TX), in particular, of Hessian of
functions, denoted by Hessf. These definitions build upon integration by parts and the use of
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test vector fields as in Section 2.2.3. Vector fields admitting a covariant derivative in L? are said
to belong to Wé’Z(T X), which is proved to be a normed space, subspace of a tensor product of
the tangent /cotangent module. The closure of TestV(X) in the Wé’Z(TX) topology is denoted by
Hé’Q(TX). A remarkable fact is that for any f € D(A), it holds that Vf € Hé’2(TX), in other
words, f admits a Hessian in L? (see [84], but in this direction, also [36, 114, 122]). The spaces
Wé’Q(TX) and HEI’Z(TX) have been defined in [84]. The former is the space of L? vector fields with
divergence in L? and exterior derivative in L2, whereas the latter is the closure of test vector fields
in the topology of WI}I’2(TX).

For future reference, we record a consequence of the improved Bochner inequality of [94], stated
in [51, (1.22)]. For every f € D(A) with Af =0,

r2/ [Hessf|*dm < Ck y inf / IV£]? — m|dm — r* K |V £|2dm. (2.2.4)
B, (z) meR Jp )

2r («T B2r (1‘)

We conclude this subsection with a couple of simple lemmas.

Lemma 2.2.1. Let (X,d,m) be an RCD(K,00) space and let v = (vi,...,0m) € HIEIQ(TX)"‘
with |[v| < 1 m-a.e. Then there exists a sequence {vF = (vF,... vF)}p C TestV(X)™ such that
[vk| <1 m-a.e. for every k and v¥ — v; in H;I’Q(TX) for everyi=1,...,m.

Proof. By the very definition of HIIJ’Z(TX), for every i = 1,...,m, we have a sequence {wf} C
TestV(X)™ with wf — v; in Hll{’z(TX). Set then, for € > 0,

ke . _ 1 k
v, = . w;
(1+e)V ,/Zj \wj|2
and finally v*¢ = (U,f’e, . .,v,ﬁf). It is clear that [v*| < 1 m-a.e. so that, using also a diagonal
argument, it suffices to show that for every i =1,...,m,

1
vf’g — T2 in Hll{’Q(TX) as k — oo.

Fix then ¢ =1,...,m and € > 0. It is clear that

1
v s —— v in LA(TX) as k — .
! 1+¢

By the calculus rules in Lemma 2.2.2 below, we just have to show that

1
\% lwF| =0 in L*(m) as k — ooc.

(1+¢) V4 /> [wh]?

Set now AR® 1= {, /> |w§?|2 > 1+5} and notice that A¥¢ — @ in L°(m) as k — oo. Using the
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calculus rules, we can estimate

1
v |wf

(L+e) vV />, [wh]?

3/2
<1y ( ! )/
= 5N ARe | SR 2

2 Zj’wj‘

. 3/2
k|2

—_

k
|wy|

VY whp?
J

1/ 1/2

2
DoIVWP] wf
j

where in the second inequality we used the Cauchy-Schwarz inequality, and then we see that the
last term converges to 0 in L?(m) as k — co. O

In the previous proof we used the following calculus rules, which are an immediate consequence
of the already known ones proved in [84]. We add also another lemma, again based on [84], which
is not explicitly used in this work but whose proof grants coincidence between the definitions of
Hé’Z(T X) via the usual definition of test vector fields and our definition of test vector field.

Lemma 2.2.2. Let (X,d,m) be an RCD(K, 00) space, X € Wég(TX) N L®(TX) and f € S2(X) N
L®(m). Then fX € Wy*(TX) and

div(fX) = Vf - X + fdiv X,
Ad(fX)=VfAX+ fdX.

If moreover X € Hfll’2(TX), then fX € Hll{’Z(TX).

Proof. Recall that Wﬁ’Q(T X) and Hfll’g(T X) are Hilbert spaces. We prove the claim with an ap-
proximation argument. Also, as in the discussion after [84, Definition 3.5.11], if w € L?(TX), then
w € D(0) if and only if w € D(div) and, if this is the case, dw = —div(w).

If f € TestF(X), the claim is a consequence of [84, Proposition 3.5.4] (which is stated with a
slightly different definition of TestV (X)) and the calculus rules for the divergence and the following
approximation argument. If {X,}, C TestV(X) with X,, — X in W;y*(TX), then fX,, € TestV(X)
and fX, —» fX in WI}[Q(T X) (see the next paragraph for more details).

If f e HY?(X) N L>®(m), take {fn}n C TestF(X) with ||fp]lze0(m) uniformly bounded and
fn — fin H“2(X). Now we can use the calculus rules for f,, € TestF(X) and easily prove, using
also dominated convergence,

div(fuX)=Vfy - X+ fpdivX - Vf - X + fdivX  in L*(m)
A(fuX) =Vfu AX + fdX = VfAX + fdX in L?(A*TX).

This shows that fX € Wé’z(TX), that the calculus rules hold and finally that f,X — fX in
Wi(TX), so that if X € Hy*(TX), then fX € Hy>(TX).

If f € S2(X)NL>®(m) we fix Z € X and we take {¢,},, C LIPps(X) with o, (z) := ((n—d(z,Z)) A
1)*. Similar computations to the ones of the previous paragraph with f¢,, in place of f,, show that
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fX e Wé’z(TX), that the calculus rules hold and finally that (fy,)X — fX in WI}I’Z(TX), so that
if X € Hy?(TX), then fX € Hy*(TX). O

Lemma 2.2.3. Let (X,d,m) be an RCD(K, c0) space, X € Wé’z(TX) N L>®(TX) and f € S>(X) N
L®(m). Then fX € W&*(TX) and

V(fX)=Vfeo X+ fVX.
If moreover X € Hé’Q(TX), then fX € Hé’Q(TX).

Proof. Recall that Wé’Q(T X) and Hé’Q(T X) are Hilbert spaces. We prove the claim with an ap-
proximation argument.
Assume first f € HY2(X)N L% (m). Then the first part of the statement has been proved in [84,
Proposition 3.4.5]. The second part follows approximating X with a sequence of test vector fields.
If f € S2(X)NL*>®(m) we fix z € X and we take {¢, }n, C LIPps(X) with o, (z) := ((n—d(z,Z)) A

1)t and we set f, := fy,. We can use the calculus rule for f,, € H%?(X)NL>(m) and easily prove,
using also dominated convergence,

V(i X)=V/HOX+ VX 5V @ X+ fVX  in L}(T9?X).

This shows that fX € W&*(TX), that the calculus rule holds and finally that f,X — fX in
WHA(TX), so that if X € HY*(TX), then fX € HS*(TX). O

2.2.5 Heat flow on RCD spaces

The RCD condition entails good properties at the level of the heat flow semigroup. A first im-
portant feature is the L°°-Lipschitz reqularization property: given any function f € L°(m) in an
RCD(K, c0) space and t € (0, 1], it holds |Vhy f| € L*(m) and

- 1 f1 zo (m)
— Kot
In particular, hy f admits a Lipschitz representative (which we still denote by h;f) having Lipschitz
constant at most H};HKL%; this is a consequence of the so-called Sobolev-to-Lipschitz property of

RCD spaces, which states that every Sobolev function f € W2(X) satisfying |V f| < 1 m-a.e. has a
1-Lipschitz representative. Notice also that the maximum principle ensures that for any f € L>(m)

[1Vhe f[] Loo (m) (2.2.5)

Ihe f| < |11 oo (m) everywhere on X.

Given any p € P2(X) (i.e. p is a Borel probability measure on X with finite second moment),
it makes sense to define h;,u for any ¢ > 0 as the unique element of &5(X) satisfying the identity

/fdht,u = /htfdu for every f € C,(X), (2.2.6)

where we took the Lipschitz representative of f at the right hand side. Equivalently ([19, 22, 21, 80]),
h; is the EVIg gradient flow of the entropy, and it turns out that the existence of this gradient
flow for any initial datum can be used to characterize RCD(K, 00) spaces among length spaces
with a growth condition on the reference measure. Moreover, the heat flow of measures is K-
contractive with respect to the Wasserstein Wy distance and, for £ > 0, maps probability measures
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into probability measures that are absolutely continuous with respect to m (the latter assertion is
an immediate consequence of fact that ¢ — h;pu is the gradient flow of the entropy). Then, we can
define the heat kernel (0,400) X X X X 3 (t,z,y) — pi(x,y) as

dhyd,
~ dm

pe(x,-):

where 6, stands for the Dirac measure at x.

We now focus on RCD(K, N) spaces (X,d,m) with N < co. Recall from Section 2.2.2 that
these spaces (X, d, m) are PI, thus accordingly (¢, x,y) — pi(z,y) admits a locally Hélder continuous
representative by [118, 119]. In [97] it has been proved that, for any ¢ > 0, there exist positive
constants C; = Ci(e, K, N) > 0 and Cy = Cs(e, K, N) > 0 such that for every t > 0, x,y € X, the
following estimate holds

;ex _d(l‘»y)Q_ . Lex _d(:z:,y)2
Crm(B ;1) p{ =T Czt}gpt( ,y)ém( W) p{ (4+6)t+(]2t}. (2.2.7)

For any finite Borel measure p > 0 on X we can define

hyp(x) == /pt(x,y)d,u(y) for every x € X.

Using Fubini’s theorem, one can check that this definition is consistent with the one in (2.2.6) when
p € P5(X), and that hy(fm) = h,f for every f € L'(m) non-negative.

It is worth mentioning that the regularizing properties of the heat flow on (finite dimensional)
RCD spaces have been used to prove the existence of “good” cut-off functions, [111, Lemma 3.1]
and [29, Lemma 6.7].

Lemma 2.2.4. Let (X,d,m) be an RCD(K, N) space. For any 0 < 2r < R and x € X, there exists
n € TestF(X) satisfying

e 0<n<1,n=1o0nB.(z),n=0 on X\ Ba(z),

e 2|An| +1r|Vn| < C, where C = Ck g is a constant that depends only on K, N and R.

Heat flow and vector fields

On an RCD(K, o0) space (X,d, m), following [84], one can consider hy , the gradient flow relative
to the augmented Hodge energy functional in L?(TX), which is defined as

1 [ dw]? + div(w)?d if w e W (TX),
E11(w) = 2/|w|—|—1v(w) m if w q (TX)

+o00 otherwise.

This means that for every v € L?(TX) the curve t — hy v € L?(TX) is the unique curve that is
continuous in [0, 00), locally absolutely continuous in (0, 00) and satisfies

{éithH,tU = —Aghn,(v) for every t € (0, 0),

hyov = v,

where we implicitly state that if t > 0, hg,v € D(Ag) C Hé’2(TX).
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In [84] and [51, Section 1.4] there are proved several properties of the heat flow hy ¢, we recall
here some of them. The first is the pointwise estimate for v € L?(TX)

lhiv)® < e 2Ky (ju]?) m-a.e. for every ¢ > 0.

Then we recall that hy; is self-adjoint, meaning that for every v, w € L3(TX),
/hH,tv cwdm = /v - hyg pwdm for every t > 0.

Also, we recall the commutation, for v € D(div),
div(hpyv) = hy(divv) m-a.e. for every ¢ > 0,
where we recall hy ;v € D(Ag) C D(div). Finally we state that if f € HY2(X), then
hu (Vf) = Vi f for every ¢t > 0.

2.2.6 Convergence of spaces

We assume the reader to be familiar with the notion of pointed-measured- Gromov—Hausdorff topol-
ogy (pmGH for short), see [92] and [120, 88], and we recall that we are assuming that metric
measure spaces have full topological support.

We only need to consider the pmGH topology on a collection X whose elements are pointed
RCD(K, N) spaces with

sup m(Bi(z)) < oo,
(X,d,m,z)eX

and we give a bit more detail in this specific context. We have the following properties. First, the
pmGH topology on X is metrizable, say by dpmgnr. This is due to the fact that elements in X
are PI with uniform parameters as in (2.2.1). Then, X is relatively compact with respect to the
pmGH topology, this is to say that for any sequence of elements of X, there exists a subsequence
converging to a pointed RCD(K, N) space. We add a bit more detail to this statement, as there
is a slight abuse of notation in it. First, by Gromov compactness Theorem and weak compactness
in the space of measures, we have a subsequence converging in the pmGH topology to a metric
measure space. We are committing a slight abuse, as it may very well happen that for this limit
metric measure space, the measure does not have full support. Then, the deep result of stability
of the RCD condition under pmGH convergence implies that the support of the measure is an
RCD(K, N) space. Finally, we have this equivalent characterization of pmGH convergence on X.
A sequence {(Xg,dr mg, i) }ren € X converges in the pmGH topology to (Xoo, doo, Moo, Too), OF

dpmGH ((Xka dk my, .'Ek;), (XOOa doo Moo, J"OO)) — 07 (228)

if and only if we have a realization of the convergence as follows: we have a proper metric
space (Z,dz) together with a sequence of isometric embeddings {4 }renufoc}, Where for every F,
tk(Xg,di) — (Z,dz) and it holds that

L (Tk) = Loo(Too) in (Z,dz),

. 2 (2.2.9)
(tr)sMi = (Loo)sMoo in duality with Cps(Z).

We assume familiarity with convergences of function spaces along convergent spaces, as in
[24, 25]. See, for instance, the preliminaries of [10, 51].

Fix a sequence as in (2.2.8), together with a realization (Z,dz). We remark that the following
results may depend on the choice of the particular realization, i.e. the notions are not intrinsic.

The following is [26, Theorem 3.3], building upon [80, 88].
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Theorem 2.2.5 (Pointwise convergence of heat kernels). For every sequence uy, v, ty € Xi X Xp X
(0,00), for k € NU{oo} with tj(ugr) — teo(teo) and ti(vk) — too(Veo) in (Z,dz) and ty, — te €
(0,00), it holds that

e (ug, v, tg) — ple (Uoos Voo too)-

Definition 2.2.6. Let f; : Xz — R for £ € N and let fo : Xoo — R.

e We say that fi locally uniformly converge to foo if for every R > 0 and for every € € (0, 1),
there exist kg € N and ¢ € (0,1) such that for every k > kg, 2z € X and 2o € Br(2s) with
dz(ek(21), too(200)) < 9, it holds | fx(2k) — foo(20)| < €. This convergence is also sometimes
called pointwise convergence.

e We say that {fi}ren is locally equi-uniformly continuous if for every R > 0 there exists a
function wg : (0,4+00) — (0,+00) with wr(s) N\, 0 as s \, 0 such that for every k € N, for
every ug, v € Br(zyk), it holds that | fi(ug) — fr(vk)| < wr(d(ug, vg)).

The previous definitions can be localized to the case of functions defined on balls, as well as the
following following proposition, which is proved as the classical Arzela—Ascoli Theorem.

Proposition 2.2.7. Let { fx}ren be a sequence of locally equi-uniformly continuous functions such
that { fr(xk) }ken is bounded. Then there exist a subsequence {ny}r and function foo : Xoo — R
such that fy,, locally uniformly converges to fso. Moreover, if wr : (0,00) — (0,00) for R > 0
are the function as in the definition of locally equi-uniform continuity for {fx}x, then for every
Uoos Voo € BRr(200), it holds that | foo(too) — foo(Voo)| < wr(d(Ueo, Voo))-

Now we deal with LP or Sobolev convergence.
Definition 2.2.8. Let f, € L?(X;,) for k € N and let fo € L?(Xo)-

e We say that fp weakly converge in L? to foo if frmp — fooMoo in duality with Cps(Z) and
supg, | frll 22 (my,) < o0

e We say that fi strongly converge in L? to fo if fi weakly converge in L? to f, and
I fill 22(my) = [ fooll L2 (moo)-

Definition 2.2.9. Let f;, € L'(X;,) for k € N and let fo € L'(Xso)-

e We say that f; strongly converge in L' to fs if o o fi strongly converge in L? to o o fs,
where o(t) := sign(t)/[t|.

We also recall the following definition.
Definition 2.2.10. Let E; C X, and E, C X be Borel sets, with m(Ex) < oo and m(Ey) < 00.

e We say that By strongly converge in L' to Eo if mg(Er) — Mmoo (E) and mpL By — moo L Ey
in duality with Cpg(Z).

e We say that Ej strongly converge in LllOC to Es if By N Br(wr) = Foo N Br(2s) in L for
every R > 0.

We have the following properties.

Proposition 2.2.11. Let p = 1,2, let fr, gr € LP(Xy) for k € N and let foo, goo € LP(Xoo)-
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o If fr. = foo strongly in LP, and g — goo strongly in LP, then fi + gr — foo + goo Strongly in
LP.

o In the case p =2, if fu = fso Strongly in L?, and g — goo strongly in L?, then frgr — fooloo
strongly in L.

o In the case p = 1, if f = fso strongly in L' and supy, || fxllLoo(my) < 00, then fi — foo
strongly in L?.

For what concerns (local) Sobolev spaces, we have the following definitions.
Definition 2.2.12. Let f; € HY2(Xy) for k € N and let fo € HY?(Xoo)-

e We say that f, weakly converge in H'? to fs if fi weakly converge in L? to fs and
sup;, Ch(fx) < 0.

e We say that fi. strongly converge in H'? to fo if fi weakly converge in L? to fo and
Ch(fk) = Ch(feo)-

The local counterpart is defined similarly.

2.2.7 Tangents

We recall now the definition of tangent cone to an RCD(K, N) space. First, given a pointed metric
measure space (X,d,m,z) and r € (0,1) we define the rescaled space (X,r~'d, mZ, z) where

m? = (C7)"'m,

for

cr ;:/ (1—r'd(z, 2))dm(z). (2.2.10)
Br(x)
The transformation from m to m¥ is performed in order to have the space normalized, i.e.

/ (1—r7'd(z,2)) dm¥(z) = 1.
B (@)

As a notation, we set

ck (2.2.11)

where £F denotes the k dimensional Lebesgue measure and
k
wi := L¥(BY(0)).

Definition 2.2.13. Let (X,d, m) be an RCD(K, N) space and x € X. We say that a pointed metric
measure space (X', d’,m’,2") is tangent to (X,d, m) at x if there exists a sequence of radii r; ~\, 0
such that (X, rj_ld, my,z) — (X',d’,m’, 2/) in the pointed-measured-Gromov—Hausdorff topology.
We denote the collection of all tangent spaces to (X,d, m) at = as Tang(X,d, m).

If (X,d,m) is an RCD(K, N) space, Gromov compactness theorem shows that for every x € X,
Tan,(X,d, m) is not empty. Moreover, by the stability and rescaling property of the RCD(K, N)
condition, we see that elements of Tan,(X,d, m) are RCD(0, N) spaces.
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2.2.8 Structure theory

The known results of structure theory for RCD(K, N) spaces can be summed up in the following
theorem, which, in particular, states that RCD(K, N) spaces are rectifiable as metric measure
spaces (see [49, 52, 87, 98, 111, 90]).

Theorem 2.2.14. Let (X,d, m) be an RCD(K, N) space. Then there ezists a unique n € N, called
the essential dimension of X, with 1 < n < N, such that:

i) for m-a.e. x € X,
TanI(X,d, m) = {(andevén? 0)}

and we call the collection of points x € X satisfying the equation above R, (X).

it) (X,d,m) is countably n-rectifiable. More precisely, given any e > 0, we can cover (X,d, m), up
to an m-negligible subset, by a countable union of subsets that are (14 ¢)-bilipschitz equivalent
to measurable subsets of R™.

iii) There exists a non-negative density 6 € Li (X, H" L R, (X)) such that

loc

m = 0H" L R,(X). (2.2.12)

Remark 2.2.15. We point out that the set R, (X) of n-regular points is Borel. To check it, define
@ : X = [0,00) as @(z) := limsup, o dpmau ((X,7d, m}, z), (R",d,,L£",0)). One can readily
verify that (0,1) 3 7 — (X,771d, m}, z) is dpmgu-continuous for any given = € X, whence it follows
that

p(x) =inf sup dpmau((X,¢"'d,ml, 2), (R",dc,L",0)) for every x € X. (2.2.13)
kN ge@n(0,1/k)

Since X 3 x — (X,r7ld,m”,z) is dpmau-continuous for any given r € (0,1), we deduce that
X3z dpmGH((X, g td,mi, 2), (R”,de,én,O)) is a continuous function for any ¢ € Q N (0,1).
Consequently, (2.2.13) ensures that R, (X) = {x € X : ¢(z) = 0} is a Borel set (in fact, a countable
intersection of F, sets), as we claimed. |

If (X,d,m) is an RCD(K, N) space of essential dimension n, it holds that for every = € X,
(R¥,de, £F,0) ¢ Tan,(X,d, m) if k> n,
this is due to the lower semicontinuity of the essential dimension, [101, 49].

Now, we introduce the set R} (X). As customary, given a metric measure space (X,d, ) and a
real number k£ > 0, we define the upper and lower k-dimensional densities of u as

5 s M) i(B()

Ok (1, ) := limsup -~ for every x € X,

respectively. In the case where O (u, ) and ©4(u,x) coincide, we denote their common value by
Ok (1, x) € [0,00] and we call it the k-dimensional density of p at x.

Definition 2.2.16. Let (X,d, m) be an RCD(K, N) space having essential dimension n. Then we
define the Borel set R} (X) as

Ry (X) := {2 € Rp(X) : 30, (m, z) € (0,00)}.
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We have that, cf. (2.2.12),
m = 0, (m,z) LR, (X). (2.2.14)

Take an RCD(K, N) space (X,d, m) of essential dimension n and consider the product (X x R,d ®
de,m ® LY. We will often use, without mention, this fact: = € R} (X) if and only if (z,t) €
Ry 1 (X x R) for some (hence all) ¢t € R and, if this is the case,

Oni1(m® LY z) = O, (x, m).

2.2.9 Fine modules

We assume familiarity with the definition of capacitary modules, quasi-continuous functions and
vector fields and related material in [69]. A summary of the material we use can be found in [51,
Section 1.3].

We start by recalling the notion of capacity.

Definition 2.2.17. Let (X,d,m) be a metric measure space. For any set A C X we define the
2-capacity, (or simply capacity) as

Cap(A) := inf {||f||12q1,2(x) . f € HY*(X), f > 1 m-a.e. on some neighbourhood of A} .

It turns out that Cap is a submodular outer measure, finite on bounded sets, and, obviously,
m < Cap. Moreover, a function f : X — R is quasi-continuous if for every € > 0, there exists
E. C X with Cap(E.) < € such that the restriction of f to X\ E. is continuous. We denote by
QCR the quasi-continuous representative.

The following theorem states that, on RCD spaces, gradients of test functions have a better
representative than gradients of general Sobolev functions. These representatives enjoy the property
(actually, define the property) of being quasi-continuous.

Theorem 2.2.18 ([69, Theorem 2.6]). Let (X,d,m) be an RCD(K, 00) space. Then there exists a

unique couple (L%ap(TX), V), where Locap(TX) is a L°(Cap)-normed L°(Cap)-module and

V : TestF(X) — LOCap(TX)
18 a linear operator such that:
i) |V f| = QCR(|]Vf|) Cap-a.e. for every f € TestF(X),

i) the set {3, Xg,Vfn}, where { fu}n C TestF(X) and {Ey,},, is a Borel partition of X is dense
in L0, (TX).

Uniqueness is up to unique isomorphism, in the sense that, if another couple (L%ap

(TX)', V') satis-
fies the same ptoperties, then there exists a unique module isomorphism @ : L%ap(TX) — L%ap(TX)’
such that ® oV = V'. Moreover, L), (TX) is a Hilbert module that we call capacitary tangent

Cap
module.

It is worth spending a few words on L°(Cap)-normed L°(Cap)-modules and, in particular, on
L%ap(T X), as the LY(Cap) and LY(m) topologies may behave quite differently. First, L°(Cap)-
normed L°(Cap)-modules enjoy the following important properties (cf. [84, Definition 1.2.1]):

i) locality: for every v € L%ap(TX) and {A;}; sequence of Borel subsets of X such that X4,v =0

for every i € N, then Xy, 4,0 =0,
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ii) gluing: if {v;}; C L%ap(TX) and {A;}; is a sequence of pairwise disjoint Borel subsets of X,

there exists v € LOCap(TX) such that X ,v = Xa,v; for every ¢ € N.

Indeed, the first property follows trivially from the existence of the pointwise norm. For what
concerns the second property, notice first that, partitioning the sets A; and using locality, we
can with no loss of generality assume that |v;| € L (Cap) for every i. We can then set a; :=
27|11 + [vi]|| o< (Cap) and consider the Cauchy sequence n — Y7, a; X 4,v; and then multiply its
limit by f := > 72, a;X4, so that we can conclude by locality. However, the gluing property for
L%ap(TX) follows directly from its construction, starting from the set of infinite linear combinations
as in item ¢7) of Theorem 2.2.18. Notice that one needs the gluing property for L%ap (T'X) to define
the multiplication by functions in L°(Cap) so that we cannot use the argument above to prove the

gluing property for L%ap(TX). This discussion is relevant because the map
LY(Cap) x Ly, (TX) 3 (f,v) = fv € L, (TX)

is not continuous in general. For example, set (X,d,m) = ([0, 1],d,, £!), recall [69, Example 2.17],
and notice that L>(Cap) is a closed (non-trivial) subspace of L°(Cap). Take vy, := (1+n"1)X(g1)
and f(z) := 1/z. Clearly v, — v = X(g 1) € L%ap(TX), however {fv,} € L%ap(TX) is not even a
Cauchy sequence.

Notice that we can, and will, extend the map QCR from H2?(X) to S2(X)N L (m) by a locality
argument. We define

TestV(X) := {Zn: QCR(f;)Vgi : f; € S2(X) N L>®(m), g; € TestF(X)} .

=1

We define also the vector subspace of quasi-continuous vector fields, QC(TX), as the closure of
TestV(X) in L%ap(TX) and finally,

QC>(TX) :={v € QC(TX) : |v| is Cap-essentially bounded} .
Recall now that as m < Cap, we have a natural projection map
Pr: L°(Cap) — L°(m) defined as [f1zo(cap) = [f1Lo(m)

where [f]o(cap) (resp. [f]Lo(m)) denotes the Cap (resp. m) equivalence class of f. It turns out that
Pr, restricted to the set of quasi-continuous functions, is injective ([69, Proposition 1.18]). We have
the following projection map Pr, given by [69, Proposition 2.9 and Proposition 2.13], which plays
the role of Pr on vector fields.

Proposition 2.2.19. Let (X,d,m) be an RCD(K, c0) space. There exists a unique linear continu-
ous map )
Pr: LY, (TX) = LY(TX)
that satisfies
i) Pr(Vf)=Vf for every f € TestF(X),
ii) Pr(gv) = Pr(g)Pr(v) for every g € L%(Cap) and v € L%ap(TX).

Moreover, for every v LOCap(TX),

|Pr(v)| = Pr(|v]) m-a.e.

and Pr, when restricted to the set of quasi-continuous vector fields, is injective.
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We point out that if v € QC(TX), [69, Proposition 2.12] shows that |v| € L°(Cap) is quasi-
continuous, in particular, v € QC*°(TX) if and only if Pr(v) € L>®(TX).

In what follows, with a little abuse, we often write, for v € L%ap (T'X), v € D(div) if and only if
Pr(v) € D(div) and, if this is the case, divv = div(Pr(v)). Similar notation will be used for other

operators acting on subspaces of L?(TX).

Theorem 2.2.20 ([69, Theorem 2.14 and Proposition 2.13]). Let (X,d, m) be an RCD(K, c0) space.

Then there erxists a unique map QCR.: Hé’z(TX) — L%ap(TX) such that

i) QCR(v) € QC(TX) for every v € Hé’Q(TX),
ii) Pro QCR(v) = v for every v € Hé’2(TX).
Moreover, QCR is linear and satisfies
|QCR(v)| = QCR(|v]) Cap-a.e. for every v € Hé’Z(TX),
so that QCR is continuous.

We often omit to write the QCR (which, as before, stands for quasi-continuous) operator for
simplicity of notation. This should cause no ambiguity thanks to the fact that

QCR(gv) = QCR(9)QCR(v) for every g € H"*(X) N L>=(m) and v € Hé’Q(TX) N L>(TX).
(2.2.15)
This can be proved easily as the continuity of the map QCR implies that QCR(g)QCR(v) as above is
quasi-continuous and the injectivity of the map Pr restricted the set of quasi-continuous vector fields
yields the conclusion. Again by locality, we have that (2.2.15) holds even for g € S2(X) N L>(m).
We have the following dimensional decomposition of the capacitary tangent module, along with
the existence of a basis on the sets of a suitable partition. This is proved in [43]. Notice that to
every element of the partition Ay is associated an integer n(k) < n, and the inequality may be
strict, see e.g. [69, Example 3.17]

Theorem 2.2.21. Let (X,d,m) be an RCD(K, N) space of essential dimension n. Then there
exists a partition of X made of countably many bounded Borel sets {Ay}r such that for every k
there exist n(k) with 0 < n(k) < n and {v},... ,v’n“(k)} C TestV(X) with bounded support which is
an orthonormal basis of L%ap(TX) on Ay, in the sense that

J

v; - v = 0; Cap-a.e. on Ag

and for every v € L%ap(TX) there exist g1, ..., gn(k) € L°(Cap) such that

n(k)
v = Zgivf Cap-a.e. on Ag,
i=1

where, in particular,
gi=v - vf Cap-a.e. on Ay.

Here we implicitly state that if n(k) = 0 then for every v € L%ap(TX) we have v = 0 Cap-a.e.
on Ag.
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Proof. First, we remark that that it is easy to show that in item i) of Theorem 2.2.18 we can
replace TestF(X) with a countable subset, say {fi}ren. This is due to the fact that Hé:2(TX) is
separable, so that we can take a countable dense subset of TestV(X) in the Wé’2(TX) topology. Set
now v := V f and D := {v }g.
Consider now the (countable) sequence of Cap-a.e. defined functions

Fpi=det (vi - v5); j¢;
where I ranges over all finite subsets of N. Notice that if |[I| > n then the fact that L?(TX) has
dimension n and basic linear algebra yield that F; = 0 m-a.e. hence F; = 0 Cap-a.e. because FT is
quasi-continuous. We set then for i € N, ¢ > 1

A= J{F#0} () {Fy=0}

|I|=i |J]>i+1

and Ag := X\ U;j>14;. Notice X = ApgU---U A, as a disjoint union.

Notice now that we can show, by density, that for every v € L%ap(TX) we have v = 0 Cap-a.e.
on Ag. Then, by definition, we can write A; = |J; A! countable (disjoint) union, where on A! we
have that F; # 0 Cap-a.e. and Fy = 0 Cap-a.e. if |J| > |I|. We claim now that {vj}xres is a basis
of L%ap(TX) on Al in the sense that for every v € L%ap(TX) there exists {gx }rer such that

v = ngvk Cap-a.e. on AZ-I
kel

and that if for some {g }xer € L°(Cap) we have that > ker 9kvk = 0 Cap-a.e. then g, = 0 Cap-a.e.
on Al for every k € I
The second claim follows by basic linear algebra: indeed if » . ; grvp = 0 Cap-a.e. then we
have in particular
Z gngrvn - v =0 Cap-a.e.
k,hel
and this implies g; = 0 Cap-a.e. on A! for every k € I as Fy # 0 Cap-a.e. on Al.
We show now the first claim. This is again basic linear algebra together with a simple density
argument. Take any w in L%ap (TX), then a density-continuity argument and the fact that Frg, =
0 Cap-a.e. on A! for every k show that if we set (with an abuse) v; := w we have that

Frogm =0 Cap-ae. on Al

In particular, as F; # 0 Cap-a.e. on A, we have that vg - v, = Zje] g;jv;j - v Cap-a.e. on Af
for | € IU{k} where {g;}; C L°(Cap) (as they are the unique solution of a linear system with
coefficients in L(Cap)). This immediately implies

VE— D 95

jel

2
=0 Cap-a.c. on Al.

We do now a further decomposition of the sets Ai[ . First, we orthogonalize the basis {vy }rer
by means of a Gram-Schmidt procedure as follows. Assume for simplicity I = {1,2,...,m}. We

set recursively
k—1

V), = cgvk+20fvf fork=1,...,m,
1=1
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where {Cf}lglgkgm are defined as

k—1
/ / ey
H vj v if | =k,
k J=1
C fry
! ——
k - .
—— ,l A ifl < k.
AR S S
l ! j=1

Notice that {cf} C S%(X) N L>®(m) and that {v}}xes is still a basis on A in the sense described
above. Also, v}, - v}, = 0 Cap-a.e. on A! if h # k,h, k € I.

If ¢ > 0, we set then (A]). := Al N {|v}| > € for every k € I}, notice that A =|J._,(Al). and
we can write such union as a countable union. We rescale now the basis writing

1
" .
ev o] "

and this allows us to conclude the proof. O

The following theorem, which is [51, Section 1.3] (see also [42]), is crucial in the construction
of modules tailored to particular measures.

Theorem 2.2.22. Let (X,d, m) be a metric measure space and let u be a Borel measure finite on
balls such that u < Cap. Let also M be a L°(Cap)-normed L°(Cap)-module. Define the natural
(continuous) projection

7, : L°(Cap) — LO(u).

We define an equivalence relation ~, on M as
v~y w if and only if [v —w| =0 [-a.e.
Define the quotient module Mg = M/~ with the natural (continuous) projection
— . 0
T M— M,

Then M, is a L°(p)-normed L°(u)-module, with the pointwise norm and product induced by the
ones of M: more precisely, for every v € M and g € L°(Cap),

{\ﬁu(v)l = mu(|v)) (2.2.16)

If p € [1,00], we set
M= {v e Mg t|v| € LP ()},

which is a LP(u)-normed L (u)-module. Moreover, if M is a Hilbert module, also Mg and Mi
are Hilbert modules.

0

In the particular case in which M = LCap

that p < Cap, we set

(T'X) and pu is a Borel measure finite on balls such

LE(TX) := (Lap(TX))h for p e {0} U[1,00].
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In the case u = m notice that considering the map

V : TestF(X) — Lo, (TX) = (L2, (TX)),

we can show that (L%ap(T X))9 is isomorphic to the usual L° tangent module via a map that sends

Vf to_v f so that we have no ambiguity of notation and, by construction, the map 7, coincides
with Pr defined in Proposition 2.2.19. We define the traces
try, HE2(X) — LO(p) as tr, := m, o QCR,

loc

tr, : HG(TX) — LY(TX)  as  tr, =7, 0QCR.

To simplify the notation, we often omit to write the trace operators. This should cause no
ambiguity because from (2.2.15) and (2.2.16) it follows that
tr,(gv) = try(g)tr,(v) for every g € H2(X) N L®(m) and v € HY(TX) N L®(TX).

We define
TestV,,(X) := tr,(TestV(X)) C L;*(TX)

and the proof of [51, Lemma 2.7] gives the following result.

Lemma 2.2.23. Let (X,d,m) be an RCD(K,00) space and let p be a finite Borel measure such
that p < Cap. Then TestV ,(X) is dense in L},(TX) for every p € [1,00).

We also need Cartesian products of normed modules. Fix n € N, n > 1 and denote by || - ||
the Euclidean norm of R™. Given a L?(m)-normed L°(m)-module N, we can consider its Cartesian
product N™ and endow it with the natural module structure and with the pointwise norm

|(U1a-- . ,’Un)| = ||(|Ul|v-'-7|vn|)||6

which is induced by a scalar product if and only if the one of N is, and if this is the case, we still
denote the pointwise scalar product on N by the dot -. We endow N with the norm induced
by the Lebesgue norm of the relevant exponent of the pointwise norm with respect to m. Also, N
is a L%(m)-normed L*°(m)-module if and only if A is, and, if this is the case, a subspace N] of
N is dense if and only if (N7)" is dense in N. Similar considerations hold if m is replaced by a
Borel measure, finite on balls and (with the suitable interpretation) in the case of L(Cap)-normed
LY(Cap)-modules or if we alter the integrability exponent. It is clear that if M is a L°(Cap)-normed
L°(Cap)-module and p is a Borel measure finite on balls such that < Cap, then also

(M) = (M™)E for p e {0} UL, 00].

We adopt the natural notation
Lﬁ(T”X) = Lﬁ(TX)"

and, when possible, we endow L% (7"X) with the norm induced by the L?(x) norm of the (Euclidean)
pointwise norm |- |.

The following remark will be used in the sequel without further notice: if v = (vq,...,v,) € N™
is such that for every i = 1,...,n, v; € HY2(X), then |v| € H2(X). This follows from the fact that
if f1,..., fn € HY2(X) and ¢ € LIP(R™; R) is such that ¢(0) = 0, then ¢(f1,..., fn) € HY?(X).



38 CHAPTER 2. PRELIMINARIES

2.3 Functions of bounded variation

Now we turn to the study of functions of bounded variation on metric measure spaces. Most of the
material can be found in the thesis [71] and the references therein.

2.3.1 Definitions and basic properties

We assume that the reader is familiar with the theory of functions of bounded variation and sets of
(locally) finite perimeter in metric measure spaces developed in [6, 7, 108] and in the more recent
[10, 51] for what concerns the RCD(K, N) setting. We recall now the main notions.

Fix a metric measure space (X,d,m). Given f € L (m), we define, for any A C X open, the
total variation

IDf|(A) := inf {limkinf/lip(fk) dm : {fe}rx C LIPoc(A), fr — f in L (A, m)} , (2.3.1)

where fr — f in LllOC
fr — fin LY(U, m).

For 2 C X open, we say that f has locally bounded variation on € provided that for every
x € , there exists a neighbourhood A = A, of z with [Df|(A) < oco. In this case we write
f € BVjc(A). If moreover f € LY(Q) and [Df|(Q2) < oo, we say that f has bounded variation on Q
and we write f € BV(Q2). In particular, we say that f is a function of bounded variation, and we
write f € BV(X), if f € L*(m) and |Df|(X) < oc. In this case it is easy to show that in (2.3.1), L*
convergence can be equivalently taken instead of LllOC convergence.

If f =Xg, we say that E is a set of locally finite perimeter if Xp € BVio.(X) and we say that
E is a set of finite perimeter if |IDXg|(X) < co.

If f € BVio(Q2), then [Df|(-) turns out to be the restriction to open sets of a Borel measure
(finite or locally finite) that we denote with the same symbol and that we still call total variation.
If f =Xg, we denote [Df]|(-) also with Per(E, -) and we call it perimeter.

Notice that, by its very definition, the total variation is lower semicontinuous with respect to
L] . convergence, is subadditive and |D(yp o f)| < L|Df| whenever f € BV(X) and ¢ is L-Lipschitz.
Finally, (2.2.3) and, in particular, (2.2.2) extend immediately to the case f € BV(X), with the term

mmﬂ(BcT(x)) in place of J[Bcr(x) lip(f) dm. Therefore,

(A, m) if for every x € A there exists a neighbourhood U = U,, of x such that

min{m(B,(z) N E),m(B,(z) \ E)} < 2Cpr|DXg|(Bx-(z)) for every x € X and r € (0, R).
(2.3.2)
The following remark will be used with no further reference.
Remark 2.3.1. Let f € BV(X). Whenever we have an optimal sequence {fx} C LIPjo(X) N LY (m)
for the computation of [Df[(X) as in (2.3.1), i.e. fy — f in L*(m) and [y lip(fi)dm — |[Df](X),
then it holds that lip(fx)m — |Df| in duality with Cp(X). Moreover, by the results in [71], there
exists at least one such sequence, which moreover satisfies { fi }x C LIPps(X). [ |

Several classical results have been generalized to the abstract framework of metric measure
spaces. Among them, the Fleming—Rishel coarea formula, which we now state.

Proposition 2.3.2 (Coarea). Let A C X open and let f € Ll (A). Then

|Df\(A):/RPer({f>r},A)dr.

In particular, for f € L'(A), it holds that f € BV(A) if and only if [, Per({f > r}, A)dr < co.
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In the proposition above, it is part of the statement that if [Df|(A4) < oo, then the set {f > r}
has finite perimeter for £'-a.e. r € R.
We also have the following consequence of the coarea formula above. If f € BV(X), then

/thf| = / /ther({f >}, -)dr for any Borel function h : X — [0, oco]. (2.3.3)
R

A standard consequence of the coarea formula is that given z € X, then for £!-a.e r € (0, c0)
the ball B,(z) has finite perimeter. In the framework of RCD(K, N) spaces this conclusion holds
for every r € (0,00) and the Bishop—Gromov inequality ([121]) provides sharp upper bounds for
perimeters of balls. We also recall that sets of finite perimeters are an algebra, more precisely, if F
and F' are sets of finite perimeter, then

Per(E, -) =Per(X\ E, -) and Per(ENF,-)+Per(EUF, ) <Per(E, -)+ Per(F, -).

2.3.2 Fine properties on PI spaces

We now fix a PI space (X,d, m). The following definitions make sense on arbitrary metric measure
spaces, but most of the results of this section hold for PI spaces.
Given a measurable set F, we define its essential boundary as

*E:i=<x : limsu —m(BT(x)ﬂE) and limsu —m(BT(x)\E)
aE"{ S B @y M P (B, (o)) >0}’

and given a measurable function f : X — R, we define the approximate lower and upper limits as

"(z) := ap limin = su R : lim m(B, () i/ < t}) =
f@) = ap liminf f(y) : p{tGR'}\O m(Bo(2)) 0},

SV (@) :==ap lyiinxsup f(y) == inf {t eR: 71}{1((1) m(Br:(g:(g;; ) _ 0} .

Notice that if F is a measurable subset of X, then

0"E = {z: (Xp(2), Xj(=)) = (0,1)}.

We define
Sp={z: fNz) < fY(2)}. (2.3.4)
If z € X\ Sy, then f(z) = fY(z) and we denote their common value by f(z). If € S§ we define
A v

adopting the convention +o0o + (—oc) = 0. We call f the precise representative of f.

We also need the definition of codimension one spherical Hausdorff measure, defined as

HM(A) = %i{‘% HA(A)

where

° T .
€N €N

HI(A) := inf {Z m(Br(@i)) . 4 C JB(zi), ri < 5} :
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Notice that, for any § > 0,
H A =0 =  HMA) =0

It is possible to prove (see [99, Lemma 3.2]) that for f € BV(X),
—o00 < fY(z) < fM(x) < 400 for HM-a.e. z € X. (2.3.5)

Moreover, the following relations can be easily proved with standard measure theoretic arguments
(see e.g. [28, Proposition 5.2]):

if z € Sy and t e (f\(z), f(x)) then z € 9" {f > t},

if v € O°{f >t} then t € [f"(z), f¥(2)], (2.3.6)
in particular e

ifx ¢ Syand x € 0*{f >t} then f(z) =t.

We recall that [7, Lemma 5.2] and [51, Theorem 1.12], together with the coarea formula show
that, in the framework of PI spaces (in particular, in the framework of RCD(K, N) spaces),

IDf| <« H" <« Cap for every f € BVic(X). (2.3.7)

We also have the following more precise version of the first absolute continuity in (2.3.7), by
[6, 7] and [28]: for any set of finite perimeter E, there exists a Borel function Op, which is
bounded uniformly from below and from above by strictly positive constants that depend only on
the parameters in (2.2.1) and (2.2.2), such that

IDXg| = OpH"LO*E. (2.3.8)
However, we will prove in Theorem 2.3.7 that
IDf| < Cap (2.3.9)

holds for any m.m.s. (X,d,m) and f € BV(X).
Moreover, [28], it holds that the coarea formula implies that

H'(B)<oco = IDf|(B\ Sf) = 0.

The following proposition summarizes results about sets of finite perimeter that are now well-
known in the context of PI spaces and are proved in [7, 75], see also [6].

Proposition 2.3.3. Let (X,d, m) be a PI space and let E C X be a set of locally finite perimeter.
Then, for |DXgl|-a.e. © € X the following hold:

i) E is asymptotically minimal at x, i.e., there exist ry > 0 and a function wy : (0,75) — (0, 00)
with lim,\ g we (1) = 0 satisfying

IDXg|(Br(x)) < (14 wy(r))|DXg|(Br(z)) if r € (0,7,) and E'AE € B,(z),

ii) |DXg| is asymptotically doubling at x, i.e.

i sup [DXEI(Bor ()
0" DX (Br(2)

< 00,



2.3. FUNCTIONS OF BOUNDED VARIATION 41

i11) we have the following estimates:

0< liminfw < limsu w

N mB(@) Y mB@)

iv) the following holds:

lim inf min
r™\0

m(B,(z) N E) m(B,(z)\ E)
{ m(Bo(x))  m(B,(v)) }>°'

As customary, we split the total variation of a function of bounded variation in absolutely
continuous, jump, and Cantor part.

Definition 2.3.4 (Decomposition of the total variation). Let (X,d,m) be a PI space and let
f € BVjee(X). We split the total variation in absolutely continuous part and singular part,

IDf| = |Df|*+ |Df|? where [Df|* = gym < m and [Df]* L m,
and further split the singular part into jump part and Cantor part,
IDfI* = Df + Df|*  where DfJ? = [Df|L Sy,
so that we can write

’Df‘C:’Df“_Cf with m(C'f):Oand CfﬂSf:@.

2.3.3 Integration by parts

The following representation formula for the total variation is based on a result proved in [72] and
then modified in [53] (see [53, Remark 3.18]). In the particular setting of RCD(K, co) spaces, it is
possible to use an approximation argument to provide a direct proof (cf. Proposition 2.3.18). See
[42] for the following formulation.

Proposition 2.3.5 (Representation formula). Let (X,d,m) be a metric measure space and let
f € BV(X). Then, for every A open subset of X, it holds that

IDf|(A) = sup {/ fdivvdm} , (2.3.10)
A
where the supremum is taken among all v € W4, where
Wy :={v € D(div®™®) : |v]| <1 m-a.e. suppv € A}.
Finally, the supremum can be equivalently taken among all v € Wy, where
Wa i={v € D(div™®) : |v| <1 m-a.e. suppv C A}.

Proof. Fix A C X open. If v € Wy, as supp v € A, we can find B open with v € Wg and B C A.
Take now a sequence { fn}n C LIPps(X) with f,, — f in L'(m) and [y lip(f,)dm — [Df|(X) (hence
lip(fn)m — |Df] in duality with C},(X)). Then

/fdivvdm :hm/fndivvdm = —lim/dfn(v) dm.
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We have that for every n (recall the bound |df,,| < lip(f,) m-a.e.),

\ [ 4 dm] < [ tip(s,)am.

Exploiting the weak convergence of lip(f,,)m to |[Df| we have

lim sup /B lip(f,) dm < [Df|(B) < [Df|(4)

n

and this proves that the quantity defined by the supremum in (2.3.10) is bounded by |Df|(A).
Now, (with the notation of [72, 53]), let 6 € Der®*°(X) be with |§| <1 m-a.e. and suppd € A.
Then § € Der??(X) so that, using [53, Lemma 3.12], we can find a vector field vs € D(div) such
that |vs| < |0| m-a.e. and divvs = divd m-a.e. and then also the opposite inequality in (2.3.10) is
proved, in virtue of [72, Theorem 3.4].
In order to conclude, we just have to show that if A C X is open and v € Wy, then

/fdivvdm < IDf|(A).

By an immediate approximation argument, there is no loss of generality in assuming that v has
bounded support. Let ¢ > 0. By regularity, let K C X be a compact set with K C X\ A and
IDfI((X\ A) \ K) < e. It is clear that suppv € X \ K, so that

[ fdivedm < DA\ K) < [D7I(4) + =

so that the proof is concluded being € > 0 arbitrary. O

Remark 2.3.6. If f € BV(X), v € D(div) N L*>(m) and {ng}r € (0,00), {mr}r C (0,00) are two
sequences with limy ny = limg m; = +o00, then the limit

lilin/(f vV —my) A ngdive dm (2.3.11)

exists finite and does not depend on the particular choice of the sequences {ng } and {my}. Indeed,
a cut-off argument and an approximation argument as the one in the proof of Proposition 2.3.5
yields that, if g € BV(X) N L*°(m) and v is as above, then

’/gdivvdm‘ < [Dgl(X)[[o]l Lo (%)

so that, using also coarea, we get the claim.
Therefore, if f € BV(X) and v € D(div) N L*°(m), we can write

/fdivvdm )

with the convention that it has to be interpreted as the limit in (2.3.11). [
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2.3.4 Total variation and capacity

We recall Definition 2.2.17. For a function of bounded variation f, on a PI space, it holds that
IDf| < Cap, by (2.3.7). For general metric measure space, there is little hope to recover (2.3.7).
However, the fact that |Df| < Cap still holds, as the following theorem shows. Notice that this
fact is of crucial importance, as it allows to exploit the results of Section 2.2.9.

Theorem 2.3.7. Let (X,d, m) be a metric measure space and let f € BV(X). Then
IDf| < Cap.

We prove Theorem 2.3.7 after Lemma 2.3.8, which states that we can compute the capacity of
compact sets using Lipschitz functions, instead of Sobolev ones.

Lemma 2.3.8. Let (X,d,m) be a metric measure space and let K C X be a compact set. Then

Cap(K) = inf || f||F2(x) = inf/f2 + lip(f)* dm (2.3.12)

where both the infima are taken among all functions f € LIPps(X) such that f > 1 on a neighbour-
hood of K.

Proof. Recalling that if f € LIPyps(X), then f € HY2(X) and

113200 < [ £2+lip(2dm,

we immediately obtain the two inequalities (<) in (2.3.12).

To conclude, we can assume with no loss of generality that Cap(K) < oco. If ¢ > 0, fix
g € H2(X) with g > 1 m-a.e. on a neighbourhood of K such that ||9H%11»2(x) < Cap(K)+e. Up to
replacing g with 0V g A 1, there is no loss of generality in assuming that g takes values in [0, 1] and
that ¢ = 1 m-a.e. on a neighbourhood of K, call this neighbourhood A. Let also {g,} C LIPs(X)
be such that g, — ¢ in L*(m) and [lip(g,)? dm — Ch(g) (using an immediate cut-off argument
we can replace LIPy,(X) N L%(m) with LIPLg(X) in (2.1.1)). Take n € LIPpg(X) such that n = 1 on
a neighbourhood of K, n(z) € [0, 1] for every z € X and suppn C A (here we use the compactness
of K). Set now f,, := (1 —n)gn +n € LIPp¢(X) and notice that f, > 1 on a neighbourhood of K.
Exploiting the fact that g, — g in L?(m) and g = 1 m-a.e. on A4,

limsup/fﬁdm:/dem.

Using the convexity inequality for the slope (e.g. [71, Lemma 1.3.2]) and arguing as above, we have
that

lip(fn) < (1 = n)lip(gn) +1ip(n)[gn — 1|
so that
limsup/lip(fn)2 dm < limsup/lip(gn)2 dm.

All in all, we conclude as € > 0 was arbitrary and

limsup/f,% + lip(fn)2 dm < ||9||%{1,2(x) < Cap(K) +e. ]
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Remark 2.3.9. It is worth pointing out that Lemma 2.3.8 holds also replacing lip with the bigger
lip, in (2.3.12), which is defined by

. . |f(y) — f(2)]
lip,(f)(z) := limsup ——————+—,
(F)t) yeoe Ay, 2)
which has to be understood to be 0 if x is an isolated point, for any f locally Lipschitz. The proof

is exactly the same, if one takes into account the main result of [20]. [

Proof of Theorem 2.3.7. First notice that thanks to coarea and the regularity of |Df|, we can
reduce ourselves to prove that |Df|(K) = 0 whenever K C X is a compact set with Cap(K) =0
and assuming also f € BV(X) N L (m). Thanks to Lemma 2.3.8, we can take a sequence {p,, },, C
LIPps(X) such that ¢, (z) € [0,1] for every z € X, ¢,(z) = 1 on a neighbourhood of K (this
neighbourhood depends on n) and [|¢n|g1.2x) — 0.

Take v € D(div®™) with |v| <1 m-a.e. and supp v bounded. Consider now

/fdivvdm = /fdiv(gonv) dm + /fdiv((l — ¢p)v)dm
and notice that, by the calculus rules for the divergence in (2.1.4) (recall that we are assuming
f € L2 (m)),
/fdiv(gonv) dm — 0 as n — 0o

and also that, by Proposition 2.3.5,

] [ raiv(a = gnyo)am| < [DsX )

as supp ((1 — ¢n)v) € X\ K. If we let n — oo and then take the supremum among all v as above,
we have, by Proposition 2.3.5,
IDfI(X) < [DFI(X\ K),

which proves our claim. ]

2.3.5 Cartesian surfaces

Here and after, when we deal with a Cartesian product of sets of the kind X; x - -- x X, we denote
by ‘
7TJZX1><‘--XX]€—>X]' (xl,...,xk)»%wj

the projection onto the corresponding factor, for j =1,... k.

Definition 2.3.10. Let (X,d, m) be a metric measure space and let f : X — R be Borel. Then we
define the subgraph of f as the Borel set Gy C X x R given by

Gr={(z,t) eXxR:t < f(2)}.

Lemma 2.3.11. Let (X,d, m) be a locally uniformly doubling metric measure space and let f : X —
R be a Borel function. Then it holds that

(z,t)€d°Gy = te[f (), f(2)],
te (fMNx), V() = (z,t) € 0"Gy.
In particular, if x € X\ Sf, then it holds that 0*Gy N ({x} x R) is either empty or coincides with

{(z, f())}.



2.3. FUNCTIONS OF BOUNDED VARIATION 45

Proof. In the proof the constant C' may change from line to line and it only depends on the doubling
constant at scale R = 1. We can compute, for r € (0,¢), using Fubini’s Theorem,

(m@ £1)(Bo(e,1) NGy) _ (m@L)((By(x) x B,(1) NGy)
(m® LY (Br(z,t))  —  (m®LY)(B,/2(x) x Bya(t))
(m® LY ({(y.t) € By(x) x By(t) : t < f(y)})
rm(B,(z))
S m({y € Bo(w) s s < f(y)})ds
=¢ m(B,(x)
m(By(x) N {f > t—<})
ST S B

Therefore, if (z,t) € 0*Gy, then t < fY(x). Similarly, we can show that if r € (0,¢),

<C

(m® LY (B (2, )\ Gy) _ m(Br(x) N {f <t+e})
(me LY (Br(x,t) m(B;(z)) ’

which in turn shows that if (x,t) € 9*Gy, then ¢ > f"(z). Conversely, arguing as above, we can
show that if r € (0,¢),

(m® L) (Bar(w,t) N Gy) m(By(z) N{f >t +e})

& L) (Ba(@.) —C mB@)
and that
(m @ LY (Br(x,t) \ ) oMBr(@) N{f <t-—c})
(m® LY)(Br(z,t)  — m(Br(z))
which yield the second claim. O

By [30, Theorem 5.1] and its proof, taking into account the elementary inequality

a<V1i+a2<1+a, for every a > 0,
(or see [28, Proposition 4.2]) we obtain the following proposition.

Proposition 2.3.12. Let (X,d, m) be a PI space and f € BV(X). Then Gy is a set of locally finite
perimeter in X X R and
IDf| < mi|DXg,| < [Df| + m. (2.3.13)

In particular, if Cy and Sy are the m-negligible sets as in Definition 2.3.4,

(m:|DXg, )L (Cy U Jp) = IDf|L(Cy U Jy).

2.3.6 Vector valued functions of bounded variation

In what follows we fix m € N, m > 1. We treat now the case of vector valued BV functions, i.e.
functions of bounded variation taking values in R™, or equivalently, collections of m real valued
functions of bounded variation. As the case m = 1 has already been treated, we focus on m € N,
m > 2.



46 CHAPTER 2. PRELIMINARIES

Definition 2.3.13. Let (X,d,m) be a metric measure space and f € L'(m)™. We define, for any
A open subset of X,

D1() = i {ngint [ |4p(is)icr.. ol i 2:3.14)

where the infimum is taken among all sequences {f;r}r € LIPic(A) such that fir, — fi in
Ll (A,m) for every i = 1,...,m.

Remark 2.3.14. Notice that we are taking the relaxation of the integral of the Euclidean norm of
the vector whose components are the local Lipschitz constants of the various coordinates, not the
local Lipschitz constant of a vector valued function. The former approach follows [18], while the
latter (a slight variant of the one in) [108]. For open subsets of R™ the former approach corresponds
to the relaxation of the integral of the Hilbert-Schmidt norm of the Jacobian matrix of a sequence
of approximating functions, while the latter employs the operator norm instead, and is seen to be
equivalent to the one proposed in [4]. Also, it is straightforward to show that f € BV(X)™ if and
only if the quantity defined in (2.3.14) for |Df|(X) is finite, and similarly for BVj,.(X). [

Proposition 2.3.15. Let (X,d, m) be a metric measure space and f € BV(X)"™. Then |Df|(-) as
defined in (2.3.14) is the restriction to open sets of a finite non-negative Borel measure that we call
total variation of f and still denote with the same symbol.

Proof. The proof of [15, Lemma 5.2] can be easily adapted with no substantial changes. Indeed,
one has only to notice that the convexity inequality for the slope used in [15, Lemma 5.4] and the
properties of the Euclidean norm imply a suitable version of the convexity inequality for the slope
in our situation. O

Definition 2.3.16. Let (X,d, m) be a metric measure space and f = (fi,..., fm) € BV(X)™. We
define the Borel set .
Sf = U Sfi,

i=1
where Sy, is defined in (2.3.4).

Also in this case we adopt the terminology (and notation) of Definition 2.3.4 for what concerns
the splitting of the total variation of a vector valued function of bounded variation in absolutely
continuous, jump and Cantor part.

2.3.7 Functions of bounded variation on RCD spaces

The proof of the following result can be found in [86, Remark 3.5], we briefly sketch it here for the
sake of completeness. Notice that there is a slight abuse in the statements of (2.3.15) and (2.3.16),
as we identified measures with their densities freely.

Proposition 2.3.17 (Bakry Emery estimate in BV). Let (X,d,m) be an RCD(K,o0) space and
f € BV(X). Then, ift >0, hyf € BV(X) and it holds

IDhy f| < e Kty |Df]. (2.3.15)
If moreover f € BV(X) N L% (m), then hyf € BV(X) N HY?(X) and

[Vhf| < e ®'y[Df| m-a.e. (2.3.16)
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Proof. First notice that by the general theory of Sobolev spaces, we easily obtain that |Dh;f| <
|Vheflm if f € BV(X) N L>*(m). Then, thanks to the lower semicontinuity of the total variation
and a truncation argument, the first statement follows from the second.

In order to conclude the proof, take a sequence {fi}r C LIPps(X) with fp — f in L'(m) and
S lip(fr)dm — [Df[(X) (hence lip(fi)m — [Df| in duality with Cy(X)). Clearly, we can assume
that || fi|l oo (m) < ||f|| Loo(my, so that he f € H2(X) NLIPy(X) for every k, with uniformly bounded
Lipschitz constants, by the L>°-LIP regularization property. Also, by [114, Corollary 4.3], we have
that for every k,

(Vhe fr] < e Ky V| < e Xfhlip(fr)  m-ae.

Then, {|Vh;fi|}r € L?(m) is bounded and, as |Vh,f| is bounded from above by any L? weak limit
of {|Vhyfx|}x, we can conclude easily, recalling that the heat flow on finite measures preserves the
weak convergence in duality with Cp(X). O

For the rest of this subsection, we fix m € N, m > 1. The following proposition provides us with
a generalization of Proposition 2.3.5 (actually, also with a different proof, but only for the special
context of RCD spaces) to the multi dimensional case, in the context of RCD(K, co) spaces.

In view of the following proposition, recall that the interpretation of the integral in (2.3.17) is
given by Remark 2.3.6.

Proposition 2.3.18. Let (X,d,m) be an RCD(K, 00) space and let f € BV(X)™. Then, for every
A open subset of X, it holds that

A) = idivo;dm 5, 3.
IDf|(A) Sup{;/Afd vid } (2.3.17)

where the supremum is taken among all v = (vq,...,vn) € W', where

W = {v = (v1,...0m) € TestV(X)™ : |v| <1 m-a.e. supp|v| € A}. (2.3.18)
Finally, the supremum can be equivalently taken among all v € Wff, where
WY = {1} = (v1,...0m) € TestV(X)™ : |v| <1 m-a.e. supp |v| C A}.

Proof. Call |Df|* the quantity defined by the right hand side of (2.3.17), we show now that |Df|*
is the restriction to open sets of a finite Borel measure, that we still denote with |Df|* and that
IDf|* = |Df| as measures.

Step 1. We show that [Df|*(A) < |Df|(A) for every open set A. Fix then A C X open. Assume
for the moment that also f; € L>°(A, m) N LIPj.(A) is such that [,lip(fi)dm < oo for every
i=1,...,m and take any v = (vq,...,vn) € W} Set now

C' := supp |v|

Notice C' € A and take a cut-off function 1 € LIPps(X) with ¢(x) € [0, 1] for every x € X, ) =1 on
a neighbourhood of C' and suppv¢ € A. Therefore, for every i = 1,...,m, 1 f; € L°°(m)NLIP},.(X)
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is such that [lip(¢f;)dm < co. We can now estimate, for ¢ > 0, using the Cauchy-Schwarz
inequality and (2.3.16),

_ h div o, dm = Vh ) -y dm < Ve sl d
;/ twf)lvv m ;/ t(ﬂJf) v m</c||(| t(d’fﬂ) || m

oKt / | e D £ il dm < &K / | (helip(£:))ile dm
C C

so that, letting ¢ \ 0,

_;/fidivvidmg/CH(lip(zpfi))iHedmg/A”hp(fi)Hedm

Back to the general case f € BV(X)™, we notice that we have to show the claim in the case
fi € L®(A,m) for every i = 1,...,m. Then, we can conclude by the very definition of |Df| and
what said above, noticing that approximating sequences can be taken made of functions uniformly
bounded in L% (m) with no loss of generality.

Step 2. We show that |[Df|* is the restriction to open sets of a finite Borel measure (that we still
call |[Df|*). To this aim, we can use Carathéodory criterion ([18], cf. [15, Proof of Lemma 5.2]) and
is then enough to verify (all the sets in consideration are assumed to be open):

1. [DfI*(4) < [Df*(B) it A C B,

2. IDf"(AUB) > [DfI*(A) + [DfI*(B) if d(A, B) > 0
3. IDfI"(A) = limg [DFI*(Ay) if A 7 A,

4. IDf"(AUB) < [Df|*(A) + DfI"(B).

We notice that (1) and (2) follow trivially from the definition of |Df|* and that (2) does not even
need the sets to be well separated. We prove now property (3). Fix € > 0 and take a compact
subset K with K C A and |Df|(A\ K) < e. Then there exists k such that K C A, in particular
we can find ¢ € LIPw(X) with ¢(z) € [0,1] for every x € X, ¢ = 1 on a neighbourhood of K
and suppy € Ag. If we take v = (vi,...,vm) € WY, we can write v; = 9v; + (1 — p)v; for
i =1,...,m, notice (Yv;); € Wi and (1 —)v); € Wil k- Then we can compute, using that
IDfI"(A\ K) < [Df|(A\ K) <e,

Z/ fidiv v; dm = Z/ fidiv(pv;) dm + Z fidiv((1 —¥)v;)dm < |Df*(Az) +

A\K

so that (3) follows as v € WY} and ¢ > 0 are arbitrary. We prove now (4). Take a sequence
of bounded open sets {Ak}k with Ay A and A C {z € A:d(z,X\ 4) > k~'}; take similarly
{By}k. Fix k and take @DA € LIPps(X) with 1/1A( ) € [0,1] for every z € X, ¢h4 = 1 on a neighbour-
hood of Ay, and supp ¢4 € A; define similarly 1. Define also 14 := ¢4 and ¢p = wB(l — wA)
Take then v = (v1,...,vy) € Wi up,- Writing v; = Yav; +¢pv; for i = 1,...,m we can argue
similarly as above to verify that

IDfI"(Ar U By) < [DfI"(A) + [Df"(B)

so that (4) follows letting £ — oo, taking into account (3).
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Step 3. We conclude that [Df|* = [Df|. By the previous steps, it is enough to show |Df|*(X) >
IDf|(A) if A C X is open and bounded. Assume for the moment that also f € L>(m)". Let t; \,0
and consider f;  := hy, f;. By lower semicontinuity of the total variation,

IDf|(A) < limkinf ID(figes- -5 fap)|(A)

and then, taking into account that m(A) < oo and the general theory of Sobolev spaces,

IDFI(A) < liminf | 1V f)ict,nlledm < Timyinf [ 1V fl)icr,nlledm. (2:3.10)

By density, we take f;x; C TestF(X) such that fir; — fix in H»?(X) as I — oo for every i. We
can write the right hand side of (2.3.19) as

Vhs fi ki

dm,
> hs(IV fimal®) + €

hmkmf;l\né hgn%l\I%zi:/vfi,k' \/
that is,
Vhs fi k.

VsV fal?) +

Recalling the properties of the heat flow hy ¢, we can rewrite the quantity in (2.3.20) as

dm. (2.3.20)

hmklnf 21{% h}n %1{% ZZ: / fikdiv

Vhs fi ki

dm
\/Zj hs(IV fial?) + €

hmklnf il\I‘% II%D}I\I‘%; / fidiv | hp g,
and see that it is bounded by |Df|*(X), by an approximation argument that relies on Lemma 2.2.1;
here we used that an immediate approximation argument yields that if A = X the request that
supp v; is compact in (2.3.18) is irrelevant. We have therefore proved |Df|*(X) = |Df|(X) in the
case f bounded.

We treat the general case. We write

L= (V=D AL ..., (fm vV =1) AD). (2.3.21)
Now we can conclude easily, as, by lower semicontinuity, what we just proved, and coarea
[DSI(X) < liminf [Df'|(X) = lim inf [Df[*(X) < [Df|*(X) + lim inf [D(f' = £)|*(X)

< IDFI"(X) + > _timsup [D(ff = £)|(X) = [DI"(X).

The last claim can be proved as for Proposition 2.3.5. O

Remark 2.3.19. One may wonder whether Proposition 2.3.18 holds also in the more general setting
of (infinitesimally Hilbertian) metric measure spaces, with the obvious modifications (i.e. whether
we can extend Proposition 2.3.5 to functions taking values in R instead of R). It seems anything
but straightforward to adapt the argument used in [71] (extracted from [72, 15]) as here we face a
difficulty generalizing the approach via test plans. For this reason we had to provide a completely
different proof, obtained via approximation arguments, at the price of working in more regular
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spaces. We give here an example of this issue, using the notation of the articles just cited. We
point out that the difference |Df| # |Df],, that we are going to see is what we expect, given the
choice of the relaxation made to define the total variation, cf. Remark 2.3.14. Nevertheless, being
all the norms on finite dimensional spaces equivalent, the two objects are equivalent, in the sense
that one bounds the other, up to a multiplicative constant.

Consider X := [0, 1]?> C R? endowed with the Euclidean distance and the Lebesgue measure. Let
f : X = R? be the identity. It is clear that f € BV(X)? and |Df|(X) = v/2. However, computing
the total variation defined via test plans, [Df|, = 1. Indeed, if B C X is a Borel set and 7 is a test
plan, we obtain, using Fubini’s theorem,

/ 4ID(f 0 7)|(B) dre(7) < / £1({t : 7 € BY)Lip(y) dr(7)

< |Lip ()| oo ) (£ @ ) ({(£.7) = 7 € BY)
< |[Lip(y) || oo () C (1) L2(B),

so that |[Df], < L2 ]



Chapter 3

Sets of finite perimeter

This chapter is about the fine properties of sets of finite perimeter on finite dimensional RCD
spaces. Namely, blow-ups of sets of finite perimeter are studied, along with the rectifiability of
reduced boundaries and representation formulae for perimeter measures.

3.1 Regular behaviour

The main result of this section states that total variations of functions of bounded variation are
concentrated on the regular set R} (X). We state it for functions of bounded variation, nevertheless
notice that by coarea the same result for characteristic function of sets of finite perimeter would
imply the result as stated below.

Theorem 3.1.1. Let (X,d,m) be an RCD(K, N) of essential dimension n. Then
IDFI(X\ R, (X)) =0 for every f € BV(X).

Proof. The statement can be achieved by repeating verbatim the proof of [50, Theorem 3.1], using
R (X) instead of R, (X), and Lemma 3.1.2 below instead of [50, Proposition 2.14]. O

The proof of Theorem 3.1.1 builds upon the characterization of total variation along curves, as
well as the following crucial result, which is based on [70] (which, in turn, is the generalization to
RCD spaces of [62], obtained in the context of Ricci limits).

Lemma 3.1.2. Let (X,d,m) be an RCD(K,N) space of essential dimension n. Suppose that
v :[0,1] = X is a geodesic satisfying v € R} (X) for a dense family of t € (0,1). Then it holds that
v € Ry (X) for every t € (0,1).
Proof. Let § € (0,1/20) be fixed. The non-branching property of X, proved in [70, Theorem 1.3],
ensures that the constant-speed reparametrisation of 7|[5 /2,1-5/2] On [0,1] is the unique geodesic
between its endpoints.

We first prove that v, € R, (X) for every ¢t € [§,1 — 6]. Now by [70, Theorem 1.1] (see also [70,
Theorem 1.2]), we have 7 and C such that

dpar((Br(7s);7s), (Br(7s), 7)) < Crls — 8’| for every r € (0,7) and s, 5" € [6,1 — J].

Fix for the moment 5" € [0, 1-¢] and take (X', d’,m’,2’) € Tan,, (X,d, m). Notice that if v, € R, (X),
then, by the equation above, for any R > 0,

dpeu((BY (z'),2'), (BR'(0),0) < CR|s — §'|

o1



52 CHAPTER 3. SETS OF FINITE PERIMETER

and since 75 € R, (X) for a dense set of s, we infer that (B (2/),d’,2’) = (BR"(0),de,0) so that,
being R arbitrary, (X', d’,2") = (R",d,,0). As (X',d’,m’,2") is RCD(0, N), an iterative application
of the splitting Theorem ([81]) yields that (X',d’,m’,2) = (R",d., L",0), whence vy € R, (X).

Now we prove that ¢ € R (X) for every ¢ € [§,1—6]. Recall that [70, Eq. (166)] gives constants
e, 7 and C such that

‘ m(Br(7s))
m(Br (7))

In particular, for any s, € [§,1 — §] with |s — s’| < & we have that

'm(Br(vs)) (m(Br(w))

wpr™ wpr™

1
— 1' < COls — §'|20+20) for every r € (0,7) and s,s" € [§,1 — §] with |s — §'| < e.

~1
) - 1' <Cl|s— 3'|2(1+12N> for every r € (0,7). (3.1.1)

Now let t € [§,1— 4] be fixed and choose a sequence {t;}ien €7 H(RE(X)) N[5, 1 =8N (t—e,t+¢)
such that ¢; — ¢. Up to a not relabelled subsequence, we can assume that ©,(m,~,) — A for some
A € [0,00]. Pick sequences {r;};jen, {7j}jen C (0,7) such that

B,. _ B,
MELOD) Lm0 g )
WnT'; WnT;

Plugging (s,s',7) = (t,t;,75) or (s,s',7) = (t,t;,7;) in (3.1.1), and letting j — oo, we deduce that
O, (m, ) < oo and

‘ 6n(m7’7t)
@n(mvvti)

Similarly, plugging (s, s’,r) = (t;,t,7;) or (s,s',r) = (t;,t,7;) in (3.1.1), and letting j — oo, we
deduce that ©,,(m,~;) > 0 and

‘@n(m,'ytl) o 1‘ ‘@n(m7’7tz)
(_)n(my%‘,) 7 @n(maryt)

@n(ma 715)
@n(m7 ’Ytz)

)

1
- 1‘ < C|t — t;]20+2N) for every i € N. (3.1.2)

1
- 1‘ < C|t — t;]20+2N) for every i € N. (3.1.3)

Observe that (3.1.2) and (3.1.3) imply, respectively, that for every i € N it holds that

|®n(m7 ’Yt) - @n(mu ’Yt)‘ S 2C|t - t’L| 2(1J:2N) Gn(m7 ’Yti)a (314)
@n(m77t>@n(m77t)
@n(m77ti) .

Hence, we can conclude that ©,(m,v;) = ©,,(m, ;) € (0, +00) by letting i — oo in (3.1.4) if X < oo,
or in (3.1.5) if A = +o0. This shows that v, € R} (X) for every ¢ € [§,1 — J].
Thanks to the arbitrariness of §, we proved that v, € R (X) for every ¢ € (0,1), as desired. [

|©n(m,7t) = ©,(m,ve)| < 2CJt — ] ) (3.1.5)

3.2 Blow-ups

The goal of this section is to study how sets of finite perimeter behave after a blow-up of the
space. We start introducing the definition of blow-up of a set of finite perimeter and a tech-
nical/compactness tool. Then we discuss splitting maps, good coordinates, and their interplay.
Finally, we prove the main result of the section, i.e. the characterization of blow-ups of sets of finite
perimeter.
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3.2.1 Tools

The following is one of the most important definitions of this manuscript.

Definition 3.2.1. Let (X,d,m) be an RCD(K, N) space, let z € X and let E be a measurable
subset of X. We say that the quintuple (X, dso, Moo, Zoos Poo) i tangent to (X,d,m, E) at x if
there exists a sequence of radii r; N\ 0, such that

i) (X,r,;ld, my, , ) = (Xoo; doo, Moo; Too) in the pointed measured Gromov-Hausdorff topology,
say in a realization (proper metric space) (Z,dz) with respect to isometric embeddings ¢y :
(X, ;1) = (Z,dz) and oo : (Xoo, doo) = (Z,dz).

1
loc

ii) Fo is measurable subset of X, such that ¢x(E) converge in Ly . t0 too(Foo) with respect to

the realization as above.

iii) F is a set of locally finite perimeter and weak convergence of rescaled perimeters holds, i.e.
(1)« D*XE| = (100)«|DXE.|  in duality with Cpg(Z) (3.2.1)

with respect to the realization as above, where |D*Xg| is the perimeter measure relative to
the rescaled space (X, T,;ld, my, )-

We denote the collection of all tangent spaces to (X,d, m, E) at x as Tan,(X,d, m, E) and we will
write a converging sequence as above by

(X, rlzld m¥ x,E) — (Xoo,doo,moo,$oo,Eoo)-

) s

We consider two elements (Xoo, doo, Moo, Too, Eoo)y (X, dlo, mi, 2l EL) € Tang(X,d,m, E)
to be isomorphic if there exists an isometry ¥ : Xoo — X/ such that U(zs) = 2., Uime = mlg
(i.e. (Koo doos Moos Too) and (XL, dl., ml , 2. ) are isomorphic as pointed metric measure spaces
through ¥) and moreover m/ (V(Ex)AEL) = 0.

Now we show a result which implies, in a sense, compactness of sets of (locally) finite perimeter

during a blow-up procedure.

Theorem 3.2.2. Let (X,d,m) be an RCD(K, N) space and let E C X be a set of locally finite
perimeter. Let x € supp |DXg| be satisfying the conclusions of Proposition 2.3.5.

Let . \( 0 be such that (X,r;ld, my, , ) — (Xoo, doos Moo, Too) in the pmGH topology, for some
realization. Then we can extract a not relabelled subsequence such that there exists a set of locally
finite perimeter Es C Xoo and, with respect to the same realization as above, (X, r,;ld, my,, T, E) —
(Xooy doos Moo, Toos Fno) according to Definition 3.2.1. In particular, we have that Tang,(X,d, m, E)
15 not empty.

Proof. This is [10, Corollary 4.10] with its proof, we give some of the details, we use the notation
of Definition 3.2.1. By item 4ii) of Proposition 2.3.3, it holds that, for any R > 0,

71| DXE|(BRrr, (2))

lim sup |D¥X g| (B (z)) = lim sup
k k

m(By, (x))
L rDXEl(Brn ()
< hmksup (B, (2)) e (Br(z)) (3.2.2)

. Rri|DXg|(Bgr, (2)) Moo (Br(Zo))
< s = (@) R

< 00,
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so that we can apply [10, Corollary 3.4] and extract a (not relabelled) subsequence such that also
item ii) of Definition 3.2.1 holds, for some Borel set Es C X, (notice that the realization (Z,dz)
is fixed in [10, Section 3|, so that such convergence happens in the realization (Z,dz) that we have
in the statement). It remains to show that, up to passing to a subsequence, also item item iii) of
Definition 3.2.1 is satisfied, as the last conclusion follows from Gromov compactness Theorem for
RCD(K, N) spaces.

Item iii) of Definition 3.2.1 follows from [10, Proposition 3.9], we repeat the argument. We
know that t(E) — teo(Ewo) in L and, up to passing to a (not relabelled) subsequence, that
(12)«|D*XE| = (100)+V in duality with Cpe(Z), for some Radon measure v on (Xso, doo ). The second
conclusion is due to weak compactness in the space of measures, taking into account (3.2.2) again
and the fact that any weak limit of (1;).|D*Xg| is supported on te(Xso). In other words, we only
have to prove that v = |DXg__|.

Now we argue as in the proof of [10, Corollary 3.4] (recall (3.2.2)), and we see that, up to
extracting a not relabelled subsequence, for a sequence of radii R; 7 oo, for every [,

sup |DFX g () (X) < o0 and sup [DFX - i ()| (X) < o0 (3.2.3)

k Ry k By
Notice that, by the very definition of L{.  convergence, we have that ¢;(Xg N BEZ () = we(XEg) N
Br,(tx(x)) converge in Ll-strong to teo(Xg, N B, (Tx)) = too(XE.,) N Br,(teo(Too)), for every

[. This observation allows us to use [10, Proposition 3.6], in particular, [10, Equation (3.9)], to
conclude that, for every I, Eo N Bp,(Z) has finite perimeter and

/ gd’DXEoomBRl (@) < limkinf/ gd|DkXEmB§ (@) for every g € LIPps(Z,dz) non-negative.
Xoo X L

In particular, by locality, taking into account that R; ' oo, we deduce that E., has locally finite

perimeter and
IDXg_ | <wv. (3.2.4)

Now, for every [ we apply [10, Proposition 3.8] to obtain a sequence {E,i}k of sets of finite
perimeter, where E’li C X satisfy

Ej, = Boo N Bp(20) in Ll-strong  and  [D*Xpp[(X) = [DXp npy, re) [(X).

In particular, using as before [10, Proposition 3.6] (but this time, we can exploit the second con-
clusion above), we deduce that

(Lk)*|DkXE;€| = (00)+|DXE By, (20)] in duality with Cps(2). (3.2.5)

Again, we have taken a not relabelled subsequence of {ry}; (with a diagonal argument).
Now fix [ and let s € (R;/2, R;) be such that

V(0Bs(o0)) = |DXg_|(0Bs(2s0)) = [D*X(dBF(z))| = 0 for every k
(notice that a.e. s € (R;/2, R;) is suitable) and define
EL = (L1 BY(2)) U (E\ BX()) = (B, 0 Byry (8)) U (B \ By ().
By item i7) of Proposition 2.3.3, we have that, for k& big enough (namely, such that Ryry < ry),

k| DXE[(BRyry (7)) Tk|DXE,lc|(BRm ()
m(B;, (z)) m(By, (z))
= (1 + wo(Ryri))[D*X 1 | (B, (x)) = M| DXy | (B, (),

ID*Xg|(BE, (x)) = < (14w (Ryry))
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where A\ = (1 + w(Ryrg)) — 1 as k 7 co. We can then compute
IDRXgI(BE(2)) = DXl (Bl () — (DXl (Bl () \ BE(2))
< MiD*X 5 [(BE, () — [D*Xg| (B, (x) \ B (x))
= DX [(B (@) + AuID*X 5 [(0BE ()
+ M DX g (Bl (2) \ BE(2)) — [D*Xp|(Bf, () \ B{(x))
= A|D* Xt [(BE () + A DX [(9BS ()
+ (A — 1)|D*Xp (B, (2) \ B{(x)).

Hence, using the second conclusion of (3.2.3) and the fact that A\, — 1, and then (3.2.5) for the
second inequality,

V(Bs(To0)) < limkinf IDEX|(BY (z)) < limksup \DkXEL\(Bf(x)) + limkinf ]DkXEL](ﬁBf(x))
< DX g, (w0e) [(Bs(00)) + lim inf [DFX 1 | (DB ()

= DX, [(By(oc) + lim inf [DFX g [ (DB (2)),

where the last equality is due to the constraints on s.
Therefore, recalling (3.2.4), it remains to prove that

limkinf |DkXEllc|(8B§(:x)) =0 for a.e. s € (R;/2, Ry). (3.2.6)
We start by noticing that
Xi = X XB,,, (2) T XEXX\B.,, (1) = Xt = XB)XB,,, (¥) + XE,

so that
DX | < [D((Xpt — XE)XE,,, ()] + DXg]. (3.2.7)

Now we apply (with an immediate localization argument) [10, Lemma 3.10] with X B~ Xg in place
of f to deduce that

‘D((XE;ZC_XE)XBSTI@ (a:))\((‘)Bsrk(x)) < / ‘XE}C_XE’d‘DXBsrk (x)\ for a.e. s € (Rl/2, Rl). (328)
X
Hence, recalling the constraint on s, reading (3.2.7) and (3.2.8) in the rescaled spaces,
1
k

ID*X 5 |(9BY () < / Xp = XpldD*Xpe(2)]  for ae. s € (Ri/2, Ry).
X

Then, using also Fatou’s Lemma and the coarea formula,

R; Ry
/ lim inf [D*X j, [(9B%(2))ds < lim in / DFX 4 (0B (2))ds
Ry/2 kK k k Ri/2 k
Ry
ghminf/ /|><El — Xp|d|D*X g (z)|ds (3.2.9)
Ry/2Jx Ok °

< lim inf /
k Bk

@) |XE11C — XE]dmffk.
B
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Now notice that

- x — _ z
/Bﬁl (z) |XEIZC XEOBRZ @ldmy, /Bﬁl (z) XE'l“ " XEmBRl (@) QXEllcm(EmBRl (z))dm""k =0,

where we used that E,i — EoNBR,(25) and ENBg,(z) = Exc N BpR,(2) in L'-strong and hence
also EY N (E N Bg,(z)) = Eo N Bpr,(Too) in L'-strong by [10, Lemma 3.5]. This implies that the
last term of (3.2.9) is 0, so that (3.2.6) follows. O

3.2.2 Splitting maps

We introduce splitting maps, after [58]. In the definition below, C’K’ N is the constant appearing in
the definition of § splitting map in [51], which is linked to the (local) Lipschitz constant of harmonic
functions [96].

A splitting map is an object that plays the role of some coordinate functions (u',...,u") :
R™ — R*. Notice that these standard coordinate functions are Lipschitz, harmonic, have vanishing
Hessian and have orthonormal gradients. Moreover, for any RCD(0, N) space, the presence of a
map satisfying these properties implies that the space splits off a factor R¥, isometrically (this
follows from an iterated application of the splitting Theorem [81] as in [34, Lemma 1.21], see also
[10, Section 2]).

Definition 3.2.3 (Splitting map). Let (X,d,m) be an RCD(K, N) space. Let x € X, let k € N,
and let r,d > 0 be given. We say that a map

w=(ul,...,u"): B, (z) = RF
is a §-splitting map if the following three properties hold:
i) for every i = 1,...,k, u’ is harmonic and C‘K,N-Lipschitz,

ii) for everyi=1,...,k,
7"2][ [Hessu'[*dm < §,
By ()

iii) for every i,j =1,...,k,

][ |V’LLZ . Vuj — 5i7j|dm < 9.
Br(x)

Remark 3.2.4. Let u,v : B,(x) — R be harmonic maps on an RCD space (hence u and v are locally
Lipschitz, [96]). Then Vu - Vv has Lebesgue points with respect to m everywhere in B, (x). This
is [50, Remark 2.10] together with a polarization argument. |

Remark 3.2.5. Let u,v : B,(x) — R be harmonic maps on an RCD space. Then Vu admits a quasi-
continuous representative on B, (x) as well as Vu - Vv admits a quasi-continuous representative
on B, (z). In particular, for any Borel measure, finite on balls, 4 < Cap, Vu admits a well defined
trace on L) (TX) on B,(x) (see Theorem 2.2.22) as well as Vu - Vo admits a well defined trace on
LY(p) on B,(x). We are going to exploit this traces throughout with no further notice.

Moreover, the Lebesgue representative (with respect to m) for Vu - Vo, say f, is quasi-continuous
on B,(z) (see [69] and the references therein for the relevant notions). In particular, f coincides
with the trace of Vu - Vo on L°(i). We prove this fact. By a cut-off argument and the local nature
of this claim, we can assume that f has compact support in B,.(z), hence f € H%?(X). We denote
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with f the quasi-continuous representative for f, our claim is then f = f in LY(Cap). Take also
{fa}n C LIPLs(X) with f,, — f in H%?(X). Notice that (taking the continuous representative of
fn) fo — f in L9(Cap) by the continuity of the quasi-continuous representative map HH2(X) —
L°(Cap). Now the conclusion comes from the argument in the first part of the proof of [39, Theorem
5.62], see in particular [39, Equation (5.15)], with f in place of v and f in place of f. [ |

Remark 3.2.6. The condition ii) of Definition 3.2.3 is easily seen to be unnecessary, in applications,
but we preferred to keep it to follow the original definition. For example, inspecting the proof of
Proposition 3.2.9 from [51, Proposition 3.7], we see that this condition does not enter into play, and
the smallness of the Hessian is ultimately implied by condition 4ii), thanks to the local Bochner
inequality (2.2.4), together with the doubling inequality (cf. Remark 3.2.13). [

Now we state four key propositions [51] which show the interplay between the existence of
splitting maps and the fact that a suitable rescaling of the space is close to a space that splits
isometrically an Euclidean factor. The first shows existence of a splitting map, provided that the
space is close enough to a product space.

Proposition 3.2.7. Let N > 1 and let k € N with k < N. For every § € (0,1), there exists
e = ¢e(N,0) € (0,1) such that for every RCD(—e, N) space (X,d,m) and x € X, if there ezists a
pointed RCD(0, N — k) space (Z,dz,mz, z) satisfying

dpmar (X, d,m, 2), (RF x Z, dgky 7, L¥ @ mz, (0, 2))) <,
then there exists a §-splitting map u : Bs(z) — RF.
Then we have the scale-invariant version of Proposition 3.2.7.

Proposition 3.2.8. Let N > 1 and let k € N with k < N. For every § € (0,1), there exists
e =¢(N,0) € (0,1) such that for every RCD(K, N) space (X,d,m) and x € X, if r € (0,1) is such
that r? max{—K,0} < € and there exists a pointed RCD(0, N — k) space (Z,dz, mz, z) satisfying

dpmGH((X,rfld, m”, ), (RF x Z,dge.7, £F @ mz, (0, z))) <&,
then there exists a §-splitting map u : Bs,(x) — RF.

The third proposition is a sort of converse of the two above: if we have a map that is a
splitting map at sufficiency many scales, then the space is close to a product space. Notice that
while the assumption (the existence of a splitting map defined on Bs-1(x)) is local, the conclusion
(dpmau (X, R* x Z) < ¢) has more a “global taste”. The possibility of having such a statement
comes from the very definition of the pmGH distance, through the usual use of cut-off functions.

Proposition 3.2.9. Let N > 1 and let k € N with k < N. For every € € (0,1) there exists
d =0(N,e) € (0,1) such that for any RCD(—d, N) space (X,d,m) and x € X, if there exists a map
u: Bs-1(z) — RF such that for every s € (0,67Y), u: Bs(z) — RF is a 6-splitting map, then there
exists a pointed RCD(0, N — k) metric measure space (Z,dz,mz, z) such that

dpman (X, d, m, 2), (R¥ x Z,dge .7, L¥ @ mz,(0,2))) < e.
Then we have the scale-invariant version of Proposition 3.2.9.

Proposition 3.2.10. Let N > 1 and let k € N with k < N. For every ¢ € (0,1) there exists
d = d(N,¢e) € (0,1) such that for every r € (0,1), for every RCD(K, N) space (X,d, m) with x € X,
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if there exists a map u : Br(x) — RF such that for every s € (0,7), u : Bs(z) — R¥ is a §-splitting
map, then for every (Xoo, doo, Moo, Too) € Tan, (X, d, m), there exists a pointed RCD(0, N — k) space
(Z,dz,mz, z) such that

dpmGH((Xomdom m007x00)7 (Rk X Zv deXZaﬁk ® mz, (Oa Z))) <Eé.

Finally, for any splitting map, there exists a “bad set” with small Hausdorff content outside
which the map is still a splitting map at any smaller scale. We omit its proof ([50]), which is based
on a maximal function argument.

Proposition 3.2.11. Let N > 1 and let k € N with k < N. Let (X,d,m) be an RCD(K,N)
space, let x € X and let u : By.(v) — R¥ be a 6-splitting map for some v € (0,1/2) such that
r?max{—K,0} < 4. Then there exists a Borel set G C Ba,(x) with

HE (B () \ G) < CN\/S”‘(B;;(UU))’

where Cn € (0,00) is a constant that depends only on N, such that for every y € G and s € (0,r),
u: By(y) = R¥ is a Cn6Y*-splitting map.

The proposition above motivates the following definition.

Definition 3.2.12 (Good splitting map). Let (X,d, m) be an RCD(K, N) space of essential di-
mension n. Let z € X, let r > 0 and let n € (0,n~!). We say that a map

uw=(u',...,u"): By (z) = R"
is a good n-splitting map on D C B,.(z) if the following two properties hold:
i) for every i = 1,...,n, u’ is harmonic and CA'K, ~-Lipschitz,

ii) for every i,j=1,...,n, for every y € D and s € (0,7r),
][ |Vuz : Vuj — 5¢7j|dm <n
Bs(y)

(i.e. u satisfies items i) and satisfies ii) of Definition 3.2.3 for every centre y € D and scale s € (0,7)).
We simply write good splitting map if the value of € (0,n~!) is not important.

Remark 3.2.13. It may seem strange that in the definition of good splitting map we have dropped
the scale-invariant averaged control on the squared Hilbert—Schmidt norm of the Hessian, i.e. the
bound on TZfBr(y) |Hess u’|?dm as in item iii) of Definition 3.2.3. This, however, is coherent with
the motivation for good splitting maps, i.e. being able to operate at arbitrarily small scales. Indeed,
|Vu?|? has Lebesgue points everywhere in B,(z) (Remark 3.2.4) hence, by (2.2.4) and the doubling
inequality, for every y € B,(x),
r? |Hess u!|*dm — 0,
Br(y)

so that the bound mentioned above would have been redundant. [ |

Given a good splitting map, we can rotate its components in order to have them asymptotically
form an orthonormal basis.
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Lemma 3.2.14. Let (X,d,m) be an RCD(K, N) space of essential dimension n. Let n € (0,n~!)
and let u : Bop(x) — R™ be a good n-splitting map on D C B.(x). We define the matriz valued

M;; = Vil -Vl
Then there exists a matriz valued Borel map A = {A; j}i; : D — R™ ™ satisfying
AMAT =1d and |A| < Cyy on D,

where Cy, ,, € (0,00) is a constant depending only on n and n.
In particular, if y € D and we set vy, := A(y)u, then

(Vv; . va/)(y) =0 fori,j=1,...,n.

Proof. Notice first that being u a good n-splitting map (recall Remark 3.2.4), for every i,j =
1,...,n,
|M;j =0yl <n<n™t  onD. (3.2.10)

Now fix for the moment y € D. Let A € R be an eigenvalue of M(y) and let w = (w!,...,w") be
a corresponding eigenvector, assume that |w| = 1. Then

A= wl M(z)w = w! (M(y) — Id)w + |w|?
so that by (3.2.10) and Holder’s inequality,
A= 1] = [T (M(y) - Wd)w| = |, w' (M(y)i; — 6ij)w’| < n|>,; ww!| <plwff <nn < 1.

In particular, M(y) is invertible.
Fix for the moment y € D. We perform a formal Gram—Schmidt orthogonalization algorithm.
Namely, we set

f); = ul, v; = = L
V (VoL - Vi)
and for 7 > 1,
i i i i i i i B
By =l = (V- Tl — o= (T Vo e e

NOCRRZAI

notice that the denominators are strictly positive by the invertibility of M (y). Then we set A(y)

to be the natural matrix satisfying v, = (v;, ., v;) = A(y)u according to the procedure above,
namely
0 ifi < 7,
S if i =3,
Ay)ij = § VIV, Vo))

_ (V' Vo)) TRy
Vo, Vo)) o>

Now we compute

(AWM AW )ij = AWk AW (Vub - V) (y) = (Vo) - Vo) (y) = 6i,
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where the last equality is due to the Gram—Schmidt-type construction. Let now w € R"™. We
compute

[A(y) w]* = w" A(y) A(y)"w = w" A(y) M (y) A(y)"w + w" A(y)(Id — M (y))A(y)"w
< [w|* + (nn)|A(y)" w|?

where we used that the eigenvalues A, ..., A, of the symmetric matrix M (y) satisfy |A; —1| < nn <
1. Therefore we can bound |A(y)”| by a constant that depends only on 7 and n. O

Now we need to introduce a notion of unit normal, in the sense of calculus, to a set of finite
perimeter. We need this object in order to keep track of the set of finite perimeter in a blow-up
procedure. We only state the result, revealing in advance a particular version of Theorem 4.1.1 of
Chapter 4 (actually, the bulk of the proof of Theorem 4.1.1 is the same as the one of Theorem 3.2.15).

Theorem 3.2.15 (Gauss—Green formula). Let (X,d, m) be an RCD(K, N) space and let E C X be
a set of finite perimeter and finite measure. Then there exists a unique vector field vy € LTBXE|(TX)
such that it holds

/ divodm = —/U - vp d|DXg] for every v € Hé’2(TX) N D(div) N L*(TX).
E

Moreover, lvg| =1 |DXg|-a.e.

Now we want to isolate a condition for which, given a harmonic Lipschitz vector valued map,
this map is suitable to recognize the blow-up of a particular set of finite perimeter at a point.

Definition 3.2.16 (Good coordinates). Let (X,d, m) be an RCD(K, N) space of essential dimension
n. Let E C X be a set of finite perimeter and let = € supp |[DXg| be given. Then we say that an
n-tuple of harmonic Lipschitz functions

uw=(u',...,u"): By(z) - R"
is a system of good coordinates for E at x provided the following properties are satisfied.

i) For any 7,7 = 1,...,n, it holds that

lim IVu' - Vu? — §;5|dm = lim |Vu' - Vu? — 6;;|d|DXg| = 0. (3.2.11)
s\0 Bs() s\0 Bs(z)
ii) For any i = 1,...,n, there exists }*(z) € R such that
lim lvg - Vu' — 7 (2)|d|DXg| = 0.
s\0 B (x)
iii) The resulting vector v"(x) := (v{(x),...,ve(z)) € R™ satisfies [0"(z)| = 1.

Remark 3.2.17. Let (X,d,m) be an RCD(K, N) space of essential dimension n, let z € X and let
u = (u',...,u") be an n-tuple of harmonic Lipschitz functions satisfying for every i,7 = 1,...,n
(cf. (3.2.11))

lim V' - Vud — 6;5|dm = 0.
™\ 0 By ()
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Given a sequence of radii r; N\, 0 such that
X,r;'d,mli, z) — (R",d¢, L£",0)

and fixed a realization of such convergence, it follows from the results of [24, 25] (recalled in [51,
Section 1.2.3]) and (2.2.4) that, up to extracting a not relabelled subsequence, the functions in

{uf = rz._l(uj — uj(a:))}Z forj=1,...,n

converge locally uniformly and locally in H'2-strong on Bg(0) (for every R > 0) to orthogonal
coordinate functions of R™. |

The fact that systems of good coordinates have components that are asymptotically orthonormal
grants that, for sufficiently small scales, these maps are splitting maps.

Lemma 3.2.18. Let (X,d,m) be an RCD(K, N) space of essential dimension n. Let u : B,(x) —
R™ a n-tuple of harmonic Lipschitz functions satisfying for every i,j =1,...,n (cf. (3.2.11))

lim Vu' - V! — & j|dm = 0.
s\0 B (z)

Then, for every § € (0,1), there exists rs € (0,1) such that u is a (1 + §)-Lipschitz §-splitting map
on Bs(z) for every s € (0,75).

Proof. As in Remark 3.2.13, we have that for every 1,

lim 7“2][ |Hess u'|2dm = 0.

B,(x)
Finally, considering the scale-invariant version of [48, Remark 3.3] we have that for every ¢ € (0, 1),
there exists r; € (0,1) such that u is (1 + Cy6'/?)-Lipschitz on By, (). O

Now we decompose an RCD space as a countable union of Borel sets { Dy }x, up to a set that is
not seen by total variations, in such a way that every Dy is a “good set” of a good splitting map. It
is worth noticing that this decomposition depends only on the RCD space and not on a particular
function of bounded variation.

Lemma 3.2.19. Let (X,d, m) be an RCD(K, N) space of essential dimensionn and letn € (0,n~1).
Then there exists a sequence of maps {uy : Bay, () — R"}i, and a sequence of pairwise disjoint
Borel sets {Dy, C By, (x)}r such that

i) for every f € BV(X),
IDf| (x \ UDk> =0, (3.2.12)
k

i1) for every k, uy is a good n-splitting map on Dj.
To any such collection of n-splitting maps, we can therefore associate a natural map

UDe =Nz k().
k
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Proof. The proof follows the arguments given in the proof of [51, Theorem 3.2], but the outcome
is stronger, thanks to a suitable improvement of the proof.
Fix a countable dense set S C R} (X). Let y € S be given. If ¢ > 0 is small enough and

r € (0,y/e/|K|) NQ is such that
dpmGH((X7r71d7 m;a y)7 (Rna de7£n70)) < E7

then, by Proposition 3.2.8 we obtain a d-splitting map w,, : Bs,(y) — R" for some § (which can
be made arbitrarily small, taking ¢ small enough). Let

Dy, :={z € B5/2T(y)‘uy,r is an n-splitting map on Bs(z) for every s € (0,5/4r)}.

The claim of the lemma will be proved with the sequence of sets { Dy, },, and maps {uy, }y., after
having made the sets D, , disjoint.
Assume now, by contradiction, that the claim is false. Then, by coarea, we find a set of finite

perimeter £ C X such that
DXz <x \J DW,) > 0.

yi/r

In particular, by Proposition 2.3.3 and Theorem 3.1.1,
DXz <B (U Dy,r) >0, (3.2.13)
y77‘
where (notice B C R} (X) N 0*E), for some j that will be assumed fixed,

r[DXg|(B(x))
m(B;(x))

Fix € > 0 to be determined later. If x € B, then there exists r = r(x) € QN (0,1) such that
|K|r? < e <4 and

B := {:17 ER;,(X)NIJ'E : > j ! for every r € (O,j_l)} .

_ T|DXE|(BT/4($)) .1
doman (X, 771d, m?, z), (R, d., £7,0)) <&  and > 457L
prci( 8 ) m(Byyal)

By density of S and thanks to an easy continuity argument, we deduce that for some point y =
y(]?) €SN BT/Z(‘/E)a

_ rIDXg|(Bra(y)
dom X,r~td, m”,y), (R",d., £",0)) < &, and > 4571, 3.2.14

By the discussion above, we obtain a J-splitting map wuy, : Bs,(y) — R™ for some 6 = 6(g) (which
can be made arbitrarily small, taking ¢ small enough). By Proposition 3.2.11, w,, is a Cnol/A
splitting map on Bs(z) for any = € Dy, C Bs/3,.(y) and s € (0,5/4r), where

h m(B5/2r(95))
H5 (Bs /2, (y) \ Dy,r) < CN61/25/T’

Therefore, Dj . C D, if CnoY4 <.
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We apply Vitali covering lemma to the family { B, /2(y(2))}zep constructed arguing as above
and we obtain a sequence of disjoint balls {B,(4,)/2(y(%i))}: such that

B C U Bs jar(2:) (Y ().

Set
D* =Dy ()

i
Then we can compute

m(Bs )2 (z;) (Y(2i)))
5/2r(x;)

k3

ieN €N

HE(B\ Df) < Z’H}g (35/2r(xi)(y($i)) \ DZ(M),T(J;.)) < On6'/? Z

m Br T; Y\z; .
<COne?y ( ;(;/,‘;54( D) < Cyjé Dl ),
ieN ¢

where the constants C'y may change from line to line, in the third inequality we are using the
doubling property together with the fact that r(z;) is sufficiently small, and in the last inequality
we are using (3.2.14) together with the fact that {B,(,,)/2(y(zi))} are disjoint. Let now {e;}; with

g; \¢ 0 be such that the corresponding {;}; satisfy both (53/2 < 27" and C’Njél-l/4 < 7, and set
G:=|JD" C D,,.

2
Then H2(B \ G) = 0, which contradicts (3.2.13). O

In view of the following proposition, recall Definition 3.2.16, in particular the definition of v.
We are going to prove that, given a good splitting map, we can rotate it in order to have a system
of good coordinates.

Proposition 3.2.20. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let E C X
be a set of finite perimeter. Let n € (0,n™1) and let u : 2B — R™ be a good n-splitting map on
D C B. Let A: D — R"™™ be the matriz valued Borel map given by Lemma 3.2.14 and set, for
y € D, vy := A(y)u. Then, for |DXg|-a.e. y € D, the map v, is a system of good coordinates for
E aty and

v (y) = Aly) ((ve - Vu’)(y))l e R" for |DXg|-a.e. x € D. (3.2.15)

In particular, for |DXg|-a.e. y, there exists a system of good coordinates for E at y.

Proof. Up to removing a |DXg|-negligible set, we can assume that every point of D is a Lebesgue
point of Vu! - Vu/, vg - Vul, with respect to |[DXg| for every 4,7 = 1,...,n. This is due to the
asymptotically doubling property of |DXg|. Also, up to removing another |DX g|-negligible set, we
can assume that at every point of D, the Lebesgue value for Vu' - Vu/ with respect to m coincides
with the Lebesgue value for (the trace of the quasi-continuous representative of) Vu! - Vu/ with
respect to |DXp|, for every i,j = 1,...,n. This is due to Remark 3.2.5 together with the fact that
|IDX | is asymptotically doubling. Notice that this last property implies, in particular, that (taking
the traces on L‘QDXE|(TX))

A{Vd' - Vul}; jAT =1d |DXgl|-a.e. on D, (3.2.16)
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where we also used Lemma 3.2.14.
By the paragraph above, for every y € D, the map v, satisfies (3.2.11). We compute, exploiting
the fact that every y € D is a Lebesgue point for vg - Vu',

limsup][ }Zk V)ik(ve - A\ )(2) = > AW)ik(vE - Vuk)(y)‘d|DXE|(z)
™0 Br(y)

< hmsupC’m Z ][ ((vg - VuP)(2) = (vg - VuP)(y)|d|DXg|(z) =0,
where the inequality is due to Lemma 3.2.14. Hence (3.2.15) is satisfied.

It remains to prove only that [} (y)| = 1 for [DXg|-a.e. y € D, notice that y — v} (y) € R™ is
|DX g |-measurable thanks to (3.2.15). First, by (3.2.16),

(ZkAl,kVuk) . (ZkAMVuk) = 52‘73' \DXE]—a.e. on D. (3.2.17)

Now, as L|DX ‘(T X) has dimension at most n (Theorem 2.2.21) we deduce that the n vector fields
{34 A(Y)ixVuF}izi ., form an orthonormal basis for L|Dx ‘(TX) on D. Therefore,

Vg = Z((ZkVE . Ai,kVuk) (ZkAszUk)> on D,

as element of L|DX ‘(TX). Now, as |vg| =1 |DXgl|-a.e. and by (3.2.17),

1= Z((ZWE A VuP) (e - AjpVat) (3,40 k V) - (ZkAj,kVUk)>

/L‘?j

= Z (ZkVE : Az’,kvuk)2

|IDXgl|-a.e. on D, whence the claim follows from (3.2.15).
The last conclusion is due to Lemma 3.2.19. ]

3.2.3 Main result

The following important theorem completely characterizes blow-ups of sets of finite perimeter, and
how we can recognize the blow-up, in the limit space, using a system of good coordinates.

Theorem 3.2.21. Let (X,d, m) be an RCD(K, N) space of essential dimension n and let E C X be
a set of locally finite perimeter. Let x € supp |DXg| such that the conclusions of Proposition 2.5.3
hold at x. Assume that there exists a system of good coordinates for E at x, u : By(x) — R™. Then

Tan,(X,d, m, E) = {(R",d., L",0, {z, > 0})}. (3.2.18)
More precisely, if H C R"™ is a half-space such that
(R",d., £",0,H) € Tan,(X,d, m, E),
where the coordinates in R™ are chosen as limits of rescalings of u as in Remark 3.2.17, then

H={y:y - vg(x) >0}.

In particular, (3.2.18) holds for |DXg|-a.e. © € X.
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Proof. By a standard reduction argument, we can assume that E has finite perimeter and finite
measure. Fix z € supp [DXg| and fix v : B, (x) — R", system of good coordinates for E at
x. Notice that if O is a rotation matrix, then v := Ou : B, (z) — R" is still a system of good
coordinates for E at x with 7},(z) = OUf(x) (here we are making the dependence on the system of
good coordinates explicit). Hence, for Step 2, up to changing also the coordinates on R", we see
that there is no loss of generality in assuming that 7} (z) = (0,...,0,1). This has the only effect
to simplify some computations.

Step 1. By Lemma 3.2.18, for every § € (0, 1), there exists r5 € (0,1) such that u is a §-splitting
map on Bg(z) for every s € (0,r5). Now, take (X', d’,;m’,2’) € Tan,(X,d, m) (which is not empty,
by Gromov compactness Theorem). Now we can apply Proposition 3.2.10 for any § € (0,1). Take
indeed € = j~! and § = §(¢) given by Proposition 3.2.10, then, by the map u, we know that there
exists a pointed RCD(0, N — n) space (Z/,d’, m7, 27) such that

dpmau((X,d’,m’, 2), (R" x 27 d. @ &/, L™ @ m, (0, 27))) < j 7.

Applying Gromov compactness Theorem, we have that for some pointed RCD(0, N — n) space
(Z°°,d>°, m>, 2°°) we have that

dpmGH((Zooa d007 m007 200)7 (Zja dj: mj7 Z])) —0
so that we infer
deGH((le dla m/7 l‘/)a (Rn X ZOO7 de @ doo’ ‘Cn ® m007 (07 ZOO))) =0.

The lower semicontinuity and additivity of the essential dimension forces Z°° to be a point, so that
(X', d";m’, 2') must be R™. This shows that

Tang(X,d, m) = {(R", de, L7, 0)}

Step 2. Now take a sequence r; ~\, 0 such that (X,rj_ld, mj?j,a:) — (R™,d¢, £",0) in the pmGH
topology and let (Z,dz) be a realization of such convergence, with isometric embeddings ¢; :
(X,rj_ld) — (Z,dz) and ¢; : (R",d.) = (Z,dz). We can assume (possibly taking a not relabelled
subsequence, see Remark 3.2.17) that the maps {u; =rj
and in H2-strong on Bg(0) (for every R > 0) to coordinate functions on R", say el ... e". We
will use these coordinates on R™. We can assume (possibly taking a not relabelled subsequence, see
Theorem 3.2.2) that (X,rj_ld, my .,z B) — (R",d¢, L,0, E'), i.e. 1;(E) converge in L{ . to to(E")
and we have weak convergence of rescaled perimeters, see (3.2.1), for some set of locally finite

perimeter £/ C R™. We have to show that E' = {y : y - U}i(x) > 0}, recall that we are assuming

Yl —ui(z))} ;j converge locally uniformly

74 (z) = (0,...,0,1).

We prove this by a limiting procedure involving the Gauss—Green formula.

For this part of the proof we are going to follow the arguments of the proofs of [51, Proposition
4.7) and [50, Proposition 4.8], building heavily on the convergence results of [24, 25], recalled
also in [51, Section 1.2.3]. As these convergence results are by now standard, we are going to
use them freely, referring the reader to the references above for details. Let o € LIPpg(R™).
We take ¢; € LIPpg(X, ’rj_ld), uniformly Lipschitz, with uniformly bounded support and strongly
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converging to o in H? and locally uniformly converging to ¢o. By Theorem 3.2.15, we have
that for i = 1,...,n, if ¢ € LIPs(X) has support contained in B,_(z),

/ Vo - Vu'dm = —/chui - vpd|DXEg|,
E

where we used that as u’ is harmonic on B, (), then pVu' € Hé’z(TX) N D(div) and div(pVu') =

©Vu'. We can multiply both sides by CTiJ and use the scaling properties of the gradients and the

measures to infer that

/ Vi - Vubdm? = — 5[ oVt vpd DX, (3.2.19)
E] J CxJ

where this equality makes sense for j large enough as for j large enough, with a little abuse,
supp ¢; C B, (x). Concerning the left hand side of (3.2.19), we have the convergence

/ Vipj - Vujdmy — / Voo - VeldL". (3.2.20)
E, B
Using twice the rescaling property |D/Xg| = 67:5] |IDXgl, if R is big enough,
rs . .
ij/gojVuZ . VEd‘DXE| —51‘,,1 gojd\DJXE\
xr
T ’
<l @jlloo = [Vu' - vg — bin|d[DXg|
Cy BRrj(cc)
— ;oD (BR(x))][ Vi - v — 6;nldDXE| - 0,
BRT].(CC)

Therefore, concerning the right hand side of (3.2.19), we have the convergence

Ty
T
Cy

©;Vu' - vpdDXg| = 6in | Pood|DXa|, (3.2.21)

where we used again the weak convergence of rescaled perimeters together with the local uniform
convergence ¢; — ¢oo. All in all by (3.2.19), (3.2.20) and (3.2.21), we obtain that in the space
(R™,dc, L™) (we are not rescaling the measure now), we have that for every ¢ € LIPps(R"™),

/ Bipd L = —5ip | dH" 'L O*E. (3.2.22)
Now, for any i = 1,...,n — 1, by (3.2.22),
8,-<pd£” = 0,

E‘/

which easily implies that Xg: (y) = Xg+(y,) for some H' C R. Taking product test functions, one
verifies that (3.2.22) with ¢ = n implies that H' is a set of locally finite perimeter and that for
every 1 € LIPps(R),

/ Pdt = — / vdH L o*H'.
HI
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This shows that
IDXg/| = DXy,

so that we have that H' = Xla,00) for some a € R. Now we can use the weak convergence of rescaled
perimeters together with item #ii) of Proposition 2.3.3 to infer that a = 0, whence the claim.

Step 3. The last conclusion is due to Proposition 3.2.20 and Proposition 2.3.3. O

We briefly comment on Step 1 of the proof of Theorem 3.2.21. Notice that the conclusion
entails a “constancy of the dimension” statement (which is not obtained for free but hidden in
the proof of Lemma 3.2.19, which exploits Theorem 3.1.1). Also, if one is only interested on the
conclusion of Theorem 3.2.21 at almost every point with respect to the perimeter measure, the
argument of Step 1 is unnecessary and can be replaced directly by Theorem 3.1.1.

3.3 Reduced boundary

In view of the following definition, recall the definition of tangent to a set given in Definition 3.2.1.
We want to have a subset of the essential boundary that is big enough to carry all the perimeter
measure, but made of points that are regular enough to have nice properties.

Definition 3.3.1 (Reduced boundary). Let (X,d, m) be an RCD(K, N) space of essential dimension
n. Let F C X be a set of locally finite perimeter. Then we define the reduced boundary FE C 0*FE
of E as the set of all those points z € R (X) satisfying all the four conclusions of Proposition 2.3.3
and such that

Tan,(X,d,m, E) = {(R",d.,L",0,{z, > 0})}.

By Theorem 3.2.21, Theorem 3.1.1 and Proposition 2.3.3 we obtain the following corollary,
which confirms that Definition 3.3.1 is meaningful.

Corollary 3.3.2. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let E C X be
a set of locally finite perimeter. Then

IDXg|(X\ FE) = 0.
Remark 3.3.3. For any = € FE the following hold (recall the definition of C7, in (2.2.10)).

i) If 7 0 is such that
(X, 1, ml 2) — (R™,d,, £",0) (3.3.1)
in a realization (Z,dz), then, up to not relabelled subsequences and a change of coordinates
in R",
X, r; ', mli, 2, B) — (R, de, £, 0, {z, > 0}),
in the same realization (Z,dz). Notice that, given a sequence r; \, 0, it is always possible to
find a subsequence satisfying (3.3.1) by Gromov compactness Theorem.

ii) We have
B,
lim m(B:(z)) = wpOp(m, z) € (0,00),
™\0 rh
Cr Wn,
T\OTT n+1@n(m,x),
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iii) z is a point of density 1/2 for F, i.e.

m(B,(z) N E)

lim =1/2.
™0 m(B,(z)) /
This follows indeed by Theorem 3.2.2 and by the membership to R} (X). [

3.4 Rectifiability

In view of the following theorem, recall that |DXpg| is concentrated on FE, by Corollary 3.3.2,
for any set of locally finite perimeter . We are then going to prove the rectifiability of reduced
boundaries of sets of finite perimeter, and give an explicit description of the maps that we can use
to have rectifiability: indeed, we are going to use good splitting maps.

Theorem 3.4.1. Let (X,d, m) be an RCD(K, N) space of essential dimension n and let E C X be
a set of locally finite perimeter. Then FE is countably (n — 1)-rectifiable. More precisely, for every
e > 0, we can write

FE = U B;UN,
€N
where, for every i, B; is (1 + ¢)-bilipschitz to a Borel subset of R"™! and |DXg|(N) = 0.

Theorem 3.4.1 is an easy consequence of the following lemma, and we postpone its proof after
the proof of Lemma 3.4.2. Lemma 3.4.2 is proved by blow-up.

Lemma 3.4.2. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let E C X be
a set of locally finite perimeter. Let u be a good splitting map on D and let A : D — R™ ™ be the
matriz valued Borel map given by Lemma 3.2.14. Let € small enough so that 52(CK7N +1) <e,

where CA’KJV s the constant appearing in Definition 3.2.12.
Let G C FEND be a set of points with the following properties:

i) for somel € N, [ > 1,

r[DXg|(Br(y))

> ! for every y € G and r € (0,171,
(B, () 0

ii) for everyy € G, the map vy := A(y)u is a system of good coordinates for E at y,

iii) there exist a matriz A € Q"™ and a a vector v € Q" such that

|A(y) — A| < £ and 7 (y) — 7| < € for every y € G.

Then there exists a projection map @ : R™ — R™ onto a hyperplane and a sequence of sets {Gy}i

with G, C G and
IDX5| <G\UGk> =0,
k

such that, for every k,
TAu G — R"

is (1 + 2¢)-bilipschitz onto its (n — 1)-dimensional image.
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Proof. Define 7 : R — R"™ to be the projection onto the subspace orthogonal to 7, i.e. m(z) =
z—(z - v)v and set u := Au.
Take any y € G. We claim that there exists r, € (0, 1] satisfying

}|7’rﬂ(y) — 7wu(z)| — d(y, 2)| < 2ed(y, z) for every z € G such that d(y, z) < ry. (3.4.1)

Assume the contrary and take a sequence {zj}r C G with r := d(y, zx) — 0 satisfying

|[7aly) — wa(zg)| — d(y, 2x)| > 2ed(y, 2x).
Now we consider the rescaled spaces (X, r,;ld, mye, y). Recall that vy is a system of good coordinates
for ' at y, hence, up to taking not relabelled subsequences we can exploit the membership y €
FE (in particular, Theorem 3.2.21) and Remark 3.2.17 to have that {U;k = 7 (v — v (y) Tk

converge locally uniformly to orthogonal coordinates on R"™, say vy, for j = 1,...,n, where
(X, r,;ld, my*,y, B) — (R",de, L",0, H) in the pmGH topology, for the half-space

H = {z:vy00(2) - 7 (y) = 0}.

Also, up taking again subsequences, we can assume that zp — 2z, for some z,, € R", notice that
de(0, 2o0) = 1 = [Vy,00(0) — Vy,00(200)|. Now we claim that zo, € OH. Assume not, say 2o, ¢ 0H,
then for some o € (0,1), taking into account weak convergence of measures involved, and that
{zehe € G,

m(Bor (Zk)) . rk‘DXEKBUT (Zk))
075’“ < hmksupl cr L

= llimksup |DXEk](B§(zk)) = DX g |(BX" (250)) = 0

0 < £"(BE" (200)) = limmyt (BE(21)) = lim

which is a contradiction. Therefore z, € 0H so that, by the description of H,
(Vy,00(0) = Vy,00(200)) L DZ“y (y),
and hence
170400 (0) = 000 (z00)| = [00(0) = Voo (o0l | < 17 = 752 (1) [[0,0(0) = Voo (zo0) | < &2
Therefore, by local uniform convergence,
lim i |70y (y) = 7oy ()| = d(y, 2i)| = lim |70y 1 (y) — Ty ()] = 77, d(y, 20)|
= Hfrvym(O) — Ty, 00 (%00 )| — de(0, zoo)| < &2
Hence, if k is big enough,
|17y (y) — 7oy (26)| = d(y, 2zi)| < (e + &)y
Now we compute, if k£ is big enough, as ¢ is small enough,

7a(y) — 7| — d, 20)l| < 1A — A@)lluly) — u(z)] + |70y (0) — 70y ()] — d(y, 20|
< 52OK,Nd(y7 Zk) + (8 + €2>d(y7 Zk) < 26d<y7 Zk),

which is a contradiction. Therefore (3.4.1) is proved.
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By an exhaustion argument, we can assume that for every y € Gy, v, > m~1, for some m € N,
where we are taking the maximal r,, € [0, 1], which is not zero by (3.4.1). Notice indeed that, taking
the maximal ry, y = ry is upper semicontinuous. By a partitioning argument we assume moreover
that the diameter of G}, is smaller than m™': if y, z € G}, then

“ﬁ'ﬂ(y) - 77'('@(2:” - d(y7 Z)‘ < 2€d(y7 Z)a
asd(y,2) <m~ ! < ry. Hence the map 7u provides the suitable bilipschitz map. O

Proof of Theorem 3.4.1. Fix e > 0 small enough (this smallness depending on C’K ~, which appears
in Lemma 3.4.2).

Now we use Lemma 3.2.19 for some 1 € (0,n~!) and, keeping the same notation, we concentrate
on one fixed k. Dropping the subscript k, we have to prove rectifiability of |DXg|L D, where there
exists a good splitting map v : 2B — R™ on D C B, for some ball B C X. Now we apply
Proposition 3.2.20 (the matrix valued Borel map D > y — A(y) € R™*"™ given by Lemma 3.2.14)
and, up to discarding a |DXg|-negligible subset from D, v, := A(y)u is a system of good coordinates
for £ at y, for any y € D. Up to a partitioning and exhaustion argument we see that we can
assume that assumptions of Lemma 3.4.2 are in place (recall Remark 3.3.3). Hence we can use a
further partitioning argument and exploit the maps given by Lemma 3.4.2 (as their image lies in a
hyperplane, we can choose coordinates of such hyperplane and assume that these maps take values
in R* 1), O

We add now a technical result which will be useful later on. Namely, fixed a BV function f we
can cover an RCD space, up to a |Df|-null set, by a countable union of sets that are bi-Borel to
Borel subsets of the Euclidean space.

Proposition 3.4.3. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let f €
BV (X)™. Then there exists a countable collection {(Gi, ¥;, B;)}i such that

i) {Gi}i is a collection of pairwise disjoint Borel subset of X satisfying
Df <>< \ UGZ) —0,

i1) {B;}i is a collection of Borel subsets of R,

i11) for every i,

is an invertible Borel map with Borel inverse

U B = Gy,

iv) for every i, U, is the restriction of some NS BV(X)™ to G; with Jg. N G; = 0.

Proof. As [IDf| < |Dfi|+ -+ |Dfml, there is no loss of generality in assuming m = 1, so write

f=r.
Split X in the disjoint union Ay U Cy U Sy, according to the decomposition

IDf| = Df|* + [Df|° + [DfF
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in absolutely continuous, Cantor and jump part (Definition 2.3.4). Then the claim on the portion
Sy follows from the rectifiability result of Theorem 3.4.1. The claim on the portion Ay follows from
the rectifiability of (X,d,m), e.g. [111] or [49]. As the maps providing rectifiability are bilipschitz,
an application of McShane extension Theorem shows that item iv) can be satisfied.

We treat now the part C'y. First, we define the subgraph of f as in Section 2.3.5, i.e.

Gr={(z,t) e XxR:t < f(x)}.

By Proposition 2.3.12, G is a set of locally finite perimeter and that, if 7 : X x R — X denotes the
projection onto the first factor, it holds that

IDf| < m|DXg, |-

By the rectifiability result of Theorem 3.4.1 again, there exists a countable collection {CAQ}Z of
pairwise disjoint Borel subsets of 9*Gy C X x R such that

Dxg, (X x R\ J i) =

and for every ¢ there exists a map

which is blhpschltz onto its image. To our aim, there is no loss of generality in assumlng that
for every i, C; C (Cr N {f €R}) x R (we use also (2.3.5)). We set for every i, C; := 7(C;) and
W; := ®; o (Id, f)|¢,, and it is easy to show that this assignment satisfies the request in item i),
recalling (2.3.6).

We now show item iv), up to removing from C; the |D f|-negligible subset J; N C; (the fact
that J; N C; is D f|-negligible follows from (3.4.2) below and the fact that \Df| L (X'\ Sf) does
not Charge jump sets of functions of bounded varlatlon) We first use McShane extension Theorem
for ®; to obtain a L-Lipschitz function ®; and set ¥; := ®; o (Id, f). Notice that if g € LIPjoc(X)
it holds that lip(®; o (Id,g)) < L(lip(g) + 1), therefore an approximation argument yields that
DU; € BV (X)" Wlth

DU, < L(DS| + m), (3.4.2)

and then the conclusion follows. O

3.5 Representation formula

Now we want to state formulae which give the representation of the perimeter measure. The first
one, (3.5.1), is in terms of the 1-codimensional Hausdorff measure, whereas the second one, (3.5.2),
is a purely metric formula (and answers in the affirmative to [115, Conjecture 5.32]). It is worth
comparing (3.5.1) to (2.3.8), which holds on any PI space.

Theorem 3.5.1 (Representation formula for the perimeter). Let (X,d, m) be an RCD(K, N) space
of essential dimension n. Let E C X be a set of locally finite perimeter. Then,

Wn—1

IDXg| = HML FE (3.5.1)

n

and
IDXg| = 0,(m, )Y H" 'L FE. (3.5.2)

In particular, it holds that ©,_1(|DXgl|,z) = ©,(m,z) for H" -a.c. v € FE.
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Proof. Formula (3.5.1) is proved in [51, Corollary 3.15], taking into account Corollary 3.3.2.
Now we prove (3.5.2). For any x € FE we compute, by Remark 3.3.3,

i IDXEI(B, ()

ﬂ@n—l(\DXE!,x)ZT\O o]
o

=0,(m,z) € (0,00). (3.5.3)
Notice that |DXpg| is concentrated on FE (Corollary 3.3.2) and that we are heavily exploiting the
fact that, by definition, FE C R} (X), which is meaningful thanks to Theorem 3.1.1. we deduce
that pug = H" 'L FE is a o-finite. Now, by [31, Theorem 2.4.3] we have that H" 'L FE is a
o-finite measure and moreover that

H' 'L FE < IDXg|LFE < H" 'L FE.

Also, from Theorem 3.4.1 (and Remark 3.5.2), we see that we can apply [27, Theorem 5.4]
(which is based on [100]) and the computation in (3.5.3) and deduce that

DY — g PYELB )

WY FE =0,(mz)H L FE,
™NO  wp_1rl

whence the conclusion. O

Remark 3.5.2. Consider an RCD(K, N) space (X, d, m) of essential dimension n and a set of locally
finite perimeter F C X. Notice that

H"(B) = 0 if and only if [DXg|(B) =0 for every B C 0*E Borel (3.5.4)

and that
H"(B) = 0 if and only if #"1(B) =0 for every B C R, (X) Borel. (3.5.5)

Indeed, (3.5.4) follows from [7, Theorem 5.3|, whereas (3.5.5) is proved via standard arguments,
starting from the claim on

B
Bj = {x €B: Mn(z)) € (j71, ) for every r € (O,jl)}
r
and using o-sub additivity as j — oo.

In particular, we have

H'LO'FE < |DXg| < H"'_ FE, (3.5.6)

where we also used Corollary 3.3.2. |

3.6 Bibliographical notes

The theory of sets of finite perimeter in Euclidean spaces is nowadays well understood. The results
stated in this chapter, in the smooth framework, are by now classical, see for example the references
already recalled in this manuscript, e.g. [18, 77, 76, 79, 91] as well as [64, 65].

The systematic study of fine properties of sets of finite perimeter in RCD spaces was initiated
in [10] (for what concerns blow-ups), and then continued in [51, 50] (for what concerns rectifiability
and finer results). These papers are the main references for this chapter. However, at the time when
[10, 51] were written, the powerful result of [70] was not available. Later on, [70] was used in [50] to
sharpen the result of [51]. We are then in a position to leverage the findings from [70] already from
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the beginning of this note. This not only significantly shortens the proofs but also makes some of
them simpler and better suited for the subsequent development of the theory. In particular, this
allows us to bypass the technique of splitting via rigidity in the Bakrnymery inequality of [10]
and prove directly that the blow-up of an RCD space, at almost every point with respect to the
perimeter measure, is Euclidean. Also, the part of the technique of [51] borrowed from [111] is
now unnecessary. The main ideas and techniques used in this section, even after the modifications
described above, are the ones contained in [10, 51, 50].

The statement of Theorem 3.1.1 is taken from [32], however, its proof is from [50] (and relies
on [112, 70]), and uses Proposition 3.1.2 (proved in [32]), which is a sharpening of [50, Proposition
2.14].

Definition 3.2.1 is taken from [10], up to the fact that here we add the requirement of item iii). i.e.
the weak convergence of (3.2.1), however, this will make basically no difference, by Theorem 3.2.2.
Theorem 3.2.2 is proved in [10], here we give a statement that, under some aspects, is slightly
sharper. See also [10] for what concerns references for the argument used.

Definition 3.2.3 is [51, Definition 3.4], which, in turn, recalls [58]. Proposition 3.2.7, Propo-
sition 3.2.8, Proposition 3.2.9, Proposition 3.2.10, and Proposition 3.2.11 are taken from [51].
Definition 3.2.12 is clearly inspired by the ideas just mentioned and is motivated by [32, Definition
2.28]. Notice that, with respect to the literature, we do not include any Hessian bound (cf. item
ii) of Definition 3.2.3) in the definition of good splitting map, see Remark 3.2.13. Notice also that
good n-splitting maps for n = 1/(2n) are enough for the material of this manuscript. Lemma 3.2.14
is standard and takes its roots from [32, Lemma 2.27 and Definition 2.28].

Theorem 3.2.15 is [51, Theorem 2.4]. We are going to slightly improve this result in Chapter 4,
however, such result is needed also in this chapter and hence we have decided to move up its
statement.

Definition 3.2.16 is [50, Definition 4.6]. We have added item iii), with an immaterial difference
with respect to the reference, thanks to [50, Proposition 3.6].

Lemma 3.2.19 is extracted from [32, Lemma 2.27], which, in turn, builds upon the argument
of [51, Theorem 3.2] and uses, as main ingredients, [51, Corollary 3.10 and Corollary 3.12]. One
of the contributions of Lemma 3.2.19 is to “throw away” the bad set of small Hausdorff content of
Proposition 3.2.11 inside its proof, avoiding the necessity to treat this set afterwards. The main
part of Proposition 3.2.20 is that l/;;y (y) has norm 1. This is done in [50, Proposition 3.6].

Theorem 3.2.21 sums up achievements of [10, 51, 50]. Its proof, however, is slightly modified, as
we prove that the blow-up of the set of finite perimeter is a half-space without relying on [10]. This,
as explained in the introduction, is due to the fact that we can exploit the result of [70] right from
the beginning of this manuscript. The major drawback is that, in this note, we take [70] as a black
box, and, without doing so, it would have been possible to prove a slightly weaker (in the sense that
at |DXg|-a.e. point the tangent is Euclidean, but possibly of not constant dimension) version of
Theorem 3.2.21, in a self-contained way. Nevertheless, to obtain the constancy of dimension of the
tangents as in Theorem 3.2.21, [70] seems necessary ([50]), and this is the reason why we decided
to follow this approach. It is worth spending some lines about the technique of [10]. The authors
proved that, for an RCD(0, N) space (X,d, m), if there exists a Lipschitz and bounded function f
satisfying equality in (2.3.16) for some s > 0, i.e.

|Vhs f| = hg|Vf] m-a.e. (3.6.1)

then the space splits a line, isometrically, and f, read in the split space, depends only on the real

variable, in a monotone way. It was indeed shown that the flow trajectories of the vector field %

are lines and provide a splitting of the space, [81]. It was then shown that, if F C X is a set of finite
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perimeter, then, for [DXgl|-a.e. x € X, for any (Xso, oo, Moo, Too, Foo) € Tan, (X, d, m, E), for any
t>0, f:= hi(‘” (XE,,) satisfies (3.6.1). Hence, tangents at such points split a line, and an iterated
application of Preiss’ iterated tangents principle provides us the with existence, almost everywhere
with respect to the perimeter measure, of Euclidean tangents. Later on, in [51], this conclusion
has been sharpened, but still taking the above discussion as starting point, using techniques of
geometric analysis: almost everywhere with respect to the perimeter measure, the tangent to a set
of finite perimeter is unique and Euclidean of a certain (possibly not constant) dimension.

Definition 3.3.1 is taken from [10], here we introduce also the requirement of the conclusions of
Proposition 2.3.3 (which is equivalent, up to a set which is negligible with respect to the perimeter,
by Proposition 2.3.3).

Theorem 3.4.1 was first proved in [51]. We remark (see [32, Appendix A]) that Theorem 3.2.21
is already enough to establish rectifiability, by [37]. However, we give a more direct proof, following
[51], as we will also need more information about the maps providing rectifiability. Compared
to [51], we give a slightly different proof of the rectifiability statement, as we use Lemma 3.4.2
instead of [51, Proposition 4.7]. The argument used is the same, i.e. blow-up, but here we manage
to avoid the introduction of “bad sets” with small Hausdorff content. The precise statement of
Lemma 3.4.2 appears here for the first time and simplifies the proof of Theorem 6.1.2, with respect
to [32]. Proposition 3.4.3 is taken from [43] and will be used in the proof of Theorem 4.3.6.

For what concerns Theorem 3.5.1, equation (3.5.1) is proved in [10], whereas (3.5.2) is proved
in [32] (in [10], for what concerns non-collapsed RCD spaces).



Chapter 4

Distributional differential of BV
functions

In this chapter we give a definition of “distributional differential” for vector valued functions of
bounded variation on RCD spaces, and we study the properties that this newly defined object
satisfies.

4.1 Existence and basic notions

Let (X,d, m) be an RCD(K, 00) space and let f € BV(X)™. Recall that (2.3.9) states that |Df| <

Cap, so that we have, by Theorem 2.2.22, the module Lfo‘ (T'X). In view of the following theorem,

recall also that the interpretation of the integral in (4.1.1) is given by Remark 2.3.6. The proof of
Theorem 4.1.1 relies on the strategy developed in [51] in the case in which f is a simple function,
and on suitable arguments to extend the result to the general case.

Theorem 4.1.1. Let (X,d, m) be an RCD(K, 00) space and let f = (fi,..., fm) € BV(X)"™. Then
there exists a unique vector field vy € Lﬁgf'(TmX) such that it holds

Z/fidivvi =— /1} vy d|Df] for every v = (vi,...,vy) € (QC(TX)ND(div))™. (4.1.1)
i=1

Moreover, |v¢| =1 |Dfl-a.e.

Proof. We divide the proof in several steps.

Step 1. We show that if f € BV(X)NL>(m), then there exists a unique vy € L\Olgﬂ(TX) such that

/fdivv =— /v - vpd|Df] for every v € Hé72(TX) N D(div) N L>(T'X), (4.1.2)

and moreover |vf| = 1 |Df|-a.e. This can be proved following verbatim the proof of [51, Theorem
2.2]. Notice that in [51] the assumption that the dimension was finite could have been dropped
taking into account Theorem 2.3.7 and Proposition 2.3.17.

Step 2. Under the same assumptions of Step 1, we show that (4.1.2) holds for every v €
QC*>®(TX) N D(div). Fix then v € QC>*(TX) N D(div). By an easy cut-off argument, there is
no loss of generality in assuming that v has bounded support. We take a sequence t; “\, 0, then

75
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we define vy, = weKtth,tkv, where 1 € LIPps(X) (say suppty € B for some ball B) is a cut-off
function that is identically 1 on a neighbourhood of supp v. Now notice that the equality in (4.1.2)

holds for vy, and that, as dive, — dive in L?(m), it suffices to check that v, — v in L%ap(TX)7

then dominated convergence together with the theory developed in [69] implies the conclusion.
We thus have to show that vy, — v in in L%ap(TX). We can assume with no loss of generality
that |v| < 1 m-a.e. so that also |vg| < 1 m-a.e. for every k. As v € QC(TX), we can take a sequence
{w;}; C€ TestV(X) such that w; — v in L%ap(TX), suppw; € B and |w;| <1 m-a.e.
We claim that

wy g = YeS i hyy wp — YeXhy v = vy, uniformly in k in LOCap(TX) as | —oo.  (4.1.3)

Fix for the moment € > 0. As w; — v in LOCap(T X) and the fact that all these vector fields have

uniformly bounded support, we can take functions {g;}; € H%?(X) such that gl rrzexy — 0,
g1(z) € [0,1] for m-a.e. z and {|w; —v| > e} is contained in the interior of {g; > 1}. Therefore,
taking into account that

wik = vl < Xp ("% hrg, (Wi = 0)X(juy—ofe}) |+ € hme, (w0 = 0)X{ju,—oj<e)) 1)
<X (he, ([(wr = 0)X{juy—v|>e} ) + hey (w1 = V)X, —v<e}])) < 2XBhe, g1 + 22

and that
e, gill 5r2x) < gl r2exy — 0 uniformly in & as | — oo,

it follows that, uniformly in k,

lim sup Cap {]wl,k —o¥ > 45} < limsup Cap (B N {|hs gi| > €}) =0
! !

and hence (4.1.3) follows.
Now we can conclude easily, noticing that

dro, () (ks v) < dpo o) (Ve wik) +drg o) (Wiks wi) +do ) (wis v)

as we can first take [ large enough to estimate the first and last summand (uniformly in k) and
then let k& — oo, recalling that as w;; — w; in HII{’2(TX), wyp — wy in L%ap(TX).

Step 3. We drop the L>°(m) bound assumption on f made in Step 1. For k € Z, define
fei=(fVE)A(k+1) — (k+ Xy (k).

Notice that for every k € Z, |[Df| < |Df| and, by Step 1, there exists vy, € L%ka‘(TX) with
lvf.| =1 |Dfg|-a.e. and such that

/fkdivvdm = —/v - vg, d|D fi for every v € QC*(TX) N D(div). (4.1.4)

(T'X), we have that ﬁf(ufk)(ﬂ‘%];ﬁj‘ is well defined. Now

If we consider vy, as an element of L%ap

notice that by coarea it holds [Df| = >, .5 |[Dfx|. Then, as

7 (V )d|ka|
P dpy]

< Dfi|(X),
(TX)

2
Lipg)
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and by the completeness of L%D f|(TX), we see that

dD
vpi= Y 7p(vg) d‘,DJ;f”

keZ

is a well defined element of L‘QDﬂ(TX) that satisfies |vy| < 1 |Df|-a.e.
Let now v € QC*(TX) N D(div). We prove the integration by parts formula (4.1.2) for f and
v. Using (4.1.4) we have,

S S d[D i
h{ﬂ/k;lfkdivvdm = lilm/v . k;lﬂf(m) dD/] d[Df| = /U - vpdDf].

Now we can show that |vy| > 1 |Df|-a.e. arguing as in the proof of [51, Theorem 2.2]. Finally,
uniqueness of v, follows from Lemma 2.2.23. All in all, we have proved the theorem in the case
m = 1.

Step 4. We treat the case m > 1. Notice that |Df| is a finite measure such that
IDf| < [Dfi| 4+ + [Dfm| < Cap.
Also, taking into account that |Df;| < |Df|, we can write, thanks to Radon—Nikodym Theorem,
IDfi| = gi|Df] for every i =1,...,m,
where g; € L>(|Df|). Then for every i = 1,...,m we can set
vi = gimpy(vy,) € L‘QDﬂ(TX),

where we are considering vy, as a element of L%ap(TX). Notice that as vy, is well defined |D f;|-a.e.
v; is well defined and that |v;| = |g;| |Df|-a.e. We set vy := (v1,...,vm) € L%Df‘(TmX) and clearly
(4.1.1) is satisfied.

As uniqueness of such vy follows from uniqueness in the unidimensional case, to conclude it
remains only to show that

lvpl =1 |D f|-a.e.
By Lemma 2.2.23, take a sequence {w* = (w¥, ... wk)} C TestV(X)™ such that wy, — X

in Lfo‘(TmX). Then define {v¥}; C TestV(X)™ as

i
{|Vf|>0}‘llf‘

1
b —— ok,
1V |wk|
Notice that still v* — X{|Vf|>0}|l'j—f| and moreover [v*| < 1 m-a.e. Let A C X open and take a
f

sequence {9}, C LIPs(X) such that ¢y (z) € [0,1] for every x € X, supp ¢ C A and ¢i(z) 1
for every x € A. By Proposition 2.3.18 and (4.1.1) we can compute

m
IDF|(A) > —Z/fidiv(wkvf)dm :/wkvk - vpd|Df] %/ lvp|dDf],
i=1 A
and this shows that |v| <1 |Df|-a.e. Now notice that Proposition 2.3.18 and (4.1.1) imply that

/|Vf|d|Df| >1

so that we conclude. O
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It is clear that the map BV (X)™ > f + vy is local, in the sense that if A is an open set and
f,9 € BV(X)™ are such that f = g m-a.e. on A, then |[Df| = |Dg| on A and moreover vy = v, |Df|-
a.e. on A. We can therefore extend the definition of v. to BVj,.(X)™ and it easily follows that
(4.1.1) holds even for f € BVi,.(X)™ as soon as we consider vector fields v with compact support.
In particular, we can associate to every set of locally finite perimeter E the vector field vg := vy,,.
Notice that v_y = —vy and that vx\p = —vg, again by (4.1.1),

Of course, the i-th element of the polar vector of (fi,..., fmm) is linked to the polar vector of f;.
This is the content of the following trivial remark.

Remark 4.1.2. Let f = (f1,..., fm) € BVioc(X)™. Then,

(v); = AL,
fli = d‘Df| fi

|IDfl|-a.e. for every i = 1,...,m, (4.1.5)

which is an immediate consequence of (4.1.1) (or of the construction of vy). [ |

We are not going to use the following remark in the sequel, but we believe that it is interesting
as it provides us with an optimal density result.

Remark 4.1.3. We show that if ' € BV(X)™, then there exists a sequence
{oF = ok, .. oF ) Ccwm
where
wm = {v = (v1,...0mp) € Hll{’z(TX)m vl <1 m-ace. dive; € L%(m) for every i = 1,... ,m}
such that v* — v in L‘QDﬂ(TmX).
Indeed, we can modify the proof of Proposition 2.3.18 (see in particular its Step 3), replacing

TestV(X)™ with W™ in (2.3.18) and then it is enough to take a sequence {v* = (vF,...,vE )} C
W™ such that (with the usual interpretation for the integral)

i/fidivvf dm — —|Df|(X)
i=1
and compute
[ 1+ vy apsi= [HEaps+ [aps -2 [ o vedpy
< 2|IDf|(X) + Qi/fidivvf dm — 0,
i=1

where in the last inequality we used (4.1.1). Notice that this argument works only to approximate
vy, and the difficulty in approximating other elements of L|2D fl (T™X) lies in the request of essentially
bounded divergence coupled with the request [v| < 1 m-a.e. |

4.1.1 Formal interpretation

In this manuscript, we will need to do some algebraic manipulation of the abstract object v¢|D f/,
especially when dealing with fine properties and calculus rules for functions of bounded variation.
We introduce now a formal framework to denote the distributional differential of functions of
bounded variation that will allow us to proceed.
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Definition 4.1.4. Let (X,d, m) be an RCD(K, oc) space. Let v € Ly, (1™X) and let p be a finite
measure with p < Cap. We write vu to denote the linear operator that acts on L%Oap(TmX) as
follows:

v(B)(v) == / v - vdyu for every v € L3,,(T"X) and B C X Borel.
B

We also consider the restriction operator: if C C X is Borel,
(vp) LC)(B)(v) :== / v-vdy for every v € L3,,(T""X) and B C X Borel,
BNC

in other words, (vu)L C =v(ulL C), so that we will not write the unnecessary brackets.
Given vy and vouo, we write vy = vous if and only if

v1p2(X)(v) = vy p2(X)(v) for every v € L&,,(T"X). (4.1.6)

Remark 4.1.5. Notice that the expression vu makes sense even if the vector field v is defined only
u-a.e. as well as uv L C makes sense even if C' is only u-measurable. We will exploit this fact
throughout.

Also, we have that (4.1.6) holds if and only if

vip1 (X)(v) = voua(X)(v) for every v € TestV(X)™.

This is a standard consequence of Lemma 2.2.23. If this is the case, then p := |vi|p1 = |v2|p2 and
= = % p-ae. [ |
lual = we|

We define now some formal algebraic operations for objects of the kind vpu.

Definition 4.1.6. Let (X,d, m) be an RCD(K, c0) space.

i) Let v € L, ,(IT™X) and let p be a finite measure with ;1 < Cap. Let moreover ¢ : X — RExm
be a p-measurable function. We define ¢(vu) := (pv)u, where

m
(pv)j = Z%’,M i=1,...,1
i=1

Notice that

() = [ 3230y - gjamd

j=1i=1
for every v = (v1,...,vm) € LE,,(T™X).

ii) Let vq,10 € L%"ap(TmX) and let 1, po be two finite measures with pu; < Cap, o < Cap. We

define vy 1 + vouo as sum of linear operators, in the sense that

(vip1 + vap2)(X)(v) = /U ~vrdpy + /v ~vodusz .

Notice that, if we define pu := uy + p2, then

duq duo
Vil + Volhg = (1/1'u + 1/2'u> e
H w
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We then specialize this language to distributional differentials of functions of bounded variation,
and read the characterization of the distributional differential in these terms.

Definition 4.1.7. Let (X,d, m) be an RCD(K, c0) space and f € BV(X)™. We define
Df :=vsDf],
according to Definition 4.1.4 and we call this object the distributional differential of f.

Remark 4.1.8. Let f € BV(X)™. Then (4.1.1) reads
i / fidive; = =D f(X)(v) for every v = (v1,...,vy) € (QC®(TX) N D(div))™.
i=1
Also, if pv is as in Definition 4.1.4 and satisfies
zm:/f,-divvi = —uv(X)(v) for every v = (v1,...,v5) € TestV(X)™,
i=1

then DF = vpu.
Finally, it is clear that the map BV(X)™ 3 f — Df is linear. [ |

4.2 Fine properties

Having at our disposal an object that represents the distributional differential of a function of
bounded variation as well as a language to deal with such objects, we start investigating some
properties. The following lemma, despite being simple, is of crucial importance for the development
of the theory and will be used several times. It relates the normal of the superlevel sets of a BV
function with the polar vector of the function, according to the principle that for smooth maps
reads as “the gradient of the function is normal to the level sets”.

Lemma 4.2.1. Let (X,d, m) be an RCD(K, 00) space and let f € BV(X). Then
Vifoty = ﬁ‘DX{f>t}|(I/f) € L\2DX{f>t}I(TX) for L'-a.e. t € R,
where we took a Cap-representative of vy.

Proof. Notice first that the coarea formula implies that the claim of this lemma is well posed and
that ‘7?|Dx{,->t}|(Vf)‘ =1 ’DX{f>t}‘—a.e. for £'-a.e. t € R. By Cavalieri’s integration formula and
using twice (4.1.1),

+o00 0
/U S Uf d|Df’ :/0 /U . I/{f>t}d‘DX{f>t}}dt—/ /U . V{f<t}d‘DX{f<t}|dt

(4.2.1)
:/R/U Vipsy d[DX oy | dE

for every v € TestV(X) with bounded support.
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By Lemma 2.2.23 and a cut-off argument, we have a sequence {v}; C TestV(X) with bounded
support such that vy — v in L|2Df‘(TX), so that, using the coarea formula in (2.3.3),

’ /R / vi - Vs d[DX sy | dt — /R / vk - Vs A DX sy | dE

<//|yf—vk]d‘DX{f>t}‘dt:/]uf—vk\d|Df|—>0,
R

where we implicitly took the projection of v on L|2Dx (T'X). We can then compute, using the

>0y
coarea formula and (4.2.1),

/R/|V{f>t} — I/f|2d’DX{f>t}‘ dt = 2|Df|(X) — Q/R/l/f S VLf>t) d‘DX{f>t}| dt
= 2|Df|(X) —2111?1/ /vk - Vipsiy A|DXpopy| dt = 2D f[(X) — 2111?1/uk -vpd|Df| =0,
R
which yields the conclusion, by the coarea formula again. ]

The next lemma is a rigidity property of the triangle inequality for total variations.

Lemma 4.2.2. Let (X,d,m) be an RCD(K, o0) space and f, fi, fo € BV(X) such that f = f1 + f2
and |Df| = |Df1| + [Dfa|. Then

Ve =y, IDfi|-a.e. fori=1,2,
Vi =Vf IDfi| A D fo]-a.e.

Proof. By Lemma 2.2.23, we have a sequence {vy}; C TestV(X) such that vy — vy in L|2Df‘(TX).
In particular,

DF() =lim [ o0 - vy diD7].
Thanks to the hypothesis |Df| = |Dfi| + |Dfa],

2 2
g — vy, ”LEDM(TX) + ||k — Vf2||L‘2Df2‘(TX)
_ 2 2 ]
= H’/hHLl?Dm(TX) + HVJ”2HL‘2DJ¢2|(TX) + ”Uk”L%Df\(TX)
—2/Uk : l/f1d’Df1| —Q/Uk "V d[Dfa|
= A1) + okl )~ 2/Uk vpdDf]

where in the last equality we used also the linearity of the map f — Df. It follows

. 2 2 —
hlgn <||vk — l/lengD (%) + |lvk — sz’LfoQ(Tx)> =0.

f1l

We conclude as we have proved vy — vy in L‘ZDﬂ(TX) and v, — vy, in L%Dfi‘(TX) fori=1,2. O
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Now, we begin by investigating the fine properties (and calculus rules for) BV functions. We
have our results only in the setting of finite dimensional RCD spaces. The reason is that we need
the interplay between total variations and 1-codimensional spherical Hausdorff measure H" given
by (2.3.7), which is available only in the finite dimensional setting.

Now we state a transversality lemma, which is a consequence of Lemma 4.2.2 in the case of
Xg,Xp, for E C F. The adjective “transversality” is due to the following reason: it states that it
two hypersurfaces meet at many points, then they have the same normal vector at the intersection.

Lemma 4.2.3. Let (X,d,m) be an RCD(K, N) space and let E, F C X be two sets of locally finite
perimeter. Then
vp = tup H'-a.e. in O*ENI*F. (4.2.2)

More precisely, there exist two sets Nt*, N~ C 0*ENO*F with H"((0*ENO*F)\ (Nt UN7)) =0
such that the following holds: for every x € N (resp. N~ ) the set EAF has density 0 (resp. 1) at
x and (4.2.2) holds H"-a.e. in Nt (resp. N~ ) with the 4+ (resp. —) sign.

Notice that (3.5.1) implies that (4.2.2) is well defined.

Proof. By a standard reduction, we can treat only the case in which E and F' have finite perimeter
and finite measure.

First assume E C F. Notice that coarea shows that fi = Xg and fo = Xp satisfy the assump-
tions of Lemma 4.2.2. Indeed,

DO+ XP)I(X) = [ DXyl (Kt = [ DX+ / " IDxgl o)t
= [DXg|(X) + [DXp)[(X),
where we used that E C F. Therefore, by Lemma 4.2.2, recalling also (3.5.1),
Vg = VFp H'-ae. in O*ENO*F.

Assume now E N F = (). Using the same arguments as above (with f; = Xg and f = —Xp, notice
that v_x, = —vp),
Vg = —UFp HP-a.e. in O*ENOF.

Thanks to Remark 3.3.3 (recall (3.5.6)), we may consider only the set of points at which the
sets E and F have density 1/2 and the sets £\ F, F'\ E and EAF have density in {0,1/2,1}.
We easily show that EAF cannot have density 1/2 at such points. If EAF has density 0 at x,
then £ N F has density 1/2 at . We can use the first case treated above to compare first vg with
vpnr and then vp with with vgnp. If instead EAF has density 1 at x, both £\ F and F'\ F have
density 1/2 at z. We can use the first case treated above to compare first vg with v p, then vp
with vp\ g and conclude comparing vp\ p with vp\ g, using the second case treated above. O

In the following proposition, given a set of locally finite perimeter E, we denote by E' (resp.
E) the set of interior (resp. exterior) points in the sense of geometric measure theory, namely
the set of density 1 (resp. 0) points of E with respect to m. Notice that E! = {X = 1} and
E% = {X}% = 0}. Also, if F is another set of locally finite perimeter, we denote by

{ve = tvr} ={r € 0" ENO'F : |lvg Fvp|(x) = 0}.

Notice that (3.5.1) implies that the sets above are well defined. The next result is a consequence
of Lemma 4.2.3 and gives a finer description of the behaviour of the unit normals to two sets of
locally finite perimeter.
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Proposition 4.2.4. Let (X,d, m) be an RCD(K, N) space and let E, F C X be two sets of locally
finite perimeter. Then, up to H-negligible sets,
{VE = VF} U {I/E = —Z/F} = 0*ENOJ*F,
{vE=vr} =0*ENJ*F N (EAF)",
{vg = —vp} =*ENO*F N (EAF)".

Moreover,

DXgnr = DXEL(FI U ({VE = Z/F})) +DXFLE1 = DXELFl —I-DXFL(El U {VE = I/F}),
DXgpur = DXEL(FO U {I/E = I/F}) +DXF|_E0 = DXELFO —l—DXFL(EO U {I/E = I/F}),
DXE\F = DXEL(FO U {Z/E = —I/F}) — DXFLEl = —DXELFl —|—DXF|_(EO U {Z/E = —Z/F}),

and

|DXEﬂF‘ = |DXE| L (Fl @] {I/E = VF}) + |DXF| LE'= |DXE| LF! + ‘DXF’ L (El U {I/E = VF}),

IDXpur| = DXg|L (FOU{vg = vr}) + DXp|L E° = IDXp|L F° + [DXg|L (E° U {vg = vr}),

|DXE\F‘ = |DXE| |_ (FO U {UE = —UF}) — |DXF| |_E‘1

= —|DXg|L F' 4 DXp|L (E° U {vg = —vr}).
Proof. The first three equalities are a restatement of Lemma 4.2.3.
Thanks to Remark 3.3.3, we can prove the other equalities on the set of points at which the

densities of the sets of locally finite perimeter E, F, ENF, EUF, E\ F are in {0,1/2,1}. Also,
recall that (3.5.6) holds for all the sets involved.

We first prove
DXprnr = DXpL (F' U {vg = vr}) + DXpL E. (4.2.3)

Notice that (E N F)! € E'N F!, hence both sides of (4.2.3) vanish on (E N F)!. Also, up to
H"-negligible sets, (ENF)° C E°UF°U{vg = —vr}, by Lemma 4.2.3, hence both sides of (4.2.3)
vanish on (E N F)°. Now,

FENF)=(*ENFHYU@FNEYN(O*ENI*FNI(ENF)),

up to H"-negligible sets. We can conclude that (4.2.3) is satisfied on 9*(ENF), as by Lemma 4.2.3,
venr = vg Hl-a.e. on 0"(ENF)NO'E, vgnr = vp HM-ae. on 0*(EN F)NO*F and finally
(O*ENO*F)NO (ENF) = {veg = vr}, up to H-negligible sets.
Now, through algebraic manipulations, using (4.2.3),
DXgur = DX\ (x\m)nx\F)) = DX\ m)nx\r)
= —DXx\ gL (X\ F)' U{vx\p = vx\r}) — DX\ r - (X \ E)!
= DXEL(FO U {Z/E = I/F}) —{—DXFLEO.

Similarly,
DXE\F = DXE'ﬂ(X\F) = DXE L ((X \ F)l U {VE = Vx\F}) + DXX\F |_E1
=DXgL (FO U {l/E = —I/F}) — DXFLEI.

Finally, the remaining equalities in the second set of equalities are obtained by symmetry. Then,
the equalities in the third set of equalities follow from Remark 4.1.5, as all the summands considered
have pairwise disjoint support. ]
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We state a technical result which will be extremely useful in approximation arguments. Its proof
is based on the Gaussian estimates of the heat kernel and a blow-up argument at jump points.

Lemma 4.2.5. Let (X,d,m) be an RCD(K, N) space and let f € BV(X) N L*(m). Then

li\r{r(l) hef(z) = f(x) H'-a.e.

Proof. In the sequel, let C' denote a numerical constant depending only on the parameters entering
into play (it may vary during the proof). We let n denote the essential dimension of the space.
Thanks to (2.3.5), we can restrict ourselves to prove the claim for z € X such that —oco < f/(x) <
Y(z) < +oo0.

Step 1: case z € X\ Sy. We can compute
lim\sg)lp}hszf(ﬂf) — f(z)| < lim\sgp/psz(w,yﬂf(y) — f(x)|dm(y) .

Fix now a > 1. Using the Gaussian estimate for the heat kernel in (2.2.7)

C

/B el @) = F@ldm) < s

/ |£(y) — F(=)| dm(y)
Bas(z)

and the right hand side converges to 0, because of the doubling inequality and the fact that points
in X'\ Sy are Lebesgue points for f. Also, as f € L>(m),

/ poa(@,9)| () — F(@)] dm(y) < C poa(@,y) dm(y)
X\ Bas () X\Bas()

Using again the Gaussian estimates for the heat kernel in (2.2.7),

c d(z,y)*
ps2(2,y) < m(Ba(2)) exp{—Gsz}

T 2
< CH{zy) =t exp{—d(gjj) } < CH(z,y)pass (2. 9),

where, using the doubling inequality,

m(Bas(z z,y)? z,y)> g2 .
H(z,y):= rn((BBQS((a;))))eXp{_d(ng) + d<83g;) } < Qe /2 if d(z,y) > as.

Therefore
/X\B ( )Ps2(:r,y) dm(y) < Ce '/ / paez(z,y)dm(y) < Ce /24, (4.2.4)

Being a arbitrary, we conclude limg\ o hg f(z) = f(z) if x & Sy.

Step 2: case x € Sy. Let D C R a countable dense set such that if t € D, then E; := {f > t}
is a set of finite perimeter. This is possible thanks to coarea. Set, for every ¢t € D, N; as the
set of points of 9*F; where (3.2.18) fails. We know that |[DXg,|(N;) = 0, hence H"(N;) = 0, by
Remark 3.5.2. We set

N:=|J M,

teD
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notice H"(N') = 0. We show now limg\ o hy2 f(z) = f(z) for every z € Sy \ N. Fix z € Sy \ N and
te (f*(x), fY(xz))ND so that x € 9*E; be (2.3.6), so that, as x ¢ Ny, x satisfies (3.2.18). Hence by
Theorem 2.2.5 together with a sort of Fatou’s Lemma and the convergence in LlloC of sets of finite
perimeter, see e.g. the proof of [10, (4.13)],

ll\r(% hgo (XEt)(m) = hI{Rn (X{xn>0})(0) = 1/27
so that
ii{‘% he (X\ g, ) (@) = 1/2.
We can then write
lim sup |h52f(a:) - f(a:)‘
s\0

< limsup [he (X, (f = £ (2)))[(2) + limsup [he (X, (f — f¥(2)))|(2).
N0 EAN0)

It is enough then to show limsupg o [he2(XE, (f — f¥(2)))|(x) = 0 (the other term can be dealt
similarly). We fix a > 1. We can compute
‘hSQ(XEt(f - fv(x)))‘(‘r) < /E p52($,y)‘f(y) - f\/(w)‘ dm(y)
— [ palewlfw) - @] dm(y)
E¢NBas(x)
+/ e y)[f(y) — ¥ (@) dm(y) .
X\ Bas(z)

The second term on the right hand side is bounded by Ce**/24, thanks to f € L>(m) and (4.2.4).
As a is arbitrary, we conclude if we show that the first term converges to 0 as s N\, 0. Using the
Gaussian estimates for the heat kernel in (2.2.7) and the doubling inequality we estimate the first
term by

lim sup / P )| () — ()] dm(y)
s\0 E:NBgs(z

< limsup/
s\0 m(Bas(7)) EtNBygs(z)

Take now any t1 € (¢, f¥(z)) N D and ty € (f¥(z),00) N D. We can split

|f(y) — Y (z)| dm(y).

Bas(z) N Ey = (Bas(z) N (B \ Ety)) U (Bas(w) 0 (Ey \ Ety)) U (Bas(z) N Eyy) -

Now by the very definition of fV(z), Ey, has density 0 at z. Also, E; \ E;, has density 0 at z, as
E;, C E; and both E; and E;, have density 1/2 at x, as a consequence of z € 9*E;, N J*E; and
x ¢ N. Therefore, taking into account f € L>°(m), we are left with

lim sup

0 M(Bas()) /Emas(x) |f(y) = Y (z)|dm(y)

= lim sup

=0 m /(Eh\Etg)ﬁBas(m) ‘f(y) -/ (x)‘ dm(y) < C(tQ - tl)’

We conclude as we can take to,t; — t by density of D in R. O
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4.2.1 The jump set

The aim of this section is to investigate in detail the behaviour of a function of bounded variation
on the jump set.

For the following definition, notice that the intersection with R} (X) plays essentially no role,
by Theorem 3.1.1.

Definition 4.2.6. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let f €
BV(X)™. We set Jy := Sr NR;,(X), the jump set.

The following proposition goes towards the study of jump sets for vector valued functions of
bounded variation (recall Definition 2.3.16). In particular, total variation and Hausdorff measures
are mutually absolutely continuous on jump sets. Moreover, for a vector valued function of bounded
variation, at almost every point in the jump set, every component of f contributing to the jump has
the same polar vector, up to the sign. Notice that item éii) can be seen as a blow-up result for vector
valued functions of bounded variation on the jump set. The main tool to prove Proposition 4.2.7
is the transversality Lemma 4.2.3.

Proposition 4.2.7. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let f €
BV(X)™. Then

IDfILJy, < HML Jp, < HV'L Jp, < DLy, for everyi=1,...,m. (4.2.5)

Moreover, there exist a pair of |Df|-measurable functions f', f~ : X — R™ and a vector field
1/}7 € L|O]§f|(TX) such that

i) it holds
\V}]] =1 and f" # f |Df|-a.e. on Jy,

it) for everyi=1,...,m,
7= fvi = (f = vy IDfl-ace. (4.2.6)

where we considered Vf‘] and vy, as elements of L%ap(TX), set f(z) = w,

iii) for |Df|-a.e. x € Jy there exists a set of finite perimeter E such that v € FE and

lim f—f(z dmzlim][ f— fiz)|dm =0, 4.2.7
R BT(mE\ (2)] lim, Br(x)m(X\E)! (2)] (4.2.7)

w) for |Df|-a.e. x € X\ Jy, f(z) = fl(z) = f(x) and

h{% . |f = f(z)|dm = 0. (4.2.8)

Finally, if fl, f’”, D}’ is another triplet as above, then Jy = jf U jf_, with
(fY ) = ox(fL f7) and ﬂf‘] = :I:l/}] IDf|-a.e. on j?:
(where o4 (a,b) = (a,b) and o_(a,b) = (b,a)) and

lefr:fZZfr IDfl|-a.e. on X\ Jt.
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Proof. First notice that part of (4.2.5) follows from the coarea formula in (2.3.3) (see e.g. [28,
Theorem 5.3]), recalling also that |Df| < H". The remaining part of (4.2.5) is due to Remark 3.5.2
(as Jy, € Ry (X) by definition). This shows also that (4.2.6) is well posed.

We recall that thanks to (2.3.5), £/, f{, fi € R for H"-a.e. z € X and for every i = 1,...,m.

We set fl = fI:= fiif & ¢ Jy,. We define V}] as an element of L%ap(TX), then it is enough to take

the projection py| to obtain a vector field of LTBfl(TX) as in the statement. We define fz-l, [ and
1/}7 iteratively. More precisely, we define (f7, f1) = (f\, f{*) on Jy, and 1/}] =vp Xy, - At step k, let
Gy = UM Jp. We define (f7, f1) = (£, f) on Jj, \ Gy and we add to v{ the Cap vector field
kaXJfk\Gk. Now, Lemma 4.2.3 and the construction above imply that at H"-a.e. z € Jp, NGy it
holds vy, = :i:y}] , whence (f7, f1) is uniquely defined on Jj, N Gy, by the request ii).

Using Lemma 4.2.1 and standard considerations, we can find a countable dense subset of R,
{t;}jen, such that for every i =1,...,m, we have

i) for every j, for
Eij={fi >t}

E; ; is a set of locally finite perimeter,
ii) Jf = Ujen 9" Eij,

iii) for every j
VE; ; = ﬁ‘DXEiyj‘(Vfi)‘

We prove now (4.2.7). First, arguing as in the proof of [99, Theorem 3.5] and taking into
account (2.3.5), we see that we can assume with no loss of generality that f; € L°°(m) for every
i=1,...,m. Up to discarding a H"-negligible set, we may restrict ourselves to the set of points of
Jy at which the density of every set E; ; is in {0,1/2,1}, see e.g. Remark 3.3.3, Remark 3.5.2 and
Corollary 3.3.2. Notice that if m = 1 and x € 0*F, j, then (4.2.7) holds with either E; ; or X\ E; ;
in place of E. This follows from a standard argument as the one used at the end of Step 2 of
the proof of Lemma 4.2.5. But then the same conclusion holds also if m > 1, up to H"-negligible
subsets, by Lemma 4.2.3 (thanks to our choice of f! and f"). Finally, we can assume that z € FE
as HM(0*E; j \ FE; ;) = 0. Also, [99, Theorem 3.5] proves (4.2.8).

We prove now uniqueness, in the sense explained at the end of the statement. On X\ Jy, this is
clear, so let us focus on Jy. We just have to prove that at [DF|-a.e. x € Jy, (fY(z), f"(x)) coincides,
up to the order, with (f!(x), f"(x)), then we can use (4.2.6) to conclude. We can assume that at
x there exist two sets of finite perimeter E, E with z € FE N FE and such that (4.2.7) holds and
also the variant of (4.2.7) for f(z), f"(z), E holds. Now, notice that it holds that

_ m(E N B.(x)) _ .. m(ENENB.(x)) m(E\ EN B,(z))
0 < limsup ————= < limsup + lim sup
~o  m(Br(z)) "™N0 m(B(z)) N m(B,(z))
m(ENENB,(z)) m(E\ENB,(z))

Therefore, either 0 < limsup, “mBw)  or0< lim sup,~ B In the first case,
we infer that f7(z) = f7(z), in the second case that f'(z) = f7(z). We can deal similarly with
fl(@). O
Remark 4.2.8. A careful inspection of the proof of Proposition 4.2.7 shows that in item 4ii) we can
replace the integral fBT(x)ﬂE |f — f"(x)] dm with JCBT(x)mE |f— fT(:E)|Q/(Q_1) dm for any Q = Q(R)

given as in (2.2.3) and similarly for the integral involving f!. A similar consideration holds for item
iv). [ |
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Proposition 4.2.7 gives us a “canonical” unit normal to the jump set. In the following lemma,
we clarify that such normal depends on the jump set rather than on the vector valued function of
bounded variation.

Lemma 4.2.9. Let (X,d,m) be an RCD(K, N) space and let f € BV(X)™ and let g € BV(X)’.
Then we can choose Vf‘] = Vé] on Jy N Jy and for (|IDf| A |Dgl|)-a.e. x € JrNJg, there exists a set
of finite perimeter E such that x € FE and

lim (f,9) = (f"(2), ¢" (2))| dm = lim (f,9) = (f'(2), ' (x))| dm = 0.

™0 JB,.(2)nE ™0 B, (2)N(X\E)
In particular, if g = po f for some ¢ € C*(R™, R NLIP(R™,RY) such that ¢(0) = 0, then we can
choose V;,Zof = 1/}] on Joof as Jpof € Jyp and we have

(po /)" =o(f7) and (po ) = o(f).
Proof. The proof is an application of Proposition 4.2.7 to (f,g) € BV(X)™+. O

The results obtained so far allow us to obtain a well-defined fine representative of a vector
valued function of bounded variation with meaningful properties.

Definition 4.2.10. Let (X,d, m) be an RCD (K, N) space and let f € BV(X)™. Define the functions
left representative, right representative and precise representative f', f7, f : X — R™, respectively,
and the vector field normal to the singular set l/fJ as then ones given by Proposition 4.2.7.

There may be more than one possible choice for the triplet ( It V}] ), however, notice that
the quantity (f! — fr)l/f‘] is well defined |D f|-a.e. on Jy.

It is classical that whenever reduced boundaries of sets of finite perimeter are rectifiable, the
same conclusion holds for jump sets of functions of bonded variation. We record this fact in the
following proposition.

Proposition 4.2.11. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let f €
BVioe(X)™. Then ”HhI_Jf and H"‘ll_,]f are o-finite and mutually absolutely continuous. Moreover,
Jy is countably (n — 1)-rectifiable. More precisely, for every e >0, we can write

Jr=|JBiUN,
ieN

where for every i, B; is (1 + €)-bilipschitz to a Borel subset of R"~! and |Df|(N) = 0.

Proof. We can clearly assume that f € BV(X). By a classical argument, J; can be obtained as
a countable union of reduced boundaries of sets of finite perimeter. For example, by coarea there
exists S C R countable and dense such that Fg := {f > s} has locally finite perimeter for any
s € S, then, by (2.3.4) and (2.3.6) it holds J; = (J,cg0"Es. Then it is enough to recall the
representation formulae of Theorem 3.5.1 together with Remark 3.5.2. The same argument also
yields rectifiability, using Theorem 3.4.1 and taking into account Remark 3.5.2 and (4.2.5). O

In view of the following result, recall that as an immediate consequence of Proposition 4.2.11,
H”fll_Jf < Cap, so that, if v is a Cap-vector field, VH”fll_Jf is well defined. We are going to give
a precise description of the behaviour of the distributional differential (and of its total variation) of
a function of bounded variation on the jump set. The proof is by coarea and a sort of integration
by Cavalieri’s formula.
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Proposition 4.2.12. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let f €
BV(X)™. Then

DfLJs = (f7 — fowf 2= 1Hh|_Jf (4.2.9)
and
DfLJy=(f" = fyviOn(m, YH" 'L J;. (4.2.10)
In particular,
IDfILJ; =|f"— f |°"” LyhL g, (4.2.11)
and
IDfILJf = [f" — f1On(m, - YH" L J;. (4.2.12)

Proof. First notice that the statement makes sense thanks to (4.2.5). We start from the case m = 1.
By coarea and (3.5.1) we have that for v € TestV(X)

/U ~vpdIDfILJp = // v - I/fd‘DX{f>t}}dt: Wn—1 // Xos{f>t}V de?‘[hdt.
R JJy Wn  JRJJp

Now notice that the map (t,7) = Xp+{s~¢3(7) is measurable, thanks to standard arguments: just
notice that for any r the maps

m(B,(z) N {f > t}) m(B,(z) \ {f > t})
(x,t) — m(B.(2)) and (z,t) — (B, (2))

are continuous everywhere up to a set of null (X" L J 7)® L' measure. We can therefore apply
Fubini’s Theorem (integrability is given by coarea and o-finiteness of H" by Proposition 4.2.11)
and infer that

Wi — Wn—
/v ~vpdDfILJp ==~ 1/] /Rxa*{f»}” cvpdtdHt = == /J (fY = o - vpddh,
n f f

Wn,

where we used (2.3.6) for the last equality. Now (4.2.9) follows from the equation above and (4.2.6).
Now we prove (4.2.10), the proof follows from the same argument as above, relying on (3.5.2) (in
particular, Theorem 3.1.1) instead of (3.5.1), hence writing

IDX (o3| = DX (53| L RE(X) = On(m, )Xo sy 1" L RE(X).

Now we turn to case m > 1. Take v = (vi,...,vy,) € TestF(X)"™. Then, using (4.1.5),
Proposition 4.2.7 and what proved in the case m =1,

DfL J(X)(v) :/J v - vpd|Df] :Z/J v; - vd|Df;| = Z/ (ff = fhv an A"
; =17 Js

7L

which proves (4.2.9) in the general case. Similarly we obtain (4.2.10) in the general case.
Finally, (4.2.11) (resp. (4.2.12)) follows from (4.2.9) (resp. (4.2.9)) and Remark 4.1.5. O

4.3 Calculus rules

We turn now to study the calculus rules for (vector valued) functions of bounded variation. Again,
the study is performed only on finite dimensional RCD spaces, as we need to use the fine properties
of the previous section.
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4.3.1 Chain rule

The first result that we state is the chain rule, and studies the distributional differential of a BV
function after taking the composition with a Lipschitz function. It is proved exploiting the fine
properties that we have just studied combined with the coarea formula.

Proposition 4.3.1 (Chain rule). Let (X,d, m) be an RCD(K, N) space, f € BV(X) and ¢ € LIP(R)
such that ©(0) = 0. Then o f € BV(X) and

1
D(po f) = </0 OfY 4+ (1 —t)f") dt> Df. (4.3.1)

We comment briefly on the well-posedness of (4.3.1). Recalling (2.3.5), we see that it suffices
to check that
IDfI(A) =0,

where B
A:={z € X\ Jy: ¢ is not differentiable at f(z)} .

We can then use coarea, the relations in (2.3.6), (3.5.1) and finally Rademacher’s Theorem to
compute

Wn—1

DfI(A) = /R DX oy |(A)dt =

_ Yl / H"({z € X\ J; : ¢ is not differentiable at ¢ and f(z) = t})dt = 0.
R

Wn

/ HMANIf >t})dt
R

Wn

Proof. The proof is done by coarea, taking inspiration from [5]. Using linearity, we can assume
that ¢ is also bilipschitz and strictly increasing with no loss of generality. For what concerns the
jump part, the claim on J . follows from Proposition 4.2.12 and Lemma 4.2.9.

It remains to show the claim on X\ J¢, as [D(¢ o f)|(J¢ \ Jpor) = 0. Take any v € TestF(X).
We compute, using the coarea formula in (2.3.3), Lemma 4.2.1, the change of variables ¢ = ¢(s)
and (2.3.6),

D(go )L (X\ J;)(v) = / v+ vgopdD(po f)] = / / 0+ Vgopd DX o ory|dt
X\J R JX\J;

:// U+ Vigor>t}d[DX (o sy |di
R JX\Jg¢

= / W'(S)/ v - Vg5 d|DXpps gy |ds
R X\J;

- / / S (F)v - vy oaydIDX oy |ds.
R X\Jf

With the same argument as above, we “reverse”

/]R/X\Jf ¢ (flo - l/{f>s}d|DX{f>s}|dS = /R/X\Jf o (fHv - I/fd|DX{f>5}’ds
= [ @ vl = (DIL X I,
X\J;

so that the claim is proved. ]
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4.3.2 Leibniz rule

Now we polarize the chain rule to obtain the Leibniz rule, which describes the distributional dif-
ferential of the product of two functions of bounded variation. We restrict ourselves to the case
f, g bounded functions of bounded variation although the boundedness hypothesis can be slightly
weakened using approximation arguments as done in the proof of Proposition 4.3.4 below.

Proposition 4.3.2 (Leibniz rule). Let (X,d,m) be an RCD(K, N) space and let f,g € BV(X) N
L>*(m). Then fg € BV(X) and )

D(fg) = fDg+ gDf. (4.3.2)
In particular, [D(fg)| < [f||Dg| + |gl[Df|.

Proof. Using the chain rule of Proposition 4.3.1 with ¢ € LIP(R) that coincides with ¢ — ¢? on a
sufficiently large neighbourhood of 0, we see that

D(f+9)*=2(f+9)D(f +9) =2(f +9)D(f +9), (4.3.3)
Df?=2fDf, (4.3.4)
Dg? = 2gDg. (4.3.5)

Here we used that f + g = f + g H"-a.e. which follows e.g. from Lemma 4.2.5. Using the linearity
of the map f — Df, subtracting (4.3.4) and (4.3.5) from (4.3.3), we obtain (4.3.2). O

As a consequence, we record the following result. Even though we are not going to need it
elsewhere, we state it because we believe that it is interesting: it shows that Vh; fm weakly converge
to D f in duality with objects of the kind gv, where g € BV(X)NL*>(m) and v € QC*(TX)ND(div).

Proposition 4.3.3. Let (X,d, m) be an RCD(K, N) space and f,g € BV(X) N L>*(m). Then
}i\r%/gv -Vhy fdm = /gv - vpd|Df] for every v € QC*°(T'X) N D(div).
Proof. We can write, thanks to the calculus rules,

/htfhsgdivvdm = —/thVhtf - vdm —/hthhsg -vdm.

We let now first s \, 0 then ¢ \, 0, use Lemma 4.2.5 and compare the outcome with the result
given by (4.3.2). O

4.3.3 Vol’pert chain rule

The Leibniz rule can be iteratively used to study the distributional differential of the product of
several BV functions, hence, by linearity, we know how to compute D(po f) when ¢ is a polynomial
and f is a vector valued function of bounded variation. By approximation, we can treat the case in
which ¢ is any C! function. The result is the following chain rule, also called Vol’pert chain rule.

Theorem 4.3.4 (Vol'pert chain rule). Let (X,d,m) be an RCD(K, N) space and let f € BV(X)™.
Let ¢ € CH(R™ R NLIP(R™,RY) such that p(0) = 0. Then

1
D(pof) = </0 Votf + (1 - t)fl)dt> Df. (4.3.6)
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Proof. By Remark 4.1.2, we see that we can assume [ = 1 with no loss of generality (see e.g.
the second part of the proof of Proposition 4.2.12). The jump part is dealt as in the proof of
Proposition 4.3.1, building upon Proposition 4.2.12 and Lemma 4.2.9. Indeed, we know that

[ v v 1) = [ o) = o0 - vfapy. (437

Iy Jy

Now we turn to the proof of (4.3.6) on X\ J;. Assume for the moment also f € L>(m)™, say
|fil <L m-ae. fori=1,...,m. Fix v € TestF(X), recalling (4.1.5) we have to show that

/ v werdiDlge £l = [, ot - vyaii (13.5)

fa=1

Notice that the differential is a closed linear operator, in the sense that if {¢y}x are uniformly
Lipschitz functions satisfying the same hypotheses of ¢ such that ¢, — ¢ pointwise, then [ ¢ o
fdivo — [ ¢ o fdivv, so that

D(pr o f)(X)(v) = D(p o f)(X)(v). (4.3.9)

By (4.3.7) and (4.3.9) we infer that if ¢ is as above, then
/ V- Vgord|D(pg o f)] —>/ v - Vaord|D(p o f).
X\J¢ X\J¢

As a consequence of this discussion, we see that if {¢y }x are uniformly Lipschitz functions satisfying
the same hypotheses of ¢ such that (4.3.8) holds for any ¢y and (¢, Vor) — (¢, Vi) uniformly
on [—L, L]™, then (4.3.8) holds also for ¢. Also, the left hand side of (4.3.8) is linear in .

Let € > 0. By a mollification and cut-off argument, we find ¢ € C°°(R™) such that supp ¢ C
[—2L,2L]™, ¢(0) =0, and

sup  [p(x) — @) + V() — Vo(z)| <e.
z€[—L,L]™

Now, by the Stone-Weierstrass Theorem, we find a polynomial g : R™ — R such that

sup |01 Opmp(z) — g(x)| < €.
x€[—2L,2L)™

Set now
1 Tm

G(w1, .y wm)) = dsi-- [ dsmg((s1,...,5m)),
—2L —2L

it is not hard to verify that still

sup  [p(z) — 4()| + [V@(z) — Vo(z)| < Ce,
z€[—L,L™

where C depends only on L and m. Eventually adding to ¢ a (small) constant, we can assume that
»(0) = 0. Notice that ¢ is a polynomial.

Then, by discussion above, we see that it is enough to prove (4.3.8) for a polynomial, say ¢
(notice that the fact that polynomials are not Lipschitz plays no role here, as f is assumed to be
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bounded). Therefore, using also linearity, we see that we can assume with no loss of generality that
© is a monomial. Also, up to changing m and repeating some function f;, we can assume that

90('1"1’"'71’711) =1 Tm-
All in all, we have reduced the claim to
[ o vt gi= [ > (TL5)e - v
X\Jf X\Jy i1 VES

The claim is now proved by iteration of the Leibniz rule of Proposition 4.3.2 taking into account
that if © ¢ Jg, then [[;c; fj(z) = [[;e; fi(2) for J € {1,...,m}, by (4.2.8) together with the
assumption f € L>(m). Indeed, restricting all equalities to X\ Jy,

Vi funQD(f1 - f)| = f2 - fnvp, D1l + F1v e dID(f2 -+ fin)|
= fa- - fmvp [IDf1] + fivgye g, dID(f2 - fin)|
=fa-- fml/fl\Df1!+f1(f3 S| Dfo| + fovfyefndD(f3 -+ fin)])
== ZHf}VfidlDfi!
i=1 ji

so that the proof is concluded under the additional assumption f € L>(m)™

Now we get rid of the assumption f € L°°(m)™ using an approximation argument. In this
procedure, we consider the approximating sequence {f'}; as in (2.3.21). Now we can let [ — oo in
(4.3.6) for f!, recalling Lemma 4.2.2, (2.3.5) and coarea together with the closure property of the
differential for what concerns the convergence of the let hand side. O

4.3.4 General chain rule

This section contains the last calculus rule of the chapter. It is the general chain rule, Theorem 4.3.6,
which concerns the distributional differential of the composition of a vector valued function of
bounded variation and a Lipschitz function. We remark that it is the strongest of our results
concerning the calculus rules, in the sense that it immediately implies all the previous results.
However, the previous results are needed for its proof.

With start with some preparatory material to state Theorem 4.3.6. For what concerns the
notation, if v = (vq,...,vp) € LCap(TmX) and v € Lcap(TX), we write

v-vi= (1 0),..., (U, - v) €R™.

The following lemma gives a concept of image of a matrix field in the non-smooth framework, where

we do not have pointwise defined objects. Gr(R™) denotes the collection of all the vector subspaces
of R™.

Lemma 4.3.5. Let (X,d,m) be an RCD(K, N) space, let p < Cap be a finite Borel measure and
let v e Lcap(TmX). Then there exists unique (up to p-a.e. equality) p-measurable map

G : X — Gr(R™)

satisfying
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i) for every v € LOCap(TX),

v-veGQG 1h-a.e.
ii) if G': X = Gr(R™) is another map satisfying the requirement i), then

GCq h-a.e.

We call the map G given by the lemma above u — essspanwv.

Proof. First notice that uniqueness of G trivially follows from item 7).
Fix for the moment a set A as in the decomposition given by Theorem 2.2.21 and an orthonormal
basis of L%ap(TX) on A, say {vi,...,vx}. The map
A5z~ span({v - vz(az)}zzlk) € Gr(R™)

is p-measurable. We then define G equals this map on A and then define G p-a.e. on X with a
gluing argument.
We show now that G satisfies the desired properties. It is sufficient to fix a set A and vector

fields {v1, ..., vt} as above and prove the claims on A. Item ) follows from the fact that {vy,..., vk}
is a basis of L%ap(TX) on A. For what concerns item ii), take G’ satisfying item ¢). In particular,
p-a.e. v - v; € G for every i = 1,...,k so that p-a.e. G C G. O

Now we state the main result of this section. We defer the proof after the statement and the
proof of Lemma 4.3.7 below. First, we recall a definition about the differentiability of Lipschitz
functions, as in Section 8.1, Given ¢ € LIP(R™, R!), we say that ¢ is differentiable at x with respect
to V € Gr(R™) if there exists a linear map Vy p(z) : V — R! such that

o(x +v) =p(x)+ Vye(x) - v+o(|v]) forveV.

If v € R™, we say that ¢ is differentiable at x in direction v if ¢ is differentiable at = with respect
span(v). Notice that every ¢ is differentiable with respect to {0} at any point of R™.

If we want to generalize the calculus rule of Theorem 4.3.4 to the case in which ¢ is not C*,
but only Lipschitz, we certainly have to be coherent with (4.3.6). Notice that, outside the jump
set, (4.3.6) reads as

D(po f)L (X\ Jy) = Vo(f)Df L (X\ Jy). (4.3.10)
While Rademacher Theorem states that Lipschitz functions are differentiable almost everywhere
with respect to the Lebesgue measure, it is in general false that a Lipschitz function ¢ is differ-
entiable for |Df|-a.e. x € X\ Jy at f(x), in the case in which f is a vector valued function of
bounded variation (this, however holds if f is scalar valued, see the discussion after the statement
of Proposition 4.3.1). Take, for example, ¢(u,v) := w Vv and f(z,y) := (x,z). For this reason,
Theorem 4.3.6 below can not be proved with soft techniques as we did for Theorem 4.3.4 and
(4.3.10) has to be suitably interpreted, and this obstacle is not due to the fact that we are working
in the RCD realm. The key remark to overcome this difficulty ([12]) is that we do not really need
the full differentiability of ¢ at f(x), but only the differentiability in directions given by the image
of the “polar matrix” %, as is only against these directions that the differential of ¢ is tested.
It turns out that indeed ¢ is differentiable a.e. with respect to these directions and Theorem 4.3.4
has a suitable generalization.
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Theorem 4.3.6. Let (X,d,m) be an RCD(K, N) space, let f € BV(X)™ and let ¢ € LIP(R™,R!)
such that p(0) = 0. Then

D(po f)LJs = (o(f") — (f))DfL Jy.

Set now V := |Df| —essspanvy. Then for |Df|-a.e. x & Jy, ¢ is differentiable at f(x) with respect
to V and it holds

D(po f)L (X\ Jr) = Vyvo(fHrgDfIL (X\ Jy). (4.3.11)

In the theorem above, by Vi ¢(f)vs we mean the unique, up to |Df|-a.e. equality, vector field
in LY, (TX)! such that for every v € L%ap(TX) it holds

Cap
(Vve(flvg) - v=Vve(f)(vy -v)  Dfl-ae.

Here we show the main lemma towards the proof of Theorem 4.3.6, whose purpose is to gain
directions along which ¢ is differentiable. Its proof is based on the link between “closability of
certain differentiation operators” and “differentiability of Lipschitz functions in related directions”
recalled in Section 8.1, coupled with the information that “the map that takes ¢ and returns the
distributional differential of ¢ o f is closable”.

Lemma 4.3.7. Let (X,d,m) be an RCD(K, N) space, let f € BV(X)™, let p € LIP(R™) such that
©(0) =0, and let v € TestV(X). Then for |Df|-a.e. x ¢ J¢, ¢ is differentiable at f(x) in direction
(vf - v)(x) € R™ and it holds

Vpos - vID(@ 0 F)IL (X Jf) = Vo, up(D(ws - )DL (X J)). (43.12)

Proof. Denote by n the essential dimension of X. By Proposition 3.4.3 and the fact that |D(po f)| <
L|Df|, where L denotes the Lipschitz constant of ¢, it is enough to prove the claim on G, where
G C X\ Jy is a bounded Borel set for which there exists a Borel map ¥ : G — B, where B is a
Borel subset of R® and ¥ has Borel inverse U=! : B — G and moreover VU is the restriction to G
of some U € BV(X)". Also, J3 NG = and we can assume that v has compact support. We avoid
writing - for the precise representative, to simplify the notation.

We set then f’ := (f, \if) and ¢’ := @ or!, where 7! : R™ x R® — R™ is the projection onto
the first factor. In particular, [Df| < |[Df’|. Notice that f’ and ¢’ still satisfy the assumptions
of the lemma and that still J NG = (). Notice also that ¢’ o f' = ¢ o f, that (|Df|-a.e.) ¢ is
differentiable in direction vy - v if and only if ¢ is differentiable in direction vy - v and finally that

_ dDf| : .
(vpr - )i = (vg - v); “ADF IDf'|-a.e. fori=1,...,m,

so that it remains to show (4.3.12) on G with ¢’ in place of ¢ and f’ in place of f.
To simplify the notation, we return to the notation f and ¢, keeping in mind that f is injective
on G and its inverse is Borel. We set

w:i= (vy - v)o f! and w:= f(IDfILG).

Assume for the moment also that ¢ € C!'(R™). Then we know that (4.3.12) holds with this
choice of ¢ by Proposition 4.3.4. We compute now

f(Ve(f)(vy - v)IDFILG) = Zaz(/)f* vi - v)i|DFILG) = Ve - wp.
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We check that the differentiation operator depending on ¢ defined above is closable in the sense of
item ¢) of Theorem 8.1.1 in the Appendix. We have to check that if {(}}x is a sequence as in item
i) of Theorem 8.1.1 then there exists £ € L>(u) such that for every h € L*(u),

hVp - wdp — hédu.
RrRm RrRm

Clearly, we can assume that ¢;(0) = 0 for every k. Equivalently, we have to prove that
[ he tVahs - ) dDALG = [ hofto fluy - oldDALG,
X X
where ho f € LY(|Df|L G). As also ¢, € C1(R™), by Proposition 4.3.4 we have that

/ ho fVer(f)(vy - v)dIDFILG = / ho fuper - vd|D(gko f)|LG,
X X

which is well posed, since |D(pg o f)| < L|Df| for every k, where L € (0,00) denotes the Lipschitz
constant of the functions in {pg}r. Also, |D(po f)| < L|Df]|. For every £ > 0, take h. € LIPps(X)
such that

|hof—helliqps < e,

where we understand ho f = 0 |Df|-a.e. on X\ G. By Theorem 4.1.1 (with the usual interpretation
of the integrals involving div(h.v) given by Remark 2.3.6),

~ [ et - vaDloe 1) = [ oro saiv(hr) am

—)/(pOfdiV(hEU)dm = —/hanoof : Ud|D(SOOf)’
X X

Now, we have that

/X(h o f = he)vgof - vd|[D(py 0 f)!' < Lol peo(rxyllh o f = hellrqpsy < Lllvl|Los(x)€;
and a similar estimate holds for ¢ in place of ¢y. Then we see that

/XhOwa;(f)(Vf - U)de||—G—>/Xhostoof ~vdD(po f)ILG

_/Rm h(VSDOf : U) f d|Df| f d,U,

This provides the existence of the sought ¢ € L>(pu).

Therefore we can apply Theorem 8.1.1. It follows that if ¢ is as in the statement, then ¢ is
differentiable in direction w p-a.e. In other words, at |Df|L G-a.e. z, ¢ is differentiable at f(x) in
direction (v¢ - v)(x).

Take now g € L'(|Df| L G). We approximate ¢ with a sequence {p.}r as in Lemma 8.1.2.
Using Proposition 4.3.4, we see that for every k

/gwpkof ' Ud|D(80kof)||—G:/gvSDk(f)(Vf -0)dIDfILG.
X X

Using dominated convergence to deal with the right hand side and by the very same computations
as above to deal with the left hand side, we prove that (4.3.12) holds for ¢, as g was arbitrary. [
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Having Lemma 4.3.7 at our disposal, the proof of Theorem 4.3.6 is rather classical.

Proof of Theorem 4.3.6. Denote by n the essential dimension of X. We start from a couple of
reductions, as in the proof of Proposition 4.3.4. By Remark 4.1.2, we see that we can assume [ = 1
with no loss of generality (see e.g. the second part of the proof of Proposition 4.2.12). The jump
part is dealt as in the proof of Proposition 4.3.1, building upon Proposition 4.2.12 and Lemma 4.2.9.

We prove now (4.3.11) and the differentiability statement. We first show that for |Df|-a.e.
x ¢ Jy, ¢ is differentiable at f(x) with respect to V. Recalling the construction of V' in Lemma 4.3.5
(in particular, Theorem 2.2.21), it is enough to show this claim on a Borel subset A on which we
have an orthonormal basis of L%ap(T X), say {vi,...,vx} C TestV(X): namely, we have to show
differentiability at f(z) with respect to span({yf . Uz’}i:l,...,k)-

By Lemma 4.3.7, if v € TestV(X), for |[Df|-a.e. x € A\ Jy it holds that ¢ is differentiable at
f(x) in direction v¢ - v. Therefore, for |Df|-a.e. x € A\ J; ¢ is differentiable at f(z) in every
direction contained in spanQ({uf . vi}izly,”’k). Lemma 4.3.7 again shows that the differential on
spang ({vf - vi}i=1,...k) is linear, up to discarding a set of null [Df|L (A \ Jy) measure. It is then
classical to infer from this the conclusion. O

4.4 Bibliographical notes

We recall that, as already mentioned in Section 3.6, the topic of this manuscript is to generalize
the classical results about functions of bounded variation to the framework of (finite dimensional)
RCD spaces. We refer to Section 3.6 for a list of general references on the topic, in the framework
of Euclidean spaces. For what concerns the calculus rules, there are two more advanced results: the
Vol'pert (who gives the name to the Vol'pert averaged superposition, that is the form in which we
state (4.3.1) and (4.3.6)) chain rule formula, proved in the smooth setting in [125] (see also [126])
and the general chain rule formula, proved in the smooth setting in [12].

Most of the material is taken from [42, 43]. Some of the proofs have been revised and became
shorter and more transparent, for example, the proof of Theorem 4.3.4 benefits from the separate
treatment on the jump part (thanks to Proposition 4.2.12).

As stated during its proof, the bulk of Theorem 4.1.1 is already present in [51]. There, the
authors treated only characteristic functions of sets of finite perimeter and finite measure on a finite
dimensional RCD space. Our improvement is in the direction of treating more general functions (i.e.
vector valued functions of bounded variation) and also by considering possibly infinite dimensional
RCD spaces. The first improvement is obtained by a rather soft argument, noticing that in [51]
the fact that the function is a characteristic function is not really used. For what concerns the
possibility of treating the infinite dimensional case, there were only two ingredients missing in [51].
The first one is the fact that one needs total variations to be absolute continuous with respect to
the 2-Sobolev capacity. In [51, Lemma 1.10 and Theorem 1.12], the authors showed that, on finite
dimensional spaces,

IDf| « H" « Cap for every f € BV(X)

(actually, they showed the result for characteristic functions, but, thanks to coarea, there is no
difference). This chain of relations is crucial in the subsequent development of the theory (and
is one of the major reasons why we need to work on finite dimensional spaces to obtain the most
refined results), but really needed the fact that the space is finite dimensional, to use its property of
being PI. Hence, to state Theorem 4.1.1 in the infinite dimensional case, we had to give a different
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proof of the fact that
IDf| < Cap for every f € BV(X),

see Theorem 2.3.7. The second ingredient is the validity of the Bakrny/)mery estimate in BV in the
infinite dimensional setting, Proposition 2.3.17. Such result was already stated in [86, Remark 3.5],
but only for proper RCD(K, co) spaces. The properness assumption can be immediately removed
thanks to the approximation result of [71].

It is worth remarking that Theorem 4.1.1 can be proved also with a completely different tech-
nique, relying on the language of local vector measures and an abstract Riesz’s Theorem, see [44].
A local vector measure is the non-Euclidean analogue of a vector valued measure and is defined
as a map from the Borel subsets of a Polish space to the dual of a suitable normed module. This
theory experiences an improvement in the setting of RCD spaces (rather than Polish spaces) and
allows the abstract construction of a local vector measure D f satisfying

Z / fidivo; = —v - Df(X) for every v = (v1,...,vm) € (QC™(T'X) N D(div))™.
=1

Also, as soon as one has at disposal the language of local vector measures, Section 4.1.1 becomes
unnecessary: the operations described there can be seen as operations among local vector measures.
In particular (with the language of [44]) Definition 4.1.4 trivially identifies vy with the local vector
measure whose polar decomposition is vpu. We have decided not to include the material of [44] as
local vector measures are not strictly necessary for the development of this theory.

Proposition 4.2.4 is not present in [42, 43], but its statement is in [50], with a different proof.
Here we exploit our tools to give a more direct proof, that avoids the blow-up argument of [50].
In relation to Proposition 4.2.5, we remark that in [16, 17] the opposite procedure has been used:
in these papers, the essential boundary is recognized through the short-time behaviour of heat
semigroup. Half of Proposition 4.2.12 is taken from [42] (namely (4.2.9) and (4.2.11)), whereas
the other half (namely (4.2.10) and (4.2.12)), follow from the same techniques, taking into account
(3.5.2), proved in [32].



Chapter 5

Cartesian Surfaces

In this chapter we extend classical results for subgraphs of functions of bounded variation in R"™ x R
to the setting of X x R, where X is a finite dimensional RCD space. We recall here Definition 2.3.10,

Gr = {(a:,t)eXxR:t<f(x)}7

and that
7l X xR = X, 2 :XxR—>R

denote the projections onto the corresponding factors.

In particular, we give the precise expression of the push-forward onto X of the perimeter measure
of the subgraph in X x R of a BV function on X. Moreover, in properly chosen good coordinates,
we write the precise expression of the normal to the boundary of the subgraph of a BV function f
with respect to the polar vector of f, and we prove change-of-variable formulae.

5.1 Main results

First, recall the notation of Section 2.3.5 and the decomposition of the total variation as in Defini-
tion 2.3.4. The first result of this chapter establishes the equivalence between local finiteness of the
total variation of a function and finiteness of the perimeter of the subgraph on cylinders. Notice
that it is part of the claim that local integrability is a consequence of finiteness of the perimeter of
the subgraph on cylinders. Finally, we have a characterization of the total variation of the function
in terms of the push-forward of the perimeter of the subgraph.

Theorem 5.1.1. Let (X,d,m) be an RCD(K, N) space and let f € L°(m). Then the following are
equivalent:

i) [ € BViee(X),
ii) for every bounded set B C X, |DXg,|(B x R) < cc.

If this is the case, then
7Ti|Dng| = 1/91% +1m+ [DfIL(CrU Jy).
We defer the proof of Theorem 5.1.1 to Section 5.1.2 below.

99
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To state the next results we need to read the “components” of polar vector fields, e.g. vy or vg,.
Even though the following definition is not intrinsic, the quantities introduced will play a key role
in the proof of the Rank one Theorem 6.1.2. By tensorization of the energy, the following definition
is well posed.

Definition 5.1.2. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let u be a
good splitting map on D. Let f € BV,.(X). Then we define

i) the R"-valued |D f|-measurable map v} defined for [Dfl|-a.e. z € D by
vi(a) = ((vy - Vu')(2),..., (v - Vu")(2)),
ii) the R"*!-valued |DXg,|-measurable map vg, defined for |DXg,|-a.e. p := (z,t) € D x R by

ng(p) = ((ng ) Vul)(p)7,,,,(ygf ’ Vun)(p)v(ygf : VWQ)(p))'

If E is set of locally finite perimeter, we write vg := vy, for simplicity.

Recalling again Lemma 3.2.19, we see that domains of a countable family of good splitting
maps cover X up to sets that are negligible with respect to relevant measures. Hence, in practice,
there is no loss of generality in working on the domain of a fixed good splitting map. Namely, in
Theorem 5.1.3 and Theorem 5.1.4 below, we are going to compare vg and l/}? only for a single
good splitting map wu, on its domain D. This, however, still allows us to have a complete picture
(i-e. the comparison for [DXg,|-a.e. (z,t)), thanks to Lemma 3.2.19 and the remark that, using the
notation of Lemma 3.2.19, we have,

]Dng]<(X\UDk) X R) =0 for every f € BVioe(X),
k

which is a consequence of (3.2.12) and Proposition 2.3.12. Finally, notice that ng is well-defined

at (z, f(z)) for |Df|-a.e. z € D\ J; and for m-a.e. z € D\ Jy. This is due to (2.3.13) and (5.1.1)
below, taking into account Lemma 2.3.11.

Now we state the results that link 1/}” and ng, as in Definition 5.1.2. For what concerns
Theorem 5.1.3, we have that, on the regular part (i.e. outside Jy U Cy) the expression is the same
as for smooth maps in Euclidean spaces. Then, on the singular part (i.e. on Jy U Cy), the last
component if ng vanishes. As a by-product, we obtain that the singular part is identified by the
vanishing of the last component of ng.

Theorem 5.1.3. Let (X,d,m) be an RCD(K, N) space and let f € BVioe(X). Let u be a good
splitting map on D. Then, for |DXg,|-a.e. (z,t) € D x R, it holds that

1 w _ /1 ) ~
vy, x ife e D\ (JrUCy),
i ey~ | (Tt JEg)@  aeepvuuep
(v§,0)(2) ife e DN (JpuUCy).
With the results above it is not hard to deduce the following “integral version”.

Theorem 5.1.4. Let (X,d,m) be an RCD(K,N) space of essential dimension n and let f €
BVioe(X). Let u be a good splitting map on D. Let also ¢ : D x R — R be a bounded Borel
function. Then
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i) for everyi=1,...,n,

/(D\Jf)X[R p(x,1) (vg, (2,1)), dIDXg, |(x, 1) = /D oz, f(2) (Vi) dIDf|(z),

\Jy

ii) it holds

/(D\Jf)xR p(x, ) (vg, (2,1)),,,, dIDXg,| (2, 1) = - /D\Jf o(z, f(z))dm(z),

iii) for everyi=1,...,n,

/ o, 1) (v, (2, ), dIDXg, (2, )
(DﬂJf)XR

()
_ / (v(x)),On(m, ) / oz, )dt dH"(z) |
D (@)

iv) it holds

[ et (.0),,, DX, () =0
(DNJ ;) xR
We defer the proof of Theorem 5.1.3 and Theorem 5.1.4 to Section 5.1.2 below.

5.1.1 Auxiliary results

This section contains the auxiliary results that will be needed to prove Theorem 5.1.1, Theorem 5.1.3
and Theorem 5.1.4. The first technical result establishes the absolute continuity H" L R (X) <
7| DXg f|. In an imprecise way, this means that every point of X is the projection of some point
contained in the reduced boundary of the subgraph.

Lemma 5.1.5. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let f € BV(X).
Then

m < H" L Ry (X) < 74 [DXg, |. (5.1.1)

Proof. The first absolute continuity of (5.1.1) is due to the structure theory of RCD spaces, see
(2.2.14). By Proposition 2.3.12, Gy € X x R is a set of locally finite perimeter. By (3.5.2) (see also
Remark 3.5.2), we have that

IDXg,| = Opr1(m® LY,  )H L (9*Gr NRy 41 (X x R)).

Now, notice the elementary fact R}, (X x R) = R;(X) x R. Take B C R} (X), assume that
mDXg,|(B) = 0, then H"(8*Gy N (7')~!(B)) = 0. Therefore, as the projection is Lipschitz,
H" (m1(0*Gy N (x')~1(B))) = 0 so that by Lemma 2.3.11 and the fact that —oo < f" < f¥ < 400
for H"-a.e. z € R} (X), we infer that H"(m((x')~1(B))) = 0, so that H"(B) = 0. O
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Recall that Definition 5.1.2 involves both an object defined on X (V}L) and an object defined
on X x R (ng), where the first one is defined in terms of a good splitting map u, and the second
one in terms of (u o 7y, m2). We show that also the second map is a good splitting map, and
also record that the relation among the matrices given by Lemma 3.2.14 for u and for (u o 71, 72)
is the trivial one. Namely, the rotation that we have to apply to u to obtain a system of good
coordinates induces naturally a rotation of (u o7, m2) to obtain a system of good coordinates (see
also Proposition 3.2.20).

Remark 5.1.6. Let (X,d, m) be an RCD space of essential dimension n and recall Definition 3.2.12.
Let u : Bor(z) — R™ be a good n-splitting map on D C B,(x). Notice that, by tensorization of the
energy, (uo ', m2) : By.(x,t) C X x R is a good 7-splitting map on D := (D x R) N B,(z,t), for
any t € R. Also, if A is the matrix valued Borel map given by Lemma 3.2.14 for u and A is the
matrix valued Borel map given by Lemma 3.2.14 for (u o 7', 72), then

A i(y) fori,jel,....,n,

~ 0 fori=1,...,nand j =n+1,

Aij(y,s) = . . (5.1.2)
0 fori=n+4+1land j=1,...,n,
1 fori=j=mn

for every (y,s) € D. Hence the map (y,s) — A(y, s) is independent of s so that we will assume it
to be defined on D x R. ]

Given a good splitting map on D, the following proposition selects a “nice” subset of D, Dy,
that is big enough to describe f, in the sense that the remaining part is seen only by |Df]’, but
satisfies additional convenient properties. We will denote by A the matrix valued Borel map given
by Lemma 3.2.14 for a good splitting map w. In item v), we are going to exploit the matrix valued
Borel map A and A as in Remark 5.1.6.

Proposition 5.1.7. Let f € BV,.(X) and let u be a good splitting map on D. Then there exists
a Borel set Dy C D satisfying the following properties:

i) [Df|I{(D\ Dy) = 0 and m(D \ Dy) = 0.
it) [DXg,|(D\ (Dy U Jy)) x R) = 0.

ii1) Dy C Ry (X)\ Jp and FGr N (Dy x R) = (Idx, f)(Dy). Hence, for every x € Dy, (x, f(x)) €
FGy, in particular, f(x) € R.

w) For every x € Dy, (x, f(x)) is a Lebesgue point for vg, with respect to IDXg, |.

v) Given any x € Dy,

Vi, fay) = (Al@)uont,7?) = Az, f(z))(uo ', 7°)

is a system of good coordinates for Gy at (z, f(z)) and moreover,

Dg(z’ﬂz))(a:, f(z)) = Az, f(l‘))l/gf (z, f (@), (5.1.3)

!

where we took the Lebesgue value for lﬂg‘f.
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Proof. We will build sets D 2 Dy 2 Dy 2 D3 2 Dy =: Dy. First, we set Dy := D\Jf. Clearly, Dy
still satisfies items ) and 7).

Take now N C 9*Gy N ((X\ Jy) x R). Notice that if N is [DXg,|-negligible, then ' (N) is both
ID f|“-negligible and m-negligible, by Proposition 2.3.12 and Lemma 5.1.5, taking into account also
Lemma 2.3.11 that implies (7)~1(7!(N)) = N. Hence removing 7! (N) still leaves items i) and i1)
unaffected. We set then Dy := Dy N7l (FGy). Corollary 3.3.2 ensures that items i) and 4i) are still
satisfied whereas Lemma 2.3.11 ensures that item i) holds. We set now

D3 :={z € Dy : (z, f(z)) is a Lebesgue point for V}jf with respect to [DXg,[}.

The asymptotic doubling property of [DXg, | ensures that items i) and i) are still satisfied whereas
iv) is satisfied thanks to this choice. We set now

D, = {x € Dj : the conclusions of Proposition 3.2.20 (for (uo 7', 7?) and G;) hold at (z, f(z))},

by Proposition 3.2.20 (and a covering argument, as a priori good splitting maps are defined on
balls) items i) and i7) are still satisfied whereas item v) is satisfied thanks to this choice. O

The following is a simple consequence of the definition of the set Dy.

Remark 5.1.8. Let Dy be as in Proposition 5.1.7, we keep the same notation. Let x € Dy. By
item #4i) (and the definition of FGy), Gy satisfies the conclusions of Proposition 2.3.3 at (x, f(x)).
Therefore, also the conclusion of Theorem 3.2.21 is in place, in particular, if

(R™,de, £7,0, H) € Tan,, 7, (X X R, dxxr, m® L', Gy),
then
H={2cR"!: v(l Tz, f(x) >0} ={z e R": 2. fl(:c,f(:c))l/gf(a:,f(a:)) >0}, (5.1.4)

provided that the coordinates in R™*! are chosen as limits of appropriate rescalings of the maps
V(s f(z)) (Remark 3.2.17) (in a suitable realization). Also, notice that (5.1.3) implies that

£ Uiz, f(z
(v, (. F@)) 1y = (77 (@, Fl@)) 1y € 1,1, (5.1.5)
We are going to use these properties throughout. |

The next proposition is the main technical tool of this section. It shows that on Dy the last
component of vg identifies the Radon-Nikodym derivative of the push forward of the perimeter
of the subgraph with respect to the reference measure. This is our first bridge between quantities
defined in terms of the subgraph (in X x R) and quantities defined in terms of the BV}, function
(in X). Notice that the claim on the Cantor part is that the normal to the subgraph is horizontal.
The proof is a careful blow-up analysis, that uses new techniques as well as very classical techniques
of geometric measure theory.

Proposition 5.1.9. Let (X,d,m) be an RCD(K, N) space of essential dimension n and let f €

BVioc(X). Let also u be a good splitting map on D and let Dy C D\ J; be given by Proposition 5.1.7.

Then,
DX, (B, ()
N0 m(B;(x))

where the right hand side has to be understood as +oo where (ng (x, f(nv)))nJrl =0.

In particular, we can compute the Radon—Nikodym derivative as follows:
dT['i |Dng ’
—am = - (v ,(z, f(z )))nJrl for m-a.e. x € Dy. (5.1.7)

— (g, (@, f(x))),y,  for [DXg,|-a.e. (x,f(z)) € Dy xR,  (5.1.6)
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Proof. First, if x € R} (X), we have,

_ o m(Br(z) (M LY (B (, f(z) 1 F
On(m, z) = lli% wnr™ 71"1{% Wrg 17 = Onni(m® L, (z, f(z)),
. m(By(z))  (n+1)
}1{% cr T (5.1.8)
iy TMBr(2)) _ o (n+2)
) et

Indeed, this can be proved easily taking into account weak convergence of measures and using
Fubini’s Theorem.

Fix p := (z, f(z)) with 2 € Dy. Let {r;}; C (0,00) with r; \, 0. As z € Dy C R%(X), up to
passing to a subsequence that we are still going to call {r;};, we have the convergence

(X, dxor, ) = (R”, de, L,0),
in a realization (Z,dz), where (Z,dz) is a proper metric space. Hence also
(X xR, 7 dxxr, (M @ L£1),p) = (R", de, L7, 0)

in the realization (Z x R,dzxgr). We use Remark 3.3.3 together with Proposition 5.1.7 to obtain
that, up to passing to a further subsequence that we are still going to call {r;};,

(X x R,7; tdxxr, (m @ L), p,Gr) — (R™,de, L7710, H),

in the realization (Z x R,dz«gr). Passing to a further subsequence that we are still going to call
{ri}i, we choose coordinates in R""! as limits of rescalings of V(s f(z)) (Remark 3.2.17), hence H is
as in (5.1.4).

Then we compute, for any M € (0,00) (notice that [DXg|(0(BY" (0) x BY;(0))) = 0)

i 2B ) Bl )t [ (B ) By (F)
A p 1

= [DXg|(BY"(0) x By (0)),

so that, by (5.1.8) and (2.2.11),

= O, (m, 2)w, "H"(0H N (BY" (0) x Bj;(0))).

In what follows, we are going to use the Lebesgue value for ugf (p).

Step 1: the case (ng (p))n+1 = 0. Then H = H' x R for some half-space H' C R", so that

. m|DXg,|(Br, (2))
lim inf -
7 ’I”Z-

> O, (m, 2)w, "H" (O(H' x R) N (BY"(0) x By7(0)) = w;, '2Mw,_;.

Being M arbitrary,
. ™ [DXg, (B, (x))
lim inf -

7 Ti

:+OO
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and, being the sequence {r;}; chosen before arbitrary,

DG, (B, ()
11m
\0 rh

= +o0.

Step 2: non-positivity of (y}jf (p))nH. Take x € Dy such that

(g, (2, f(2))) 0y #0 (5.1.9)
and set, as before, p := (x, f(x)). Let
+B. = BZ(0%*") x BR(+£1®) cZ xR

for e € (0,1) small enough so that (£B.) NJH # (0, that exists by (5.1.9). Now, by convergence in
L. . and Fubini’s Theorem

loc
LM (H N (£B:)) = lim(m @ L£1); () N +Bz)
— tim(m © £} ((G)i N (Bi(2) x Bi(£r)
— lim (m® Ll)(gf N (Ber, (2) X Bsn(iﬁ')))

i Cy'

:hmln/ H ({2} X Ber, (7)) N Gy )dmi(2).
i Cp Ber; (z)

Therefore, recalling the definition of Gy we obtain
LY H N (-B.)) - L™ (HN B.) >0,

whence the claim follows.

Step 3: the case (ng(p))nJrl # 0. We set (by (5.1.5))

Q= (ng(p))n-ﬂ € [_17 1] \ {0}
Set also
f:=+v1—-a2Vv1/2€(0,1).
An immediate computation yields that 0H N BIF"H (0) € B} (0) x BE(O) whence

i A1)\ 0 B 7))

= 1lim [DX(g,),[(Bi(p) \ (X x B5(f(2)))) =0,
hence, by arbitrariness of the sequence {r;}; chosen before and by (5.1.8),

DX, (Bp)\ (X% B (7))
r\O rh

= 0. (5.1.10)

Now, for v € (0,00) and (z,t) € X x R, we denote the cone

Cy(z,t) :={(y,s) € Xx R:nd(y,z) > |s — t[}.
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Set

Now we claim that
L IDXG, (B () \ O ()

lim w = 0. (5.1.11)

This will follow from a “cube-density implies cone-density” argument exploiting (5.1.10). In order
to prove the claim, fix 6 € (0,1). By (5.1.10), we can take 7y > 0 small enough so that

IDXg, [(Br(p) \ (X x Bg:(f(2))))

sup — < 4. (5.1.12)
re(0,7o) r
Notice that
Bro(p)\ Cy(p) € | Br () \ (X x Bz (f())), (5.1.13)

where for any ¢ € N with ¢ > 1 we defined

2 2 (
. -4+ 1_ + 1\
75 = 5 Ti-1 = <B 7 5 > 7.
vy v

Given that by (5.1.12)

9 ni
DX, | (Br,(p)\ (X x Bas,(p)) < 670 = 5<ﬁ — 1) .

it follows from the inclusion in (5.1.13) that

DX, |(Br P\ o) _ 5~ (B 72+1>m.

7l 2

Then, (5.1.11) is proved, thanks to the arbitrariness of § > 0 and the finiteness of the sum at the
right hand side (by the definition of 7).

Step 4: making the estimate (5.1.11) of Step 4 “set theoretic”. Let ¢ > 0. We show that
there exists a set ¥ =Y. C (Dy x R) N FG; with

|Dng]({($, f(x)) e FGr:x € Dy, (ng(x,f(:c)))nH # 0} \ Z) <e (5.1.14)
and such that there exist v € (1,00) and ro € (0,1) satisfying
(XN Bry(p)) \ Coy(p) =0 for every p € X. (5.1.15)

We do it using a standard argument, see e.g. the proof of [117, Theorem 1.6]. Take indeed ¥ C
(Dy x R) N FG; satisfying (5.1.14) and

e f is continuous on (X))
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e there exists v € (1,00) such that for any § € (0,1) there exists 7y = 79(d) € (0,1) such that,
for every r € (0,27)) and p € X,

DXg,|(X N B, DX XN B, C
DY |(ENBw) g PlE0BEDNGE) o
@n—l—l(m & £1,p)wnrn @n-i-l(m ® El,p)wnr”

This is possible thanks to Lusin’s and Egorov’s Theorems, taking into account (5.1.8), Remark 3.3.3,
(5.1.11) of Step 3 and an exhaustion argument, keeping in mind the fact that in (5.1.14) we are
estimating the perimeter of a set of points (z, f(x)) satisfying (ng (x, f($)))n+1 # 0.

We aim to show that if § € (0,1) is small enough (to be determined later), then this choice of
¥ and 7o satisfies also (5.1.15). Assume now that there exist p € ¥ and ¢ € (X N By (p)) \ Covy(p).
Then denoting d := dyyg for brevity,

B,(q) C Ba(pqup(p) \ Cy(p), where p := d(p, ¢) sin(arctan(2y) — arctan(y)) > 0.  (5.1.17)

Therefore, we can estimate, by (5.1.16) for what concerns the first and last inequalities (notice that
d(p,q) + p < 2d(p,q) < 27p), by (5.1.17) for the central inequality

5> IDXg, | ((E N Ba(nq)_;_p(p)) \ O’Y(p)) - IDXg,[(XN By(q)

)
Ons1(Mm @ L1, p)wn(d(p,@) +p)" — Onp1(m @ L1, plwn(d(p, ) + o)
P o (sin(arctan(2y) — arctan(y)))"

SR T (1 + sin(arctan(27) — arctan(y)))"’

which leads to a contradiction provided § > 0 was chosen small enough (depending on 7), proving
thus (5.1.15).

Step 5: improved blow-up argument. Let X, v and 7y be given by Step 4. We prove that if
r € 71(X), then
i 7, (|DXg, | L 2)(B:())
im
r\0 rh

= —On(m,2) (v, (1), (5.1.18)

Fix z € 7'(¥) and set p := (x, f(z)) € ¥. Up to removing from ¥ a IDXg,|-negligible subset, we

can moreover assume that
T|Dng |(Br(p) \ E)
m
r\0 C;Z;

= 0. (5.1.19)

Indeed, this follows from the asymptotically doubling property of [DXg,|, recalling (5.1.8).
Since f is continuous on 7! (X), there exists 71 € (0,7y/v/2) such that |f(y_) — f(z)] < 7o/V2
for all y € By, (z) Nal(Z). By & C (Df x R)NFGy, £ C {(x,t) e XxR:t= f(z)}, so that

30 (B, (2) x R) € %0 By (p) € Coy(a, f(2)) (5.1.20)
by (5.1.15) of Step 4. Now we compute, by (5.1.20),

. ri|Dng||—E(Bm(x) X R) . Ti|Dng||—E(Bm(x) X BQ'yn(f(x)))

lim sup ok = lim sup ol
i P i D

< 1im[DX(g,,|(Bi(x) x B, ((x)))

= [DXg|(Bi" (0) x By, (0)) < [DX|(BY" (0) x R).
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On the other hand, recalling (5.1.19) and the computation right before Step 1, for any M € (0, c0),
T2|ngj“—2(Bn(x) X R) .. rl’Dng‘LZ(Bn(x) X BMrz(f_(x)))
> lim inf

lim inf

i Cp’ T Cp'
iIDXg. | (B, B (f
— g D0 (B B ()
¢ D

= tim [DX(g,,| (B} (x) x Biy(7(x))
= [DXg|(By" (0) x By(0)).
Hence, by the arbitrariness of M,

ri|DXg, | L 3(B;, (z) x R)
m

i1 ok = [DXy|(By" (0) x Br(0)),
¢ P

and, being the sequence {r;}; chosen before arbitrary, recalling also (5.1.8) and Step 2,
m(IDXg, |L )(Br(2)) _ | [DXg,|L2(By(2) x R)

lim =1
N0 rh ™N\0 rh
n+ 2>_1 R™
=0,(m,z)| w, DXg|(B7 (0) xR
( )< Wn+1 | (B 0) ) (5.1.21)
n -+ 2 _1n+2 _1
:_@n ) n n G
(m. ) <w wn+1> Wn+1w (ng B

“ -1
== _Gn(m7x)(ygf(p))n+1)
that is (5.1.18).

Step 6: proof of (5.1.6). For € € (0,1), denote by X. the set given by Step 4 for this value of e.
We first prove (5.1.6) for [DXg,|-a.e. (z, f(z)) € (Dy N Cy) x R. Namely, we prove that for
IDXg,|-a.e. (z, f(z)) € (Dy N Cy) x R, then

) ) - _ wlDXg,|(Br(z)) _
(v, (@ (@) =0 and  lim m(ér(fﬂ))

Now, by (5.1.18) of Step 5 and [31, Theorem 2.4.3] together with an exhaustion argument, we
have that

(5.1.22)

mh(IDXg, L) < H'LRA(X) < m,
hence, letting £ N\, 0 along a vanishing sequence we obtain by (5.1.14) that (as m(Cy) = 0)

|Dng]({(a:, f(a;)) € fgf T x € Df N Cf, (ng(x,f(x)))nﬂ 75 O}) =0,
which is the first claim in (5.1.22). Now we show that

lim DB, () =00 for [IDf|-a.e. x € Dy N Cy. (5.1.23)

™o m(By(z))
This can be easily proved with a classical exhaustion and covering argument. Indeed, assume by
contradiction that there exists a compact set K C Dy N Cy with |Df|(K) > 0 and

IDSI(Br(z))

i B M
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for some M € (0,00). Let also 6 € (0,1). For every x € K, choose r; such that r;/5 € (0,0)
and |Df|(By,(x)) < Mm(B,,(x)). Now the conclusion comes applying Vitali’s covering Theorem
together with the fact that m(Bs(K)) — 0 as § \, 0 and the local doubling property of m. Then
the second claim in (5.1.22) follows, using (2.3.13) twice.

Now we prove (5.1.6) for [DXg,|-a.e. (z, f(z)) € (Ds\ Cy) x R. First notice that combining
(5.1.1), Proposition 2.3.12 and the fact that Dy N Jy = 0, we have

mL Dy < (m,|DXg,|)L (Dy \ Cp) < m. (5.1.24)

By (5.1.21) of Step 5 and differentiation of measures (e.g. combining [95, (3.4.24) and (3.4.32)]
with the doubling property of m),

T [DXg,|(Br(x)) . mDXg,|(r!(8:) N Bp(x)) . i (IDXg,| L X:)(Br(x))

0 m(Br(x) o m(B,(z)) 0 m(B,(z))
-1

— —(ygf (x, f($)))n+1’

for m-a.e. x € 7!(X.), being m locally doubling. By (5.1.14) and (5.1.24), if we let € \, 0 along a
sequence, we see that

m:[DXg, (B (x)) -

. * f T (o -1

ll\l;% m(Br(x)) - (ng(wvf(w)))n+1a

for m-a.e. x € Dy \ Cy such that (ng (, f_‘(x)));lrl # 0. Recalling (5.1.24) again, we have proved
(5.1.6) for |[DXg,|-a.e. (z, f(z)) € (Dy \ Cf) x R such that (ugf(:z:,]‘T(:z:)))n+1 # 0. To conclude, it
is enough to notice that by Step 1, (5.1.6) is satisfied for [DXg,|-a.e. (z, f(z)) € Dy x R such that

Step 7: proof of (5.1.7). First recall that by (2.3.13) it holds

(r1DXg, L (X\ (CyUJp) <m  and  (w}DXg, )L (C;UJp) L m,

as |DfIL(X\(CrUJf)) < mand m(Cy) = m(J¢) = 0. Then (5.1.7) follow from the Radon-Nikodym
Theorem, see e.g. [95, Remark 3.4.29] and (5.1.6), taking into account (2.3.13) again. O

The following lemma completes the analysis of Proposition 5.1.9 on Dy: it studies the first
n components of vy and ng on Dy, which are the ones left out from the previous proposition
(notice that the relation is the one satisfied by smooth maps on Euclidean spaces, even though our
statement holds also for the Cantor part). In view of it, notice that (5.1.25) below is well defined
thanks to (2.3.13).

Lemma 5.1.10. Let (X,d,m) be an RCD(K,N) space of essential dimension n and let f €
BVioe(X). Let also u be a good splitting map on D and let Dy C D\ Jy be given by Proposi-
tion 5.1.7. Then,

\/1 - <V5f (z, f(:):)))2 vi(z) = (I/éf (x,f(x)))ln for |Df|-a.e. x € Dy. (5.1.25)

n+1

Proof. By coarea and the representation formula (3.5.2), it is enough to show that for a.e. t € R it
holds

\/1 - (ng (z, f(x)));lu;ﬁ(x) = (4 (x. f(@)), , for H" lae z€DyNFE,
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where, as usual, F; := {f > t}. By Lemma 4.2.1, the equality above reads, for a.e. t € R,

\/1 — (yzg‘f (x, ﬂx»)jl“y;é& (x) = (ng (x, f(x)))ln for H" '-a.e. x € Dy N FE;. (5.1.26)

Fix t such that F; is a set of finite perimeter, it is enough prove (5.1.26) for this value of ¢
at x € Dy N FE; satisfying the conclusions of Proposition 3.2.20 (for v and E}). Set for brevity
p = (z, f(x)). We are going to use the notation of Proposition 5.1.7 with v, := A(x)u.

By Remark 3.3.3, the assumptions on x and the membership x € Dy, we can find a sequence
r; \ 0, two half-spaces H C R"*! and H' C R", and a proper metric space (Z,dz) such that

(X,r; ', ml, z, By) — (R™,de, £",0, H'),
(X x R, 7; Mdxur, (m® L), p,Gp) — (R, de, L77,0, H),

in the realizations Z and Z x R, respectively. Also,
H ={yeR":y v >0y and H={zeR"":z. ag > 0}, (5.1.27)

where we chose the coordinates on R*! as limits of appropriate rescalings of vp (Remark 3.2.17).
Notice also that

{(y,s) eXxR:s<t} —{(y,s) eR" xR:s <0} in Li.,
in the realization Z x R. Therefore, by stability (e.g. [10, Lemma 3.5]) we deduce that

{(y;8) eXxR:s< fy),s <t} =GN (Xx(—00,t)) = HN{(y,s) e R" xR :s <0} in L.
(5.1.28)
Also, using Fubini’s Theorem and dominated convergence, we see that

E; x (—00,t) — H' x (—00,0)  in Li.. (5.1.29)

Given that E; x (—oo,t) = {(y,s) e XxR:t < f(y),s <t} C{(y,s) e XxR:s< f(y),s <t}
we obtain from (5.1.28) and (5.1.29) that

H' x (=00,0) C HN{(y,s) e R”" x R: s < 0},

so that, recalling (5.1.27),

175’; = (avg, (Dg’;)nﬂ) for some a € [0,1].
NOW’ s vp |2 2 2 Up\ 2 2 v
_ v, _ _
1= |ng}‘ =a }VEJ + (ng;)nJrl =a”+ (ngc)nﬂ’

recalling (3.2.15) (for v and Xg,), (5.1.3) and the fact that A(z) is invertible, (5.1.26) follows. [

The following result is a type of area formula: on the regular part (i.e. outside Cantor and
jump part), the area factor (that, for smooth maps, reads /1 + |V f|?) corresponds to the Radon—
Nikodym derivative of the perimeter with respect to the reference measure (such object is related to
the last component of the normal of the subgraph by Proposition 5.1.9). Our proof is via blow-up,
exploiting the results of [57] for what concerns Lipschitz functions, and then by approximation for
the general case.
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Lemma 5.1.11 (Area formula). Let (X,d,m) be an RCD(K, N) space and let f € BVioe(X). Then
we have the following expression for the Radon—Nikodym derivative:

dm;[DXg, |
Tf(m):\/gf(:cy—i—l for m-a.e. x € X\ (CyU Jy).

Proof. By Lemma 3.2.19 and Proposition 5.1.7 we can fix u, a good splitting map on D and prove
the claim for m-a.e. € Dy, where the set Dy is the one obtained in Proposition 5.1.7. Also,
m-a.e. ¢ € Dy it holds that (V&f (x, f(:c)))wrl < 0, by Proposition 5.1.9. Clearly, there is no loss of

generality in assuming f € BV(X).

Case f € BV(X) N LIP(X). First, recall [24, Proposition 6.3] and [57], which imply that |Df| =
(lipf)m. Take p := (z, f(x)) with € Dy. We take {z;}; C X with 2; — 2 and

o @) = £(@)

) +lipf(z),

where the choice of the sign is any possible choice. Set r; := d(x, z;), and notice that we can, and
will, assume that r; \, 0. Therefore (Remark 3.3.3), up to not relabelled subsequences, we have
that

(X X Rv r7j_1dz><R7 (m ®£l);;i7p7 gf) — (Rn+17d€7£n+1707H)7

where H is the half-space
H:={yeR"" 1y v5(p) >0},

(see Proposition 5.1.7 for the notation) and this convergence is realized in a proper metric space
(Z x R,dzxg) with respect to isometric embeddings ¢; : (X x R,7; !dxxr) — (Z x R,dzxg) and
loo ¢ (R™ X R,de) — (Z x R,dzxr). Therefore, up to a not relabelled subsequence, ¢;(z;, f(z;)) —
loo(Z, £lipf(x)) in Z x R, where |z| = 1.

Now we recall the first equality in (5.1.5), and we set for ease of notation

R"xR> Dgf[ ) = (7, vns1) = (0,05, (P)nt1),

for some o € R™ with [?|> + v2,, = 1. Hence, 0H = {(2,t) € R" xR : z - D+ trpq = 0}. In
particular, if v,41 # —1, for every (z,t) € OH,

E

z - (—Un+1)2—1=t,

A

so that

(—py1) t = sup V2 +1. (5.1.30)

(z,t)€0H:|z|=1
Notice that (5.1.30) holds even if 41 = —1. Now we claim that

(—vg, (p)),:il = lipf(z)? + 1. (5.1.31)

Set ¢ := (z,xlipf(z)). Therefore, if we show that ¢ € 0H, it will follow by (5.1.30) the
inequality (>) in (5.1.31). Take ¢ = (z,t) such that ¢ € OH, we want to show that § = 7. By weak

convergence rescaled perimeters and Lemma 2.3.11, we find a sequence of points {(z}, f(z}))}: C
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X x R with ¢ (2, f(2})) = teo(¢’) in Z x R. Now we compute, if L denotes the global Lipschitz
constant of f,

T i Ty

| £lipf(z) —t| = lim = limsup Ldz (¢i(:), 1i (7))

< limsup L(dz(1i(24), too(2)) + dz(15(2}), 1o (2))) = 0.
This shows that ¢ = +lipf(z) and hence that 0H > ¢ = q.
Now we show the inequality (<) in (5.1.31), again using (5.1.30). Take any ¢ := (z,t) € OH
with |Z| = 1. As before, we find {(x;, f(x;))}i € X x R with ¢;(z;, f(2;)) = teo(q) in Z x R. But
then

F @) = f@] _ | 1F ) = f@)] dai,2)

[t = li%rn T i d(x;,x) 7
< timsup 50 =T b sup g (122), 1) < 101 (2,0)] = i o).

Case f € BV(X). Let ¢ € (0,1) and, by [99, Proposition 4.3, take h € BV (X) N LIP(X) with
m({h # f}) < e. Recall Proposition 5.1.7 and call

D.:=(D;nDyn{h=f})\C;.

It will be enough to prove the claim for m-a.e. x € D., by the arbitrariness of €. Notice that by
[99, Proposition 3.7], [ID(f — h)|(D.:) = 0, in particular,

gy = liph m-a.e. on D,. (5.1.32)

Now notice that m-a.e. z € 155 satisfies

o (DM Em)(B ()1 £ 1) _
r™\0 rm

0. (5.1.33)

This follows since |Dh| < Lm, where L is the Lipschitz constant of h, as m is locally doubling and
concentrated on R%(X). Take x € D, satisfying (5.1.33). We prove that at p := (z, h(z)), [DXg, |
and [DXg,| A [DXg,|, properly rescaled and in suitable realizations, have the same weak limit.
Indeed, we compute, by (3.5.1) together with Remark 3.5.2 for the first inequality, Lemma 2.3.11
for the second inequality and (2.3.13) for the last inequality,

(IDXg,| — [DXg, | A [DXg, ) (B (p)) IDXg, [(Br(p) \ 8°Gy)

lim sup < lim sup
T " ™0 rn
< i sup D20l 5:0) € B() : hiy) # Fw)})
™0 P
1D B, ~
< limsup 71 |DXg, I( (f) n{h#F})
™\ 0 r

< s sup UPPLE M(B() 1 (0 71
™\ 0 r

9
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whence, taking into account Remark 3.3.3 and the fact that x satisfies (5.1.33),

. r(|DXg,| — [DXg,| A |DXg,|) (B:(p))
r™\0 CIT;:::

= 0. (5.1.34)

Now, as x € Dy N Dy, we can find a sequence 7; \, 0, two half-spaces Hy, Hy C R™*! such that

(X X Ra’ri_ldXXR7 (m ® ﬁl);)ivpa gh) — (Rn+1ade>én+1707Hf)7
(X X R’r;ldXXRa (m ® ‘Cl);ivpa gf) — (RTH_I, devén+1’O7Hg)'

Here (see Proposition 5.1.7 for the notation),
Hi={yeR"y 7 >0}, and Hy={yeR""y. 7 >0},

where we chose the coordinates on R"*1 as limits of rescalings of v, (Remark 3.2.17). Now, (5.1.34)
implies that ﬂ;i = :l:ﬂg‘; . With this in mind, Proposition 5.1.9 (together with (5.1.1) and the first
equality in (5.1.5) both for G, and G¢) implies that

dm; |DXg, | w o Fa -1 u -1
= o _(ng (, f(x)))nﬂ - —(ygh (z, h(m)))nJrl for m-a.e. x € D,
so that the claim follows from what proved in the first Case of the proof and (5.1.32). O

With by now standard tools of geometric measure theory, exploiting the rectifiability Theo-
rem 3.4.1 together with the representation formula (3.5.2) of Theorem 3.5.1 (in particular, Theo-
rem 3.1.1), we obtain the following result.

Lemma 5.1.12. Let (X,d,m) be an RCD(K, N) space and let E C X be a set of finite perimeter.
Then
(H'LFE)@H' = H"L (FE xR)

as measures on X X R.

Proof. Using Theorem 3.4.1 and Corollary 3.3.2 together with Remark 3.5.2, we can use [27, The-
orem 5.4] (actually, the result of [100] is enough for this purpose) and see that
"L FE(B,
O 1 (H" 'L FE,z) = lim i FE(B (7)) _ 1 for H" lae z e FE.

N0 wWp_1r1

By Fubini’s Theorem and what remarked above,

i (H ' @ HY) L (FE x R)(B,(z,1))

N0 wpr™

=1  for H" '-ae. x € FE, for every t e R. (5.1.35)

In particular, (5.1.35) holds for (H" ! ® H!)-a.e. (x,t) € (FE x R), so that [31, Theorem 2.4.3]
yields that

(H"'LFE)®H' < H"L (FE x R).
Moreover, a simple covering argument shows that if N C FE is H" !-negligible, then N x R C
FE x R is ‘H"-negligible, hence (5.1.35) holds for H" L (FE x R)-a.e. (z,t) € FE x R. Therefore,

with the same arguments as before we can use [27, Theorem 5.4] (which is based on [100]) to
conclude. O
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Notice that, by (2.3.13), (Wi|Dng|) L Jy = [Df|L Jy, hence (5.1.36) below is well posed. The
following lemma concludes the section by studying the relation between v§ and l/}? on Jy: the
normal to the subgraph is perfectly horizontal and is in the same direction of the polar vector of
the function. The proof is done reducing to the case in which f is characteristic function (and in
such case, the conclusion is trivial), by comparing the normal of the subgraph to the normal of
suitable simple functions.

Lemma 5.1.13. Let (X,d,m) be an RCD(K, N) space and let f € BVio.(X). Let also u be a good
splitting map on D, then

vg, (@,t) = (Vi (x),0) for [DXg,|-a.e. (z,t) € (DN Jy) x R, (5.1.36)
Proof. We can clearly assume f € BV(X). As stated right before this lemma,
(me[DXg, )L J; = [Df|L Jy

and we are going to exploit throughout this equality. Now, let S C R be countable and dense and
such that for every s € S, Es := {f > s} has locally finite perimeter and satisfies the conclusion of
Lemma 4.2.1 (this is possible by coarea). As S C R is dense, we can use a partitioning argument
to see that it is enough to show the claim on B x R, where B C D N Jy is a |D f|-measurable
set satisfying s € (fV(z), f*(z)), for some s € S. By (2.3.6), B C 0*Fs;. Then (Remark 3.5.2
and (4.2.11)), if N C B is with [DXg[(N) = 0, then |DXg,[(N x R) = 0. In particular, by
Corollary 3.3.2, we see that we can assume that B C FFE, and, by the assumptions on S, that for
every x € B,

vi(z) =vg (z), (5.1.37)

where we fixed Borel representative.
Now, Lemma 5.1.12 together with the fact that graphs have zero (product) measure, implies
that
H'{(z,t): 2z € B,t = f'(2)}) =0,

(here we used also (3.5.1) to deduce that H" ! L FE; is o-finite). Then, by (3.5.1),
IDXg,|({(x,t) :x € B,t = f"(z)}) = 0,

and the same equality holds with f” in place of fV. Therefore, we can use a partitioning argument
to reduce ourselves to prove the claim on B x I, where I C R is an open interval with s € I and
such that for every x € B, I C (f"(z),fY(x)). Now recall that for every (z,t) € B x I, then
x € FEs, so that (z,t) € F(Es x R) and that using twice (3.5.1) and Lemma 5.1.12, we have that

IDXg,|L (B x I) < —"H" (B x I) = [DXg,xg|L (B x I) = (|DXg,|L B) ® (L' L ).

Wn41

Now take (z,t) € B x I. Then

E; x (—oo,t) ={(y,u) e XxR:t < f(y),u <t} C{(y,u):€e XxR:u< f(y),u <t}
=GN (X x (—o00,t))

and

(X\ Ey) x [t,00) ={(y,u) e XxR:t> f(y),u >t} C{(y,u) EXXxR:u> f(y),u >t}
= (XX R)\ Gg) N (X x [t, 00)).
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Now, if t < s, then E; C E; so that
Eg x (—o0,t) C Gy and Es x (—00,t) C Es xR
whereas if £ > s, then F; C E5 so that
(X\ Ey) x [t,00) € (X xR)\ Gy and (X\ Es) x [t,0) C (X xR)\ (Es x R).

As, for every x € B, E; has density 1/2 at x, the inclusions above together with Fubini’s Theorem
show that (Es x R)AG¢ cannot have density 1 at (z,t) € B x I. Notice also that for [DXg, «r|-a.e.
(x,t) € Bx 1,

Vi, xr(€; 1) = (v, (2),0).

The conclusion then comes from Lemma 4.2.3 and (5.1.37). O

5.1.2 Proof of the main results

The main contribution towards the proof of Theorem 5.1.1 is the simple remark that the relative
isoperimetric inequality allows us to gain some integrability starting from the finiteness of the total
variation.

Proof of Theorem 5.1.1. If f € BV)5(X), then G has perimeter that is finite on cylinders, thanks
to the proof of item (a) in [30, Theorem 5.1]. Conversely, assume that G; has finite perimeter on
cylinders. Then, the argument in the proof of item (b) of [30, Theorem 5.1] yields that for any
x € Xandr >0,

[ 1D (B )t < o

Now we take ty € (0,00) big enough so that m({f > to} N B.(z)) < min{l, m({f < to} N B,(x))}
and m({f < —to} N By(x)) < min{l,m({f > —to} N B.(z))}. This is possible as f € L%(m).
Thus, taking into account that for L£'-a.e. t, IDX{>13] = [DX{r<3], we obtain from the relative
isoperimetric inequality (2.3.2) (that holds with A = 1 on finite dimensional RCD spaces, see [93,
Section 9] - but this is not important) that

—to

/oo m({f >t} N By(z))dt < +o00 and / m{f <t} N B,(z))dt < 4o0.

to —00

This implies f € L _(X) by Fubini’s theorem. By coarea, it also follows that f € BViy(X).

loc
The last conclusion is an immediate consequence of Lemma 5.1.11 for what concerns the abso-

lutely continuous part and (2.3.13) for what concerns the singular part. O

The proofs of Theorem 5.1.3 and Theorem 5.1.4 follow rather easily from the series of prepara-
tory results of Section 5.1.1.

Proof of Theorem 5.1.3. We first show that

1 1
ygf(x,t) = < /mgﬂ/}‘,— /Hg]%>(x) for [DXg,|-a.e. (z,t) € (D \ (JyUCy)) x R.

Recall that Proposition 5.1.7 imply that we can reduce ourselves to show this claim for [DXg,|-a.e.
(z,t) € (Dy \ Cf) x R (recall that Dy N Jy = 0).
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For [DXg,|-a.e. (z,t) € ({gf = 0}ND;\Cy) xR, by Lemma 5.1.11, Proposition 5.1.9 and (2.3.13)
it holds that (lﬂg‘f (z, f(x)))n+1 = —1, hence the claim follows by (5.1.3), as ‘D(g’?(m)uoﬂl’ﬂ)‘ =1 (and
A(z) is invertible).

Now we show the claim at [DXg,|-a.e. (z,t) with z € ({gy > 0} N Dy \ Cy) x R. Notice that on
{95 >0} N Dy \ Cy it holds that m < |Df| < m. Therefore, by Lemma 5.1.10, taking into account
Lemma 5.1.11, Proposition 5.1.9 and (2.3.13), we have the claim.

Now we prove that

vg, (@, t) = (v§(x),0) for [DXg,[-a.e. (x,t) € (DN Cy) x R.

By Proposition 5.1.7, we can show the claim for |[DXg,[-a.e. (z,t) € (Dy N Cy) x R. Then this
follows from Proposition 5.1.9 (see also (5.1.23)) together with Lemma 5.1.10 and (2.3.13).
Finally,
vg,(z,t) = (v#(x),0) for [DXg,|-a.e. (x,t) € (DN Jf) xR

by Lemma 5.1.13. O

Proof of Theorem 5.1.4. Items i) and ii) can be proved using Theorem 5.1.3, Theorem 5.1.1, and
Lemma 2.3.11. Item iv) follows from Lemma 5.1.13.
We show now item 4i7). By (3.5.2), we write

/(DﬂJf)xR so(x,t)(ygf (z,1)), d|DXg,|(z,t)
= / 90(-1',t)(V}L(iU))iX&gf(w,t)@n(m’$)den($’t)’
(DNJs) xR

where we used the first equality in (5.1.8) and Lemma 5.1.13. Now notice that if N C J; is such
that H"~L(N) = 0, then H"(N x R) = 0. This can be proved with an easy covering argument.

Therefore, taking into account also Lemma 2.3.11 and coarea, we reduce ourselves to prove that
for every 1 : D x R — [0, 1] Borel, we have that for H!-a.e. s € R

Y(x, t)dH" (x,t) = /

Dﬂ]:EsﬂJf

/ / b, ) dtdH (z),
(DNFEsNJ;) xR R

where Es := {f > s}, which follows from Lemma 5.1.12. O

5.2 Bibliographical notes

In the Euclidean setting, the topic exposed in this chapter can be dated back at least to [107, 77].
There, the author was concerned with the study of Cartesian surfaces, i.e. subsets of R™ x R that
can be written as {(z,t) e R" xR:xz € Q,t = f(x)}, where Q C R" is open, and f € BV},.(Q2). A
systematic study of Cartesian surfaces and subgraphs of functions of locally bounded variation in
Euclidean spaces can be found in [79, Section 4.1.5]. In fact, our results are the generalization of
the results contained in [79, Section 4.1.5] to the setting of finite dimensional RCD spaces.

The classical strategy of [79] seems not suitable for our context, as we do not have a canonical
way to decompose the distributional derivatives D f and DXg, along different directions. This also
causes the need to define the “components” (V}L)Z (ng)i exploiting maps that look like charts.
The drawback is that these charts are defined only on Borel subsets, hence it is not clear the
distributional nature of the objects (V}‘)Z and (l/gf)i. Nevertheless, in our main result we compare
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(V?)l with (l/gf)l.. In order to do so, a new strategy has to be exploited, and we therefore employ
a blow-up procedure, which is more compatible with the use of geometric measure theory results
and does not need the distributional meaning of such objects.

The results of [79, Section 4.1.5] have already been used in the short proof of the Rank one
Theorem in the Euclidean setting of [106], and (after having been generalized to Carnot groups,
see e.g. [73, Theorem 4.3]) have been exploited to prove the Rank one Theorem for a subclass of
Carnot groups in [73] (see Section 6.2). The generalization of these results to finite dimensional
RCD spaces that is contained in this chapter will be used to prove the Rank one Theorem in
Chapter 6.

The material of this chapter is taken from [32, 33], after some rewriting. The rewriting is done
in such a way to merge smoothly the results contained in [32, 33], but takes also into account some
slight differences, for example, the definition of good splitting map that we adopt here is slightly
modified with respect to the one used in [32, 33|, but this plays no difference, see Remark 3.2.13.
Proposition 5.1.7 has to be compared with [32, Proposition 3.6] and [33, Proposition 32]. Notice
that what here and in [33, Proposition 32] is called Dy is the analogue of what is called C in [32,
Proposition 3.6] (the notation of [32] creates a bit of confusion as Cfy, here, is any m-negligible set
on which [Df|¢ is concentrated). We remark that the first part of Lemma 5.1.11 can be proved also
exploiting [30, Theorem 5.1], but the proof given here is tailored to this setting and more in the
spirit of this chapter. Also, the claim of Lemma 5.1.12 is contained in [33, Lemma 38|, but here
we adopt a different proof, which is shorter but less elementary. Part of the proof of Lemma 5.1.13
has been changed with respect to the proof of [33, Lemma 38| and is now simpler.
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Chapter 6

Rank one Theorem

The aim of this chapter is to state and prove the Rank one Theorem for vector valued functions
of bounded variation on (finite dimensional) RCD spaces. In the Euclidean context such theorem
establishes that for a vector valued function of bounded variation f, the polar matrix % has
rank one almost everywhere with respect to the singular part of |Df]| (it is clear that this does not
hold, in general, with respect to the absolutely continuous part of |[Df]). The conclusion on the
jump part is not so hard and follows from the material of the previous chapters (i.e. it follows from
a sort of transversality condition for rectifiable sets), the bulk of the proof is then the conclusion
on the Cantor part.

6.1 Main result

Before stating the main result of this chapter, we define what it means for m-tuple of vector fields
to have rank one.

Definition 6.1.1. Let (X,d, m) be an RCD(K, c0) space. Let v € L%ap(TmX) and let ;o be a
Radon measure such that p < Cap. We say that

(or that v has rank one p-a.e.) if there exist w € L%ap(TX) and Ai,..., A\, € LY(Cap) such that
foreveryi=1,...,m,
Vi = A\w [p-a.e.

We remark that this is one of the possible definitions we could have given of having rank one.
For example, one can give an alternative and equivalent definition exploiting the existence of a
local basis (with respect to a decomposition of the space in Borel sets) of L%ap(TX), to recover the
language of rank of a matrix, see e.g. Theorem 2.2.21. It is however clear that in Euclidean spaces,

the definition given above coincides with the usual one.

We are now ready to state the main theorem of this chapter, which is the generalization of the
Rank one Theorem to the setting of RCD(K, N) spaces.

Theorem 6.1.2 (Rank one Theorem). Let (X,d, m) be an RCD(K, N) space and let f € BV o (X)™.
Then
Rk(vy) =1 IDf]*-a.e. (6.1.1)

119
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In (6.1.1), we chose a Cap-representative of v;. It is clear that its validity does not depend on
the choice of this representative.

Now we start proving Theorem 6.1.2. The bulk of the proof is contained in Lemma 6.1.3, whose
proof is deferred to Section 6.1.3 below. First notice that if N C FG;N(DyxR) is [DXg, |-negligible,
then 7! (IN) is [Df| negligible, by (2.3.13), as N C D; x R. Hence (6.1.2) below is well posed.

Before stating the lemma, let us shortly explain which is its moral in the Euclidean context
([106]). What one wants to show is that, if 31, ¥ are two C! hypersurfaces in R"*! with unit
normals vy, vs,, the set

{peDi:3ge D alp) =7(q), (vs,(), sy = (¥5:(0)) 4, =0, and vs, (p) # £vs, (p)}

is H"-negligible, where 7 : R»*1 = R"® x R — R" denotes the projection onto the first factor. From
this property the Rank one theorem can be easily deduced. It is then clear that the set in (6.1.2)
is defined in this spirit, adding one dummy variable to reduce the problem to the study of the
intersection of two C'' hypersurfaces with different normals at the points of intersection.

Lemma 6.1.3. Let (X,d,m) be an RCD(K,N) and let f,g € BVioc(X). Let also u be a good
splitting map on D and let Dy, Dg C D be given by Proposition 5.1.7 for f and g respectively. We
define RC X xR xR as

R:= {(x,t, s) € (DyNDy) x RxR:(z,t) € FGy, (x,5) € FGy, l/gf(l',t) # +vg (z,s),
" L ! (6.1.2)
Vg, (x,0)n+1 = (G, (2, 8))ns1 = 0}.
Then, setting R := w'(R), it holds that
(IDf[ A [Dg[)(R) = 0.

The following lemma is basically the Rank one Theorem 6.1.2 in the case m = 2 and on the
Cantor part. Its proof is based on the study of Cartesian surfaces of the previous chapter and the
previous lemma (in which an additional coordinate is added).

Lemma 6.1.4. Let (X,d,m) be an RCD(K, N) space and let f,g € BVioe(X). Choose two Cap-
vector fields representatives for vy and vy. Then

vy =ty (IDf|° A |Dg|)-a.e.

Proof. We denote by n the essential dimension of the space. We use a partitioning argument based
on Lemma 3.2.19 together with Proposition 5.1.7 to reduce the claim on Dy N D,, where there
exists u, a good splitting map on D. Then, from Theorem 5.1.3 and Lemma 6.1.3, taking into
account (2.3.13), we deduce that

vi(z) = xvg(z) (IDf|° A |Dg|°)-a.e. on Dy N Dy. (6.1.3)

Now, we show that {Vui}i:17,,,7n generates L%ap(TX) on D. This follows from Remark 3.2.5
together with Theorem 2.2.21. Indeed, set M; ; equal to the Cap-representative of Vu' - Vu/. By
the fact that u is a good splitting map on D, together with Remark 3.2.5, it holds that M ; is
invertible Cap-a.e. on D. Now, Theorem 2.2.21 shows there can be at most n linearly independent
Cap-vector fields. This improves (6.1.3) to

vi(x) = 2yy(x) (IDf|° A |Dg|€)-a.e. on Dy N Dy,

whence the conclusion. O
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Proof of Theorem 6.1.2. By Remark 4.1.2, for every ¢ = 1,...,m,

dDf;
(vp)i= d’|DJ}|| vy,

IDf|-a.e.

Hence, by classical arguments based on the properties of variation measures, it is enough to consider
the case m = 2.
Then from Lemma 6.1.4, we have that

vy = tvy, (IDfi| A |Dfa])-a.e. on Cp N Cy,,
whereas, by Lemma 4.2.9 we have that
vy = tvy, (IDfi| A |Dfa])-a.e. on Jy N Jy,,

and thus the conclusion, again by classical properties of variation measures. O

6.1.1 Proof of Lemma 6.1.3

Now we prove Lemma 6.1.3, which is the bulk of the proof of the Rank one Theorem 6.1.2. We
remark that one of the difficulties faced in proving Lemma 6.1.3 is the fact that its statement involves
a “codimension 2”7 analysis. Indeed, the set R of (6.1.2) is the intersection of two 1-codimensional
objects. There are no known techniques to deal directly with such high codimensional objects on
RCD spaces, and for this reason we have to resort to the analysis in the Fuclidean space, translating
our problem and relying on a well-know transversality result for C'' hypersurfaces. It is then evident
that the problem becomes understanding the structure of “charts” for RCD spaces.

Proof of Lemma 6.1.3. To fix the notation, assume that u is defined on Bor(Z), hence D C Br(x),
notice that R € Dy N Dy C D C By(z). We let n denote the essential dimension of the space.
We start with some exhaustion and partitioning argument that will allow us to gain additional
properties on the set R (i.e. for R,as RCRxRx R). This is possible by the nature of the claim,
taking advantage of the fact that if we write R = (J; oy RkUNfUN, where [D f|(Ny) = |Dg|(N,) = 0,
then it is enough to show that (|Df| A |Dg|)(Rk) = 0 for every k.

By an exhaustion argument building upon Remark 3.3.3, we can assume that for some [ € N,
[ > 1, we have that

T|ngf|(BT(x’ 7(55))) -1 -1
= > for every x € R and r € (0, 6.1.4
(& £)(By (o, F(2)) 0 (614
and moreover
On(m,z) € (I7141) for every z € R. (6.1.5)

We assume also that we have the same bounds with g in place of f.

Step 1: rectifiability and surfaces. Up to a partitioning argument, we can assume that FG; N
(R xR) is contained in B(Z, ), for some € R. Recall (Remark 5.1.6) that (von!, 72) : Bos(Z,1) —
R™"*! is a good splitting map on (R x R) N Bx(z,t). Recall also the definitions of the matrix valued
Borel maps A and A, e.g. Remark 5.1.6 again. Now we are going to use Lemma 3.4.2 as in the
proof of Theorem 3.4.1, we give the details. By the definition of Dy, for every x € R, the map

U(z,f(z)) = A(l.a f(l'))(u o 7T17 772) = (A(a:)u o 71'17 71'2)
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is a systems of good coordinates for FGy at (z, f(x)). Moreover (we state it for future reference)
(z, f(x)) is a Lebesgue point for vg, with respect to IDXg,| and (5.1.3) is satisfied. Now, take
e € (0,1) small enough so that e?(Cx ni1 + 1) < &, where Cx n41, the constant appearing in
Definition 3.2.12. Then, up to a further partitioning argument, we assume that there exists an
invertible (as A(z) is invertible for every x € R) matrix A € Q™" and a vector 7y € Q"' such
that for every z € R,

|A(z) — A] < &2 and g, (x, f(x) — 7] < € for every x € R.
In particular, if A denotes the matrix obtained starting from A as in (5.1.2),
|A(z, f(z)) — /:1] < & for every x € R.

Therefore, recalling also (6.1.4), the assumptions of Lemma 3.4.2 are in place for G¢ in place of
E (with the obvious change of notation). Then we apply Lemma 3.4.2 and a further partitioning
argument to assume that the map

T(Auon!, ) : (R x R)NFG; — R

is bilipschitz onto its n-dimensional image, where 7 is a projection onto a hyperplane of R™*1.
Hence, also
(wor!,7?): Ty — R (6.1.6)

is bilipschitz onto its n-dimensional image, being A invertible and u Lipschitz, where we set, for
simplicity of notation,
I'y:=(RxR)NFGy.

Take now N C R" ™! with H"(N) = 0 and set M := (uor!, 772)|}i (N) € XxR. Being (uor!, 7?)
bilipschitz, H" (M) = 0, so that, by the representation formula of Theorem 3.5.1 (in particular,
Theorem 3.1.1 and Remark 3.5.2), [DXg,|(M) = 0, whence [Df|(x'(M)) = 0, by (2.3.13), as
M C Dy x R. Therefore, by standard results of geometric measure theory in Euclidean spaces and
a partitioning argument, we can assume that

I = (won',m)(Ty) (6.1.7)

is contained in a C'! hypersurface ¥ 7. As H" Xy is asymptotically doubling, by the discussion
above we see that we can assume

o HPLE(Br(g) N F’f)
lim

N0 wpr™

=1 for every q € F’f. (6.1.8)

Finally, taking into account also that [DXg f| is asymptotically doubling, we can assume that

. IDXg, |(Br(p) NTy)
\0 |Dng|(Br(p))

=1 for every p € I'y. (6.1.9)

To sum up, we have reduced ourselves to prove the claim where R is such that the map in
(6.1.6) is bilipschitz onto its n-dimensional image which is contained in a C'' hypersurface ¥ r, and
such that (6.1.4), (6.1.5), (6.1.8), (6.1.9) and (5.1.3) hold (taking the Lebesgue representative for
ygf). Moreover, the similar assertions hold for g in place of f (this is proved exactly with the same

argument and a further partitioning and exhaustion).



6.1. MAIN RESULT 123

Step 2: almost one-sided Kuratowski convergence. Let p € I'y and let pg ™\, 0 such that

(X x R, pj "dxxr, (M ® L), p,Gy) = (R" x R,de, L77,0, H),

in a realization (Z x R,dz«gr), where (Z,dz) is a proper metric space, with respect to isometric
embeddings {ix}r and (e, where 15 : (X X R,plzldxXR) — (Z x R,dzxr) and 1 : (R" x R, d.) —
(Z x R,dzxr). We claim that for every p,e > 0, there exists kg € N such that

B ®(we(p)) Nwe(Ty) € B R (10 (0H))  if k > ko.

We argue by contradiction. Up to taking a not relabelled subsequence, by the contradiction
assumption, there exists a sequence {qx}; C I'y such that for every k,

welar) € By (un(p)) \ BE* (100 (0H)).

Up to a not relabelled subsequence, tx(qr) — too(q) € Z, with dzur (0o (q), teo(OH)) > £/2, for some
q € R" xR (the fact that the limit point of {¢x(qr)}x belongs to 1o (R™ X R) is an easy consequence
of the doubling property of the measure). By weak convergence of rescaled perimeters,

lim pk’Dng ‘ (Bspk/Z(qk))

= 0.
k cpr

On the other hand, recalling (6.1.4) and using again the weak convergence of measures,
peIDXG, By 2(a0)) - onIDX,|(Buyyya(an)) (m & £1)(Bey a(a0))

> 171 L (B ja(q) > 0,

lim inf
k

which is a contradiction.
Clearly, the analogue statement holds with g in place of f.

Step 3: tensorization of inequalities. We start from a couple of useful equalities. First, by
(6.1.9), if p/ € T,
DX, (B )\ T
™0 |Dng | (Br (p/))

so that, for every p = (p/,t) € Iy x R, as [DXg, xr| = |DXg,| ® L',

[DXg, xel(Br(p) \ (Ty x R) _ (6.1.10)

=0,

lim
™0 IDXg, xr|(Br(p))

Also, by (6.1.5) together with Fubini’s Theorem (see e.g. the first equality in (5.1.8)),

Ona(me L@ Ll q) e (1741 for every g € R x R x R. (6.1.11)

Step 4: blow-up argument. Here and below we denote with 7 : Y x R x R the involution given

by (z,t,5) — (x,s,t), for Y any set. Now we set V := (uox!, 72, 73). Clearly,

Vil xR—R"™  and V:7([y xR) - R""! (6.1.12)
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are bilipschitz onto their (n + 1)-dimensional image, by Step 1. Set also V, := (A(m1(p))u o

7!, 72, 73). Fix p € R, we aim at preparing the setting for the proof of Step 5 below, i.e. the proof

of (6.1.16) and (6.1.17).
By our assumptions and by Remark 3.3.3, we know that there exists a sequence p; \, 0 and a
proper metric space (Z,dz) that realizes the convergence

(X, py, ', m&% p) — (R",de, L",0).
Hence, (Z x R x R,dzxrxRr) realizes the convergence
(X x R x R, pj "dxxrxr, (M@ L' @ L)%, p) = (R" x R x R, de, L772,0),

for suitable isometric embeddings ¢ : (XXR xR, pgldxXRxR) = (ZXxRxR,dzxrxr) and ¢ : (R™x
RxR,de) = (ZXxR xR, dzxrxr)- Then, up to taking not relabelled subsequences (Remark 3.3.3)
we can assume that, in the same realization, we have

(X x R xR, p  dxxrxr, (m® L' @ L5 p, Gy x R) = (R" x R x R, de, £"72,0, H}) (6.1.13)
(X x R x R, pi, "dxxrxr, (M@ L' @ LY, p,7(Gy x R)) = (R" x R x R, de, £"72,0, H}), (6.1.14)

where H } and H, ; are half-spaces in R” x R x R. Further, up to passing again to a not relabelled
subsequence and changing coordinates in R", we will assume that the maps V), properly rescaled
(i.e. {p; ' Vp}x), locally uniformly converge to the coordinate functions of R” x R x R with respect
to the convergences above, see Remark 3.2.17 (here and after we assume, to simplify the notation,
that V,(p) = 0).

By (5.1.3) and a tensorization argument, it follows that

Hf = {(z,u,0) e R" xR xR : (z,u) - (fl(x,u)ygf(x,u)) > 0},

and
H, = {(z,u,v) ER" xRxR: (z,v) - (A(m,v)u&g(m,v)) > 0},

so that, by p € R,
Hj=Hy x RxR, Hj = Hyx R xR and Hy # +H,

for Hy and H, half-spaces of R" (here we also used that A(x) is invertible).
Fix C' > 5 greater than the bilipschitz constants of the maps in (6.1.12) and such that

I(A(z), 7%, 72)e| < (C —2)|¢] for every ¢ € R"2 (6.1.15)

and let 0 € (0,C~") be sufficiently small so that we find a € (9Hy x R x R) N By /2(0) € R"*2 such
that
Bycs(a) N (0Hy x R x R) = 0.

As a consequence of (6.1.10), we can find a sequence {a}r € X x R x R with
ar, € (Ty xR)N B, j2(p) for k large enough,
and tx(ar) — too(a) in Z x R x R. Up to decreasing §, we assume that

Besp, (ar) € By, (p) for k large enough.
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Step 5: transversality. We claim that, with the notation introduced in Step 4, (recall the
definition in (6.1.7))

limn inf P T H Y (Bsp, (V(ak)) N (T x R)) >0, (6.1.16)

lim inf P TIH Y (Bsp, (V(ak)) N 7(IY, x R)) = 0. (6.1.17)

By weak convergence of rescaled perimeters,

Pk|DXg, xr|(Bo-15p, (ak))

o7 > 0.

lim inf
k
Taking into account (6.1.10) and (6.1.11) together Remark 3.3.3 to deal with the denominators,
using (3.5.2), we see that the equation above reads

lim inf o T H" Y (Bo-1s,, (ax) N (T x R)) > 0.

Therefore, it is easy to verify by contradiction that (6.1.16) follows, by our choice of C'.
Now we concentrate on (6.1.17). We claim that there exists kg € N such that

V (Baczp, () NT(Cg x R)) N Bjp, (V(ag)) = 0. if k> ko. (6.1.18)
Notice that (6.1.17) would follow from (6.1.18). Indeed, as § < C and aj, € B, (p),

Bsp, (V(ar)) N 7(Ty x R) € Bacy, (V(p)) N Bsp, (V(ag)) N (L} x R)
C V(Bacz,, (p) N T(Tg x R)) N Bsp, (V(ax)),

so that (6.1.18) implies that the sets considered in (6.1.17) are empty for k& > k.

Therefore, we have reduced ourselves to prove (6.1.18). Recall that pl;lV;, locally uniformly
converge to the coordinate functions of R™ x R x R. Hence, there exist ¢ € (0,6) and kg € N
such that for every £ € Bsez,, (p) and & € R" x R x R with dzxrxr(tx(£),te0(§')) < €, then
| pllep(ﬁ ) —¢&'| < for every k > ko. Up to increasing kg, we may assume that for every k > ko,

dzxrxr(tk (k) too(@)) < e.
By (a tensorization of) Step 2, we get that, up to increasing ko, if & > ko, then
tk(Bacz,, (p) N T(Ty x R)) € BB (0H, x R x R)). (6.1.19)
Hence, take k > ko and b € Byc2, (p) N 7(I', x R), to show (6.1.18) we have to prove that
[V(b) — V(ag)| > dpg- (6.1.20)

Notice that (6.1.20) does not follow from the fact that the maps in (6.1.12) are C-bilipschitz. By
(6.1.19), the exists b’ € 0H,; x R x R such that

dzxrxr (s (D), Lo (b)) < €.
Notice that if b’ is as above, then, by our choice of § and a,

|t/ —al > C6.
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By local uniform convergence,
10k Vo (b) = o Vplaw)| > [V —al =26 if k> ko

so that
[Vp(b) = Vp(ar)| = (C = 2)dpx,

which implies, recalling (6.1.15), (6.1.20).

Step 6: proof of o-finiteness of H" L R. We prove that H" L R is o-finite. Notice that
R C (Iy x R) N 7(['y x R), hence it is enough to show that V(R) is o-finite with respect to H".
By Step 1, V(R) C (X x R) N 7(Z, x R), so that, by a standard result of in Geometric Measure
Theory on Euclidean spaces, we can simply show that at every p = (z,t,s) € R it holds that
LrxRD I"f x R and 7(X, x R) D 7(T, x R) intersect transversally at V'(p), or, equivalently, that
Y ¢ xR and 7(X4 x R) have different tangent spaces at V' (p). Now, by (6.1.16) and (6.1.17) together
with (the tensorized version of (6.1.8)) it follows easily that I, x R and 7(I'; x R) have different

tangent spaces at 0, whence the conclusion (by the tensorized version of (6.1.8) again). Hence we
write
R=|]JR,
€N
where, for every 4, R; has finite H" measure.
Step 7: a technical estimate. Fix p € R. We claim that

o HE (T (RO B0)
™\0 rr

=0.

Let us prove the claim. Take a sequence pg \, 0. We recall, that, with the same notation as in
Step 4, up to a not relabelled subsequence, we can assume that (6.1.13) and (6.1.14) hold. Let

I:=1(10((0H; NOH,) x R x R))
be a neighbourhood (in Z x R x R) of 1oo(0H; N 0H,) x R x R that satisfies, for € € (0,1),
H (!, 7*)(1)) < e.

This is possible since 0Hy # 0H,. As a consequence of (a tensorized version of) Step 2, there
exists kg € N such that

BIZXRXR(Lk(p)) N Lk(fg) CcT for every k > ko,

from which, taking the projection (7!, 72), the claim follows as ¢ € (0, 1) was arbitrary.

Step 8: conclusion. By Step 6, it is enough to show that
(IDf| A IDg) (! (Ri)) = 0,

for every i € N. We concentrate on a fixed i and, for simplicity, we drop the subscript i from R;.

Therefore, H"(R) < co. Fix € > 0. For every j € N, 7 > 1 we consider the sets

Rj:={peR:r "HZ((r",7*)(RN B,(p))) < ¢ for every r € (0,5 ")}
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and

Notice that, by Step 7,
R= ' (6.1.21)

and that, by construction, this union is disjoint. '
For every j > 1, we take a countable family of balls {B ;(p!)}ien such that, for every i € N it

holds that rg < j ! and p{ € R;», as well as

R C UBEJ_- (p)) and Y (r))" < 2"H(R)) 427, (6.1.22)

%

We can compute, recalling the definition of Rj and (6.1.22),

My () () < HE (' 7) (RN By () ) < Do elrd)" < (2 (7)) +279).

Therefore, recalling (6.1.21), we see that
Hi((r!, 7*)(R)) < e(2"H"(R) +1),

and, being ¢ > 0 arbitrary, |Dng|((7rl,7T2)(R)) = 0, whence the conclusion follows thanks to
Proposition 2.3.12 and the fact that R C Dy. O

6.2 Bibliographical notes

In 1988 Ambrosio and De Giorgi [14], motivated by the study of some functionals coming from
the Mathematical Physics, conjectured that for every f € BV™ the matrix fl%{‘l has rank one
|D f|*-almost everywhere. In 1993 Alberti [1] solved in the affirmative the previous conjecture, see
also the account in [66].

As an added value to the theoretical interest of the Rank one Theorem, in 2016 De Philippis
and Rindler [68] showed a general structure theorem for A-free vector valued Radon measures on
Euclidean spaces, where A is a linear constant-coefficient differential operator, from which the Rank
one Theorem can be derived as a consequence. As a side note, we mention that the main result
of [68] is used to prove (2.2.12), namely that the reference measure of an RCD space is absolutely
continuous with respect to the Hausdorff measure, see [67, 98, 90]. We also remark that Massaccesi
and Vittone recently gave a very short proof of the Rank one Theorem based on the theory of sets
of finite perimeter [106], and with Don they used this simplified strategy to prove the analogue of

the Rank one Theorem in some Carnot groups [73].

The latter strategy is the starting point of our investigation and it is precisely the strategy of
[106, 73] that we have adapted to the non-smooth framework in [32], from which this chapter is
taken. Exactly as in the references, the bulk of the proof is the transversality lemma, Lemma 6.1.3.
However, the lack of a linear structure forces us to perform a delicate fine analysis, and to resort
ultimately to a well-known transversality lemma for C! surfaces in the Euclidean space.

In this manuscript, the proof of Lemma 6.1.3 has undergone heavy rewriting (starting from
[32]), mostly for what concerns the presentation. Besides some minor improvements, a consistent
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simplification is obtained by employing Lemma 3.4.2 instead of [51, Proposition 4.7]. There are no
deep changes in the techniques, but the possibility of “throwing away” only a set of small perimeter
instead of a set of small perimeter together with a set of small content allow us to make the proof
less intricate. The possibility of doing so comes from the fact that in this manuscript we have
moved up “throwing away” a set of small content to the proof of Lemma 3.2.19, making also the
rectifiability lemma, Lemma 3.4.2, more transparent. Moreover, still concerning Lemma 6.1.3, we
state and prove the result with respect to a single good splitting map, and not with respect a
countable family of good splitting maps, as done in [32]. This improvement is possible thanks to
the discussion that we have just made, still thanks to the fact that we use Lemma 3.4.2 instead of
[51, Proposition 4.7]. To be more precise, here we also modify the definition of good splitting map,
but, taking into account Remark 3.2.13 and Lemma 3.2.14, this does not make a big difference.



Chapter 7

Nonlocal characterization

The aim of this chapter is to show that, even on (finite dimensional) RCD spaces, the total variation
of a BV function (as well as the membership to the space BV) can be recognized via a limit of
certain nonlocal functionals depending on a parameter, namely, exploiting the short-time behaviour
of the heat flow. In particular, we are going to study the limit, as ¢ \, 0, of the functionals

L' e ji / / pi(@,9)| (@) — F(y)ldm(z)dm(y).

7.1 Main results

Now we state the main results of this chapter. As discussed above, the first result allows us to
compute the total variation of a BV functions in terms of quantities that are nonlocal.

Theorem 7.1.1. Let (X,d,m) be an RCD(K, N) space and let f € L*(m). Then

tim = [ [ )l 1@) = F@)ldm(e)dm(y) = D1,

where the existence of the limit is part of the statement and |Df|(X) = +o0o has to be interpreted
as f ¢ BV(X).

The second result studies the first term in the Taylor expansion (with respect to v/t) of the

quantity
/fgdm—/htfgdm.

Theorem 7.1.2. Let (X,d,m) be an RCD(K, N) space and let f,g € BV(X) with g € L>*(m).
Then

N = " vy vg)dH" 1.
lm— [ (/ N /meg(f — G = ) g - vg)dAHP. (7.11)

We defer the proof of Theorem 7.1.1 and Theorem 7.1.2 to Section 7.1.2 below.

7.1.1 Auxiliary results

The following lemma is concerned with the part of “recognizing membership in BV” stated in
Theorem 7.1.1. It is a straightforward application of a result of [105].

129



130 CHAPTER 7. NONLOCAL CHARACTERIZATION

Lemma 7.1.3. Let (X,d,m) be an RCD(K, N) space and let f € L*(m). Assume that

timint = [ [ ple )l (@) = Flam(@am(y) < +oc.

Then f € BV(X).
Proof. Given any radius ¢ € (0,00), we define the near-diagonal set A; C X x X as
Ay = {(z,y) € X x X :d(z,y) < t}.
Since (X,d, m) is a PI space, we know from [105, Theorem 3.1] that for any f € L!(m) if

i inf |f(z) — f(y)]
N0t A, /m(Bi(z))/m(Bi(y))

then f € BV(X). Now we conclude as the lower bound in (2.2.7) implies that for some constant
C=C(K,N) € (0,00),

d(m®m) (z,y) < +o0,

Xa, (7,9)

\/m(Bt(a:))\/m(Bt(y))

Now we state a result which is the main tool to compute total variations starting from the
nonlocal quantities as in Theorem 7.1.1 and Theorem 7.1.2. Its proof is based on a delicate blow-
up argument, which relies heavily on the fine structure theory of RCD spaces of the previous
chapters as well as the special properties of the heat flow on RCD spaces.

< Cpg(z,y), for every t € (0,1) and z,y € X. O

Lemma 7.1.4. Let (X,d,m) be an RCD(K, N) space and let E C X be a set of finite perimeter.
Then

1
lim thy2 |[Vhy2 X = — € FE. 7.1.2
Jim 12| Vhy2Xp|(2) T Jor every x (7.1.2)
In particular, it holds that
1

limt [ hp2|VheXg|d|DXEg| = DXg|(X). A
tigt [ el VX |dIDXe] = DX [(X) (7.13)

N

Proof. Fix x as in the statement and take a sequence t; \, 0. Up to taking a subsequence, we have
that

(Xat;lda mi,l’,E) - (Rn7d€’én7O’H)’

in a realization (Z,dz), where (Z,dz) is a proper metric space, see Remark 3.3.3. Here H = {z,, >
0}, in a suitable system of coordinates.

We use the superscript i to denote objects relative to the i-th rescaled space, e.g. V? and p?,
and we denote with ~ the objects relative to the limit space (R",d., £L",0). Then we compute for
m-a.e. y € X,

6IVheXel() = ]V [ b2 )Xa(z)dm()

= |V'hiXp|(y).

(v) = |V / P (- 2)Xp(2)dmE ()| (v)

(7.1.4)
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Now observe that for any R € (0,00) we can use (2.2.5) to estimate
[ Vel @n () <C [ g )dmg )
X\Bf () X\Bj(x)

—C pe2(z, y)dm(y) (7.1.5)
X\By,r(z) *

Rr2

<Ce 21,

where the last equality is due to (4.2.4) and C' € (0,00) denotes a constant that depends only on
K and N.
Now we prove that

by (Xt )| V'HIXB]) (&) = B (X, () VL X ]) (0).

We know from [10, Proposition 4.12] that |[V'hiXg|mf, — |VhiXg|£" in duality with Chg(Z), so
that, for any R € (0,00), we have that

Xpi (| VRIXBIME, = X5, 0 [VRXg[ L7 in duality with Ci(Z).
Now, by [10, Lemma 4.11] we have that

i inf b (X5 | 970 X)) ) > B (X, [0 Xt ) 0. (7.1.6)

Also, as mli — L™ in duality with Cpg(Z), we have that

1 AN} 1 =1 ~ . . .
(ﬂeK - XB%(x)\V‘hllXEO my, — <\/§€K — XBR(O)\VthH|>£" in duality with Cps(Z).

As by (2.2.5) the measures involved in the convergence above are non-negative, we can use [10,
Lemma 4.11] again to deduce that

. . ) 1 311 ~ 1 ~ ~
ie. A o 3
lim sup hi (X g ()| V'hiXE|) () < hi(Xg, o) VhiXa|)(0). (7.1.7)

Therefore (7.1.3) follows from (7.1.6) and (7.1.7).
Notice that, as R " oo,

1
\/87‘("

where the limit is due to monotone convergence and the last equality follows from the direct
computation

fll (XBR(O)|@}~11XHD(O> — fll(’@flleD(O) = (7.1.8)

d/ R 1
1 (x, 2)dL (2
G0

d
[, e e
z>

VR LR | = \vR" /{ @
zn>

‘ /{ LR, )Lt (s)| = — R (,0),

z>0} dx
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which yields
1

" (V5 1E" i) 0) = (i (-, 0))(0) = P (0,0) =

Next, we can estimate, exploiting (7.1.5),

. . 1 . - 1 R
‘/pll(%y)\VZhlle\(y)dmfi(y) - e < /Bi( )Pﬁ(fﬂay)fvlhﬁXE’(y)dmﬁ(y) - \/87‘ + Ce™ 2
R$

i i 1 _R2
= by (Xpi () IV thE‘)(x)_E + Ce 21,

whence if we let first i /* co and then R 7 0o, keeping in mind (7.1.8), we deduce that

¢z, y)|VPhE X dm? (y) » —,
[ PV ()am (1)~ —=

that reads, recalling (7.1.4),
1

Var
Since the sequence ¢; \, 0 from which we started was arbitrary, (7.1.2) follows.
Now we show (7.1.3). First notice that by Corollary 3.3.2, (7.1.2) holds for |DXgl|-a.e. z € X.

Hence (7.1.3) follows by dominated convergence, where the application of dominated convergence
is justified by (2.2.5) and the maximum principle. O

tihye ’Vhtz Xg|(x) —

The following lemma is a consequence of Lemma 7.1.4 that we are going to use in the proof
of the main results. In the case in which £ = F', the conclusion comes directly from L’Hopital’s
rule and the blow-up computation of Lemma 7.1.4. In the case in which E # F, we also need a
polarization argument.

Lemma 7.1.5. Let (X,d,m) be an RCD(K, N) space of essential dimension n. Let E,F C X be
two sets of finite perimeter and finite measure. Then

1 wp

1
lim — [ (Xg — hyXg)Xpdm = — vg - vpdH". 7.1.9
t\oﬁ/<E Xp)Xr VT wn /fEmfFE 4 ( )

In particular, it holds that

.1 1 1 wp—1
lim — [ (Xg — hXg)Xpdm = —=|DXg|(X) = —
1m\[/(E tXE)Xpdm \/7»1_’ el(X)

MFE). 1.1
Hm o H'FE) (7.1.10)

Proof. We have to compute
Xg — hpeXg)Xpdm
lim J(Xg —hpXp)Xp
t\.0 t
for F and F sets of finite perimeter and finite measure. Notice that as £ and F' have finite measure,
J(XE — hp2Xg)Xpdm — 0 as t N\, 0, so that by L’Hopital’s rule we reduce ourselves to compute

%% —Zt/ XFAhtszdm = l% Qt/ Vhtz/QXF . Vth/QXEdm.
Therefore, we conclude that the left-hand side of (7.1.9) is equal to

1im\/§t/ VheXp - VheXgdm.
t\0
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For E, F C X sets of finite perimeter and finite measure, we write
g (E,F) = \/gt/VhﬁXE - VhpeXpdm  for t € (0, 00).

If E = F, we simply write g;(E) instead of g;(E, E). Our aim is then to study limy o g:(E, F),
where ' and F' are sets of finite perimeter and finite measure. We start by studying two particularly
simple cases and then we combine the information obtained to treat the general case.

Case E = F. First, we compute, using (2.2.5) and Proposition 2.3.16 for the last inequality,

’t/]VthXEde—teKt2/|Vht2XE|ht2]DXE\dm’

2 |[VheXg
S /|Vht2X |‘ Kt ‘h &)X "

2 [Vhe Xg|
< e | (1= g et

1
= 5K (nyE\—eKtQ/\Vht2xEydm>.

Hence, by lower semicontinuity of the total variation, as t N\ 0,

htleXE\dm

’t/ |Vht2XE|2dm - teiKtQ / |Vht2XE| htzyDXE|dm' — 0. (7.1.11)
Now, Lemma 7.1.4 yields

1
lim¢ hi2Xp|hpz2|DXg|dm = limt | hy2|VhpeXEg|d|]DXE| = —|DXg|(X). 1.12
tim ¢ | [V Xe] o DX pldm = im ¢ [ o[V XeldIDXE| = Z=[DYel(X).  (7.112)

Then, by combining (7.1.11), (7.1.12) and finally (3.5.1), we obtain that

1 Wn—1

VT wn

lim g1(E) = VB——[DXg[(X) = H'(FE).

1
V81
Case ENF = (). We start noticing that Xgur = Xg + X, so that the linearity of the heat flow
and of the gradient yields

gt(E U F) = gt(E) + gt(F) + 2gt(E,F)
Therefore, by the Case E = F above,

1 [DXgur|(X) — [DXg|(X) — [DXp[(X)
VT 2 '

Being E and F disjoint, * ENF' = 9*F N E' = {vg = vp} = 0, so that, by Proposition 4.2.4,

li E. F)=
t{%gt( F)

IDXpur| = |DXg|L F° + [DXp|L E® = |DXg|L (X \ 0*F) + [DXp|L (X \ 0*E),
that implies, by (3.5.1) (see also Remark 3.5.2),
[DXpurl(X) = S (MY (FE\ FF) + H'(FF\ FE))

= L (YMFE) + HM(FF) — 2H"(FE N FF)).

Wn
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Hence, by (3.5.1) again,

1 Wn—1

h
N HY(FENFF).

li E.F)=—
tl\r%gt( JF)

General case. Write £ = (ENF)U(E\F) and F = (FNE)U(F\ E), notice that ENF, E\ F
and F'\ F are pairwise disjoint. Exploiting linearity as before, we write

g(E.F)=g(ENF)+g(ENF,F\E)+g(E\F,FNE)+g(E\F F\E).

Using the two cases treated above, we have that

. 1 wp1
1 E,F)=—
tl\n(l)gt( F) 7

~HNF(E\F)NF(FNE)) -H"F(E\F)NF(F\E))).

h __qqh
(HM(F(ENF) = HYF(ENF)NF(F\E)) (7.1.13)

By a density argument based on Lemma 4.2.3 (see also Proposition 4.2.4), up to H"-negligible sets,
it holds

F(ENF)=(FENF)U(FFNE")YU(FENFFN(EAF)?),
F(F\E)= (FFNE°) U(FENF') U (FENFFN(BAF)'),
F(E\F)=(FENF°)U(FFNE")U(FENFFN(EAF)"),
where all unions are disjoint. We use these identities to compute, up to H"-negligible sets,
F(ENFYNF(F\E)=FENF,
F(E\F)NF(FNE)=FFNE",
F(E\F)NF(F\E)=FEnNFFn(EAF).
We compute then
HMF(ENF))—HY (F(ENF)NF(F\E)) —H'F(E\F)NF(FNE))
—H'(F(E\F)NF(F\E))
=H"(FENF') + H"(FFNE") + H"(FE N FF n (EAF)?)
~H(FENFY) - H"(FFNEY) - H"(FENFF N (EAF)!)
=H"(FENFFN(EAF)?) - H'(FENFF N (EAF)!)

_/ vVEp - I/FdHh,
FENFF

where in the last equality we used Lemma 4.2.3 (or Proposition 4.2.4). Therefore, by recalling
(7.1.13) we conclude that the statement holds for any E,F C X of finite perimeter and finite
measure. O

Having Lemma 7.1.5 at our disposal, there is no effort in obtaining Theorem 7.1.6 below.

Theorem 7.1.6. Let (X,d,m) be an RCD(K,N) space. Let E C X be a set of finite perimeter
such that either m(E) < oo or m(X\ E) < co. Then
2

1@% / / ()X (@) = X(o)ldm(z)dm(y) = —[DX[(X). (7.1.14)
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Proof. We can assume with no loss of generality that m(E) < co. We compute (all the integrands
are positive)

/ / P, y) X (y) — Xp (@) [dm(y)dm(z)
- / (1 - Xp(2)) /E pi(, y)dm(y)dm(z) + / Xp(z) /X P y)dm(g)dm()

(7.1.15)
X\E
= 2<m(E) — /XEhtXEdm> = 2/(XE —htXE)XEdm.
We obtain (7.1.14) by dividing (7.1.15) by /%, letting ¢ N\, 0, and using (7.1.10). O

As a technical tool, we need the following easy computation, obtained via classical techniques.
Notice the role played by the regularizing properties of the heat flow on RCD spaces.

Lemma 7.1.7. Let (X,d,m) be an RCD(K, N) space and let E, F C X two sets of finite perimeter
and finite measure. Then

‘ / (hyXp — XE)Xde‘ < 2eKE2=D DX R |(X) VL.

Proof. We can compute, using (2.2.5) and (2.3.16) for the second inequality,

t
/ /XFAhSXEdmdS
0

t 1 t e—Ks/Z

< 2eK2=D DX g |(X)VE,

t
}/(htXEXE)Xde‘ = ‘/ is/(hSXEXE)XdedS
0

which is the claim. O

7.1.2 Proof of the main results

Proof of Theorem 7.1.1. By Lemma 7.1.3, if f ¢ BV(X), then the statement holds. Therefore, in
what follows we assume f € BV(X). We argue via coarea and integration via Cavalieri’s formula,
as done in the references [41, Theorem 2.14] and [110, Theorem 4.1], building upon Theorem 7.1.6.
Recall that (7.1.15) and Lemma 7.1.7 imply that for every t € (0, 00),

t_

\}i//pt(%y”XE(x) —Xg(y)|dm(z)dm(y) < 4K 1)|DXE\(X) (7.1.16)

for every set of finite perimeter and finite measure £ C X. Notice that (7.1.16) continues to hold
as soon at least one between F and X\ E has finite measure.
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Take any sequence t; \, 0. We denote E; := {f > s} and then we compute, by coarea, (7.1.14),
dominated convergence (thanks to (7.1.16)) and Fubini’s Theorem,

DAK) = [ D% 00ds = [ tim 5 [T [ [ o000 (0) = X, ()dm(a)m(o)is
—tim g7 [ [ [ onteile. @) = e, () dm(a)dm(p)as (r.1.17)

~tim g 7 [ [ o) [ 16, 0) = X )dsdm(e)dmy).

Now we fix a Borel representative of f and x,y € X. If f(y) < f(z),

/R 6. (2) = X6 )lds = [ X ) = X () = £2) = £0) = 12) — £0)

—00

and a similar conclusion holds if f(y) > f(x). Therefore, we can continue (7.1.17) to obtain

1
DA =t [T [ [l f@) - f@)ldm@)dm(y)

7
As the sequence {t;}; was arbitrary, this concludes the proof. O
Proof of Theorem 7.1.2. The proof of Theorem 7.1.2 is via coarea and integration via Cavalieri’s
formula, as done in the reference [110, Theorem 4.3], building upon Lemma 7.1.5. First, we write
f=f"—f", where ft := fv0and f~ := (—f) V0. Thanks to the coarea formula, we can
apply Lemma 4.2.2 and infer that v+ = vy |D f*|-a.e. Also, a direct computation yields that
A== ()Y and f¥Y = (f7)Y — (f7)". Therefore, by linearity, we can assume that f > 0
m-a.e. We repeat the same argument for g to see that we can assume that also g > 0 m-a.e. Up to

scaling, we assume that 0 < g <1 m-a.e.
Let now Eg := {f > s} and Fy := {g > s} and notice that for £Ll-a.e. o € R, by (7.1.16),

\}%// Ipe(z,y)XE, (z)(Xg, () — Xg, (y))|dm(z)dm(y) < 4€K(t/2_1)|DXEG|(X). (7.1.18)

Notice that we can write for (m ® m)-a.e. (z,y) € X x X, as we are assuming 0 < f m-a.e. and
0<9<1m-a.e.

e’} 1
pe(z,y)g(x)(f(z) — f(y) = /0 /0 pe(z, y)XF, () (XE, (z) — XE, (y))drdo,

so that, by Fubini’s Theorem (whose application is justified by (7.1.18) and coarea), we obtain
= [0 =wngim = = [ [ @ ne@)(r(@) - f6)dm()im(z)
oo rl
=5 [ [ [pe @ @ - e @)amam@)ars

Ju
= — XFT(XEG —h XEo)ddedO'.
ﬁ 0 0 '
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Lemma 7.1.7 together with coarea again justify an application of the dominated convergence
theorem in the limit as ¢ \, 0 in the equation above, so that, by (7.1.9),

1
lim/ — hyf)gdm = / / / - vp dH"drdo
N0 V/E (f =hef)g \f }‘E,,ﬁ]—'FT g

vt - vgdH drdo

FENFFr

1 e 00 1
_ L e / / / Xowp, (v - vg) d(HP L (FE,)) drdo,
0 0

N

where the second equality is due to Lemma 4.2.1.
Now recall that the map (7,z) +— Xg,. (2) is measurable with respect to £! ® (H" L (FE,))
(cf. the proof of Proposition 4.2.12), so that by Fubini’s theorem we can write

Wn— 1/ / /X@*F v -vy) d(H"L (FE,))drdo

1
wnnl/ / Vv - vg) d(H" L (FE,)) do

1
VTow

f/ / )(vs - vg)d|DX g, |do,

where we took into account (2.3.6) and finally (3.5.1) for the last equality. Notice that the integra-
tion over X is only on J,, which is a o-finite set with respect to H" (Proposition 4.2.11), so that
IDf|L Jy = |Df|L(JfNJy). Hence, by coarea we can continue the computation as

- / [ @ = s v lio = [ (@ = )y v a(DAIL )

Ig
== gV =g = ) A L)
VT wn Jg
where we used (4.2.11). All in all, we have proved (7.1.1). O

7.2 Bibliographical notes

We briefly motivate the investigation contained in this chapter along with some bibliographical
notes. In their seminal work [40], Bourgain-Brezis-Mironescu showed that if Q C R” is a smooth
bounded domain and p € (1,00), then the p-Sobolev seminorm of a function f € LP(f2) coincides
(up to a multiplicative factor, depending only on p and n) with the limit

Hm (/Q /Q Wﬂi(!w - yl)dwdy> Up,

where {p;}; are suitably chosen kernels of mollification. The result was then generalized to BV
functions by Davila [63] and Ambrosio independently. In the BV case, it holds that if & C R”
is a bounded domain with Lipschitz boundary, then the total variation |Df|(£2) of any function
f € LY(2) coincides (up to a multiplicative factor, depending only on n) with

. @ =FO 0o
ZEIEO/Q/QMPM y|)dzdy.
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Brezis suggested in [47, Remark 6] that it might be interesting to generalize the theory to more
general metric measure spaces (X,d, m). Recently, in [103] the authors studied a characterization
of the BV space in metric measure spaces supporting a doubling measure and a Poincaré inequality
for a large class of mollifiers. In the same paper, the authors also provided a counterexample in the
case p = 1, demonstrating that (unlike in Euclidean spaces) in metric measure spaces the limit of
suitable nonlocal functionals is only comparable, but not necessarily equal, to the total variation
measure of the function f. Hence, it is clear that, in order to obtain results like Theorem 7.1.1 and
Theorem 7.1.2, additional assumptions on the space are in order.

In many cases of interest, a good choice of mollifiers is given by the (suitably rescaled) heat
kernels. In the case of functions of bounded variation, this has been done by several authors: on
Euclidean spaces or Riemannian manifolds in [110, 109] and [56], on Carnot groups in [41], and on
PI spaces in [105].

Chapter 7 is entirely taken from [46], with no significant modifications, where parts of the
arguments are borrowed from from [41, 110]. In particular, for what concerns the proofs of The-
orem 7.1.1 and Theorem 7.1.2, we follow the argument as in the proofs of [110, Theorem 4.1 and
Theorem 4.3], respectively, (however, to deduce the membership f € BV(X) of Theorem 7.1.1, we
exploit directly [105]). Our main contributions are then in the proofs of the intermediate results
that are combined to prove Theorem 7.1.1 and Theorem 7.1.2. In particular, Lemma 7.1.4 is in-
spired by the proof of [41, Theorem 2.13], obtained with a blow-up argument, but we have to face
the additional difficulty of the lack of the linear structure of Carnot groups. Also, the computations
with L’Hopital’s rule used to prove Lemma 7.1.5 have already been used to prove [41, Theorem
2.13], but in our case, again, we cannot exploit the linear structure, so that we have to rely on the
regularizing properties of the heat flow on RCD spaces. The case of possibly different E and F'
is obtained with a polarization argument and a careful computation: due to the lack of a linear
structure, the strategy used in the references seems not suitable to our case.



Chapter 8

Appendix

8.1 Differentiability of Lipschitz functions

The aim of this section is to introduce a powerful result that relates “closability of certain differen-
tiation operators” and “differentiability of Lipschitz functions in related directions”, and which is
an indispensable tool to prove Theorem 4.3.6. We decided to move Theorem 8.1.1 to the appendix,
as it is not related with the main framework of this manuscript, which is the one of non-smooth
spaces.

Before stating the main result of this section, we start recalling some terminology. Given
@ € LIP(R™,R!), we say that ¢ is differentiable at = with respect to V€ Gr(R™) if there exists a
linear map Vyp(z) : V — R! such that

o(x +v) =p(x)+ Vye(r) - v+o(|v]) forveV.

If v € R™, we say that ¢ is differentiable at x in direction v if ¢ is differentiable at  with respect
to span(v).

We are going to exploit in a crucial way the following result, which is a restatement of results
contained in [3, 2] (see in particular, [3, Theorem 1.1] and [2, Theorem 1.1]). We refer the reader to
these references for the definition of V(u, -), the decomposability bundle associated to the Radon
measure p, as we are not going to use this notion elsewhere (indeed, we are going to exploit
the equivalence between items ii) and iii) below, which can be understood without knowing the
definition of the decomposability bundle).

m

Theorem 8.1.1. Let v be a m-vector valued measure on R™, where v € L>(u)™ and u is finite.

Then the following assertions are equivalent.
i) v(z) € V(u,x) for u-a.e. x.
it) Every Lipschitz function is differentiable in direction v(x) for u-a.e. x.

i11) The operator
D : CYR™) NLIPy(R™) — L®(n) @~V - v

is closable, in the sense that if {px r, € CL(R™)NLIP,(R™) is a sequence of uniformly bounded
and uniformly Lipschitz functions converging pointwise to ¢ € LIPy(R™), then D(px) — € in
the weak* topology of L*(u), for some £ € L*>®(u).

139
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If any (hence all) of the items above holds, if ¢ is as in item iii) for ¢, then

Uz) = Vyyp(r) - v(v) for p-a.e. x.

In our approximation arguments, we are going to need the following result, which is extracted
from [3, Corollary 8.3]. Below, the global Lipschitz constant of ¢ € LIP(R™) is the least number
L € R such that |¢(x) —p(y)| < L|x —y| for every x,y € R™. Notice that the claim of the following
lemma is stronger than item 4ii) of Theorem 8.1.1, as the consequence is pointwise and not only in
the weak sense.

Lemma 8.1.2. Let ¢ € LIP(R™) and let u be a finite measure on R™. Assume also that x +— v(z)
is a bounded Borel map such that for p-a.e. x, p is differentiable in direction v(z) at x. Then there
exists a sequence {or}r € CH(R™) N LIP(R™) such that or — ¢ uniformly, the global Lipschitz
constant of @y converges to the global Lipschitz constant of ¢, and finally

Vor(z) -v(r) = Vyme(z) - v() for pu-a.e. x.

8.2 Bibliographical notes
The results of the short Section 8.1 are taken from [3, 2].

In an imprecise way (see [3] for the rigorous definition), the decomposability bundle of p is the
“minimal” map V, : R — Gr(R") such that, whenever we have a measure space (I,dt) and a
family of measures (;)tcs such that

e /i is the restriction of #! to an l-rectifiable set Ey, for every t € I,

e { — 1y enjoys suitable regularity assumptions,

i f]/"tdt<<,u?

then
Tan(Ey, z) C V,(x) for pp-a.e. z € R™ and a.e. t € I.

The main result of [3] is then to characterize the directions along which Lipschitz functions are
differentiable p-a.e. in terms of V),. In particular:

o for every f € LIP(R"), f is differentiable at p-a.e. z with respect to the subspace V,(x);

e there exists f € LIP(R") such that for p-a.e. z and v & V,(z), f is not differentiable at z in
direction v.

This implies the equivalence between items i) and ii) of Theorem 8.1.1. The equivalence between
items i) and iii) of Theorem 8.1.1 is still a consequence of the results [3] and has been proved in [2].
More precisely, the implication iii) = i) (which, together with the implication i) = ii) is what we
really need in the proof of Theorem 4.3.6) is a consequence of the construction of “width functions”,
see (the discussion above) [3, Lemma 4.12].
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