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Chapter 1

Introduction

The main purpose of this thesis is to extend methods and results of Geometric Mea-
sure Theory to the geometries of sub-Riemannian groups.

A detailed description of all the material of the thesis is given in the introductions
to individual chapters and in the more concise overview at the end of this chapter.
Here we want to outline how the research on this topic historically grew, trying to
reach the more recent developments. In this way, we hope to provide for the reader
the mathematical landscape where this thesis should be fitted in and the reasons that
motivate this study.

Typical features of “sub-Riemannian structures” historically appeared in several
fields of Mathematics. Perhaps, the first seeds can already be found in the 1909 work,
[34], by Constantin Carathéodory, on the second principle of Thermodynamics. Here
a thermodynamic process can be represented by a curve in R? and the heat exchanged
during the process by the integral of a suitable one-form 6 along the curve. The work
of the physicist Joules Carnot led to the existence of two thermodynamic states that
cannot be connected by adiabatic processes, namely, curves where 6 vanishes at ev-
ery point. These are the so-called horizontal curves, whose velocities belong to the
distribution of nullspaces of 8. Carathéodory proved that if there exist two points
that cannot be connected by horizontal curves, then 6 is integrable. From both this
theorem and the result by Carnot, we can conclude that 6 is integrable, namely, there
exist two functions 7" and S such that 6 = T°dS. When T and S are interpreted as
the Temperature and the Entropy, respectively, the last equation becomes the mathe-
matical formulation of second principle of Thermodynamics. The geometric content
of Carathéodory Theorem becomes clearer when it is stated in a different way: if 0
is a nonintegrable one-form, then any two points can be connected by an horizontal
curve. Here we want to mention that this result was probably already known to
Hertz, although without proof. If we consider a frame of vector fields that span the
distribution of nullspaces of the nonintegrable one-form 6, then Frobenius Theorem
tells us that there exist two vector fields of the distribution whose Lie bracket is not
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contained in the distribution itself. In this case the distribution of subspaces associ-
ated to 8 has codimension one, hence the Lie algebra generated by the vector fields at
any point has the same dimension of the tangent space. This version of Carathéodory
Theorem can be generalized to distributions of any codimension, whose Lie algebra
generates the tangent space at every point. The condition on the distributions above
is known in Nonholonomic Mechanics, subelliptic PDE’s and Optimal Control Theory
under different names, as “total nonholonomicity”, “Hérmander condition”, “bracket
generating condition” or “Chow condition”. The reason is the following fundamental
theorem which extends the previous Carathéodory result: a connected manifold with
a bracket generating distribution is connected by curves which are tangent to the
distribution itself. This result was independently proved in the 1938-1939 papers by
Rashevsky and Chow, [38], [160] and it is the foremost basic result of sub-Riemannian
Geometry. A complete characterization of system of vector fields which give a distri-
bution of subspaces such that the manifold is connected by curves tangent to the
distribution was proved by Sussmann in the 1973 paper [176].

A distribution of subspaces seen as a fiber bundle will be called horizontal sub-
bundle and its tangent curves will be referred to as horizontal curves. Throughout
the thesis we will frequently use the adjective “horizontal” to indicate objects re-
lated to the horizontal subbundle and we will often use the prefix H. The Chow-
Rashevsky Theorem allows us to introduce a distance that takes into account the
geometry induced by the horizontal subbundle on the manifold. The distance be-
tween two points is the infimum of lengths of all horizontal curves connecting them.
This is the so-called Carnot-Carathéodory distance, as it was named in [87], [154]
(CC-distance). The manifold together with its horizontal subbundle is the so-called
Carnot-Carathéodory space (CC-space). A first general formulation of the method to
find geodesics in CC-spaces dates back to the 1973 paper by Hermann, [97]. Here the
author notes that the classical formulation of geodesic equations using the Hamilton-
Jacobi Theory allows of cometrics that may vanish on a subspace of one-forms. The
Riemannian metrics which are dual to these cometrics have formally infinite value on
the subspace of directions (the vertical ones) which is dual to that of one-forms. This
method amounts to seek geodesics subject to constraints imposed on their directions.
This type of question is a feature of CC-geometries which has no counterpart in Rie-
mannian Geometry. It is worth to mention that smoothness of singular geodesics in
CC-spaces is still an open issue. In the 1994 paper by Montgomery, [136], it has been
shown an example of length minimizer which does not satisfy the geodesic equations.
We quote the paper by Liu and Sussmann, [121], and the recent book by Montgomery,
[137], for a detailed exposition and further studies on this question.

In the field of PDE’s the importance of both the bracket generating condition
on the horizontal subbundle and the CC-distance first appeared in the 1967 paper
by Hérmander, [99]. He proved the hypoellipticity of the second order degenerate



elliptic operator
m
Lx=-) X7, (1.1)
i=1

under the condition that the first order operators X;, which form a frame for the
horizontal subbundle, satisfy the crucial bracket generating condition. A surprising
relation between CC-distance and hypoellipticity was shown in the 1981 paper by
Fefferman and Phong, [56]. Here it is established that an Hélder estimate of the
following type

p(x,y) < Clz—yl|°,

where p is the CC-distance, is equivalent to the subelliptic estimate
m
2 2
lullze < C(Jlull? + > 1 Xul?)
i=1

which gives in turn the hypoellipticity. In the previous formula we have denoted by ||||
the L? norm and by ||- || = the fractional Sobolev norm. Precisely, the previous result
was proved for a distance associated with a degenerate elliptic operator. Furthermore,
when the degenerate elliptic operator is of type (1.1), its associated distance coincides
with the CC-distance.

A large number of important works has appeared in this area, following the points
of view of Sobolev Space Theory, Harmonic Analysis, Regularity Theory for PDE’s,
Spectral Theory, fundamental solutions for subelliptic operators and other aspects.
Among these ones, we mention the papers by Bony, [20], Capogna [28], [29], Capogna,
Danielli and Garofalo, [30], [32], Citti, Garofalo and Lanconelli, [39], Fabes, Kenig
and Serapioni, [54], Folland, [57], [58], Franchi and Lanconelli, [62], [63], Franchi and
Serapioni, [68], Garofalo and Lanconelli, [78], Gaveau [81], Métivier, [132], Nagel,
Ricci and Stein, [147], [148], Sdnchez-Calle [166], Xu and Zuily, [189].

At the same time, the notion of Sobolev space was extended to CC-spaces, requi-
ring that only distributional derivatives along the vector fields of the subbundle are
p-summable. This naturally occurred in order to fit the corresponding PDE’s theory.
The crucial role played by Sobolev inequality and Poincaré inequality in the regu-
larity theory of elliptic PDE’s was clear since the celebrated results by De Giorgi,
Nash and Moser, [48], [144], [150]. In the context of CC-spaces, the first use of the
so-called Moser iteration technique dates back to the 1983 paper by Franchi and Lan-
conelli, [62], where it was shown that solutions to degenerate second order operators
of “Grushin type” are Holder continuous with respect to the CC-distance induced
by the operator itself. A few years later Jerison, [100], generalized the Poincaré
inequality for vector fields X; under the bracket generating condition

/U |w(z)—wa\2dzgcr2/ S [Xju(2)| de. (1.2)

z,r =1
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Here, the ball U, of center x and radius r is considered with respect to the CC-
distance, w € C*°(U,,) and wy, , is the average integral of w on U, ,. The proof
of this result is first accomplished in the model case of stratified groups (CC-spaces
with a Lie group structure). Then the Lifting Theorem of Rothschild and Stein,
[163], according to which CC-spaces can be seen as submanifolds of suitable stratified
groups, allows of the extension to general CC-spaces. Incidentally, this paper arose in
connection with the solution to the Yamabe problem on CR manifolds, [101], [102],
[103]. Recall that CR structures can be pointwise approximated by the Heisenberg
group, which is the simplest paradigm of nonabelian stratified group. We also mention
that a new proof of the Poincaré inequality for vector fields has been recently given
by Lanconelli and Morbidelli, [118].

These results confirmed the possibility to extend much of the classical theory of
Sobolev spaces to the setting of CC-spaces, together with various other connected is-
sues. We mention questions as Sobolev embeddings, isoperimetric inequalities, traces
theorems, representation formulae, mapping with finite distortion, quasiconformal
mappings, monotone maps and other more. It is really difficult to give an exhaustive
account of all literature in this field. We refer the reader to the works by Buck-
ley, Koskela and Lu, [24], Capogna, Danielli and Garofalo, [30], [31], Chernikov and
Vodop’yanov, [36], [37], Danielli, Garofalo and Nhieu, [42], [43], Franchi, Gallot and
Wheeden, [60], Franchi, Gutiérrez and Wheeden, [61], Franchi, Lu and Wheeden, [66],
Franchi Serapioni and Serra Cassano, [69], [70], Garofalo and Nhieu, [79], Greshnov
and Vodop’yanov, [82], [83] Heinonen and Holopainen, [94], Koranyi and Reimann
[113], [114], Lanconelli and Morbidelli, [118], Lu, [122], Marchi, [128], Margulis and
Mostow, [129], Monti and Morbidelli, [140], Morbidelli, [142], Pansu, [154], Sawyer
and Wheeden, [167], Vodop’yanov [182], [183]. Some of the previous papers consider
stratified groups, which form a privileged class of CC-spaces, as we will discuss later.

In the last few years there has been an impressive development of these theories
in general metric spaces. The beginning of this research line can be dated to around
1995, with papers by Biroli and Mosco, [17], [18], [19], Hajlasz, [89], and Hailasz
and Koskela, [90]. In the paper [89] Sobolev spaces have been defined by means of a
generalized Lipschitz condition

[u() = uly)| < (9(2) + 9(v) ) d(a,v),

where u is a Borel map on a metric measure space X and g € LP(X). Some years
before this paper, in connection with a conjecture by Yau on the space of harmonic
functions with polynomial growth in a Riemannian manifold, Grigor’yan and Saloff-
Coste independently extended the Yau result, [190], to Riemannian manifolds with
a doubling volume measure and where the Poincaré inequality holds, [84], [165]. We
recall that a doubling measure g on a metric space X has the property

M(B:EQT) <C N(Bx,r)



for some constant C' > 0 and every ball B, of center x € X and radius r > 0.
The brief note by Hajlasz and Koskela, [90], shows that a doubling condition on the
measure and the validity of Poincaré inequality are enough to obtain the Sobolev
inequality in an arbitrary metric measure space. In the abstract setting of Dirichlet
forms on metric spaces the same kind of implication was proved in [18], [19]. The ab-
stract approach of considering a doubling measure, the validity of Poincaré inequality
and Sobolev inequality in metric spaces was already made in [17].

This is a good occasion to remark that CC-spaces endowed with the Lebesgue
measure are doubling, as Nagel, Stein and Wainger proved, [149], and the Poincaré
inequality (1.2) holds. We also mention that other types of geometries that have a
Poincaré inequality has been found, [21], [22], [116], [172]. Hence it is not surprising
that even other settings are suitable to develop the Sobolev Space Theory, as graphs,
fractals and metric spaces with Dirichlet forms. Clearly, the metric theory of Sobolev
spaces provides a unified picture where these geometries fit in. A survey on these
themes and references on the previously mentioned research lines can be found in the
monograph by Hajlasz and Koskela [91], where a particular attention is devoted to the
case of CC-spaces. Concerning relations between heat equation and Sobolev Theory
on groups we quote the book by Varopoulos, Saloff-Coste and Coulhon, [180], where
a section is specialized on groups with a CC-structure (stratified groups). Another
approach to metric Sobolev spaces is given in the paper by Shanmugalingam, [173].
Concerning functions of bounded variation in metric spaces see [134], by Miranda.

These and other observations have lead several authors to tackle various geome-
trical questions in a pure metric setting. On the other hand, this approach has also
other motivations and it can be seen as a part of modern developments of Anaysis
and Geometry; see the works by Ambrosio, [5], Ambrosio and Kirchheim, [7], [§],
Assouad, [11], Biroli and Mosco, [17], [18], [19], Cheeger, [35], David and Semmes
[45], De Giorgi [49], Franchi, Hajlasz and Koskela, [64], Franchi, Lu and Wheeden,
[67], Gromov, [87], [88], Heinonen and Koskela [95], Kirchheim, [110], Kirchheim
and Magnani, [111], Korevaar and Schoen, [115], Lang and Schroeder, [119], Preiss
and Tisier, [158], Semmes, [170], [171], Weaver, [186], but surely this list could be
enlarged. About an overview of metric geometry we mention the recent textbook
[26], by D.Burago, Y.Burago and Ivanov. Concerning methods of Analysis in metric
spaces we mention the book [93], by Heinonen, where there is an account of several
recent results and open questions in this field. New types of geometries with “good
calculus properties” are studied in [172], by Semmes.

We have seen that results in CC-geometries also served as a model of inspiration
for further generalizations to a pure metric setting. This process can be explained be-
cause CC-geometries contain a wider class of metric spaces than the Riemannian one.
In fact, a CC-space, also called “nonriemannian space”, is far from being Euclidean
from a metric point of view in that the CC-distance is not bilipschitz equivalent to
the Euclidean distance in a coordinate chart. This is the standard situation corre-
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sponding to a bracket generating horizontal subbundle whose dimension is less than
the topological dimension of the manifold. In the case when these dimensions co-
incide we obtain the well known Riemannian manifold, hence CC-spaces encompass
Riemannian manifolds. The study of the geometry of the CC-distance fits into the
area of “sub-Riemannian Geometry”. One of the leading themes of a thorough paper
by Gromov, [86], is the study of the possibility to obtain all information about a
CC-space using only its CC-distance. The same paper and the book [88] provide
more information on this research stream. These works clearly show how CC-spaces
constitute a new terrain for Analysis and Geometry, where classical theories can be
extended and developed, keeping only the fundamental principles.

Now it is time to introduce the ambient where our investigations will take place,
i.e. sub-Riemannian groups. These are stratified groups endowed with a Riemannian
metric restricted to the horizontal subbundle. The term “sub-Riemannian” is taken
from [175] in order to emphasize the particular metric structure that characterizes
these groups, which is strictly related to the horizontal subbundle. To ensure that
the horizontal subbundle yields a homogeneous structure compatible with the alge-
braic structure of the group, we require that translations of the group preserve the
distribution of subspaces which forms the horizontal subbundle. Precisely, taking a
subspace H of the tangent space T.G of the group at the unit element e € G, one
moves it to any point of G by means of the differential of left translations [,z =p-z
and call the collection of all these subspaces the horizontal subbundle generated by
the subspace H. A stratified group is a simply connected nilpotent Lie group, whose
Lie algebra G admits a decomposition into the direct sum G = V1 @ --- &V, where
the relations

Vier = [V, Vi) (1.3)

hold for every j € N and Vj, = {0} whenever k£ > ¢. This last condition tells us that
the algebra is nilpotent. Groups whose Lie algebra is nilpotent are called nilpotent
groups and the integer ¢ is called the step of the group. Recall also that if a and b are
subspaces of a Lie algebra, the expression [a, b] represents the vector space spanned
by the Lie brackets [X,Y], where X € a and Y € b. The canonical choice of the
horizontal subbundle is given defining

H={X(e)| X eV} CcT.G (1.4)

The terminology “stratified group” is taken from [59]. In the literature the name
“Carnot group” is also used, following the terminology of [154].

As we have previously mentioned, stratified groups form a particular class of
CC-spaces. In fact, the horizontal subbundle of the group is spanned by the left
invariant vector fields belonging to Vi, therefore relations (1.3) yield the bracket
generating condition. In order to obtain a metric structure compatible with the
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algebraic structure of the group, the scalar product on the horizontal subbundle is
taken to be left invariant, hence the associated CC-distance is also left invariant.

Much of the previously quoted works on CC-spaces were exactly on stratified
groups, that constitute a simplified model of these spaces. A significant way to see
the interconnection between stratified groups and CC-spaces is given by a result of
Mitchell, [135], according to which a stratified group can be seen as the tangent cone
to a CC-space at some point. Precisely, looking at the couple formed by the CC-space
M and one of its points p as a pointed metric space (M, p,d), it is studied the limit
of metric spaces (M,p,Ad), as A\ — oo. This enlargement of the distance amounts
to dilate the space around the point p. When M is a Riemannian manifold the limit
space coincides with the classical tangent space T, M. In the general case of a CC-
space the limit is exactly a stratified group, that generalizes the Euclidean space.
Refined versions of this result can be found in [15], [130]. The way of interpreting
stratified groups as tangent cones of CC-spaces offers us an enlightening comparison
between sub-Riemannian Geometry and Riemannian Geometry: stratified groups are
to CC-spaces what Euclidean spaces are to Riemannian manifolds.

Another context where these groups naturally arise is that of infinite discrete
groups. An element of a discrete group can have different representations of the form
g = gll'1 -+~ gy and the length of the representation is the positive integer Z?:l ij.
The distance d(g,1) of g from the unit element 1 is the minimum length of all rep-
resentations of g. One can check that d(g~',1) = d(g,1). As a result, defining
d(g,h) = d(g'h,1) we obtain a natural left invariant distance on the group and
we can consider the number N, of elements contained in a ball of radius r. If NV,
is less than or equal to a function of type Cr? for some positive numbers C' and d,
we say that the group has polynomial growth. A result by Bass, Milnor and Wolf,
[14], [133], [188] establishes that every discrete finitely generated nilpotent group has
polynomial growth. A deep result due to Gromov provides the striking “viceversa” to
the previous result, [85], answering a 1968 Milnor conjecture: every discrete finitely
generated group with polynomial growth contains a nilpotent subgroup of finite in-
dex. It is striking that the only information on the growth of the group yields a
nilpotent structure. The geometric idea is to look at the discrete group from infinity,
i.e. moving the observation point far away from the group and then obtaining a con-
tinuous structure that corresponds to the limit Lie group. This process corresponds
to consider the limit of metric spaces (I',ed) as € — 0T, where (T, d) is the discrete
group with its left invariant distance. We mention that the notion of convergence of
metric spaces was introduced by Gromov exactly in connection with this problem,
[85]. Further studies on this notion can be found in [87], [88] and [157].

More can be said about the limit space. In fact, it is not only nilpotent, but even
stratified and it carries a family of dilations 6, : G — G, see [153]. These maps, also
called self-similarities, are one of the most important features of the group. They
are compatible with the CC-distance in the sense that p(d,p, d,q) = r p(p, q), where
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p is the CC-distance, r > 0, p,q € G, and well behave with respect to the group
operation, 0,(p - q) = 0,p - 0rq. We can always extend the Riemannian metric on
the horizontal subbundle to the whole tangent bundle of the group, obtaining a left
invariant Riemannian metric. This yields a Riemannian volume measure v, that is
also left invariant and then it coincides with the Haar measure of the group. Dilations
scale well with the volume measure, as the formula

vy (6, F) = 19, (E) (1.5)

shows, where F is a measurable subset of G and () is the Hausdorff dimension of the
group with respect to the CC-distance. The Hausdorff dimension of G with respect
to the CC-distance is related to the dimension of subspaces V; by the formula

L
Q=> jdimVj;. (1.6)

J=1

Stratified groups are in particular nilpotent and simply connected, hence in view of
Theorem 2.3.10 they are linearly isomorphic to a finite dimensional vector space.

All these features could remind us of the familiar Euclidean structure, but as soon
as we consider nonabelian groups, in many respects we are dealing with a geometry
closer to the fractal one. For instance, formula (1.6) tells us that in the nonabelian
case ¢t > 1 the Hausdorff dimension of the group is always greater than its topological
dimension and this is a typical feature of fractal objects. Throughout the thesis we
will refer to the non-Euclidean case ¢ > 1, that contains the new features of these
geometries. Nevertheless, all our results hold in particular for Euclidean spaces, which
seen as particular stratified groups are recovered in the case ¢ =1.

The fractal nature of these groups also appears in other respects. We can have
purely unrectifiable sub-Riemannian groups, as it was first shown by Ambrosio and
Kirchheim, [7], for Heisenberg groups, that constitute the simplest class of nonabelian
sub-Riemannian groups (see Subsection 2.3.1). Recall that the notion of pure unrecti-
fiability can be stated in metric spaces, see 3.2.14 of [55]. A full characterization of
all purely unrectifiable sub-Riemannian groups is given in Section 4.4 as an original
contribution of the thesis. Also “regular surfaces”, in the sense of sub-Riemannian
groups, possess a fractal nature, that will be explained later. All these features are
certainly a source of difficulties in dealing with these geometries and often prevent
us from utilizing the “Euclidean intuition”.

Returning to the properties of sub-Riemannian groups, formula (1.5) and homo-
geneity of dilations with respect to the CC-distance imply that the )-dimensional
Hausdorff measure H% constructed by the CC-distance is finite. Hence, from left in-
variance of CC-distance we conclude that H% is proportional to the volume measure.
The advantage of H? is its “intrinsic nature”, which requires only the distance of
the group. It is also meaningful the study of surface measures with any codimension,
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although this study in sub-Riemannian groups for surfaces of codimension greater
than one is still to be explored. We will touch on this issue in Section 3.5, giving
a novel perspective to be followed in the investigation of these geometries. In fact,
much of the recent studies on the geometry of CC-spaces are essentially devoted to
surfaces of codimension one.

The rich structure of sub-Riemannian groups, despite their fractal nature, is un-
doubtedly sufficient to start the study of Geometric Measure Theory on these groups.
Classical Analysis tells us the importance of Geometric Measure Theory in connection
with Calculus of Variations, elliptic PDE’s, isoperimetric inequalities, fine properties
of functions and so forth. It is surprising that although a bulk of work has been done
both in CC-spaces and stratified groups from different points of view, the study of
Geometric Measure Theory in these spaces is still in its very beginning. Only recently
some papers have begun this project, as the works by Ambrosio and Magnani, [9],
Balogh, [12], Danielli, Garofalo and Nhieu, [43], Franchi, Serapioni and Serra Cas-
sano, [71], [72], [73], Garofalo and Nhieu, [79], Leonardi and Rigot, [120], Magnani,
[124], [125], [126], Monti and Serra Cassano, [141], Pauls, [155], [156], Ukhlov and
Vodop’yanov, [177], Vodop’yanov, [184] and many others.

We can take these recent works back to some important starting points: the
isoperimetric inequality in CC-spaces, BV functions on CC-spaces and an intrinsic
notion of differentiability on sub-Riemannian groups. The first isoperimetric inequa-
lity proved in a sub-Riemannian context is due to Pansu, [152], for the Heisenberg
group, but only recently it was extended to CC-spaces by Capogna, Danielli and
Garofalo, [31], Franchi, Gallot and Wheeden, [60], and Garofalo and Nhieu, [79].
Isoperimetric inequality is an important tool in order to obtain the rectifiability of
finite perimeter sets, [47]. Recently, this famous result due to De Giorgi has been
extended by Franchi, Serapioni and Serra Cassano to the case when the ambient space
is the Heisenberg group, or more generally a sub-Riemannian group of step two, [71],
[73]. A set of finite perimeter is those set whose characteristic map is a function of
bounded variation. This is a well known notion in the Euclidean context. It has been
introduced in CC-geometries by Capogna, Danielli and Garofalo in the 1994 paper
[31], concerning a general Sobolev embedding on CC-spaces, and it was subsequently
studied with various characterizations and applications to Calculus of Variations by
Franchi, Serapioni and Serra Cassano, [69]. A locally summable function u : Q — R
is of X-bounded variation if the supremum of integrals

/Q u() S Xip(y) de (L.7)
j=1

over all maps ¢ € CX(Q) is finite. As usual, vector fields X; span the horizontal
subbundle and satisfy the bracket generating condition. The symbol X7 represents
the formal adjoint operator. A measurable subset whose characteristic function has
bounded X-variation is said to be a set of finite X-perimeter. An important aspect
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related to the notion of X-perimeter measure is that it does not require a fixed
Hausdorff dimension of the space. In fact, the Hausdorff dimension of a CC-space
can vary on different parts of the space, hence the use of the Hausdorff measure in
CC-spaces is meaningless. Other notions of surface measure make sense in CC-spaces,
as the Minkowski content that was proved to be equal to the X-perimeter measure,
for sufficiently regular domains, by Monti and Serra Cassano, [141]. However, the
use of Lebesgue measure in (1.7) is not really intrinsic. A canonical notion of volume
measure actually lacks in CC-spaces and only in some special cases a first answer
has been given, [137]. This and other reasons make hard a complete development
of Geometric Measure Theory in CC-spaces, mainly on the study of surfaces with
higher codimension.

Now, it remains the notion of intrinsic differentiability on sub-Riemannian groups.
Here we meet the first important theme of the thesis that will be studied in Chapter 3.
Differentiability on sub-Riemannian groups was introduced in the 1989 paper by
Pansu, [154], where it was used to extend Mostow rigidity, [146]. This notion is
intrinsic since it employs the group operation, dilations and a natural family of “linear
maps” of the group, called H-linear maps. Let G and M be two sub-Riemannian
groups, ) C G be an open subset and f : G — M. We say that f is H-differentiable
at p € Q if there exists an H-linear map L : G — M such that

p(f(p)"'f(z), L(p~'2))
d(p,x)
where d and p are the CC-distances of G and M, respectively. The map L is denoted
by dgf(p) and called the H-differential. Recall that an H-linear map is a group
homomorphism that is 1-homogeneous with respect to dilations. When G and M
are Euclidean spaces these definitions give the classical notion of differentiability.
Perhaps the core of many ideas that allow us to employ several methods of Geometric
Measure Theory in sub-Riemannian groups is the following fundamental result due
to Pansu, [154]. A Lipschitz map f : Q@ — M is H-differentiable H%-a.c. on Q. This
is an extension of the classical Rademacher Theorem to sub-Riemannian groups. A
manageable version of this theorem in view of applications to Geometric Measure
Theory has to encompass the case when the domain of the map f is only measurable.
This was the beginning of the author’s research on this topic. Due to the lack of
Lipschitz extension theorems for maps between sub-Riemannian groups the task of
extending the previous result to the case of measurable domains becomes technically
nontrivial, [124]. The first paper dealing with this question among others is due to
Ukhlov and Vodop’yanov, [177]. We refer the reader to Chapter 3 for the proof of
this theorem (Theorem 3.4.11) and more detailed comments on this argument.
Differentiability of Lipschitz maps also allows of the extension of the classical area
formula to Lipschitz maps between sub-Riemannian groups,

[ Jolduf@) aniw) = [ N Ay ). (1.9)
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—0 as x —p, (1.8)
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provided that a suitable notion of jacobian is used, [124]. The map N(f, A,y) is the
multiplicity function (Definition 2.1.11) and Jg(dp f(z)) is the H-jacobian of dy f(x),
introduced in Definition 4.2.1. An original contribution of this thesis concerns a
general formulation of the area formula in metric spaces, that provides a unified way
to obtain the area formula in several contexts. This general approach is developed
in Section 4.1. A classical proof of (1.9) will be given in Chapter 4. Area formula
also gives an easy way to prove a “rigidity result” for sub-Riemannian groups. This
question was already considered by Pansu, [154], and Semmes, [168]. Basically, it
is a direct consequence of the a.e. differentiability of Lipschitz maps. Consider
two sub-Riemannian groups G and M and call them “equivalent” if there exist two
measurable subsets A C G and B C M both with positive measure, such that there
exists a bilipschitz map f : A — B. Then every equivalence class contains only
one sub-Riemannian group up to H-linear isomorphisms, see Theorem 4.4.6. Our
novel contribution in this result is the extension of the rigidity result to measurable
subsets, instead of open subsets, and the simple use of the area formula. As a
consequence, a measurable subset of a nonabelian sub-Riemannian group cannot be
parametrized by a bilipschitz map on a subset of an Euclidean space. This tells
us immediately that nonabelian sub-Riemannian groups are substantially different
from Riemannian metric spaces. Furthermore, each of these groups has an own
geometry, that is essentially different from that of any other nonisomorphic group.
An unpleasant consequence is that it is not possible to adopt “Euclidean methods”
directly by means of bilipschitz parametrizations with pieces of Euclidean spaces. The
good one is that results valid for sub-Riemannian groups encompass a wide class of
different geometries, where the Euclidean one is an example among the others. The
above rigidity theorem emphasizes also another aspect which comes up from this
thesis. This is the interconnection between metric and algebraic properties of sub-
Riemannian groups. There are different situations where this principle occurs. In the
terminology of [45], we say that M looks down on G if there exists a closed set A C M
and a Lipschitz map f : A — G such that H? (f(A)) > 0, where G and M are sub-
Riemannian groups. This means that R* does not look down on G if and only if G
is purely k-unrectifiable. This observation offers us the possibility to study whether
a given sub-Riemannian group looks down on another one using the same technique
of Theorem 4.4.4, where purely k-unrectifiable groups are characterized by checking
algebraic conditions on the groups and exploiting the area formula. Another situation
related to the above mentioned principle occurs when one establishes whether two
sub-Riemannian groups are bilipschitz equivalent by checking H-linear maps between
the groups, as it is done in Theorem 4.4.6. In Theorem 6.3.4 we have a different case
where this principle applies. Here it is proved the nonexistence of nontrivial coarea
formulae between different Heisenberg groups, using the fact that every H-linear
between these groups cannot be surjective, due to algebraic constraints.

The notion of differentiability on sub-Riemannian groups also provides a natural
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way to introduce “intrinsic regular surfaces”. This concept was first introduced by

Franchi, Serapioni and Serra Cassano in [71], [72], [73], in order to obtain a natural
notion of rectifiability that fits the geometry of sub-Riemannian groups. A subset
> C Qis G-regular if there exists an H-differentiable map f :  — R with continuous
differential p — dg f(p) such that for every p € ¥ the H-linear map dgf(p) is
nonvanishing. In the case when G is an Euclidean space the above definition yields
classical C'! regular submanifolds. But things can change tremendously as soon as
the group is nonabelian. In fact, it seems that it is possible to construct an example
of H3-regular surface with Hausdorff dimension 5/2 with respect to the Euclidean
distance, where H? is the three dimensional Heisenberg group, [112]. This interesting
surface cannot be 2-rectifiable in the sense of 3.2.14 of [55], even though in view of
an Implicit Function Theorem proved in [72], its topological dimension is still two.
Hence G-regularity is clearly an intrinsic notion, since what is regular with eyes of the
sub-Riemannian groups has a definitive fractal nature from the Euclidean viewpoint.
This is another confirmation of the fact that the study of intrinsic regular surfaces
has to be accomplished employing more general tools and methods. The notion
of G-regularity can be extended to subsets of higher codimension and modeled on
the geometry of another sub-Riemannian group M. This is precisely explained by
the notion of (G, M)-regularity, a novel notion introduced in the thesis, which will
be discussed in Section 3.5. This study opens many new questions together with
a good perspective to introduce a theory of currents according to the geometry of
sub-Riemannian groups.

The first motivation for the above notions of G-regular surfaces is the validity of
the De Giorgi Rectifiability Theorem on the class of sub-Riemannian groups of step
two, [71], [73], as we will explain later. We point out that the definition of functions
with bounded X-variation can be specialized to sub-Riemannian groups adopting only
the left invariant Riemannian metric restricted to the horizontal subbundle (Defini-
tion 2.4.3). In this way we obtain a notion independent from the choice of vector
fields utilized in (1.7). Following the general terminology adopted in this thesis, we
will speak of functions of H-bounded variation and of sets of H-finite perimeter on
sub-Riemannian groups. Sets of H-finite perimeter also naturally possess the notion
of H-reduced boundary, along with the Euclidean notion (Definition 2.4.10). The re-
cent version of the Rectifiability Theorem proved by Franchi, Serapioni and Serra
Cassano establishes that the H-reduced boundary of an H-finite perimeter set in a
step two sub-Riemannian group is a countable union of G-regular surfaces up to
HP 1-negligible sets, where Q is the Hausdorff dimension of the group. The validity
of this result for groups of higher step is an open problem and already in step three
a counterexample to the classical method is possible, [73].

One of the crucial points in the Rectifiability Theorem is the blow-up method
of enlarging the subset around a point up to obtain its “generalized” tangent space.
This method was introduced by De Giorgi, [47]. Here we meet the second important
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theme of the thesis, e.g. the “blow-up principle”. The blow-up technique applied by
rescaling a Lipschitz map f : A — M on its differentiability points yields a general
coarea inequality

[ ans @) ant© < [ cransien o, 10)
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proved in [125]. The symbol Cp(dgf(§)) denotes the H-coarea factor of dmf(£),
according to Definition 6.1.3. This formula will be proved in Section 6.2. An impor-
tant application is the H9~-negligibility of characteristic points of C' hypersurfaces,
proved in Theorem 6.6.2. This completes and extends some previous results in the
literature, [12], [73] and it is one of the foremost contributions of this thesis. The
blow-up technique which relies on the rectifiability of the perimeter measure stated in
Theorem 6.4.7 yields the coarea formula for real-valued Lipschitz maps v : G — R,

) 00 s (w) o
/G h(w) |V gu|(w) dvg(w) = \/[R/u,l(t) T eoa h(w) dS%™* (w) dt,

where S9! is the spherical Hausdorff measure, 92271 is the metric factor first intro-
duced in [126] and studied in Chapter 5, and v, is the generalized inward normal to
the set By = {x € G | u(z) > t}, defined in Definition 2.4.9. In Section 6.5 we give
a novel proof of this formula, which was first obtained for the Heisenberg group in
[125], by means of the coarea inequality (1.10).

If we consider C! sets instead of general sets with H-finite perimeter the Blow-
up Theorem is possible in every sub-Riemannian group, see Theorem 7.4.2. This
basic observation and the results on characteristic points above mentioned give the
following representation of the perimeter measure

9|y = fa1 )
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This last formula is another original result of the thesis and it generalizes the previous
one in the Heisenberg group [71]. Its main consequence is the answer to a conjecture
raised by Danielli, Garofalo and Nhieu in [42]. These facts are discussed and proved
in Chapter 7.

It is well known that BV functions on Euclidean spaces are a.e. approximately
differentiable. This result can be extended to H-BV functions defined on open subsets
of sub-Riemannian groups. In Chapter 8 higher order approximate differentiability
is also proved for functions of H-bounded higher order variation, see [9].

In conclusion, although sub-Riemannian groups have an homogeneous structure
given by dilations, a notion of differentiability, a precise Hausdorff dimension, intrinsic
regular surfaces and so forth, still many questions are to be answered. We mention
for instance the validity of a general coarea formula, corresponding to the equality in
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(1.10), a characterization of G-regular surfaces in terms of Lipschitz parametrizations
from suitable subgroups and an intrinsic theory of currents. The understanding of
these and other questions on the class of sub-Riemannian geometries is undoubtedly
a good starting point in order to grasp what are the fundamental principles in some
of the already known theories of Geometric Measure Theory. As a result, this path is
also useful within the project of extending Analysis and Geometry in metric spaces.
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1.1 A concise overview of the thesis

Chapter 2 is devoted to the main notions utilized throughout the thesis, with an essen-
tially self-contained exposition. After a brief introduction to some general concepts
on metric spaces, our study specializes in CC-spaces and finally in sub-Riemannian
groups. In particular, Theorem 2.2.24 shows that the distance associated to a sub-
elliptic operator by subunit curves equals the one associated to a horizontal subbundle
by horizontal curves. We introduce graded coordinates (Definition 2.3.43), that rep-
resent an important tool in many proofs of the thesis. We give a novel presentation of
H-BV functions on sub-Riemannian showing that the associated variational measure
only depends on the left invariant Riemannian metric restricted to the horizontal
subbundle. Moreover, once a system of graded coordinates is fixed this definition co-
incides with the already known notion in the literature, where the Lebesgue measure
is commonly used. This definition has been first used in [9].

Chapter 3 extends several tools of classical Calculus to sub-Riemannian groups. After
a detailed description of H-linear maps, the notion of H-differentiability is introduced
and the chain rule on sub-Riemannian groups is proved. A section is devoted to the
proof of the Inverse Mapping Theorem for H-differentiable maps. This is our first
novel application of H-differentiability to “sub-Riemannian Calculus”. The main
result of the chapter is the a.e. H-differentiability of Lipschitz maps defined on
measurable subsets of sub-Riemannian groups. This part is taken from a recent
paper of the author, [124]. A section of the chapter is devoted to a brief survey of all
recent notions of rectifiability on sub-Riemannian groups, presenting and discussing
the novel and general notion of (G, M)-rectifiability. In the last part of the chapter we
present a counterexample to the H-differentiability of Lipschitz maps as soon as we
replace a homogeneous distance of the target with a left invariant distance which is
not homogeneous. This example was obtained in collaboration with Bernd Kirchheim
and it is essentially taken from [111].
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Chapter 4 deals with the area formula in different contexts. An original contribution
of the thesis is the proof of the area formula for Lipschitz maps in a purely metric
setting, once a suitable notion of “metric jacobian” is adopted. Besides a unified
approach to area formula in several spaces, as Riemannian manifolds and stratified
groups, this result also emphasizes the key role played by the notion of jacobian. Sub-
sequently we introduce the H-jacobian for H-linear maps and we present two proofs of
the area formula for Lipschitz maps between sub-Riemannian groups. The first one
is derived from the general metric area formula. The second one, of more classical
fashion, utilizes the H-jacobian. The notion of H-jacobian was first introduced in
[124] and it was inspired by the metric definition of [7]. The second proof of the area
formula is also taken from [124]. Finally, we present two new applications of the sub-
Riemannian area formula. We characterize all purely k-unrectifiable sub-Riemannian
groups for every k > 1 and we prove the following rigidity theorem. Let G and M be
sub-Riemannian groups with two subsets A C G and B C M with positive measure
such that there exists a bilipschitz map f : A — B. Then G and M are isomorphic.

Chapter 5 presents the notion of isometry in sub-Riemannian groups and the class
of sub-Riemannian groups that are “symmetric” with respect to these maps. An
horizontal isometry T' : G — G must respect both the metric structure and the
algebraic structure of the group, i.e. it is both an H-linear map and an isometry
with respect to the sub-Riemannian metrics of the groups. A group which has a
family R of horizontal isometries that acts transitively on vertical hyperplanes of the
group is said to be R-invariant (see Definition 5.1.4). A metric notion associated to a
homogeneous distance (Definition 2.3.35) is that of metric factor 6g_;(v), where v is
a direction of the Lie algebra. This function plays the same role of w,_; introduced
in (2.5) about the representation of the Euclidean Hausdorff measure #"~! in R”.
The dependence of fg_; on the direction v takes into account the anisotropy of the
homogeneous distance. We prove that R-invariant groups possess a constant metric
factor. All this notions have been first introduced in [126] in connection with the
representation of the Q-1 dimensional spherical Hausdorff measure of hypersurfaces
with respect to an arbitrary homogeneous distance.

Chapter 6 contains various coarea formulae on sub-Riemannian groups together with
some applications. We first prove a general coarea inequality for Lipschitz maps
between sub-Riemannian groups (6.1). A first application is a Sard-type theorem
for Lipschitz maps of sub-Riemannian groups (Theorem 6.3.1) and the nonexistence
of nontrivial coarea formulae between different Heisenberg groups (Theorem 6.3.4).
These results are taken from [125]. We prove a general representation formula for the
perimeter measure (6.31) on generating groups (Definition 6.4.8). As a consequence,
we obtain the coarea formula for real-valued Lipschitz maps on generating groups
(6.42). The technique used for the representation formula of the perimeter measure
is a refined version of that used in [125] in the case of the Heisenberg group. The
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method to prove the coarea formula differs from the one used in [125], based on
the coarea inequality. We adopt a new and simpler proof relying on Theorem 6.5.1.
Here it is proved that the H-reduced boundary (Definition 2.4.10) of a.e. upper level
set of a Lipschitz map coincides with the corresponding level set up to an H@ !-
negligible set and the generalized inward normal of upper level sets is proportional
to the horizontal gradient of the map restricted to the level set. In the end, we prove
that the characteristic set of a C' hypersurface (Definition 2.2.8) has H?~'-negligible
measure (Theorem 6.6.2). The proof of this fact relies on the Sard-type Theorem and
it is a new contribution of the thesis that extends previous results relative to the case
of two step groups, [12], [73].

Chapter 7 analyzes the blow-up procedure in two main cases relative to C! subsets.
In the first one, it is studied the limit of the measure of a dilated and rescaled C*
hypersurface around one of its noncharacteristic points (7.11). The expression of
the limit contains the metric factor studied in Chapter 5 and yields relations be-
tween the ()-1 dimensional spherical Hausdorff measure and the Riemannian surface
measure of the hypersurface (7.16), (7.17). The validity of these formulae for C*
hypersurfaces with H?l-negligible characteristic set was already proved in [126].
Due to the H9 -negligibility of characteristic points, proved in Chapter 6, these
formulae always hold without any additional assumption. The same formulae are
also used to prove the coarea formula for real-valued Lipschitz maps with respect to
the Riemannian distance of the group (7.19). The validity of this formula in every
sub-Riemannian group is due to the assumption of the Lipschitz property with re-
spect to the Riemannian distance. This is a stronger request than the natural one
of considering the Lipschitz property with respect to the CC-distance. The same
blow-up technique applied at characteristic points of C'™! surfaces of two step groups
yields an estimate of the S®~2-measure of the characteristic set. As a consequence,
we obtain a sharp upper estimate of the Hausdorff dimension of the characteristic set
(7.35). This result is taken from [126]. In the second case the blow-up technique is
applied to subsets with C! boundary, i.e. C' subsets, obtaining an explicit formula
for the perimeter measure of these sets in terms of the ()-1 dimensional spherical
Hausdorff measure, (7.51). This formula was first obtained in [71] in the case of
the Heisenberg group. The validity of (7.51) in any sub-Riemannian group was an
open question raised in [72] and [73]. Its proof is another contribution of this thesis.
The same formula immediately yields a reciprocal estimate between the perimeter
measure of a C'! subset and the Q-1 dimensional Hausdorff measure of its boundary
(7.52). The general validity of this formula was conjectured in [42]. Finally, some
intrinsic divergence theorems for C'! subsets are proved, (7.54), (7.55), (7.56).

Chapter 8 is devoted to the study of approximate differentiability of H-BV functions
on sub-Riemannian groups. Its content essentially stems from a recent collaboration
with Luigi Ambrosio, [9]. The concept of approximate differentiability easily extends
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from Euclidean spaces to sub-Riemannian groups, considering the corresponding no-
tion of H-differentiability. We prove that an H-BV functions is #%-a.e. approximately
differentiable and that the H-differential is given by the density of the absolutely con-
tinuous part of the vector measure associated to the H-BV map. Part of the chapter
deals with the structure of the approximately discontinuity set of an H-BV function.
We prove that this set is a countable union of essential boundaries (Definition 2.1.16)
of sets with H-finite perimeter. Thus, whenever one is able to prove that these bound-
aries are G-rectifiable, the same property holds for the approximate discontinuity set.
Actually, this rectifiability result is true in all two step sub-Riemannian groups, [73].
A section of the chapter recalls the representation formula on sub-Riemannian groups
(8.19). Our proof of this formula is taken from [66], where the general case of spaces
of homogeneous type is considered. This formula is an important tool in order to
obtain higher order differentiability. In Theorem 8.5.7 we prove that functions with
H-bounded k-variation are H%-a.e. k-approximately differentiable. The case k = 2
fits into a weak version of an Alexandrov type differentiability on sub-Riemannian
groups. In the last section we present some nontrivial example of functions with
H-bounded 2-variation, arising from inf-convolution of a suitable cost function.
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Chapter 2

Main notions

In this chapter we present a self-contained exposition of all basic materials we will use
throughout the thesis. In this way we provide also for the reader that is not familiar
with these notions by giving all necessary information required to enter safely into
the topic of the thesis. In order to clarify the generality of several notions, we have
divided the chapter into different sections that go from general metric spaces to the
richer structure of sub-Riemannian groups. Next, we present a brief overview of the
chapter.

In Section 2.1 we recall some elementary facts about measures in metric spaces.
We show a simple change of variable formula for Borel maps and we introduce the
general notion of doubling space. We present a standard covering theorem and an
estimate between measures by means of their reciprocal spherical density.

In Section 2.2 we present the so called Carnot-Carathéodory spaces, in short CC-
spaces. After some basic definitions of Differential Geometry we introduce the notions
of horizontal curve, horizontal gradient, horizontal vector field and characteristic
point, which come directly from the geometry induced by the “horizontal subbundle”.
We state the important theorem of Chow-Rashevsky, which says that connected
manifolds, where horizontal vector fields and their iterated commutators generate
the tangent bundle, are H-connected. Finally, in Subsection 2.2.1 we introduce sub-
Riemannian metrics on a CC-space, obtaining the notion of “sub-Riemannian mani-
fold”. We define the Carnot-Carathéodory distance, in short CC-distance, and we
provide some characterizations that connect different notions used in the literature.

In Section 2.3 we recall some general facts on nilpotent groups. A particular
attention is devoted to the Heisenberg group, that is the simplest nonabelian sub-
Riemannian group and represents a precious source of manageable examples. Sub-
sequently, we present the class of nilpotent groups that constitute the privileged
ambient on which we can extend most of the classical Geometric Measure Theory,
namely “sub-Riemannian groups”. The connection between sub-Riemannian mani-
folds and sub-Riemannian groups is given by the following result: the “tangent space”

23
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to a sub-Riemannian manifold is a sub-Riemannian group. Here the notion of tan-
gent space has to be considered in appropriate way, e.g. it is the limit of a sequence
formed by pointed metric spaces that correspond to the sub-Riemannian manifold
with dilated distance at the given point, see [15], [130], [135]. Sub-Riemannian groups
can be regarded as stratified groups with a left invariant metric. We will always con-
sider the class of left invariant metrics that respect the grading, namely “graded
metrics”. The assumption on the stratification guarantees that a sub-Riemannian
group is a particular example of CC-space. Via the graded metric we have a natu-
ral CC-distance, that turns out to be a homogeneous distance (Proposition 2.3.39).
Then any sub-Riemannian group has a privileged homogeneous distance, that is also
“geodesic” in the sense that the infimum of all lengths of rectifiable curves that con-
nect two points is equal to their distance. Another important subsection is devoted
to “graded coordinates”. Throughout the thesis we will see their important role in
the proof of many theorems. Basically, they can be thought of as privileged charts
to look at the group, where several objects introduced in the abstract group G can
be translated into R? with manageable computations. By means of graded coordi-
nates we can define polynomials on groups with an intrinsic notion of polynomial
degree. Homogeneous polynomials will be useful to obtain an explicit formula for left
invariant vector fields when translated into R? via graded coordinates, (2.42).

In Section 2.4 we present functions of bounded variation in sub-Riemannian
groups, namely H-BV functions. This notion can be stated in the general framework
of Carnot-Carathéodory spaces, [31], [69], and metric spaces, [134]. In our presen-
tation we use the horizontal divergence and the Riemannian volume, so one easily
recognizes that the variational measure associated to an H-BV function depends only
on the graded metric fixed on the group. We point out that the horizontal divergence
(Definition 2.4.1) is a differential operator independent of the graded metric. How-
ever, graded metrics have the following compatibility: the horizontal divergence is
equal to the Riemannian divergence when the last one is referred to a graded metric,
(Proposition 2.4.7). It turns out that the Riemannian divergence with respect to a
graded metric depends only on the horizontal subbundle and it is indeed indepen-
dent of the choice of the graded metric itself. This phenomenon occurs analogously
in Euclidean spaces with the canonical associated metric. An H-BV function that is
the characteristic map of some measurable subset yields a set of H-finite perimeter.
We introduce this class of subsets and the related concepts of generalized inward
normal and of H-reduced boundary. Due to a general result of L. Ambrosio, [5], the
H-reduced boundary is the set where the perimeter measure is concentrated.

In Section 2.5 we state some important results, as the coarea formula for H-BV
functions, the Poincaré inequality and the isoperimetric estimate. All these known
facts hold in general CC-spaces. Throughout the thesis these results will be applied
to sub-Riemannian groups.
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2.1 Some facts in metric spaces

In this section (X,d) and (Y, p) will denote two metric spaces. The set of extended
real numbers will be denoted by R = RU {400} U {—occ} and the family of subsets
of X by P(X).

Definition 2.1.1 A nonnegative function p : P(X) — R is a measure over X if for
any sequence of subsets (E;) C P(X) and any E € P(X) such that E C |JE; we
have
o0
pE) <> p(E;).

Jj=1

It is well known that there exists a o-algebra of p-measurable sets A,(X) C P(X)
where the measure y is countably additive.

Definition 2.1.2 (Borel measures) We denote by B(X) the smallest o-algebra
containing all the open sets of X. Elements of B(X) are called Borel sets. A measure
pon X is called a Borel measure if B(X) C Au(X). A Borel measure p such that
for every A C X there exists B € B(X) with A C B and u(A) = u(B), is said to be
a Borel regular measure.

Definition 2.1.3 Let u be a measure on X and N be a topological space. A map
f: X — N is measurable if for any open subset O C N we have f~1(0) € A,(X).
We say that f is Borel map if f~1(0) € B(X).

Remark 2.1.4 It is not difficult to recognize that if f : X — Y is Borel, then
fY(E) € B(X) whenever E € B(Y). It follows easily that compositions of Borel
maps are still Borel.

We recall that a measurable map F' : X — N, where N is either R or a normed
space, is called p-summable, with p > 1, if we have

[ 1F@IP dute) < +oc.
X

If p = 1 we simply say that F' is summable. The space of all p-summable maps
is denoted by Ly (X, N), sometimes we will omit either the symbols N or u when
N =R or u is the Haar measure of the locally compact group X.

Definition 2.1.5 Let u be a measure over X. The image measure of p under the
map F' : X — Y is defined as follows

Fyu(A) = p(F~(A)) forany ACY.

By previous definitions we can prove the following theorem.
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Theorem 2.1.6 Let FF : X — Y andu :' Y — N be Borel maps, u be a Borel
measure over X and uo F be either pi-summable or nonnegative. Assume that N is
either R or a finite dimensional space. Then for any B € B(X) we have

/ qud,u:/ wdFypu. (2.1)
F-1(B) B

Proor. First of all, we note that u o F' is a Borel map and that the image measure
Fyp is a Borel measure over Y. The latter assertion follows by the Carathéodory’s
criterion (see for instance 2.3.2(9) of [55]). Now, following a standard argument, we
check formula (2.1) on the class of finite linear combinations of characteristic maps
of Borel sets. Thus, considering the decomposition © = u™ — u~, where v, u~ > 0
and approximating «* and v~ with maps of this class our claim follows by the Beppo
Levi Monotone Convergence Theorem. O

Definition 2.1.7 Let u be a measure on X and let f : X — Y be a p-summable
map, where Y is either R or a finite dimensional space. We denote by f p the measure,
or vector measure, defined on any set A € A,(X) as follows

futa) = [ sdu.

Notice that up to this point we have used only the topology of X, without referring
to the distance.

Definition 2.1.8 (Metric ball) We denote by B,, = {y € X | d(y,x) < r} the
open ball with center  and radius r and we simply write B, = B, ., if some particular
element e of the space is understood. We will also write Bgyr to emphasize the
distance. For the closed ball D, , = {y € X | d(y,x) < r} of center z and radius r
we follow the same conventions adopted for open balls.

Definition 2.1.9 (Lipschitz functions) Let f : X — Y be a map of metric
spaces. We say that f is L-Lipschitz and if there exists a constant L > 0 such that

p(f(w), f(v)) < Ld(u,v) for any u,v € X .

The number L is a Lipschitz constant of f and Lip(f) is the infimum among all
Lipschitz constants of f.

Definition 2.1.10 (Rectifiable curves) Let I be an interval of R. We say that a
curve v : I — X is rectifiable if the following number is finite

ld(v):sup{ Zd('y(ti_l),v (t;)) |where t;_1 < t; forany i =1,...,nand n € N}.
j=1

The number 4(7) is the length of v with respect to the distance d of X.
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Definition 2.1.11 (Multiplicity function) Let f: AC X — Y and B C A. We
define the multiplicity function of f relatively to B asy — N(f, B,y) = #({f~(y)N
B}) € NU {+0o0}, where # indicates the cardinality of the set.

In the sequel we denote a metric space with a measure by the triplet (X, d, u) and
call it a metric measure space.

Definition 2.1.12 (Doubling spaces) Let (X,d,u) be a metric measure space.
We say that u is doubling if it is finite and positive on some open set and there exists
a constant C' > 0 such that for any ball B, 2, C X we have

N(BI,ZT) < ON(Bx,r)- (2.2)

In this case we say that (X, d, u) is a doubling space.

Remark 2.1.13 Notice that if p is positive and finite on some open set, the doubling
property (2.2) implies that it is finite on bounded sets and positive on all open sets
of X. Furthermore, it is standard to notice that iterating (2.2) one obtains constant
C’,s > 0 such that

$#(Bagr) < C't° ju(Byyr) (2.3)

forany z € G, r > 0 and ¢t > 1.

Throughout the thesis we will follow the standard convention to denote the averaged

integral
1
wdy = / wdp,
/E w(E) Jg

where E C X is p-measurable and u : E — R is either a p-summable or nonnegative
measurable map.

Definition 2.1.14 (Density points) Let (X, d, 1) be a metric measure space and
consider a p-measurable set A C X. We define Z(A) as the set of points z € X such
that

/ ladpy—1 as r—0".
Bz,'r
We call every element of Z(A) a density point.

Note that in a doubling space py-measurable sets have the property p (A \ Z(A)) = 0.
This follows by Theorem 2.1.22 stated in this section and Theorem 2.9.8 of [55].

Lemma 2.1.15 Let (X,d, ) be a doubling space and A C X. Then for any x € Z(A)
we have dist(y, A) = o(d(y,z)) as y — x.
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PRrOOF. We define ¢, = dist(y, A). If t, > 0 we have
By ty C B, Sty +d(x \ A

and the property = € Z(A) together with (2.3) yield

1 ty > s 1 ( ty ) s M(By,ty)
_ — B < —— "7
c (ty+d<x ) = O uBye) \by v dy)) P S B )
M(Bx Jty+d(z \ A)
U(B:(:,ty—i-d(x,y))

— 0" as r—0". O

The notion of density point allows us to introduce the measure theoretic boundary
of a set in a metric measure space.

Definition 2.1.16 (Essential boundary) Let (X,d, ;1) be a metric measure space
and let E C X. The essential boundary of E is the set

O'E ={p € X | pis a density point neither of E nor of X \ E'} .
We use the following notation to indicate the diameter of a set A in a metric space

diam(A) = sup d(z,y).
r,yeA

Now we recall the Carathéodory’s construction (see [55] for the general definition).

Definition 2.1.17 (Carathéodory measure) Let (X, d) be a metric space and let
F be a family of subsets of X. We fix @ > 0 and define for every ¢ > 0 the measures

Py (E) = Balnf{Zdlam a|ECUD1,dlam( )gt,DiG}"},
=1 =1
() = lim ® (E),
with £ C X and £, > 0. We assume that the family F has the following property
0, ' H* <P <O, H", (2.4)
where O, > 0 and H* is the Hausdorff measure built with F = P(X), B, = w, /2%,

7o/2 9) .
= d I'(s)= STe T dr. 2.5
Wy T+ a/2) an (s) /0 r¥ e " dr (2.5)
For instance, if F is the family of closed (or open) balls and 8, = w,/2%, the cor-
responding measure ®% satisfies the latter estimate with ©, = 2% Indeed, in this
case ®% is the well known spherical Hausdorff measure, denoted by S®. Sometimes
we will also write both Hj or S to emphasize the dependence on the distance d we
have used to build the measure.
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Definition 2.1.18 (Hausdorff dimension) Let E be a subset of a metric space
(X,d). We define the Hausdorff dimension of E as the following number

H—dim(E) = inf {& > 0 | H*(E) =0} .

Now we state an important coarea estimate that holds for Lipschitz maps between
metric spaces. In fact, after a work of Davies [46], the assumptions in paragraph
2.10.25 of [55] can be removed.

Theorem 2.1.19 (Coarea estimate) Let f: X — Y be a Lipschitz map of met-
ric spaces and consider A C X, with 0 < P < Q. Then the following estimate
holds

/ HOP (AN F() (e < Lip = D). (20)
v W,

The symbol [* denotes the upper integral (see for instance [55]). We can easily
transform (2.6) using our measures ®* from Definition 2.1.17, obtaining
/ 9P (AN F71(9) do7(©) < Lip(f) T2 04 p OO0 2%(4).  (27)
Y Q

The following definition is taken from 2.8.16 of [55].

Definition 2.1.20 (Vitali relation) Let 1 be a measure on a metric space (X, d).
We say that a family of Borel sets V C P(X) is a u- Vitali relation if for any C C V
and A C X such that for any x € A

inf {diam(S) | SeC,x € S} =0,

then the family {S | S € C, x € S, x € A} has a countable disjoint subfamily F such

that
ﬂ(A\ U s) ~0.

SeF

Definition 2.1.21 (Asymptotically doubling measures) Let u be a Borel mea-
sure, that is finite on bounded sets of X. We say that u is asymptotically doubling
on X if for p-a.e. p € X we have

B
lim sup M( p)xor)

< +0o0
r—0+ /’L(Bpﬂ")

for some Ao > 1 (and thus for any A > 1).

In view of Theorem 2.8.17 of [55] we state the following result.
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Theorem 2.1.22 Let u be an asymptotically doubling measure on X, which is finite
on bounded sets and such that

B
lim sup 7,u( m”\r)

< +00
r—0+ M(Bx,r)

for some A > 1 and p-a.e. x € X. Then closed balls of X form a wp-Vitali relation.

Remark 2.1.23 By virtue of Theorem 2.1.22 the family of closed balls of X is a
p-Vitali relation whenever (X, d, u) is a doubling space.

The next lemma is a simple variant of Lemma 2.9.3 in [55], where we replace the
Borel regularity of v with the absolute continuity with respect to p.

Lemma 2.1.24 Let v and p be measures that are finite on bounded sets of X, where
v is absolutely continuous with respect to p. Assume that the family V of closed
balls is a p-Vitali relation and that p is Borel reqular. Then for any o > 0 and any
u-measurable set

Dzr
AC{xEXUiminfy( r) <a}
r—0 /,L(D:CJ«)

we have v(A) < apu(A).
PrOOF. First of all, we fix € > 0. By Theorem 2.2.2 of [55] and the fact that yu is

Borel regular and finite on bounded sets it follows that there exists an open subset
O such that u(O \ A) <e. Let us consider the family of closed balls

v(Dy )
=3 Dy, A, : ,
C { , CO’xe (Do) <a}

and notice that by our assumptions, defining I, = {r | By, € C} we have inf I, =0
for any * € A. Thus, by the p-Vitali property there exists a countable disjoint
subfamily {D,, ., } C C such that

,LL(A\ U Dmﬂj) =0.

jeN

Utilizing the absolutely continuity of v and the previous equation we get

v(A) < aZM(DIj,Tj) = au( U ij,rj) <apO) <ap(A)+ae
j=1 JjeN

and letting e — 0% we achieve our claim. O
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2.2 Carnot-Carathéodory spaces

Throughout the section, we will denote by M a smooth manifold with topological
dimension gq. We start recalling some elementary notions of Differential Geometry.

Definition 2.2.1 Let M and N be smooth manifolds and let 2 C M be an open
subset. We denote by C*(2, N), k > 1, the set of k-times continuously differentiable
maps f : @ — N and we define C*(, N) = (ien (o CF(Q,N). If N = R we

simply write C*(M).

Definition 2.2.2 (Vector fields) We denote by I'(T'M) the linear space of smooth
sections of T M, that is a module over C*°(M).

The space I'(T'M) can be identified with the space of all derivations D!(M), see
Theorem 1.51 of [75], where we can define the differential operator

f— XY -Y(X[f)=[X.Y]f (2.8)

for any X,V € DY(M) and f € C*°(M). This operator is indeed a derivation, so
we have uniquely defined the corresponding vector field [X,Y] € I'(T'M ), namely the
Lie bracket of X and Y. This product has the following properties:

1. the map I'(TM) x I(TM) — T'(TM), (X,Y) — [X,Y] is bilinear

2. [X,Y]+[Y,X]=0 (antisymmetric property)

3. (X, [V, Z)|+ [V, [Z, X]] + [Z,[X,Y]] =0 (Jacobi identity) .
Then I'(T'M) has a natural structure of infinite dimensional Lie algebra.
Definition 2.2.3 (Image of vector fields) Let f : M — N be a C! diffeomor-

phism of differentiable manifolds and let X € I'(T'M). Then the image of X under f
is the vector field of I'(T'N) defined for any n € N as follows

£ X (n) =df(f ' (n) (X (£71(n))) -

Remark 2.2.4 If we read the vector fields in terms of derivations it is not difficult
to recognize the following rule

foXu=[X(uo f)]of! (2.9)

for any u € C1(N).
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An easy relation connects Lie bracket of vector fields with their image through a
diffeomorphism:

[f*X,f*Y] :f*[X7Y] (2.10)

whenever f: M — N is a diffeomorphism and X,Y € I'(T'M). This formula easily
follows checking its validity for the corresponding derivations.

Definition 2.2.5 (Horizontal subbundle) A horizontal subbundle is a distribu-
tion of subspaces H,M C T,M, for any p € M, that is locally generated by a set of
Lipschitz vector fields. The collection of all subspaces is denoted by HM. We will
say that HM is either a smooth, C* or Lipschitz horizontal subbundle if the locally
defining vector fields have the corresponding regularity.

We mention that in the terminology of Nonholonomic Mechanics, smooth horizontal
subbundles are called “differential systems” or simply distributions, [181]. Notice
that the dimension of H,M may depend on the point p.

Definition 2.2.6 (Horizontal vector fields) Let HM be a horizontal subbundle.
We denote by T'(H M) the space of sections of HM that possess the same regularity
of HM. The space I'.(HM) denotes all elements of I'(HM ) with compact support.
A section of I'(H M) is called horizontal vector field.

Definition 2.2.7 (Horizontal gradient) Let (M, g) be a Riemannian manifold
with a C! horizontal subbundle HM and let u € C'(M). We denote by py the
fiberwise orthogonal projection of TM onto HM. The horizontal vector field Vgyu €
['(HM) defined by

du(p) o pu(X) = g(p)(Vau, X)

for any p € M and X € T,,M is called the horizontal gradient of u.

Definition 2.2.8 (Characteristic points) Let M be a C! manifold with horizon-
tal subbundle HM and let ¥ C M be a hypersurface of class C' with p € ¥. We say
that p € ¥ is a characteristic point of ¥ if H,M C T,%. The characteristic set of X,
denoted by C(X), is the subset of ¥ which contains all characteristic points.

Definition 2.2.9 (Horizontal normal) Let (M, g) be a Riemannian manifold with
a horizontal subbundle HM and let ¥ C M be a hypersurface of class C! with p € 3.
Let v(p) be a unit normal of ¥ at p. We define vy (p) = pu (v(p)) to be the horizontal
normal of X3 at p.

Proposition 2.2.10 Let ¥ be a C hypersurface of (M, g) with horizontal subbundle
HM. Then p € C(X) if and only if vg(p) = 0.
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PROOF. Suppose that vg(p) = 0 and assume by contradiction that there exists
w € Hy,M \ T,X. Then we can write w = u + Av(p), with XA # 0 and v € T,X. Let
pp : T,M — H,M be the projection associated to the scalar product g(p) on T,M.
Hence we have

w=pg(w) =pg(u) +Apu (v(p)) = pu(u) + Ava(p) = pu(v) =u+ Av(p),
that yields the following contradiction
pr(W)]* = [u+Av(p)* = [ul” + A [v(p)* = |pr(w)]* + A [v(p) .

Now suppose that H,M C T,5. We know that v(p) is perpendicular to 7,3, then it
is perpendicular to H,M. O

Definition 2.2.11 (Horizontal curve) A horizontal curve is an absolutely conti-
nuous map 7 : [a,b] — M, with —oo0 < a < b < +o0, such that +'(t) € H, ;M for
a.e. t € [a,b].

Definition 2.2.12 (H-connectedness) A smooth connected manifold M with ho-
rizontal subbundle HM is horizontally connected, or in short H-connected, if any two
points of M can be joined by a horizontal curve.

Definition 2.2.13 (CC-space) We say that a smooth H-connected manifold M is
a Carnot-Carathéodory space, or in short a C'C-space.

We have assumed only Lipschitz regularity on the vector fields of HM for different
reasons. There are simple examples of CC-spaces where the system of vector fields
is Lipschitz but it is not smooth. We mention the so called Grushin plane (R?, HR?)
where H (Ivy)RQ is generated by 0, and A(x)dy, where X is a nonnegative and noncon-
stant Lipschitz map, that is C'' outside the origin. Many important results such as
Poincaré inequalities, Harnack inequalities and the De Giorgi-Nash regularity Theo-
rem were obtained in general versions of the Grushin plane, see [62], [63].

Another reason comes from the theory of degenerate elliptic equations. In fact, if
the matrix A = (a%) of the second order derivatives is smooth with rank less than or
equal to m, with m < ¢, then the operator can be decomposed as a sum of m squares
of Lipschitz vector fields. This form is particularly convenient when the vector fields
are smooth, where if the condition of Definition 2.2.14 is satisfied, then hypoellipticity
holds for such operators [99]. However, even if vector fields are only Lipschitz it is
possible to define Sobolev spaces with respect to them and to obtain a wide variety
of embedding theorems and Sobolev-Poincare’ inequalities. This is a wide subject of
increasing interest, with contributions of many authors. We address the reader to
the recent monograph [91], where an exhaustive list of reference is given.

A well known condition that ensures the H-connectedness in the smooth case is
the following.
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Definition 2.2.14 Let HM be a smooth horizontal subbundle of M. Then we say
that HM satisfies the Chow condition if for any p € M the Lie algebra generated by
H,M with respect to the Lie product of vector fields coincides with T,,M.

The proof of H-connectedness in the assumptions of Definition 2.2.14 is due to W.L.
Chow and to P.K. Rashevsky independently, [38], [160]. See also [99], [117] and the
recent approaches of [15], [86].

Theorem 2.2.15 (Chow-Rashevsky Theorem) Let M be a smooth connected
manifold, such that HM satisfies the Chow condition. Then M is H-connected.

A complete characterization of systems of vector fields that yield H-connectedness is
given in [176].

Remark 2.2.16 If the Chow condition holds and we assume in addition that at any
point p € M the Lie algebra generated by HM at p is nilpotent of step less than
or equal to ¢, for some positive integer ¢, we have the following estimate (in local
coordinates)

|z —y| < d(z,y) < Clz—y|'* forany z,ye K c M, (2.11)

where K is a compact and C' is a dimensional constant depending on K, see [149].

2.2.1 CC-distance

In this subsection we characterize the CC-distance of a CC-space with respect to
different points of view adopted in the literature.

Definition 2.2.17 (Sub-Riemannian manifold) Let (M, HM) be a smooth ma-
nifold with a horizontal subbundle. A quadratic form g on T'M

TM > (p,W) — g(p, W) € [0, +0]

such that the restriction gy is Lipschitz regular on HM is called a sub-Riemannian
metric on M. We call the triplet (M, HM, g) a sub-Riemannian manifold.

The previous notion of sub-Riemannian metric is taken from [15].

Definition 2.2.18 Let 7 : [¢,d] — M be a horizontal curve. The length of v with
respect to the sub-Riemannian metric g is defined as follows

b
ly(v) = / g(y(t),(t)) dt .
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Definition 2.2.19 (CC-distance) Let (M, HM, g) be a sub-Riemannian manifold
and let p,p’ € M. We denote by H,, the set of horizontal curves that connect p
to p/. The Carnot-Carathéodory distance, in short CC-distance, between p and p’ is
defined as follows

p(p,p') = inf {lg(7) | v € Hpp }

where we assume that inf ) = +oco.

It is clear that any CC-space has finite CC-distance.

Now we want to emphasize the importance of the CC-distance in connection with
sub-elliptic PDE’s. This is another feature that illustrates how CC-distance naturally
fits the intrinsic geometry induced by H M. Following [56] we will define the distance
associated to a sub-elliptic operator £ on M in local coordinates

q q
N 52

+—j£:ly(x)z§1—+-c(x), (2.12)

Ty

8$i$j j=1

where the controvariant matrix (¢ (zr)) is symmetric and nonnegative.
Definition 2.2.20 We say that V € T, M is a subunit vector if
ViV <a(p).

An absolutely continuous curve v : [¢,d] — M, with —co < ¢ < ¢ < +o0, is a
subunit curve if 4/(t) is a subunit vector for a.e. t € [c, ].

The above definition does not depend on the coordinate system that we consider
and can be expressed in a more intrinsic way considering a(z) = a"(z) 0,,®0,; as

a semidefinite metric on the cotangent bundle T*M. So the condition of being a
subunit vector is equivalently expressed as follows

(n,V)? < a(p)(n,n) (2.13)
for 1-form n € T, M*.

Definition 2.2.21 Let a be a semidefinite metric on T*M. For any couple of points
p,p’ € M the a-distance between p and p’ is

da(p,p’) = inf {c’ —c |7 :le,d] — M is a subunit curve which connects p with p’ }

where we assume that inf ) = +o00.
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To understand the role of d,, we mention the following remarkable result due to
C.Fefferman and D.H.Phong, [56], where it is proved that the condition

’x - y’ S C da(x7y)g

for some € > 0 is equivalent to the sub-elliptic estimate

q
Julfye < (1l + [ 3 oY @)z, da) (214)

ij=1

where a is the semidefinite metric on 7% M associated to the operator £ as in (2.12).
The subelliptic estimate (2.14) in turn implies the hypoellipticity of £ (see also [117]).
Now, via the Legendre transformation we define the sub-Riemannian metric asso-
ciated to the controvariant semidefinite metric a, as it is done in [15].

Definition 2.2.22 Let a be a semidefinite metric on T7*M. The sub-Riemannian
metric associated to a is defined as follows

ga(p,V) = sup {2<777V> - a(p)(nm)} :
nely M*

By definition of g, one can verify that it is a sub-Riemannian metric on M. We check
the homogeneity of degree 2. For each A > 0 we have

9a(D, AV) = Sup {2<77A‘1,A2V> - a(p)(n,n)}

= sup {2(n.X2V) = Na(p)(m,m) } = N ga(p, V).
€T, M*

Lemma 2.2.23 A vector V € T,M is subunit if and only if g.(p,V) < 1.

PROOF. Suppose that V' € T,,M is a subunit vector, then we have

9a(p, V) <2(n, V) —a(p)(n,n) <2(n, V) — (n,V)? < 1.

Viceversa, if we assume by contradiction that V' is not subunit, then there exists a
linear map 79 such that

(o, V)* > a(p)(no,mo) -

Up to a multiplication by a positive constant we can suppose that (o, V) = 1. It
follows that

9a(p, V) = 2(n0, V) — a(p)(no,m0) > 2(no, V) — (o, V)> =1,

so the proof is complete. O
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Theorem 2.2.24 Let p, be the CC-distance associated to g,. Then we have d, = p,.

PROOF. Let p,p’ € M be such that d,(p,p’) < oo and let ¢ > 0. There exists a
subunit curve 7 : [¢, ] — M that connects p and p’ such that ¢ — ¢ < d,(p,p’) +&.
By Lemma 2.2.23 it follows

@ww=/c¢%muxw@>§d—a

then pa(p,p’) < do(p,p’) + € and letting ¢ — 01 we have the first inequality. Now
suppose that p,(p,p’) < oo and consider € > 0. We can find a curve 7 : [0,1] — M
with L = l4(y) < pa(p,p’) + €. We define the nondecreasing maps

t
A0 = [ VGG, hs) = inf {t] A1) = s}

where A : [0,1] — [0, L], h : [0, L] — [0,1] and Ao h =1d[g ). We define the set
F ={se€|0,L]| either A or ~ is not differentiable at h(s)} .

If we denote by G the set of points where either v or A\ are not differentiable we have
h(F) C G and F C A(G). By the absolutely continuity of A and the fact that G is
negligible we conclude that F' has vanishing measure. Now, defining I'(s) = 7 o h(s)
it follows that for a.e. s € [0, L]

1= X(h(s) W'(s) = V/ga(y(h(s)), 7' (h(s)) B'(s) = V/ga(T(5), I (s))

Again, by Lemma 2.2.23 the curve I is subunit, then dy(p, p") < po(p,p’) +¢. Letting
e — 0T the thesis follows. O

As we have mentioned previously, a smooth symmetric nonnegative matrix (a/) of
rank less than or equal to m, can be decomposed locally as a product of Lipschitz
matrices (a”) = CCT, where C is a m x ¢ matrix, m < ¢, see [15]. If we define X,
with j = 1,...,m as the columns of C, then it is easy to check that

m

a(p)(n,m) =Y _ (0, X;(p))*. (2.15)

=1

Lemma 2.2.25 Assume that vectors {X;(p) | j = 1,...,m} in (2.15) are linearly
independent. Then v € T,M s a subunit vector if and only if v =Y /%, anj(p),
with Y1 (a?)? < 1.

PROOF. Suppose that v satisfies (2.13). We prove first that v is a linear combination
of (X;(p)). Reasoning by contradiction, if v ¢ span{X;(p),..., X (p)}, then there
exists a linear map n such that (n,v) # 0 and (n,X;) = 0 for any i = 1,...,m.
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In view of (2.15) and (2.13) the previous conditions give a contradiction. Then
v=>",a’X;(p) for some constants a’, with j = 1,...,m. Again, conditions (2.15)
and (2.13) imply

m 2 m
(Z aj(anﬁ) <, X;)?
=1 j

Jj=1

for any linear map 7. By the fact that {X;(p)} are linearly independent we deduce
that > (a’)? < 1. The opposite implication follows easily from Cauchy-Schwarz
inequality. O

Remark 2.2.26 In view of the previous lemma the distance d, corresponds to the
common notion of CC-distance defined with respect to a set of Lipschitz vector fields
{Xj(p) | 4 = 1,...,m}, see for instance the definitions used in [79], [100], [118].
Notice that when a semidefinite controvariant metric a is given, the notion of d,
clearly does not depend on the particular choice of vector fields that we use to define
locally the controvariant metric a itself.

Now we consider that case when the H,M has a fixed dimension m < dim(M) for
any p € M. We assume to have a sub-Riemannian metric ¢ on M. By the Gram-
Schmidt procedure it is possible to construct locally a set of orthonormal vector
fields {X;(p) | j = 1,...,m}. By these vector fields we can define a semidefinite
controvariant metric a by formula (2.15). Notice that this definition does not depend
on the orthonormal basis we consider. It is easy to check that

o) (X X5 (0). D X)) = 0 (p D I X(0)) = Y ()
i=1 i=1 i=1 i=1
So, in view of Theorem 2.2.24 and Lemma 2.2.25 we obtain the following result.

Theorem 2.2.27 Let (M, HM,g) be a sub-Riemannian manifold and assume that
dim(H,M) =m < dim(M) for any p € M. Then for any p,p’ € M we have

pp,p) =inf{d —c|v€S,p,v:[c;d] — M},

where the p is the CC-distance and S,y 1s the family of absolutely continuous curves
v i [e,d] — M such that v(c) = p, ¥(<) = p' and ¥'(t) = 10, I ()X, (v(1)), for

some system of orthonormal vector fields under the condition > 1w, (¢/)? < 1.

In the previous theorem we have characterized the CC-distance between two points
p,p) € M as either the infimum among “times” of subunit curves or the infimum
among lengths of horizontal curves, where both of them connect p and p’.
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2.3 Nilpotent groups

Let G be a second countable and locally compact Lie group, i.e. a differentiable
manifold with a smooth group operation G x G — G, (g,h) — g *h. It is well
known that there exists an analytic structure on G such that the above map is
analytic, [178]. Classical examples of Lie groups are the following:

1. the Euclidean space E" under the additive operation.
2. the unit circle S' under the product operation of complex numbers.

3. the manifold GL,(R) of all non-singular real matrices under matrix product
operation

4. the submanifold O, (R) C GL,(R) of all orthogonal matrices.

Definition 2.3.1 (Left translations) Let G be a Lie group and let p € G. The left
translation associated to p is the diffeomorphism [, : G — G defined as {,(w) = pw.

Note that the group of left translations is a subgroup of Diffeo(G) and it is isomorphic
to G. We will use the symbol e to denote the unit element of the group.

Definition 2.3.2 (Left invariance) We say that a vector field X € I'(TG) is left
invariant if for any p € G we have dl, (X (e)) = X(p). The linear space of all left
invariant vector fields of G will be denoted by G.

Remark 2.3.3 Notice that Definition 2.3.2 provides also a way to construct left
invariant vector fields starting from tangent vectors of T.G. It suffices to define
Xy(p) = dl,(e)(v) for any p € G when v € T,G and check that X, is a left invariant
vector field. Then the map v — X, is a isomorphism between 7,G and G, so the
dimension of G is equal to the topological dimension of G.

We also observe that if we look at vector fields as differential operators, the left
invariance can be stated requiring that for any v € C*°(G) and any p € G we have

X (woly) = (Xu)ol,,
where X € G.

Definition 2.3.4 (Lie algebra) We say that a finite dimensional vector space g is
a Lie algebra if there exists an antisymmetric bilinear map

gxXg—9, (X,Y)—>[X,Y]7

such that the Jacobi identity holds (see properties of the Lie bracket in Section 2.2).
A linear subspace a C g is a Lie subalgebra of g if [X,Y] € a for any X,Y € a.
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By formula (2.10) it follows that the Lie bracket of left invariant vector fields is still
left invariant, hence G is a finite dimensional Lie subalgebra of I'(T'M).

Example 2.3.5 Let us consider the space of n x n real or complex matrices gl,, with
the product operation
[A,Bl=A-B—B-A,

for any A, B € gl,. The space gl,, with this product operation is a Lie algebra.

Broadly speaking, the Jacobi identity replaces the associative property of the product
operation on a ring. Indeed, given an associative algebra u we can always build a Lie
algebra structure on it, defining [v,w] = v-w — w - v for any v,w € u. We mention
that due to a deep result of Ado any finite dimensional real (or complex) Lie algebra
can be characterized as the Lie algebra of a subgroup of GL,(R) (or GL,(C)), for
some positive integer n, see [178].

Now, in order to introduce the exponential map in Lie groups we consider the
following system of O.D.E.

atq)(pat) =V ((I)(pa t))
{ P(p,0) =p (2.16)

where V' € G. The flow ® associated to this system is defined on all of R. In fact, if
we consider ®(e,-) defined on some interval [0, b], we observe that ®(p,-) = p- ®(e,t)
is again defined on [0, 5], so ® (®(e, b/2),t) = (e, b/2)P(e,t) = P(e,t + b/2) can be
extended [0, 0], then ®(e,-) can be defined on [0,3b/2], and so forth. It is clear that
this argument can be repeated analogously on the left half line. Thus, we can give
the following definition.

Definition 2.3.6 For any V € G we define the map exp : G — G to be
exp(V) = @(e, 1),
where ® is the flow associated to the system (2.16).

Remark 2.3.7 Notice that this definition of exponential map involves only the dif-
ferentiable structure of G and it does not refer to any metric on G.

Definition 2.3.8 (Nilpotent group) Consider a Lie algebra g and two subspaces
a,b C g. We define [a, b] to be the subspace of g generated by all linear combinations
of elements [X,Y], where X € a and Y € b. For each £k € N\ {0} we define by
induction the following sequence of subspaces
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The family (g(k))kzl is called the descending central sequence of g. If there exists
a positive integer ¢ such that g(LH) = 0 we say that g is a nilpotent Lie algebra,
precisely g is t-step nilpotent. The integer ¢ is called the step of g, or the degree of
nilpotency of g. We use the same terminology for Lie groups whose Lie algebra is
nilpotent.

Remark 2.3.9 Notice that if g is ¢-step nilpotent, then for each 1 < j < ¢ the
subalgebra gt ig strictly contained in g@).

An important theorem for simply connected nilpotent Lie groups holds, see for in-
stance Theorem 1.2.1 of [40].

Theorem 2.3.10 Let G be a simply connected nilpotent Lie group and let G be its
Lie algebra. Then the exponential map exp : G — G is a diffeomorphism.

Due to the preceding theorem we can define the inverse map In = exp™!

connected nilpotent groups.

in simply

Remark 2.3.11 It is a standard fact that for any A € gl,(R) the function

(o)
Ak
A _ lalll
e’ = o (2.17)
i=0
is the exponential map of GL,(R), according to Definition 2.3.6. If we restrict the
exponential map to the orthogonal subalgebra o,(R), that corresponds to the Lie

group of orthogonal matrices O, (R), i.e.
exp : 0,(R) — O, (R),

we have an example where the exponential map is not a diffeomorphism. This follows
observing that O, (R) is a compact topological space.

It is possible to get an explicit representation of simply connected nilpotent Lie
groups. Precisely, for any nilpotent Lie algebra g of topological dimension ¢, there
exists an isomorphic Lie algebra G C I'(TR?) of polynomial vector fields that can
be constructed explicitly from the Lie bracket relations, see Proposition 2.4 of [107].
These vector fields yield the polynomial group operation on R?, which makes it a Lie
group with algebra G.

To get this operation we proceed as follows: let Y7, Y5, ..., Y, be the vector fields
which induce the nilpotent structure in R? and consider the O.D.E.

{ 0P (x,t) = 31, y'Yi (@(2,1))
&(z,0) ==z
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The flow (x,y,t) — ®(x,y,t) defines the group element § = ®(0,y,1) € RY, and
the group operation in RY is given by

9= (®0,2,1),y,1) .

The nilpotence of vector fields and their polynomial expression imply that the opera-
tion above has a polynomial form. It turns out that R? endowed with this polynomial
operation is a nilpotent group with Lie algebra isomorphic to g. So we can associate
(in a noncanonical way) to any nilpotent algebra g a simply connected Lie group R?
with the same nilpotent algebra. This means that we can identify a nilpotent group
with R? together with a polynomial operation. In Definition 2.3.13 we will see in
detail how can be made precise this identification.

Next, we will state the remarkable Baker-Campbell-Hausdorff formula, where
a relation between vectors of the algebra and the product of their corresponding
exponentials is established. In the sequel we will say shortly BCH formula.

Theorem 2.3.12 (Baker-Campbell-Hausdorff formula) Let X,Y € G, where
G 1is the nilpotent Lie algebra of a simply connected group G of step ¢ and define

In (eprepr) =X0oY.
Then we have

L
IRl G Ve (AdX)* (AdY)P ... (AdX)* (AdY)Pr—1(Y)
X©Y_nzln 2 alBla+ B !

(2.18)
1<]al+|8I<t

where for any Z € G the map AdZ : G — G is the linear operator defined by
AdZ(W) = [Z,W] and for any o € N™ we have assumed the convention o! = [, oy
and o] =Y ay.

Now, to better clarify the BCH formula we state it for groups of step 3. In this case
for any X,Y € G we have
[Xa [Xa YH — [Y7 [Xa Y]]

[X’;/} + 5 : (2.19)

XeY=X+Y +

Definition 2.3.13 (Exponential coordinates) Let G be simply connected nilpo-
tent Lie group and let (Wy,...,W,) be a basis of G. We define the diffeomorphism

F:R?I— G as .
F(y) = exp (Zysz)
=1

We say that (F,W) is a system of exponential coordinates associated to the basis
W = Wi,...,W,).
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In the following theorem we recall the uniqueness of the simply connected Lie group
associated to a Lie algebra, see [187].

Theorem 2.3.14 Let G and M be simply connected Lie groups with isomorphic Lie
algebras. Then there exists a group isomorphism between G and M.

Remark 2.3.15 Since the map exp : G — G is a diffeomorphism for simply con-
nected nilpotent Lie groups, the operation © defined in (2.18) makes exp a group
isomorphism, which allows us to identify the algebra with the group. It is immediate
to observe from formula (2.18) that

In(z™') = —In(z) for any =z € G.
It is enough to observe that AdZ(Z) = 0 whenever Z € G.

Now we introduce a particular class of nilpotent Lie algebras, where it is possible to
define a one parameter group of dilations.

Definition 2.3.16 (Graded algebra) We say that a Lie algebra G is graded if it
can be decomposed as the following direct sum

G=Vi® --aV,, 1eN, (2.20)

with Viy1 C [V;, V4] for any @ € N\ {0} and V; = {0} for any j > «. A Lie group whose
Lie algebra is graded is called graded group. The decomposition (2.20) is called the
grading of the group. If G is the simply connected group associated to G, we define
for every p € G the subspace of degree k at p as follows

HIG = {X(p)‘X EVi} CT,G,

we also write H,G = H;G. We denote by Vi, = exp Vi, C G the space of elements in
G of degree k=1,...,¢.

Remark 2.3.17 Notice that any graded group is in particular nilpotent and the
positive integer ¢ is the step of the group. This fact holds because the group is
assumed finite dimensional.

The grading property guarantees the existence of a one parameter group of dilations.

Definition 2.3.18 (Dilations) Let G be a graded algebra. Then for any r > 0 we
define the map 9§, : G — G as

or(v) = ZL: g,
i=1
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where v = 2;21 v; and v; € V; for any ¢ = 1,...,¢t. We can extend dilations also for
negative parameters ¢ < 0
515(7)) = —(5|t|’U .

The sign map is defined as o¢(v) = d;/;v whenever ¢ # 0. Dilations and the sign map
can be read on the group as expod,oln and expooroln. For the sake of simplicity,
we will denote them with the same symbol.

The above definition of dilation comes in a rather natural way. It suffices to consider
the unique extension of the standard dilation w — 7w on V to an algebra homomor-
phism of G. This yields just Definition 2.3.18 and allows us to see that 6, : G — G
is an algebra homomorphism, i.e. 4, is linear and satisfies ¢, (v ©® w) = d,v ® §,w for
any v,w € G. The one parameter group property d,s = 6,005 with r,s > 0, comes
from the fact that compositions of algebra homomorphisms are still algebra homo-
morphisms. Notice that by Definition 2.3.18 and Remark 2.3.15if x € Gand t < 0
we have dix = 5|t‘:c*1.

In the terminology of [59] we give the following definition.

Definition 2.3.19 (Stratified algebra) A graded algebra G with grading
G=Vie---aV,, teN,

is called stratified if for any i € N\ {0} we have Vi1 = [V;, V1], where V; = {0} for
any j > t. A Lie group whose Lie algebra is stratified is called stratified group.

Definition 2.3.20 The horizontal subbundle associated to a graded group is defined
as follows
HG = | | H)G. (2.21)
peG

Remark 2.3.21 With the previous definition it is easy to notice that the horizontal
subbundle HG of a stratified group satisfy the Chow condition (Definitions 2.2.14),
so all stratified groups are CC-spaces.

All notions of Section 2.2, as horizontal curve, horizontal vector field, character-
istic point and so forth, are understood for all graded groups, regarded as smooth
manifolds endowed with the horizontal subbundle HG defined in (2.21).

The H-connectedness of stratified groups can be stated in a more precise way using
the group operation and dilations. This is done in the following proposition, whose
proof is essentially taken from Lemma 1.40 of [59].

Proposition 2.3.22 (Generating property) Let G be a stratified group and let
(v1,v2,...,0m) be a basis of V1. Then there exists a positive integer v and an open
bounded neighbourhood of the origin U C RY such that the following set

.
{H exp(asv;,) | (as) C U} , (2.22)
s=1
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where is =1,...,m and s =1,...,7, is an open neighbourhood of e € G.

PROOF. By the fact that G is stratified, for any j = 2,..., ¢ there exists a set of multi-
indices A; C (I,)’, with I, = {1,2,...,m}, such that for any o = (41,...,1;) € A;
we have 17 <ip < --- <ij; and (Ua)aeA]- is a basis of V;, where we have denoted

Vo = [+ [ [Vig, Vig], Vig s - - - 5] -

We write [z,y] = zyz~ly~! for any z,y € G to denote the commutator of group
elements. Utilizing formula (2.19) that amounts to consider the first terms of (2.18)
we can recognize that

pu(expY) = [exp Y, expv] = exp ([Y,v] + R(Y,v)),

where R(Y,v) contains terms in both Y and v of order higher than 2, in the sense
that these terms appear in the iterated Lie products more than twice. We identify
the Lie algebra G with the tangent space T.G, obtaining dy,(0)(Y) = [Y,v] for every
Y € G. By the chain rule formula for composition of differentiable maps we obtain

d (v © pw) (0)(Y) = [[Y; w], o],

where ¢, 0 p,(expY) = [[expY,expw],expv] and v,w € G. Now, for every j =
2,...,¢and every o € A; we define
A (expY) = [+ [ [expY; expos,], expuig), .., expu,]
where a = (i1, 42,...,7;). By previous considerations we get
de? (0)(Y) = [---[[Y, vip), 5], - - - v,

We consider the map ¢ : R? — G defined as

L

o(Suted + 33 i) = (TLestton) TT TT bt
=1 =1

Jj=2 a€A; j=2a€cA;

where {e} | | = L...omyu{e |j=2...,,,ac A;} is a basis of R? and ! is
the first component of the integer vector a. Thus, for every [ = 1,...,m, every j =
2,...,vand every a € A; we have Gy}(b(O)(vl) = v and 8y£¢(0)(va1) = vq. It follows
that the differential d¢(0) is invertible and the map ¢ maps an open neighbourhood
of R? onto an open neighbourhood of e € G. To reach the form (2.22), for every
Jj=2,...,tand every a = (i1, 12,...,i;) € A;, we develop the iterated commutators
as an ordered product

Nj
[+ [[exp iy, exp vy, ], exp i), . . . ,expvy,| = H exp(os v, )
s=1
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where N; = 2071221 5 € {—1,1} and ks € {i1,i2,...,i;}. Then we define

EJ(b%) H exp(bS vg,)

where b* = (b7, b5, . . .,b?\,j) € RYi and

(Hexp blvl)H H EJ(b%),

J=20€A;

where b=Y"" ble} + Z] 2 Dac A, ZS 2,b% e € RY withy =m + 25:2 n; N; and
dim V; = n;. The map E : RY — G takes in particular the values of ¢, hence there
exists a neighbourhood of the origin in R that is mapped onto a neighbourhood of
e € G through the map E. O

2.3.1 The Heisenberg group

In this subsection we describe the most simple example of nonabelian stratified Lie
group, namely the Heisenberg group.

Definition 2.3.23 A Lie algebra with a basis (X1, ..., Xy, Y1,...Y,,T) that satisfies
relations

[Xi, Xj] =0, [YHYJ} =0, [va Y]] =aTl’, (2.23)
for some aw € R\ {0} and every i,j = 1,...,n, is called Heisenberg algebra and it is

denoted by ho,41. The Heisenberg group H?"H! is the simply connected nilpotent
Lie group associated to hoyp1.

In the following proposition we see that the algebraic structure of the Heisenberg
group does not depend on «, up to group isomorphisms.

Proposition 2.3.24 For any o # 0 the Heisenberg algebra Ho,11 yields a unique
simply connected group H?" ! up to group isomorphisms.

PrOOF. For any a # 0 let (X{,..., X3, Y, ... Y,% T%) be a basis of ha,y1 that
satisfies
(X X7 =0, [V%Y7]=0, [X;,Y]=aT". (2.24)
Let A, be the Heisenberg algebra associated to the basis defined above and let G,
the simply connected nilpotent group associated to A,. We define the Lie algebra
homomorphism L : A, — A; such that
Tl
LXM) =X}, LYM=Y', L{T"=—.
o

Then by Theorem 2.3.14 the Heisenberg group G, is isomorphic to G;. O
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Remark 2.3.25 By relations (2.23) and the Jacobi identity we get immediately that
[X;, T] = [Y;,T] =0 for any i = 1,...,2n. Therefore ha,1 is a nilpotent Lie algebra.
Defining

Vi =span{Xy,..., X,,,Y1,...Y,} Vo =span{T'}

we also see that hopy1 is a 2-step stratified Lie algebra. The group of dilations is
easily described

(X)) =rXi, 6,(Y))=rY;, 0(2)=1"T
forany i =1,...,n.

The Heisenberg algebra can be realized in different ways. We start considering the
subalgebra of gl,,(R) constituted by all the upper triangular (n+2) x (n+ 2)-matrices
of the following form

0 1 @2 - xp (
0 0 -+ -+ 0 1
o . oy
. , (2.25)
0 0 - .oy,
O 0 -+ --- * 0

which correspond to vectors (71" + Z?:l x; X; +v;Y;. The Lie product of matrices
restricted to that of the form (2.25) gives relations (2.23) with a = 1. By formula
(2.17) we get a realization of H?" ! as a subgroup of GL,2(R), where any element
of H?"*! can be represented as follows

1 1 20 -+ 2z (
0 1 «+ -+ 0
. . o
: (2.26)
o o0 --- . 1 Yn
00 -+ .- 0 1

and the group operation is given by the standard matrix product.

Another way to realize ha, 11 is to consider 2n+1 vector fields in R?" !, satisfying
the commutator relations (2.23). There is not a unique choice for such vector fields.
We can consider for instance the following

[0 «
X = a;cj — §yj 8(, Y; = 8yj + ixj 8@, T = 8< (2.27)

X;=0,, Y;=0,+az;0, T=0. (2.28)
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Both systems of vector fields (2.27) and (2.28) satisfy relations (2.23). Now we
want to obtain the explicit form of the group operation in H?"*! with respect to
the exponential coordinates corresponding to the system (2.27). We use directly the
definition of exponential map in the same way we have done in Section 2.3. Let us
consider the ordinary differential system

V) = 36X 0) + s (),

that can be written as follows

Yty =&, i=1,...,2n
7(0) =n

When 1 = 0 it is straightforward that v(1,0,£) = &, then

n
J=1

To compute the group operation we use the fact that for any ¢ = 1,...,2n we have
Yi(t,n, &) = n; + t&;. Tt follows the equation

n
a
Va1 (t:1,€) = Eant1 + 5 > it — Einnti»
i=1
so we have
a n
Yon+1(1,m,€) = Nant1 + Eana1 + 3 Z§n+i$i — &iMnti -

i—1

We have obtained the following group operation

n
(0]
n-€= (771 + &1, mon + Eony Mont1 + Song1 + ) § Envini — & ?7n+z‘> . (2.29)
i=1

Then the group operation of H?"*! with respect to exponential coordinates of the
basis (2.27) is given by (2.29).

Remark 2.3.26 The preceding calculation could have been accomplished also with
respect to the basis (2.28). In this case we would have had a different expression of
the group operation. However, Proposition 2.3.24 guarantees that these two different
operations yield isomorphic groups, i.e. the same Heisenberg group.



2.3. NILPOTENT GROUPS 49

Remark 2.3.27 If we choose the exponential coordinates corresponding to o = —4
we can use the complex notation to write the group operation in C" x R, that is
identified with R?"*1. We denote n = (z,s) and ¢ = (w,t) where z,w € C" and
s,t € R. Then formula (2.29) yields

(z,8) - (w,t) = (z +w,s+t+2Im(z, w)) , (2.30)
where (,) denote the Hermitian product in C".

To understand the “twisted structure” of nonabelian nilpotent groups we will show
that the 3-dimensional Heisenberg group cannot be realized as a product of proper
subgroups.

Proposition 2.3.28 The Heisenberg group H? is not isomorphic to any product of
two nontrivial Lie groups.

PROOF Let us assume by contradiction that H? is isomorphic to G x G, where
dim(G;) > 1 and G; is the Lie algebra of G; for i = 1,2. It follows that G; is 2-
step nilpotent and dim(G;) < 2 for any ¢ = 1,2. These conditions imply that G;
is abelian, ie. [X,Y] = 0 for any X,Y € G;. This is trivial when dim(G;) = 1.
When dim(G;) = 2, taking a basis (X,Y) of G;, we suppose by contradiction that
[X,Y] = AX + pY with A # 0. By hypothesis we get [Y,[X,Y]] = 0 = A X that
implies the contradiction A = 0. We reason in the same way if © # 0. Then G; and
Go are abelian Lie algebras. It follows that G; x Gs is abelian and G x Go is also.
This would imply that H? is abelian, hence the isomorphism above cannot occur. O

2.3.2 Sub-Riemannian groups

In the sequel any Lie group will be assumed connected and simply connected.

Definition 2.3.29 Let G be a Lie group. A left invariant metric on G is a Rieman-
nian metric such that all left translations of the group are isometries.

Throughout the thesis g will denote a left invariant metric on G, if not otherwise
stated. When it will be clear from the context we will also use the simpler notation

(X,Y)p,=9(p)(X,Y) forany X,Y € T,,G. (2.31)

Definition 2.3.30 (Graded metric) Let G be a graded group. We say that a left
invariant metric g on G is a graded metric if all subspaces V; C G of the grading are
orthogonal each other.

Throughout the thesis the Riemannian volume with respect to g, seen as a measure
over G, will be denoted by v,. We point out that if d, is the Riemannian distance
associated to g we have vy, = ’Hgg, see 3.2.46 of [55]. When a left invariant metric is
understood the norm of a vector X € T}, M with respect to the metric will be denoted

simply by [X] = /g(p)(X, X).
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Definition 2.3.31 (Sub-Riemannian group) We say that stratified group G is a
sub-Riemannian group if it is endowed with a graded metric.

Throughout the thesis we will use the term “sub-Riemannian group” when we are
using its metric structure, otherwise we will use the term “stratified group”.

Remark 2.3.32 Notice that the notion of horizontal gradient of Definition 2.2.7 can
be written more explicitly in a sub-Riemannian group. In fact, if we consider a C*
map u :  — R, where Q C G is an open set and we fix an orthonormal frame
(X1,...,X) of V1, we have

m

Vau(z) = Z Xiu(x) X;

i=1

and the expression clearly does not depend of the frame.

Definition 2.3.33 (CC-distance) Let G be a sub-Riemannian group with a graded
metric g. We define ¢ as the restriction of g on V; and as 4+oc otherwise. According to
Definition 2.2.17 g is a sub-Riemannian metric over G. Regarding G as a particular
CC-space we define the CC-distance of G referring to Definition 2.2.19, where the
sub-Riemannian metric is given by g.

Remark 2.3.34 By virtue of Theorem 2.2.27 the CC-distance between two points
w,w’ € G corresponds to the infimum of all T > 0 such that v : [0,7] — G is
horizontal, v(0) = w, v(T) = w" and for a.e. t € [c,d] we have

Y1) =) ) X; (1),
j=1

where >, ¢j(t)? <1 and (X;) is an orthonormal basis of V4. Notice that the latter
notion of distance is currently used in general Carnot-Carathéodory spaces, see for
instance [79], [100], [118].

In the following definition we single out a class of distances that are compatible with
the geometry of graded groups.

Definition 2.3.35 (Homogeneous distance) Let G be a graded group. A homo-
geneous distance on G is a continuous map d : G x G — [0, +-00[ that makes (G, d)
a metric space and has the following properties

1. d(z,y) = d(uzx,uy) for every u,z,y € G (left invariance),

2. d(0yz,0;y) = rd(x,y) for every r >0 (homogeneity) .
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We simply write d(x) = d(x, e), where e is the unit element of the group.

Throughout the thesis it will be always understood the use of a homogeneous distance,
if not otherwise stated.

Remark 2.3.36 Note that the symmetry property d(z,y) = d(y,z) and the left
invariance imply that d(z) = d(z~!) for any x € G. The homogeneity of homogenous
distances yields for any r > 0 the relation

6By = B,, (2.32)

where B, is the metric ball with respect to an arbitrary homogeneous distance. Thus,
we can write a metric ball B),, with respect to a homogeneous distance as pd,B.

Proposition 2.3.37 Let d and § be homogeneous distances on G. Then there exist
two positive constants C1 and Co such that for any x,y € G we have

PROOF. We define the sphere S = {z € G | §(x) = 1} and the numbers

C1 = min dle,y) Oz = max d(e,y).

By the fact that d(e, -) is strictly positive and continuous on S the numbers C; and
C5 are positive constants. By property 2 of homogeneous distances we get

Cl (5(67 y) < d(ea y) < CQ 5(67 y) )
for any y € G. Now the left invariance (property 1) leads us to the conclusion. O

Example 2.3.38 We present an example of homogeneous distance that is used in
[71] to obtain explicit calculations in the Heisenberg group.

Let us consider the Heisenberg group H?"*! endowed with the exponential coordi-
nates (F, (X;,Y;, Z)), where the only nontrivial bracket relations are [X;,Y;] = —4Z2
for any i = 1,...,n. For any element p € H?"*! we adopt the complex notation
F~Y(p) = (2,t) € C" x R. In these coordinates the group operation reads as in
formula (2.30). Define the map N(z,t) = max{|z|, [t|"/?} and N = No F : H* — R.
Now, for any p, ¢ € H>"*! we consider the continuous map

do(p.q) = N(p™'q).
It is easy to check that ds is left invariant. We also have

N(6yp) = N(rz,r%) = rN(z,t) =rN(p),
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that yields the homogeneity. We notice that F(p~!) = —(2,t), so N(p) = N(p™})
and the symmetry property of d follows. Now, to prove the triangle inequality it
suffices to prove that
N(pg) < N(p) + N(q) -
Denoting F~1(p) = (2,t) and F~1(q) = (w, s) we obtain
N(pg) = ma{ |2 + w], |t + s + 2m(z, w)|/2).
If N(pq) = |z + w|, we have
N(pq) < || + |lw| < N(p) + N(q).
If N(pq) = |t + s + 2Im(z, w)|*/?, we have
N(pa)* < [t] + [s| +2|w| |2] < N(p)* + N(g)* +2N(p) N(q),
S0 dso is a homogeneous distance on H?"*1.

Proposition 2.3.39 Let p be the CC-distance of a sub-Riemannian group G. Then
p s a homogeneous distance.

ProOF. By Remark 2.2.16 the continuity of p follows. The left invariance of g implies
that translations l, : G — G, p € G, are isometries, so horizontal curves are moved
into horizontal curves preserving the velocities. From this we get

pllyw,lw') = p(w,w') for any peG,

that yields the left invariance of p. To prove the homogeneity let us consider a
horizontal curve 7 : [¢,d] — G that connects w and w’ and define I' = ¢, o 7. Since
6 X = rX whenever X € V] we see easily that [IV(¢)| = r |7/ (t)| for a.e. t € [¢,d],
then 1,(T") = rl4(7). The last equality yields p(d,w, 6,w’) =7 p(w,w’). O

Throughout the thesis we will also utilize the classical notions of jacobian and coarea
factor in finite dimensional Hilbert spaces, [6]. Note that these spaces formally cor-
respond to abelian sub-Riemannian groups.

Definition 2.3.40 (Jacobian) Let G and M be Hilbert spaces with dimensions ¢
and p, respectively. Let L : G — M be a linear map and assume that ¢ < p. The
jacobian of L is the following number

Jy(L) = +/det(L*o L),
where L* : M — G is the adjoint map.
Definition 2.3.41 (Coarea factor) Let G and M be Hilbert spaces with dimen-

sions ¢ and p, respectively. Let L : G — M be a linear map and assume that g > p.
Then the coarea factor of L is the following number

Cp(L) = /det(L o L*),

where L* : M — G is the adjoint map.
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2.3.3 Graded coordinates

Graded coordinates represent a privileged system of coordinates that fits the geometry
of the group. Here we present their main properties.

Definition 2.3.42 (Adapted basis) We denote n; = dimV; for any j = 1,...,¢,
mo = 0 and m; = 23:1 n; for any ¢ = 1,..... We say that a basis (Wy,...,W,) of
G is an adapted basis, if

(ij,1+17 ij,1+27 cey WmJ)
is a basis of Vj for any j =1,...¢.

Definition 2.3.43 (Graded coordinates) Let G be a graded group. A system of
exponential coordinates (F, W) associated to an adapted basis of G will be called a
system of graded coordinates. Posing F(y) = exp (Zgzl ini), we define for any
i =1,...,q the degree of the coordinate y; as d; = j + 1, if mj; <7 < mjyg.

Remark 2.3.44 We emphasize the attention on the fact that whenever a graded
metric on the graded group is considered together with a system of graded coordi-
nates, then it is understood that the adapted basis of the system is orthonormal with
respect to the graded metric. It is also understood that any graded metric on a graded
group admits a system of graded coordinates with respect to an orthonormal basis.
So, whenever a graded metric is considered on the group the system of graded coor-
dinates will be understood with respect to an orthonormal adapted basis. We also
mention that Definition 2.3.43 has a natural generalization in Carnot-Carathéodory
spaces, see [15], [130].

Definition 2.3.45 (Coordinate dilations) Let (F, W) be a system of graded co-
ordinates. We say that the maps A, : R? — R?, with r > 0, defined as

q

A(©) =) 1Y e, (2.33)

j=1
where (e;) is the canonical basis of RY, are coordinate dilations with respect to (£, W).

Notice that coordinate dilations constitute a one parameter group with the product
Ars = Ao Ag for any r,s > 0.

Remark 2.3.46 Note that coordinate dilations commute with F' as follows
FolA,=6,0F. (2.34)

In the following proposition we analyze the relation between the Lebesgue measure
in graded coordinates and the Riemannian volume.
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Proposition 2.3.47 Let G be a graded group and let (F, W) be a system of graded
coordinates. Then we have the formula FyL? = v,.

ProoOF. We know that F : R? — G is a smooth diffeomorphism. Let A be a
measurable set of R?. By the classical area formula and taking into account the left
invariance of both vy and F}L? we have

¢ LI(A) = vy(P(4)) = /A T, (dF(€)) d

for some constant ¢ > 0. Then f 4 Jq(dF') = c for any measurable A. By continuity
of & — Jy(dF(£)) we obtain that J,(dF'(§)) = c for any £ € R9. We know that
F = expoL, where L(¢) = Y1 | & W; and (W;) is an orthonormal basis of G. Since
the map dF'(0) = dexp(0)oL = L has jacobian equal to one, then ¢ = 1 and the thesis
follows. O

The previous proposition and the notion of coordinate dilation allow us to establish
an explicit formula for the Hausdorff dimension of a graded group endowed with a
homogeneous distance. We have

vg(Bpyr) = vy(By) = ¢ LYAFH(B,)) = ¢ LYF'6,(By)) (2.35)
=cLINFY(By)) = 1@ LYFY(By)) =19 vy(By) . (2.36)

The first equality of (2.35) follows by the fact that left translations are isometries
with respect to the left invariant Riemannian metric, the third equality of (2.35) is
a consequence of (2.32), the first equality of (2.36) follows by (2.34) and the second
equality of (2.36) is due to a simple computation of the jacobian of A,. In fact, by
Definition 2.33, a simple calculation shows that 7, (A,) = r? and we have the formula

L
Q=> jdimV;. (2.37)
j=1
Then we have prove that
vg(Bpr) =19 vg(B)) (2.38)

for every p € G and r > 0, where @ is given by formula (2.37). Applying the
classical result of Theorem 2.56 in [6] we can conclude from formula (2.38) that Hg
is finite and positive on open subsets of G, hence the Hausdorff dimension of G is
equal to (. This fact is true for an arbitrary homogeneous distance. Furthermore,
by left invariance of homogeneous distances it follows that 7—[32 is proportional to vg.
Throughout the thesis, it will be always assumed that the Hausdorff measure on a
graded group is built with respect to a homogeneous distance and we will omit the
symbol d when it will be clear from the context.
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Polynomials on groups

Via graded coordinates we review some basics about polynomials on groups, see
Chapter 1.C of [59].

Definition 2.3.48 (Polynomials) Let (F,TW) be a system of graded coordinates
of G. We say that a function P : G — R is a polynomial on G if the composition
PoF' is a polynomial on RY.

Notice that if (F, W) is another system of graded coordinates the map F~loF:
R? — R? is a linear. Thus, P o F' is a polynomial if and only if P o F' is also and
the previous definition does not depend on the fixed graded coordinates.

Definition 2.3.49 Let p; : R? — R be the canonical projection z — z;. We
define the graded projections associated to a system of graded coordinates (F, W) as
n;(s) = p;j (F~1(s)) for any s € G. We will also use the simpler notation z; = z;(s).

Note that any polynomial of G can be expressed in the form

P(s) = can®(s), (2.39)

acA

where n® = H?:1 n;lj is a monomial of graded projections and A is a finite subset of
N4,

Definition 2.3.50 We associate to a monomial of graded projections n® the follow-
ing integer

q
degp (1) =) _djay.
j=1
The homogeneous degree of a polynomial P with expression (2.39) is defined as follows
degy (P) = max {degy; (1)} -

We denote by P ,(G) the space of polynomials of homogeneous degree less than or
equal to k.

For instance, in the Heisenberg group H? with graded coordinates (z,y,t) with respect
to the basis (X,Y,T) with [X,Y] = T, the polynomial P(x,y,t) = t> — 2> has
homogeneous degree equal to 4.

Proposition 2.3.51 The homogeneous degree of a polynomial does not depend on
the choice of graded coordinates.
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PROOF. Let (F, W) and (F,W) be two system of graded coordinates. We have the
linear relations

q
E A;?a?]ek,

15=1

n
MQ

q
Wy=> AiW,,  Flo
k=1

e
Il

< k < myg,, due to the fact that (W;) and (W;) are
adapted bases. Then the ¢ x ¢ matrix A = (A;") has ¢ diagonal blocks of dimensions
n; for any ¢ = 1,...,t, where ¢ is the step of the group. Let us consider a monomial
of graded projections % = x® with respect to the system (F,W) and represent it

with respect to (E, W)
Qg
H (Z A¥ x]> .

k=1

where Ag‘? = 0 for any mg,_,

Since the matrix A is invertible with diagonal blocks for any k = 1,..., ¢ there exists
A;?k # 0, with di_1 < ji < di. Moreover, in the sum ZZ:1 Aé? #J we have A? =0
whenever d; # dj,. It follows that

q Xk
degH (ZA?%J> :dkak.

k=1

As a result, observing that the homogeneous degree is additive on products of poly-
nomials we obtain that

k k
degy(z deakudegH (ZAka> = degy (H <2Akx]> ) .
k=1
By the general representation (2.39) the latter equality yields our claim. O

Remark 2.3.52 It might be misleading to try to determine the homogeneous degree
of a polynomial expressed with respect to coordinates that are not graded, but only
of exponential type (Definition 2.3.13).

Consider the simple polynomial P o F(x,y,t) = t of H®, where (F, (T, X,Y)) are
exponential coordinates and [X, Y] = T. It might naively seem that the homogeneous
degree of P is two, if one does not look carefully to the order of the basis. But, if we
represent P with respect to the graded coordinates (F, (X,Y,T)) we obtain

PoF(a,yt)=PoF ((F~ o F)yt))
and F~!o F(z,y,t) = (t,x,y), hence
Po F(x,y,t)=PoF((t,x,y)) =y,

now it is clear that the homogeneous degree of P is one.
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Definition 2.3.53 (Homogeneous degree) A polynomial P : G — R is homo-
geneous of degree a > 0 if P(d,s) = r* P(s) for any s € G and r > 0.

Note that all polynomials of homogeneous degree 0 are constants. In fact, if P :
G — R is of homogeneous degree 0, we have

Pof,oF=PoFoA,=PoA,:RI — RY
and P(A,z) = P(z) implies
dP(z) = dP(Ayz) o Ay — 0 as 7 —0F

for any x € R, hence P is a constant function and P is also.

Left invariant vector fields

Here we obtain a standard representation in R? of left invariant vector fields in G via
graded coordinates. To get this representation, we will basically follow the approach
adopted in [174], Chapter XIII, Section 5.

Let us fix a system of graded coordinates (F, ). We aim to obtain an explicit
canonical representation of the vector fields Wy, = F.'W,, € T'(TRY) for any k =
1,...,q. We will need to consider translations read on R? and a representation of the
BCH formula (2.18) in graded coordinates.

Definition 2.3.54 (Coordinate translations) Let (F, W) be a system of graded
coordinates and choose x € R?. We say that the map

lo =F 'olpyyoF : R — R
is the coordinate translation of x with respect to (F, W).

Now we write the coordinate translation I, in graded coordinates:

Loy =F~' (F(x) F(y) = Y Piz,y) ¢ (2.40)

Jj=1

where by formula (2.18) we know that P; are polynomials. Let us check that P; are
homogeneous polynomials of degree d;. We have

Sy Pilwy) 1 e = A (S0, Piey) e) = A (F7H (F(x) F(y)))
= FL (6, (F(2) F(y))) = F~ (6, F(@)8,F (y)) = F~* (F(A,2) F(Ary))
= 23:1 Pj(ArfEa Ary) €5,
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hence from both the first and the last term of the chain of equalities we deduce
Pj(Arz, Avy) = rdi Pj(z,y).

The first observation is that W, is left invariant with respect to coordinate trans-
lations, due to the fact that Wp, is also left invariant with respect to translations.
Utilizing the representation of vector field W as a derivation on a smooth map
¢ : R? — R and considering the translated map y — @ o L (y), we obtain

Wip(@) = 9y, (¢ = Oa,0(2) 9, 1(0).

J=1

We deduce from (2.40) that E)yklZ(O) = 0y, Pj(x,-)(0) = ay;(x) and the homogeneity
yields

140, Piav)| = O Pi(Aee Ay)| = 1% 0y Py(Ar, )(0),

hence the polynomials ay; are of homogeneous degree d; — di,. As a result, noting
that dj > d; implies ay;(x) = 0 and that dj, = d; yields day;(x) = 0 for any x € RY,
we conclude that

Wio(a Z Ouyo(x) erg + Y Oayp() (), (2.41)
dk<d

where ci; are constants. Now we use the condition

Wip0) = 5 [po F 4 exp )] | = Sotten)| = 0rl0).

t=0 - dt t=0

The last formula, together with (2.41), the condition ay;(0) = 0 whenever dj, < d;
and the arbitrary choice of ¢, yield that

q

Wk(ﬂ(l’) = J:kSD Z 831;] ak] ) = 8Ik90(x) =+ Z aa:j (p(m) akj(x) .

dk<d j:mdk+1

From condition aj(A,z) = r%~% ay;(z), with d; — dj, > 0, we deduce that variables
x; with d; > d; — dj, cannot appear in the polynomial expression of ay;, then ay; does
not depend on x; whenever d; > d;, i.e.

akj(z) = akj(z1,. .., Tj-1).
Finally, we have proved that

q
Wy = (9mk + Z akj(xl, e ,:L'j_l) 8% . (2.42)
Jj=mq, +1
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2.4 H-BYV functions

Throughout the section we will denote by €2 an open subset of G.

Definition 2.4.1 (Horizontal divergence) Let (Xi,...,X,,) be a basis of left in-
variant vector fields of V4 and let ¢ € T'(HQ). Writing ¢ = >, ¢? X, the horizontal
divergence (in short H-divergence) of ¢ is defined as follows

m
divyg ¢ = Zchpj.
j=1

Remark 2.4.2 In previous definition it is not used any Riemannian metric. Further-
more, it does not depend on the basis (X1, ..., X,,). Let (Y1,..., Yy ) be another basis
of left invariant vector fields of V1. Then we have the relations X; = cé-Yh where c;- are

constants. Supposing that ¢ = 70", WX; = > i (Zf;l cé cpj>Yj =3 &Y;,
we have

divg o= Vigl = Y Vi(chl) = > Vgl =) Xl
=1 i.j=1 ij=1 j=1

Definition 2.4.3 (H-BV functions) We say that a function v € L'(f) is a func-
tion of H-bounded variation (in short, a H-BV function) if

|Dgul|(Q2) := sup {/ udivge dvg | ¢ € T (HSQ), |¢| < 1} < 00,
Q

We denote respectively by BVy(Q2) and BV],. ;(€2) the space of all functions of
H-bounded variation and of locally H-bounded variation.

Remark 2.4.4 Notice that in the definition of H-BV function we have employed
the Riemannian volume. However, in view of Proposition 2.3.47 our notion of H-BV
function coincides with the usual one adopted in the literature once it is interpreted
as referred to a system of graded coordinates.

Precisely, let us read the vector fields X; € I'(H2) in RY, defining X, =F !X, ¢
[(TY), where (F, W) is a system of graded coordinates and Q = F~1(Q) c R9. We
consider ¢ = ZTzl W/ X; € T(HQ), where ¢' = "o F for any i = 1,..., m. Formula
(2.9) yields

Xip' = F7'Xi(p' o F) = (Xip') o F

for any ¢ = 1,...,m. As a consequence of Definition 2.4.1, we have established

(divigp) o F = X;¢7, (2.43)
j=1
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consequently, by (2.1) and Proposition 2.3.47 it follows that

Q Q Q i

where & = wo F' is the H-BV function read in graded coordinates. The last expression
in the chain of equalities corresponds to the standard definition given in the literature,
see [31], [69], [71], [72], [79].

Remark 2.4.5 The use of a left invariant metric reveals some advantages when one
looks for some symmetry properties on the group. We will see in Chapter 5 that the
existence of a large class of horizontal isometries on the group depends on the choice
of the graded metric.

In Subsection 2.3.1 we have seen that different bases (2.27) and (2.28) induce
isomorphic representations on the Heisenberg group. But this correspondence is not
longer true from a metric point of view when we regard these bases are orthonormal.
In fact, if we consider the graded metrics g; and g on ho,41 such that (2.27) and
(2.28) are orthonormal bases, respectively, it is clear that the metrics g; and g9 are
different. Now, if we think of A C R? as a measurable subset in G with respect to the
coordinates (2.27) we will not see the different value of the measure taking coordinates
associated to (2.28). This apparently ambiguous situation can be clarified considering
indeed different sets Fj(A) and F»(A) in G, where (Fy, W) and (F»,S) are systems
of graded coordinates associated to the bases (2.27) and (2.27), respectively.

We also observe that in view of Remark 2.4.2 the Definition 2.4.3 is independent of
any frame of vector fields. As a result, the variational measure |Dpu| depends only
on the restriction of the left invariant metric g to H}.

By Riesz Representation Theorem we get the existence of a nonnegative Radon
measure |Dyu| and a Borel section v of HQ such that |Dgul-a.e. we have |v| =1
and for any horizontal vector field ¢ € I'(HQ2) we have

/ udivgp dvg = —/ g(¢,v)d|Dyul . (2.44)
Q Q

Some remarks here are in order, since the canonical Riesz theorem deals with linear
operators on spaces of continuous functions. In this case the space is I'(H2) and
we have used the scalar product in each fiber of the tangent spaces (indeed, strictly
speaking v should be thought of as a section of the cotangent bundle). Using local
coordinates it is not hard to prove the extension of Riesz theorem we have used. The
“vector” measure v |Dgul, acting on bounded Borel sections ¢ of H) as in (2.44) is
denoted by Dpyu. Splitting |Dgu| in absolutely continuous part |Dgu|* and singu-
lar part |Dgul® with respect to the volume measure, we have the Radon-Nikodym
decomposition Dyu = DYu + Diu, with DGu = v|Dgul®, Djju = v|Dyul®. We
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denote by Vyu the density of D% u with respect to the volume measure HC. Note
that

/ Vaudvy =v|Dyul|*(E)
E
for any E € B(2). Therefore the Borel map Vyu is a section of HS.

Remark 2.4.6 For a.e. z € Q we have
o ID3l(Ue)

r—0t r@

=0.

Indeed, notice that from Radon-Nikodym Theorem we get a Borel subset N C 2
such that |[N| = 0 and |D%u|(N¢) = 0. Therefore, if we had a measurable subset
A C Q, with |A] > 0 and
D3u|(U.
o sup 2] (U
r—0+ ’U1| e

for any x € A we would get A’ C A and A > 0 such that |[Dju|(A") > A|A'| > 0, see
for instance Theorem 2.10.17 and Theorem 2.10.18 of [55]. Hence

>0,

Diul(A'\ N) = AA'\ N| >0,
which contradicts |Dj;u|(N€) = 0.
Proposition 2.4.7 For every orthonormal basis (X1, ..., X,,) of HQ we have
div¢ = divg o,

where ¢ € T'(HSQ) and div is the Riemannian divergence with respect to a graded
metric.

PROOF. We complete the horizontal orthonormal frame (X ..., X,,) to an orthonor-
mal adapted basis (X1 ..., X, Yimy1,...,Yy), so we are considering a graded metric.
By definition of Riemannian divergence we have

q

dive=TrDp = > g(Dx,6, X:) + > 9(Dy,6,Y:)

=1 i=m+1

where D is the Riemannian connection. We choose ¢ € I'(HS?), with the represen-
tation ¢ = Y i, ¢' X; for some smooth functions ¢’. By properties of Riemannian
connection (using the summation convention) we have

9(Dx, ¢, X;) = 9(Xi¢' X; + ¢'Dx, X1, X;) = Xi¢' + ¢'9(Dx, X1, Xi)

g(DXz‘leXi) = 9([Xi7XlLXi) + Q(DXlXi’Xi) =0.
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The last equation holds because [X;, X;] € V5 is orthogonal to X; € V; and
29(Dx, Xi, Xi) = X; (9(X;, X;)) =0.
Reasoning as above we get
9(Dy,0,Y;) = g(Yi¢' X; + ¢' Dy, X,,Y;) = ¢! g(Dy; X, Yi) = 0,
and this completes the proof. O

In view of Proposition 2.4.7 the H-divergence in Definition 2.4.3 can be replaced by
the Riemannian divergence with respect to a graded metric (see Definition 2.3.30).
This independence of the particular frame of vector fields cannot occur in general
CC-spaces. In fact, the lack of a homogeneous structure forces the use of a particular
frame of vector fields. However, with this fixed frame it is possible to construct a
nonnegative matrix A(x) (which should be interpreted as a degenerate Riemannian
controvariant metric) and introduce the space BV4(f2), similarly to ours when we
replace the divy with the Riemannian divergence, see Definition 2.1.5 and Proposi-
tion 2.1.7 of [69].

Definition 2.4.8 We say that a measurable set £ C 2 has H-finite perimeter in 2
when

Py(E,Q) = |0E|g(Q2) = sup{/EdiVHgb dvg ‘ P eT(HQ), || < 1} < 00.

If Q = G we simply say that E has H-finite perimeter.

We will use both the notations Py (E, ) and |0E|g to denote the perimeter measure.
By previous discussion, Py (F, A) is the restriction to open sets A of a finite Borel
measure in Q. It is clear that if £ has H-finite perimeter in Q and 15 € L'(Q), then
1p € BV () and |Dylg|(F) = Pu(E, F), for any Borel set F' C €.

For a set of H-finite perimeter it is possible to introduce the notion of generalized
inward normal.

Definition 2.4.9 (Generalized inward normal) Let E be a set of H-finite peri-
meter in €. The generalized inward normal to E is the measurable section vg of H)
such that Dyglg = vg ’DH]-E‘

By the standard polar decomposition (Corollary 1.29 of [6]) we have that |[vg(p)| = 1
for |Dylgl-a.e. p € Q. and the formula of integration by parts (2.44) gives

/ divy dv, = — / (6, vp) d|OE| 1 . (2.45)
E Q
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Now we point out some compatibility properties of the perimeter measure with re-
spect to dilations and translations. Let E be a set of H-finite perimeter. Thus,
directly from definition of perimeter measure we obtain

0E|1(5:A) = 97110 (61, E) [m(A) and  [0E|m(l,A) = [0 (I, E) [1(A) (2.46)

for any open set A C G. Clearly, these properties can be extended with no difficulties
to any |0F|g-measurable set of G.

Definition 2.4.10 (H-reduced boundary) Let E be a set of H-finite perimeter
in Q. We say that a point p € (2 belongs to the H-reduced boundary of E if

lim vg d|OE|g = vg(p) and |vg(p)| =1. (2.47)

r—0+ Bp.r
The H-reduced boundary of E is denoted by O,y FE.

By a recent result of L. Ambrosio, [5], the H-perimeter measure is an asymptoti-
cally doubling measure, according to Definition 2.1.21. This result holds in a metric
measure space that admits a (1, 1)-Poincaré inequality and it is Ahlfors regular with
respect to the distance. In a sub-Riemannian group the previous conditions hold
for the CC-distance p of the group. Now we point out that if the asymptotically
doubling property holds for (X, u, p), then for any bilipschitz equivalent d the space
(X, i, d) is asymptotically doubling, according to Definition 2.1.21. Thus, for any ho-
mogeneous distance of the group the H-perimeter measure is asymptotically doubling
and by Theorem 2.1.22 the family of closed balls in G form a |0E|g-Vitali relation
with respect to any homogeneous distance. In view of Theorem 2.9.8 of [55] and
the previous discussion it is clear that for any homogeneous distance and |0F|y-a.e.
p € G the conditions (2.47) hold. Thus, the H-reduced boundary 0.gE is defined
independently of the homogeneous distance up to |0E|g-negligible sets and we have

|OE|g(G\ 0« E) =0. (2.48)

2.5 Some general results

In this section we recall some important general theorems that will be used in the
thesis. The open ball of center z and radius r with respect to the CC-distance of
the group will be denoted by U, ,. For the sake of simplicity we will simply write
|A| = v4(A), for the Riemannian volume of measurable subsets.

We start recalling the coarea formula for H-BV functions, see [69], [79], [134],
[141].
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Theorem 2.5.1 (Coarea formula) For any u € BVy () the following formula
holds

Duul(@) = | 0B In(2) dt. (2.49)
where By = {x € Q | u(z) > t}.

A crucial tool in the Analysis on sub-Riemannain groups is the Poincaré inequality.
This theorem holds for general vector fields that satisfy the Chow condition, see [100].

Theorem 2.5.2 (Poincaré inequality) There exists a constant C > 0 such that
for any C*° smooth map w : Q@ — R and any ball U, compactly contained in €2,
we have

/ lw(z) —wy,,|dz < Cr|Dgw|(Us,) . (2.50)
Um,r

Now, we state an important theorem about the smooth approximation of H-BV
functions, see either Theorem 2.2.2 of [69] or Theorem 1.14 of [79].

Theorem 2.5.3 (Smooth approximation) Letu:Q — R be an H-BV function.
Then there exists a sequence (uy) of smooth functions such that

1. u, — u in LY(Q);
In view of (2.50) and Theorem 2.5.3 we obtain the following theorem.

Theorem 2.5.4 Let w : Q0 — R be a locally H-BV function. Then for any ball Uy,
compactly contained in  we have

/ lw(z) —wy,,|dz < Cr|[Dyw|(Us,) . (2.51)
Uz,'r

An important consequence of (2.51) is the local isoperimetric inequality for sets of
H-finite perimeter.

Theorem 2.5.5 (Isoperimetric estimate) Let E be a set of H-finite perimeter.
Then for any U, C G we have

min{|Us,, N E|, [Ups \ E|} < Cr Py(E,Us.,). (2.52)

It is a general fact that the Poincaré inequality (2.50) implies a Sobolev-Poincaré
inequality, see for instance Theorem 2 of [66] or Theorem 1.15 (II) of [79]. This
inequality can be extended to H-BV functions via Theorem 2.5.3.
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Theorem 2.5.6 Let w: ) — R be a locally H-BV function. Then

1/1%
X Dygw|(Uy.r
(/ lw(z) —wy,, |! ) <Cr D wl(Us.r) ﬁU‘( | r) , (2.53)

whenever Uy, is compactly contained in Q and 1* = Q/(Q — 1).
The following theorem is a consequence of Theorem 1.28 and Theorem 1.15 of [79].

Theorem 2.5.7 (Compact embedding) Let U be a Carnot-Caratheodory ball of
G. Then for any q € [1,1*] the inclusion BV (U) — L4(U) is compact.

Proposition 2.5.8 Let f : R™ — R be a Lipschitz map which vanishes at the origin
and let uw € [BVg(Q)]™. Then fou:Q — R is a H-BV function and

n

|Dp(fou)| < Lip(f) D [Dpu'l. (2.54)
=1

PROOF. Let ¢ be a standard mollifier in R™ and consider fi(x) = f*¢e, — f % ¢¢,(0)
for z € R, with e, — 0" as k — oo. Then, fx(0) = 0 for any k € N, (f)
converges to f uniformly on bounded sets of R™, the Lipschitz constants of fi are
uniformly bounded by the Lipschitz constant of f. Now, we take smooth maps (ugg) k
for any | = 1,...,n, which approximate u! as in Theorem 2.5.3, and consider the
composition hy = frour € C®(f), where uy = (ul). One can easily verify that
under these conditions hy — fou in L'(£2). In order to get the estimate (2.54) we
consider

/hkdlw— /Zcp i(hy) = Z/é’xlfkoquoXuk,

where o = Y7, 0" X, |p| <1 and (Xi,...,X,,) is an orthonormal basis of H{. In
view of the last equality we have

1
'/hkdivgo <LZ/ Xu/l€ —LZ\DHuk\

Letting k — oo, the thesis follows by condition 2 of Theorem 2.5.3 and the conver-
gence in L'(Q) of (ht). O

Definition 2.5.9 (Maximal operator) We consider a nonnegative Radon mea-
sure v in §2. For each r > 0 the restricted maximal function of v is defined as
follows

V(Us,t)

’Uw,t’

Mru(:v)::sup{ : O<t<r,Um7tCQ} re.
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The mazimal function of v is defined as Mv(x) = sup,~q M,v(x). If the measure v
is induced by a locally integrable function f : ) — R, we define analogously

M, f(x) := sup {/U lf)ldy: 0<t<r U C Q}

and M f(z) = sup,-q M, f(x).

It is well known that the maximal operator is (1,1)-weakly continuous, i.e. there
exists a constant C' > 0 such that

Hzx e E| Mv(xz) >t} < %I/(E), (2.55)

for any Borel set E C Q and any ¢ > 0, see for instance [10]. Inequality (2.55) implies
that if v is a finite measure, then Mv is finite a.e. in Q.



Chapter 3

Calculus on sub-Riemannian
groups

This chapter is mainly devoted to the concept of “H-differentiability” and to some
related applications. In this setting the notion of differentiability can be formulated
in a purely intrinsic way, using the operation of the group and the homogeneous
structure given by dilations. With this notion we develop to some extent a “Calculus
on sub-Riemannian groups”, showing some basic theorems of classical analysis, as the
chain rule formula and the inverse mapping theorem. Clearly these results generalize
the classical ones of Euclidean spaces. However, in the proof of the inverse mapping
theorem we will follow a novel approach.

The privileged role played by differentiability in classical Geometric Measure The-
ory still reveals a potentially rich variety of applications in the geometry of sub-
Riemannian groups. With this tool we are also able to define in any codimension dif-
ferent “intrinsic” notions of rectifiable set. For instance, the notion of G-rectifiability
introduced in [71], [73], has been proved to be the “right” concept to study sets of
H-finite perimeter. An important structure theorem holds in 2-steps sub-Riemannian
groups: all sets of H-finite perimeter are G-rectifiable (Definition 3.5.2), see [73].

It is well understood that the classical Rademacher Theorem on differentiability of
Lipschitz maps is a powerful tool in classical Geometric Measure Theory, [55], [131].
An important part of the chapter is also devoted to the proof of a.e. differentiability
of Lipschitz maps in the sub-Riemannian case. In a remarkable paper [154] P. Pansu
proved that any Lipschitz map f : A — M is a.e. H-differentiable provided that A is
an open subset of G. We extend the Pansu result to a slightly more general situation,
requiring that A is only measurable. This generalization requires some effort, since
no Lipschitz extension theorem is presently known in this general setting. Although
we follow essentially the Pansu approach, our proof involves some nontrivial techni-
cal adjustments due to the fact that the interior of A could be empty, [124]. This
extension was first proved in [177], where some technical details were overlooked and
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subsequently corrected in [184]. The motivation for this extension comes from the
need of considering a manageable version of the area formula, [124], and to get basic
properties for (N, G)-rectifiable sets, when N is a stratified group (Definition 3.5.4).
We also prove by a counterexample that the hypothesis for differentiability of Lip-
schitz maps are basically sharp: if the target group has a left invariant distance
which is not homogeneous with respect to dilations, then it is possible to construct
a nowhere differentiable Lipschitz map, [111]. Now, let us look more closely to the
content of this chapter.

In Section 3.1 we introduce H-linear maps and we study their properties. We
prove that H-linear maps are indeed linear, if they are read between the correspond-
ing Lie algebras, so they form a subclass of all linear maps. This should give a naive
explanation of why the geometry of these groups is “rigid”, see Remark 4.3.8 and The-
orem 4.4.6. Moreover, in Theorem 3.1.12 we provide a simple metric characterization
of H-linear maps and we prove their “contact property”.

In Section 3.2 the notion of H-differential for maps f : A C G — M is given.
We show that the differential of Lipschitz maps does not depend on any Lipschitz
extension that coincides in a set with the same density point, Proposition 3.2.4 and
we prove the chain rule formula for composition of differentiable maps. We introduce
H-continuously differentiable maps of any order, observing that real valued C'' maps
are C}q (Proposition 3.2.8). However, this implication is no longer true for group
valued maps as we show in Examples 3.2.9 and 3.2.10.

In Section 3.3 we obtain the inverse mapping theorem for H-continuously differen-
tiable maps of sub-Riemannian groups (Theorem 3.3.3). Its proof follows an entirely
different argument with respect to the standard one. In fact, the classical argument
to obtain the bilipschitz property in a neighbourhood of a point where the map has
invertible differential strongly relies on the commutativity of Euclidean spaces. Here
we adapt the general linearization procedure of Lemma 3.2.2 in [55] to Cl; smooth
maps, where the additional information on regularity of differential + — dp f(z)
gives the Lipschitz estimate (3.15) in an open ball, instead of a measurable set.

The core of Section 3.4 is Theorem 3.4.11, i.e. Lipschitz maps of sub-Riemannian
groups are a.e. H-differentiable. The main difficulty in proving this theorem arises
from the fact that a Lipschitz extension theorem for maps of sub-Riemannian groups
is still not known. So, when we fix a point x € ANZ(A) and a direction w € G, it
might happen that x exp(tw) ¢ A for many ¢ > 0 and so we are not able to consider
the difference quotient of f in that direction. The leading idea is to consider the
“generating property” of bases (v;) of Vi (see Proposition 2.3.22) and to select all
density points & whose curves J;(t) = x exp(tv;) intersect A in one dimensional sets
which have density 1 at t = 0, getting a set of full measure in A. At these points
we are able to approximate any curve c(t) = exp(d;2), z € G, with a path built with
projections on A of horizontal lines with controlled distance. All of this procedure is
performed by induction. Finally, the difference quotient of f is approximated by the
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difference quotient along these paths, where f is defined and uniformly differentiable
along the horizontal directions.

Section 3.5 is devoted to the presentation and discussion of different notions of
“Intrinsic” rectifiability. In the cycle of papers [71], [72], [73] B. Franchi, R. Serapioni
and F. Serra Cassano have introduced and studied the notion of G-rectifiability, where
regular hypersurfaces are seen as level sets of real valued C’Il{ maps with nonvanishing
H-differential. With this notion they have proved the celebrated De Giorgi Rectifia-
bility Theorem for sets of H-finite perimeter in sub-Riemannian groups of step 2, [73].
It turns out that this notion fits the geometry of the group. Another independent
notion of rectifiability is given in [156], where rectifiable sets are regarded as Lips-
chitz images of subsets contained is some subgroup. This is a reasonable extension
of the Federer notion of rectifiable set, see 3.2.14 of [55]. However, the problem of
establishing some equivalence between this notion and the G-rectifiability seems to
be an hard question. We extend the notion of G-rectifiability in higher codimension,
introducing the (G, M)-rectifiability, namely, regular sets are regarded as level sets
of maps in C} (G, M) with surjective H-differential. Note that G-rectifiability corre-
sponds to the case Ml = R. Clearly the class of (G, M)-rectifiable sets depends on M.
So by means of M we can consider several geometries to be investigated in G. But
it may happen that some (G,M)-rectifiable classes are empty. In this perspective
the “right” choice of M should yield an as large as possible class of (G, M)-rectifiable
sets. For instance, if G = H?"*! it is convenient to choose M = R*. Hence we obtain
nontrivial classes of rectifiable sets of Hausdorff dimension 2n + 2 — k and topological
dimension 2n+1—k, for any k = 1, ..., 2n. Furthermore, there exists also a rich class
of (R¥ H2"*+1)-rectifiable sets of Hausdorff dimension k and topological dimension k
forany k£ = 1,...,n. The last assertion is due to the existence of “horizontal surfaces”
in H?"*! whenever their dimension is less than n + 1. Notice that horizontal curves
are included in (R, H?"*1)- rectifiable objects. It turns out that both definitions of
rectifiability we have adopted complete the picture of rectifiable sets in H?"*1.

In Section 3.6 we present a counterexample to a.e. H-differentiability of Lipschitz
maps (Theorem 3.4.11) as soon as we replace the homogeneous distance in the target
with another left invariant distance that is not homogeneous with respect to dilations.
This is accomplished by taking the identity map of the three dimensional Heisenberg
group I : H> — H3 and building such a particular non homogeneous left invariant
distance on the codomain. More precisely, we show a slightly stronger fact, i.e. that
the map [ is also not metrically differentiable, according to Definition 3.6.2, so in
particular it is not differentiable in the sense of Definition 3.2.1. We mention that
if f: A— Y, with A C R", is a metric space valued Lipschitz map, then in
[7], [110] and [115] it was proved that f is a.e. metrically differentiable. In view
of our counterexample it follows that there is no hope to extend these Lipschitz
differentiability results when A is a subset of some stratified group.
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3.1 H-linear maps

The notion of differentiability can be modeled with respect to a fixed family of maps
with suitable geometric properties. Then, one requires that a differentiable function
at a fixed point has an approximation of the first order with a map of such a family.
Clearly these class of maps constitutes just the family of intrinsic differentials. This
general idea was pursued in general metric spaces in the remarkable paper [35].

In case of stratified groups this class of differentials is formed by homogeneous
group homomorphisms, i.e. H-linear maps. These maps play the same role of linear
maps in Euclidean spaces, indeed the class of H-linear maps coincides with that of
linear maps when the group is an Euclidean space (i.e. an abelian sub-Riemannian
group). We will see in Proposition 3.1.3 that in general H-linear maps can be seen
as a subclass of all linear maps.

Definition 3.1.1 Let L : G — M be a map of stratified groups. We say that L is
homogeneous if 6, (Lx) = L(d,x) for every r > 0.

Definition 3.1.2 (H-linear maps) We say that L : G — M is a horizontal linear
map (shortly, H-linear map) if it is a homogeneous Lie group homomorphism.

Proposition 3.1.3 Let G and M be nilpotent simply connected Lie groups and let
L:G — M be a continuous group homomorphism. Then L can be read between the
Lie algebras as L =InoL oexp : G — M and L is an algebra homomorphism.

PROOF. Since L is continuous, then Theorem 3.39 of [187] implies that it is C*°.
Thus, by Theorem 3.32 of [187] we have that L can be written as expodL(e) o In,
where dL(e) is an algebra homomorphism, so the proof is complete. O

Definition 3.1.4 We denote by HL(G,M) the class of H-linear maps between G
and M. Given T,L € HL(G,M) and t € R we define the new functions 6,7, T -
L, —T:G — M as T (u) = 6:(T(w)), T-L(u) = T(w)L(u), —T(u) = (T(u))~!
for any u € G. We define HL(G, M) as the set of all maps L : G — M such that
expoLoln € HL(G,M)

Remark 3.1.5 (Group of H-linear maps) It turns out that HL(G, M) has a na-
tural structure of Lie group with respect to the operation introduced in the previous
definition. We also notice that any map of HL(G,M) induces uniquely a map of
HL(G, M) and viceversa. We will prove that any T € HL(G, M) is linear, preserves
the bracket operation and L(V;) C W;. Finally, we point out that in both HL(G, M)
and HL(G, M) there is a natural group of dilations, T — 6,7, A > 0.

Definition 3.1.6 Given T, L € HL(G,M) we define

p(T,L) = S e (T'(u), L(u))
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as the distance between T and L. If L is identically equal to the unit element of
M, the distance between T and L corresponds to the norm of T', denoted with p(T').
If we do not need to emphasize the distance that defines the norm, we can simply
denote it by ||T’||. Analogous definitions hold for maps in HL(G, M).

Remark 3.1.7 The norm defined above on the group HL(G, M) induces a homoge-
neous distance that makes the group a complete metric space.

Proposition 3.1.8 Any function T € HL(G,M) is continuous and the distance of
Definition 3.1.6 is a finite number, making HL(G, M) a complete metric space. More-
over, for any u € G we have the estimate p(T(u)) < p(T') d(u).

PROOF. Fix a basis {v; | i = 1,...,m} of Vi. By Proposition 2.3.22, after a rescaling
we obtain that

g
E= {Hexp(asvis) | (as) C U} D{ueG|du) <1},
s=1

where U C R” is a bounded neighbourhood of the origin. By triangle inequality we

get the estimate
v

p(T) < (suplal) Y p(T(v;,)) < o0
aclU i—1
The homogeneity of p implies the inequality p (T'(u)) < p(T)d(u) for every u € G.
Considering the map 7! - L € HL(G, M) we have proved that the distance between
T and L is finite. Of course p(T) = 0 implies that T is the null map, the triangle
inequality and symmetry property of the distance follow directly from that of the
metric p in M. The homogeneity of p on G gives the homogeneity of the distance
in HL(G,M). Even the continuity is straightforward from the same inequality. The
completeness of HL(G, M) easily follows by the completeness of M. O

Corollary 3.1.9 Let L : G — M be an injective H-linear map and L(G) =S. Then
S is a stratified subgroup of Ml and L™ : S — G is H-linear with

d(L7M) <L ply), L7 < oo (3.1)

PRrOOF. Clearly S is a subgroup of M and the contact property L(Vi) C Wy implies
the stratification. In fact, denoting L = dL(e) we have

[L(Vi), L(V1)] = L([Vi, Vi]) = L(Vi)

so S is a stratified subgroup and L=! : S — G is H-linear. Finally, Proposition 3.1.8
yields the estimate (3.1). O
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Corollary 3.1.10 Consider L,T € HL(G,M) and S € HL(M,T), where (G,d),
(M, p), (T,v) are stratified Lie groups. Then SoL € HL(G,T), L-T € HL(G,M) and

[SoLll < WSIL, (LT < LI+ [Tl (3.2)

PRrROOF. It is an easy computation, using Proposition 3.1.8 and the triangle inequality.
O

Corollary 3.1.11 Any map L € HL(G, M) is an algebra homomorphism.

ProOOF. Proposition 3.1.8 implies the continuity and Proposition 3.1.3 yields the
thesis. O

Theorem 3.1.12 (Characterization) Any homomorphism L : G — M is an H-
linear map if and only it is a Lipschitz map and in this case it has the contact property
L(V;) C W; for every j=1,...,¢.

PROOF. Proposition 3.1.8 implies the Lipschitz property of L if it is H-linear. Vice-
versa, consider a Lipschitz homomorphism L : G — M. We introduce the auxiliary

homogeneous norm
L

lzll =l

j=1
where z = exp <Z§:1 :xj) € G, zj € Vj and | - | is a norm on G. Reasoning as in
the proof of Proposition 2.3.37 we easily obtain that ci|| - || < d(-,e) < ¢qf| - || with
c1,c2 > 0. We choose v € V| and write L = exp (Z]L-:l Li>, where L; : G — V. By
the Lipschitz property we have

161 /¢ L(Sew) || = |77 Li(v)| < Lip(L)
j=1

for any ¢ > 0. Then we have L;(v) = 0 for every ¢ = 2,...,¢ and L(v) € Wy, where
M=W1 @ ---&W, and W; = expW,. Therefore the homomorphism property
yields L(V;) ¢ Wy, for any j = 1,...,¢. As a result, defining L = InoLexp, = =

exp <Z§:1 acj) and the linear maps f/j = Ljoexp, where j = 1,...,¢, we have
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where the equalities of (3.3) and the first one of (3.4) follow by the fact that L(x;) €
W; for every j = 1,...,t. The above chain of equalities proves the homogeneity of
L, so the proof is complete. O

Remark 3.1.13 Notice that from the previous proof we deduce also that Lipschitz
homomorphisms of graded groups are H-linear. In fact, the hypothesis that G and
M are stratified was used only in the opposite implication.

The following example is taken from [151].

Example 3.1.14 We consider a basis of (X, Y, T') of the Heisenberg algebra b3, with
[X,Y] =T. Then the group operation in coordinates is as follows

(z,y,8) - (2,9, t) = (z+ 2",y + ¢, t + ' + (zy —ya')/2) .

It is easy to check that all H-linear maps L : H3> — H? can be represented with
respect to the basis (X,Y,T) with matrices of the following form

al ad 0
L= a2 a3 0 : (3.5)
0 0 det(A)

where A = (a;)i,jzl’g.

Remark 3.1.15 Notice that any H-linear map can be represented by a matrix with
diagonal blocks. This basically follows from the contact property stated in Theo-
rem 3.1.12. In fact, if we have the gradings G =V1 ®---dV,, M =W ---d W,
the contact property of H-linear maps implies

Ly, : Vi — W, (3.6)

for any ¢ > 1 (taking into account that spaces V; and W; are null spaces when i is
greater than the degree of nilpotency of the group). We point out that the general
explicit computation of the coefficients of L with respect to a fixed basis can be
very involved. This is due to the fact that the group operation given by the BCH
formula (2.18) becomes a large polynomial expression as the step of nilpotence of
the group increases. So this general expression for the matrix seems to be an open
computational problem.

Let us consider another simple example.

Example 3.1.16 Let L : E> — H? be an H-linear map and consider the canonical
basis (e, es) of the Euclidean space E? and the basis (X,Y, Z) of H? used in the
previous example. Then, in view of Remark 3.1.15 the representation of L with
respect to the above fixed bases is as follows

ap aj

L= a a3 | . (3.7)
0 O
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3.2 The instrinsic differential

In this section we introduce the concept of H-differential for maps of graded groups
endowed with an homogeneous distance. The metric spaces (G, d), (M, p) and (P, v)
will indicate graded groups with their corresponding homogeneous distances. We will
denote by A and €2 a measurable subset and an open subset of G, respectively.

Definition 3.2.1 (H-Differentiability) We say that f : A — M is H-differen-
tiable (or simply differentiable) at x € Z(A) N A if there exists an H-linear map
L : G — M such that

b PU@ @), L)

=0. 3.8
yeEA, y—x d(.CU, y) ( )

Notice that when A is an open set, Definition 3.2.1 coincides with Pansu definition
of differentiability [154]. Indeed this notion is also called Pansu differentiability. We
simply speak of differentiable functions, due to the fact that in stratified groups it is
understood that the use of dilations, of the group operations and of the homogeneous
distance, are exactly what we need to define an “intrinsic” concept of differentiability.
Furthermore, when the group G is an Euclidean space, Definition 3.2.1 coincides with
the classical definition of differentiability. However, we will often use the terminology
H-differentiability, when we want to emphasize the “intrinsic” notion in the sense
of Definition 3.2.1. The prefix “H” stands for “horizontal”, indeed in the proof of
Theorem 3.4.11 we will see that the intrinsic differential is entirely reconstructed by
derivatives along “horizontal” directions. From the other side, the same principle
holds for H-linear maps, due to the fact that any element of the group can be written
as a finite product of a fixed basis of horizontal elements (Proposition 2.3.22).
Next, we show that the H-linear map of Definition 3.2.1 is unique.

Proposition 3.2.2 (Uniqueness) Let f: A — M and let € Z(A)NA. If f
satisfies limit (3.8) with respect to H-linear maps L and L', then L = L'.

PROOF. Let w € G be an arbitrary element with d(w) = 1. By Lemma 2.1.15 we know
that d(zdw, A) = o(t). Let us choose y; € A such that d(xdw, A) + t? > d(zdw, yr)
and write the estimate

p((—L)L'(w)) < p ((_L)I;/(wlyt)) n P ((—L)L'iyt_lxétw)) .

The second of the above addenda goes to zero as t — 0T, due to both the behaviour
of y; and the Lipschitz property of (—L)L’. The first one can be estimated as follows

P ((—L)Ll(ﬂflyt)) < P (L’(ﬂflyt), f(fﬂ)flf(yt)) n p (L(Q«"*lyt), f(fU)*lf(yt))
t - t t

(3.9)

By previous estimate and taking into account that t~1d(z,;) is bounded and f is
differentiable with respect to both L and L’, the thesis follows. O
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Definition 3.2.3 (H-differential) Let f : A — M be differentiable at x € Z(A)N
A. We denote by dy f(x) the unique H-linear map L, which satisfies (3.8). We will
call dyy f(z) the H-differential of f at x, or simply differential when it will be clear
from the context that it is referred to sub-Riemannian groups.

In Section 3.4 a uniqueness result for maps with different domains will be needed.
The following proposition shows that in the class of Lipschitz maps the differential
is unique and essentially independent of the domain.

Proposition 3.2.4 Let f: ACG — M, g: BC G — M be Lipschitz maps, with
r€Z(ANB)N(ANDB), f =g on AN B and suppose that f satisfies (3.8). Then
the map g is differentiable at x and

i PO 9), Lz"y))
yEB,y—zx d(z,y)

=0.

The proof of the above proposition can be obtained similarly to that of Proposi-
tion 3.2.2, again exploiting Lemma 2.1.15.

Proposition 3.2.5 (Chain rule) Let f: A — P be differentiable at x € Z(A)N A
and g : f(A) — M differentiable at f(x) € Z(f(A))N f(A). Then gof : A — M is
differentiable at x, with differential dg(gof)(z) = dpg(y) odu f(x).

PROOF. Let us define h = gof, L = dpg(y)odnf(x), y = f(x) and let us fix ¢ > 0.
By hypothesis there exists § > 0 such that

p (h(z) " h(u), L(z" u)) < p (h(z) " h(w), dug(y)(y~" f(u))) (3.10)
HldagW)|l v(da f(@) (@ u),y~ f(u) <e vy, f(w)+ ldag(y)l| € d(z,u), (3.11)

whenever d(z,u),v (y, f(u)) < J. The differentiability of f at x implies in that

v(y, f(u) < (ldu f(x)ll + 1) d(z,u) < 6

whenever d(u,z) < ¢, for some 0’ €]0,d[. Replacing the latter inequality in (3.11)
the thesis follows. O

Definition 3.2.6 (C}-maps) We say that f : Q — M is H-continuously differ-
entiable in Q if it is differentiable at any x € Q and dyf : Q@ — HL(G, M) is con-
tinuous. We denote by CL (€2, M) the space of all continuously differentiable maps.
When M = R we simply write C'}(Q).

We mention that when M = R, the class C}(£2) corresponds to the one introduced
in [71], [72].
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Remark 3.2.7 It would be very natural to give a notion of C’}{ regular map claim-
ing that only derivatives along horizontal directions exist and are continuous. But
presently it is not clear if the previous condition is sufficient to guarantee the exis-
tence of the H-differential. In other words the problem of finding reasonable sufficient
conditions for the H-differentiability at a given point is an open question.

In the case of real valued maps we have a precise relation between C'' smoothness
and C}; smoothness.

Proposition 3.2.8 The following inclusion holds C1(Q) C CL(Q) and for any f €
CHQ) we have dy f(x)(v) = df (z)(v1) whenever x € Q and v = Z]L-:l vj with vj €
HIG foranyj=1,...1.

PrOOF. By definition of H-differentiability we have to prove the existence of the

following limit
o S (Eep(3,0) — 1)

r—0t r

— i f(2)(v), (3.12)

uniformly on v € exp~}(B1) C G. Let us define the map

r — f(xexp(d,v)) = f(x exp (irjvj)) = (r,v),

Jj=1

where v = Z]L-:l v; and v; € Vj. Clearly the map 1 is C' and in particular it is par-
tially differentiable with respect to r at the point 0. Hence the uniform convergence
of (3.12) follows, obtaining

oY

5, (00) = du f(2)(v) = df (z)(v1),

where v = Yt v; and v; € HIG. O

j=1
Example 3.2.9 However the inclusion in the previous proposition cannot be ex-
tended to the case of group valued maps. Consider the Heisenberg group H? with
exponential coordinates (F, (X,Y,T)) and the nontrivial Lie relation [X,Y] = Z. Let
us consider the curve v € C*° (R, H?) defined as

F7ly(t)=te3 € R® forany t € R,

where (eq, g, e3) is the canonical basis of R3. We utilize the homogeneous distance
d~ constructed in Example 2.3.38. By the BCH formula (2.18) we have

doo (7(2), (7)) 1

oo =N Guen (O E)) =

where the map N : H?> — R is defined in the Example 2.3.38. Then v : R — H? is
nowhere H-differentiable, according to Definition 3.2.1.



3.2. THE INSTRINSIC DIFFERENTIAL 7

Example 3.2.10 Beyond the previous example there is a general fact that we want
to illustrate as a class of examples. Take Z € Vj, with k£ > 1 and notice that by the
group operation in the algebra (2.18) we have

~ ~ k— k— ~ ~
0(=2) @ 0pz = (t'\ﬂ b1t 1) 2=0, T R e T

where t # t'. Then, posing z = exp Z we obtain

(5_152 (5t/z = 5k |t’|t’\k*1—t|t|k*1| U(t’|t’\k—17t|t|k—1)z (313)

that implies

d ((5_t2 (StIZ) = ]\C/

Notice that if z € V; formula (3.13) yields

pr|e-1 — t\t\k-l] d(z) . (3.14)

57152 (St/Z = 5t’7tz'
It follows that the smooth curve t — §;z € G is rectifiable if and only if z € V5.

Remark 3.2.11 By preceding examples it is clear that H-differentiability requires a
geometric constraint on the map and not only the simple smoothness. One can also
observe that the curve considered in Example 3.2.9 is not rectifiable in the sense of
Definition 2.1.10. This can suggest a natural condition on a C* map f: G — M in
order to be H-differentiable: for any rectifiable curve v of G the image curve f o~
is rectifiable in M. Notice that the Lipschitz property implies the condition above
and we will see in Theorem 3.4.11 that Lipschitz maps of stratified groups are a.e.
H-differentiable.

In Remark 3.1.5 we have seen that HL(G, M) is endowed with a natural structure
of Lie group with dilations and also of a homogeneous distance. This allows us to
intrinsically define higher order differentiability.

Definition 3.2.12 By induction on k& > 2 we say that f : Q — M is H-continuously
k-differentiable if the (k — 1) H-differential df; ' f(z) : Q@ — HL (G, HLF~%(G,M))
is H-continuously differentiable, where also HL*(G,M) = HL (G,HLk_l((G,M)) is
defined by induction.

The previous definition of differentiability could be used in order to find further pro-
perties for C’;I smooth functions. This certainly runs away from the studies accom-
plished in this thesis, but it remains however an interesting object to be investigated.
We will deal with higher order differentiability in Chapter 8, concerning real valued
functions of higher order variation.
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3.3 Inverse mapping theorem

In this section we prove the inverse mapping theorem on a graded group G. We
denote by €2 an open subset of G. We start with the following definition.

Definition 3.3.1 Let L € HL(G,G). Then we define the number

L|== min d(Lu).
L1 = gmin, | dlv)

The next lemma is the core of the proof of the inverse mapping theorem. In particular,
it implies that H-continuously differentiable maps with non-singular differential are
locally bilipschitz maps.

Lemma 3.3.2 Let f € CL(Q,G). Then for every x € A and € > 0, there exists
d =0(x,e) >0 such that

d(zw) (Iduf@)|~ - ) < d(f (), f@w) < (lduf@)] +e) dzw)  (3.15)
for any z,w € By 5.

PrOOF. Let € =2¢1 > 0 and let K C A be a compact neighbourhood of x € 2, with
dist(K,Q°) = 27 > 0. We choose a sequence (sg) C|0,7[, with s — 07 as k — oo
and we define the open sets

Oy = {y € Int(K) | d (f(z),f(y) dHf(y)(y_lz)) < e1d(z,y) for each z € By, } )

We consider the compact set K, = {y € Q | dist(y, K) < 7}, so dist(K,,Q°¢) > 7.
The function

K x K 3 (z,y) — d(f(2), f(y)du f(y)(y~"2)) —e1d(z,y)

is uniformly continuous on the compact K, x K, hence for any k£ € N the map

Int(K) 5y — max {d(f(2),f(y)duf(y)(y~'2)) —eid(z,y)}

2€By,s).

is continuous, and therefore Oy is an open set for any k € N. The differentiability of
f in Q implies that {Of | k € N} is a covering of Int(K), in particular there exists
J € N such that z € O;. Now we can choose § €]0, s;/2[ such that B, s C O; and

lda f(w)[|” = —e1 + lduf(@)]I7,  duf(w)ll < e+ lduf(@)] (3.16)

for any w € B, 5. For each couple z,w € B, s inequalities

d(f(=), Fw)) < d (F(2), f(w) dir f(w)(w™2)) +d (dpz f(w)(w"2)) |
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A (), f(w)) > d (da fw)(w12)) — d (f(2), fw) dar fw)(wL2) |
and the fact that w € O;, so d(w, z) < 20 < s;, imply

d(f(2), f(w)) < e d(z,w) +d (du f(w)(w™'2)) < (e1+ [|dn f(w)]) d(z,w),

d(f(2), f(w)) > d (du f(w)(w™'2)) = e1 d(z,w0) > (|du f(w)I|” = e1) d(z,w).
The latter inequalities together with (3.16) give the assertion (3.15). O

Theorem 3.3.3 (Inverse mapping theorem) Let f € CH(,G), with zyp € Q
and suppose that dg f(zo) is invertible. Then there exist neighbourhoods U and V ,
respectively of xo and f(xg), such that f : U — V has an inverse function ¢ : V. —
U which is H-continuously differentiable and dgo(f(y)) = dg f(y)~! for everyy € U.

PrOOF. We know that L = dy f(z¢) : G — G is an isomorphism, in particular
0<2a=|L|" <|IL|=5/2.
By Lemma 3.3.2, there exists a positive § < min{«, 8/2} such that

ad(z,w) <d(f(2), f(w)) < fd(z,w)

for any z,w € By, s. By continuity of differential we can also suppose  so small that
du f(x) is invertible for any x € By, s. Defining V = f(By,s) and U = By, s, we
obtain that f : U — V is a differentiable homeomorphism, with inverse mapping
¢ :V — U. Now we choose v,y € V, where v = f(u) and y = f(x) with u,z € U
and we fix an arbitrary € > 0. Then there exists o > 0, with B, , C V, such that

d (o(y) " e(v), du f(2) "y~ ) < lduf(2) 7 d (du f(z) (e(y) " p(v) .y~ "0)
= llduf(2) 7l d (du f(z) (@™ ), f(2) 7 f(u) < llda fz)~ e d(z,u)

<~ duf (@)™ d(y.v).

whenever v € B, ,. This implies the differentiability of ¢ at y, with differential
dro(y) = dg f(x)~!. The previous formula gives immediately the continuity of dg .
So the proof is complete. O

Remark 3.3.4 Here a remarkable difference with the Euclidean case occurs. Indeed,
from Theorem 3.3.3 we cannot recover the Implicit Function Theorem in an easy way.
This is clear already in the simple case of a map u € C’}I(H3,R) with nonsingular
H-differential. Indeed, denoting by pi(z) = z1 the canonical projection on the first
component, we have that any map @ € C''(H?,R?) such that p; o @ = u cannot have
an invertible H-differential simply because H? is not commutative. It turns out that
our intrinsic version of the Inverse Mapping Theorem cannot be applied. However
this does not exclude another more “intrinsic” way to accomplish the extension .
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3.4 Differentiability of Lipschitz maps

In this section we will be concerned with differentiability of Lipschitz maps in sub-
Riemannian groups. Here it is crucial assuming that G is a stratified group. In fact,
on stratified groups the Chow condition holds (see Remark 2.3.21), so the “generating
property” of V; holds (see Proposition 2.3.22), that is one of the key points in the
proof of Theorem 3.4.11. In our assumptions the map f : A — M is Lipschitz on
a closed subset A C G, where M is another stratified group. Since the target metric
space M is complete and f is a Lipschitz function this assumption does not affect
the generality of the domain. We also point out that in view of Proposition 3.2.4 the
last assumption does not modify the differential of f. Throughout the section we will
denote by d and p the homogeneous distances of G and M, respectively.

As we have explained in the beginning of the chapter, the lack of a Lipschitz
extension theorem makes important the shape of the domain around the point where
we consider the differentiability. A first information about the existence of points of
the domain along arbitrary directions is given in the subsequent statements.

Proposition 3.4.1 Consider a summable function g: G — R and z € G. Then

fg\g(y5t2)—g(y)!d7i§(y) —0 as t—0.

PROOF. By an isometric change of variable, the map g can be read on G where it
is L%-measurable. Then we can use the standard density arguments to achieve the
theorem. The density argument works because the Lebesgue measure is preserved
under translations of the group. The isometric change of variable does not change
the value of the integral. O

Corollary 3.4.2 Let A C G be a compact set and let (1) be an infinitesimal se-
quence. Then there exists a subsequence (t;) such that, limy, 0 1a(ydy,2) = 1, for

Hg—a.e. y € A.
ProoF. It is enough to apply Proposition 3.4.1 to g =14. O
The following Lemma is a particular case of Theorem 2.10.1 in [178].

Lemma 3.4.3 Let Z1, Zo be two subspaces whose direct sum gives G and Zy with
dimension 1. Then there are open neighbourhoods of the origin 1 C Z1, Q9 C Zs
and an open U C G, U > e, such that the map ¢ : Qo x Q1 — U, defined as
¢(w, z) = expwexp z, is a diffeomorphism.

Proposition 3.4.4 (Linear density) Let v € G and T, = {s € R | zexp(sv) €
A}, then 0 € I(Ty ) for ?—ldQ—a.e. x € A.
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Proor. Consider the map ¢ : 2y x 3 — U of Lemma 3.4.3, where Z; is the
space spanned by v and Zs is the complement factor. Covering A with a countable
family of translated neighbourhoods {y; U} it is not restrictive to assume that A C U.
Thus, identifying Q9 x 7 with R?, by 3.1.3(5) of [55] applied to the measurable set
¢~ 1(A) C Qy x ; we obtain that for Li-a.e. (w,z) € Qy x O the set {7 | (w,Tv) ¢
$»~1(A)} has density zero at t. Then the set

Tymyo = {5 | Blw, to) exp(sv) ¢ A}

={s]o(w,(t+s)v) ¢ A} = {7 | p(w,Tv) ¢ A} — ¢

has density zero at s = 0. O

Remark 3.4.5 It is important to observe that only when v € V5 (v is a horizontal
vector) we have T, = {s € R | zexp(sv) € A} = {s € R | zds(expv) € A}.
This fact will be useful in the proof of Theorem 3.4.11, for the construction of the
approximating path (see discussion before the Theorem).

Lemma 3.4.6 (Horizontal extension) Consider v € Vi and a Lipschitz function
f:AcCcU — M, with U as in the Lemma 3.4.3. Then there exists a function
f* U — M extending f, which is Lip(f)-Lipschitz on any segment {yexp(tv) |
tv e 1} CU for any y € exp(Qe) C U.

PROOF. Let ¢ : Q9 x 21 — U be as in the Lemma 3.4.3. For any w € Qo we will
extend the map ¢(w,-) to all of Q1. The set Z,, = {tv € Q1 | ¢p(w, tv) € A} is closed
in Q1, so Z{ Ny is a countable disjoint union of open intervals. Thus, we can define
f*(w, -) on any bounded interval of Z N joining with a geodesic the values of f(w, )
on the boundary of the interval (Carnot groups are geodesically complete metric
spaces, [86]) and putting constant values on the unbounded intervals, if they exist.
This extension of f¥(w, -) is Lip(f)-Lipschitz on the segment ¢(w, €2;), because we are
using the Carnot-Carathéodory metric (length metric) and ¢(w, tv) = expw exp(tv)
is a radial geodesic in (G, d), being v € V7. O

Remark 3.4.7 Under the hypotheses of Lemma 3.4.6 we make the following two
observations: the extension fV is not necessarily continuous on U and if u = d,v, for
some a € R, we have f* = f. The map lno¢ : Q5 x 21 — G, being differentiable,
is locally Lipschitz with respect to the Euclidean metric on 5 x €7 and the scalar
product on G. This implies a Lusin property for the map exp o ¢, that is, L9-negligible
sets of 29 x 21 are mapped into L%negligible sets of G. But L? is proportional to
Hg on G, so the Lusin property holds for ¢.

Using the extension lemma and the H-differentiability of rectifiable curves proved in
[154] we get the existence of partial derivatives along horizontal directions.
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Proposition 3.4.8 (Horizontal derivatives) Assume that hypotheses of Lemma
3.4.6 hold. then, for ”Hg-a.e. x € U there exists

lim 8y, (f*(2) ™" f* (z exp(tv))) = On f*(2) (exp(v)) € exp(Wh).

In particular f has partial derivative along v for HdQ—a.e. x e A.

Proor. Consider fV: U — M and define the Lipschitz curve
Ju(t) = f (p(w,tv)) for any tv € Q.

The Proposition 4.2 of [154] gives the differentiability of J,, for £l-a.e. t € R (in the
sense of definition 3.2.1) and moreover the derivative is in Wj. So the derivative is
a horizontal direction of M. Now by a Fubini argument we get the partial differen-
tiability of f for L%-a.e. (w,t) € Q3 x Q1 and by Remark 3.4.7 the ”Hg-a.e. partial
differentiability follows. O

Proposition 3.4.9 Define T, = {t € R | zexp(tv) € A}, with v € G. Then for
any 7 € R the map f: G — RU {+o0} defined as f(x) = infser, , |5 — 7| is lower
semicontinuous (where is assumed inf ) = +00).

PROOF. Choose o > 0 and = € A such that 5(z) > 0. Fix o1 such that f(z) > o1 >
o, so xexp(tv) ¢ A for any t € [T — 01,7 + 01]. By the closedness of A together with
the continuity of the map x exp(tv) with respect to the variables (z,t), there exists
£ > 0 such that yexp(tv) ¢ A for any y € B, and any t € [T — 01,7 + 01]. Then for
any y € B, it follows 5(y) > 01 > 0. O

Corollary 3.4.10 The map (3 is finite for ’Hflg—a.e. y € A and yexp (B(y)v) € A.
Proor. This is a straightforward consequence of Proposition 3.4.4. O

The next theorem constitutes an extension of the classical Rademacher’s Theorem to
sub-Riemannian groups.

Theorem 3.4.11 (H-differentiability) Let f : A — M be a Lipschitz map, where
A is a measurable subset of G. Then f is H-differentiable Hg—a.e.

PROOF. Step 1, (Existence and uniform convergence of partial derivatives)

By Proposition 2.3.22 and a suitable rescaling we can find an open bounded set
M C R?, with 0 € M, such that E = {[[]_; exp(asv;,) | (as) C M} D By, where
the products of the elements are understood in ordered sense and {v; | i =1,...m}
is a basis of Vi. By the o-compactness of G, H? being a Radon measure on G, we
can assume that A is compact. Thus, considering U as in Lemma 3.4.3 we cover A
with a finite open covering {y;U} and translating f on (y;U) N A, the invariance of
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differentiability under translations allows to assume A C U. Applying Proposition
3.4.8 we have the partial derivatives dg f (y)(exp(v;)) € exp(W71) of the extension f¥
for Hg—a.e. ye AcCU,fori=1,...,m. Thus, for any € > 0, Egorov theorem and the

partial differentiability of f give a closed subset Aj. C A such that H?(A\Alg) <e/3
and the limits

lim 8¢ (f ()~ /™ (yexp(tvi, ) = Ou S (y) (exp(vi,))
with s € {1,...,7}, y € Ai., are uniform. Defining u;, = exp(asv;,) we have that

Wm0y, (f (y) " f% (ydeua,)) = O [ (y) (us,) = 00,0 f "= (y) (exp(vi,))

t—0

for any s € {1,...,7} and y € Aj.. The uniformity of the limit holds even when
a € M. In fact, the following equality holds

p(310 (F) " F o)) O o () (ws,) )
= 50 (81 tay (F) ™ (b)) Ot (1) (exp(v3,)) )

For any ( # 0 and any s = 1, ...,y we define the map

/B(y7 Ca vis) - te%nf ’t - C‘ ’

Y04

by Proposition 3.4.9 this map is a measurable function. Proposition 3.4.4 and
Lemma 2.1.15 imply that the quotient | — B(y,(,vi,)|/¢ tends to zero as ¢ — 0
for 7-[ -a.e. y € A. Then, by Egorov theorem we get a uniform convergence, for
s=1,...,7, in another closed subset Ay. C A such that ’HQ(A \ Aa:) < ¢e/3. Define
the measurable map

0:(y) = sup  (d(u,A)/d(u,y))
u€By,\{y}

for ¢ > 0 and use again Lemma 2.1.15 to obtain that 6;(y) — 0 as t — 0% for ’Hfl?—a.e.
y € A. Using Egorov theorem we are able to find a closed set As. C A such that
Hg(A \ As:) < ¢e/3 and 0;(y) goes to zero uniformly on As. as t — 0. Now consider
Ae = A1 N Age N Az and = € Z(A.). Notice that A, does not depend on the vector
a = (as) € M, moreover Hg(A \ Ac) < e. We want to prove the convergence of the
following limit

lim &y (f(2)7" f(2d2)) H On f% () (i, )

xdiz€A, t—0

.
= [ 00,01 1" () (exp(v1,)) (3.17)

s=1



84 CHAPTER 3. CALCULUS ON SUB-RIEMANNIAN GROUPS

uniformly with respect to a € M and z = [[1_, exp(asvi,) = [[)_; ui,. By Lem-
ma 2.1.15 with A = A, and y = xdu;,, we can choose u' € A, such that

d(xdpus, ,u') < d(wdu;,, x) 0 (), (3.18)

where ¢ = sup,eps =1, d (exp(a1v;,) - - - exp(av;,)). Representing u’ = zdyuf , the
left invariance and the homogeneity of the distance give

d (xétuil , :cétuﬁl)

d(uil,ut): ;

11

< clu(x) =0 as t—0

Then the convergence of u§1 to w;, is uniform with respect to a € M. Now by

induction suppose that vectors (w! ) are defined for any j < s < v such that

i
zopug, - ug, € A and d(uf ,ui;) — 0, uniformly with respect to a € M (for sim-
plicity of notation we have omitted the parenthesis after the symbol of dilation d;,
being understood that all subsequent terms are considered dilated). Again from

Lemma 2.1.15 with A = A, and y = zduf ---uf u;,,, we find another family of

points in A., which can be represented as xétu;f R -ufs ufSJr ) for a suitable uﬁﬁ ) and
with the property
d(zépul, - ul w,,, woul - ugsufsﬂ) < 3ctbse(x), (3.19)

for t small enough, depending on s. The estimate (3.19) is independent of a € M.
From inequality (3.19), by the left invariance and the homogeneity of the distance,
we deduce

t t,,. 72N A
d(xétuil N uisuzs+1 s .%'(Stuil ul’suierl) < 3¢ 03 t(x) 0
t — Ci

t
d(uis+1 Y uiSJrl ) =

as t — 07 and uniformly on a € M. Finally we consider
g
10 (F(@) 7 fads, - -ui,)) = ([[ DLBL) G
s=1
where z = w;, ---us, = [[]L; exp(asv;,) and we have defined :
DZ = (51/t (f(acétu’;fl e ufs_l)*lf”is (x&wﬁl . -ufs_luis)> ,

Bl =6y (f”“ (wopuf, - b ;)" fwbpuf, - Uf)) ,

G = vy (b, -l )7 f (b o))

Ly

We observe that zduf ---uf € A for s =1,...,7, 50 Di — O f(us,) as t — 0

1s
and uniformly when a € M. It remains to be seen that B, s =1,...,v, and G' go
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to the unit element as ¢ — 0, uniformly as a € U. Denote y! = zdpuf ---ul € A.

and w;, = lgu;,; in view of Corollary 3.4.10 we see that y! exp(B(yt,t, w;, )w;,) € A,
then we can further decompose B. = F! N! where

Fl =Gy (£ ooty - un )7 F (w0l -, ) exp(B(y twi)wi,) ) )

N}; = 51/t (f (35(5:5“51 e 'UZ_I) eXP(ﬁ(yzvtywis)wis)) f(x5tU§1 s UZ)) .
We have seen that 5(y,(,v;,)/¢ — 1 as ¢ — 0, uniformly in y € A., then
By, ast,v;,)/ast — 1,
when a varies in M. Moreover
as B(y, t,w;,) = By, ast,v;,) , se{l,...,v}
so the following estimates hold

d (6tuis Y exp(ﬁ(yi? t’ wis)wis))
t

= Lip(f) d (exp(wi,), exp ((B(ys, t, ws,)/t)wi,))
= Lip(f) a. d(exp(vs,), exp ((B(yits asti, i)/ (ast))vi,))

p(F¥) < Lip(f)

< Lip(f) (Sup|a) d(exp(vis),exp((ﬂ(ysl,astl,vis)/(astl))vis)), (3.20)

acU

d (6l Lot wi, Jwi,
p(NY) < Lip(f) (Orus, exp(ﬁiy w;, )w;, )

= Lip(f) d (uj,, exp ((B(ys, t, wi,) /t)wi,))
= Lip(f) d (uj,, exp ((B(ys, ast, vi,)/ (ast))wi,)) - (3.21)

The first of these two estimates follows by Lemma 3.4.6, whereas the second is due
¢

to the fact that the points x(d;ul ---ul )exp(B(yL,t, w,)w;,) and zdsul ---ul are

in A, where f is Lipschitz. Both last right terms of equations (3.20), (3.21) go to
zero uniformly as a € M. The same reasoning yields

p(G') < Lip(f) d(uf, -~ uf iy - ui,) — 0, (3.22)
where we have used the uniform convergence of any ugs for s =1,...,v. Now we

remember that x € Z(A;) and ¢ is arbitrary, so there exists a null set N C A such
that for any # € A\ N the equation (3.17) holds uniformly with respect to a € U.
Step 2, (H-linearity and construction of differential)
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One finds easily that partial derivatives are 1-homogeneous under dilations. We want
to prove the homomorphism property of partial derivatives, that is Oy f(y)(uw) =
O f(y)(w)Om f(y)(w). To get this equality we use step 1, but we need at least of
an infinitesimal sequence (¢;) C R\ {0}, which connects the three directions in the
following sense : for Hj-a.e. y € A we have yd;, (uw), ydy,u, yoyw € A. In fact,
equation (3.17) is not trivial when we have directions z € E such that z6;,2 € A and
t; — 0. To obtain the sequence (;) it is enough to consider the three arbitrary direc-
tions uw, u, w € G and iterate Corollary 3.4.2 for any direction, extracting further
subsequences. In this situation, with u = [[!1; exp(bsv;,) and w = []22, exp(csvi, ),
applying twice step 1 it follows

lim e (F(@) 7 ()

0t (uw)EA, t—0
~ T o (00 ) Cexpen ) ) T 0 (0050 Cexpi) )
s=1 s=1

it follows

O f()(uw) = Tim by f() 7 f (b)) = 00 f () () f(w)(w)  (3.23)

o1 2€EA, t—0

and directly from equation (3.17) we infer

lim dy(f(@) 7 F@di(w™)) = @nf (@) () (3:24)

16:2€A, t—0

Now we want to define the differential map dg f(y) globally on G for Hg—a.e. y € A
Consider the countable dense subset Dy = {[[1_, exp(bsv;,) | (bs) € Q7} C G. Define
the countable set given by D = {wi---w;| j €N, w; € Dg,i=1,...,j}. For any
w € D, in view of Corollary 3.4.2 we get a sequence (depending on w) which allows
us to apply step 1, defining the partial derivative of f on direction w for any y € A\ N,,,
where HdQ (Ny) = 0. In fact, for all w € D we have at least an infinitesimal sequence
of points (t;) such that yo;,w € A for all y € A\ cp Nor and the limit (3.17) with
r =y and z = w is taken on the nonempty set {yd;,w} with y as accumulation point.

Thus, for ’HdQ—a.e. y € A and w € D, the partial derivative

Lyw)= i 5 “f(ys

y(W) t—0, 1141191335,50.) 1/t (f(y) f(y tw))

is well defined. By density we extend L, to all of G, setting L,(z) = lim;_,oo Ly (w;)
whenever (w;) C D and w; — z. In view of equations (3.23) and (3.24) the sequence
L, (wy) is convergent and the extension is well defined, so choosing another sequence
(1) € D which converges to z we obtain

p (Ly(wl)_lLy(Zl)) =p (Ly(wfl)Ly(zl)) =P (Ly(wflzl)) < Lip(f) d(w;lzl) —0
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as | — oo, because wjz; € D. The latter inequality also proves that L,(w;) is a
Cauchy sequence whenever (w;) is convergent. We have defined L, : G — M for
Hff—a.e. y € A. By definition of L, and equations (3.23), (3.24) the H-linearity of L,
follows.

Step 3, (Differentiability)

In step 1 we have proved that for ’Hff—a.e. y € A it follows

p (30 (F) ™ F (9812)) Héasaﬂf “(y)(exp(v) ) — 0 as 10, (3:25)

uniformly when z = []1L, 6,,vi,, a € M, and yd;z € A.
We want to prove that the uniform limit (3.25) implies the differentiability. As-
sume by contradiction the existence of 0 > 0 and (z;) C G such that z; — 0 and

P (f(y)_lf(yzl)v Ly(zl)) 2 Ud(zl> ’

define 2, = 6wy, with ¢; = d(2;), obtaining

p (8170, (F@W) ™" Fydywn)) , Ly(wr)) = o (3.26)
Represent w; = [[]_; exp(blv;,), (d(w;) = 1), and consider rational vectors (blsj ) €
Q7N M such that w;; = T exp(b?vis) € Do and wy; — w; as j — oo. The explicit

definition of L, implies L, (wi;) = [Ti—; 0,u (Om f (y)(exp(vi,))). As we have seen
in Subsection 3.1, any H-linear map is continuous, then

Ly(w) = jliglo Ly(wiy)

= tim [[dy (7 o) (espi01) = H b, (0m77% (@)(0,))
s=1

Replacing L, (w;) in equation (3.26) we have

p (51/” (/&)™ (o) Habz (0 s (@ >(exp<vz~s>))> >0,

so from uniform convergence of equation (3.25) it follows

p<6l/tl (f ()" o) Habl (0™ (@ >(exp<vis>))) — 0,

which is a contradiction. This concludes the proof of differentiability. O

Remark 3.4.12 By Proposition 3.2.4 the differential does not depend on the explicit
construction we have done in Theorem 3.4.11, where the basis (v;) and the extensions
fY were involved. Our choice of (v;) can be interpreted as the choice of a fixed
coordinate system where the differential is represented.
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3.5 Rectifiability

By means of real valued C}q maps we can define an intrinsic definition of regular
hypersurface and of rectifiability. These notions are due to B. Franchi, R. Serapioni
and F. Serra Cassano, [71], [72], [73].

In this section G and M will denote two sub-Riemannian groups and 2 will be
assumed to be an open subset of G.

Definition 3.5.1 (G-regular hypersurface) We say that ¥ C Q is a G-regular
hypersurface if there exists a map f € C’}{(Q) such that ¥ = f~1(0) and

Cle<p) :G— R

is a nonvanishing H-linear map for any p € X.

Definition 3.5.2 (G-rectifiability) We say that a subset S C 2 is G-rectifiable, if
there exists a sequence of G-regular hypersurfaces {¥;} such that

He (s\ U zy) =0,

JEN
where p is the CC-distance of the group.

Notice that the previous definition in the terminology introduced by Federer in 3.2.14
of [55] would have been translated as “countably (Q-1) G-rectifiability”. But for the
aims of the thesis, we do not need to make any distinction between G-rectifiability
and the countably (Q-1) G-rectifiability.

Remark 3.5.3 It is important to emphasize the lack of an equivalent notion of G-
rectifiability by means of Lipschitz parametrizations defined on subsets of Euclidean
spaces, as it is done classically, see Definitions in 3.2.14 of [55]. For instance, the
Heisenberg group H? is purely k-unrectifiable whenever k > 2 (see [7] and the char-
acterization of pure unrectifiability given in Section 4.4 of the present thesis).

However, in [156] a notion of rectifiability “modeled” on the group is proposed, as it
is stated in the next definition.

Definition 3.5.4 ((V, G)-rectifiability) Let P be a sub-Riemannian group and let
N C P be a subgroup. A subset S C Q is (N, G)-rectifiable if there exist a Lipschitz
map f: A— G, with A C N and such that S = f(A).

The previous definition clearly generalizes the classical one, where N is an Euclidean
space, but several questions arise. In fact, the subgroup N is graded, but it may not
be stratified. It is not presently clear whether a differentiability theorem of Lipschitz
maps can be proved when the domain is only a graded group. This fact is of crucial
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importance, because if NV is stratified the a.e. H-differentiability of Lipschitz maps,
that we have proved in Theorem 3.4.11, can be used to get information on the (N, G)-
rectifiable set, obtaining for instance the existence Hg—a.e. of tangent spaces, where
Q is the Hausdorff dimension of N and one could go on as in [7], [110]. Moreover
the area formula (4.20) gives a way to compute the intrinsic measure of the set (see
Example 4.3.7). The easiest example where subgroups are not stratified occurs for
“vyertical” subgroups H?, i.e. all subgroups of topological dimension 2. It is not
difficult to see that these groups are not stratified and not connected by rectifiable
curves with respect to the CC-distance of H?. However, this situation has its own
interest due to the fact that H> has a rich family of H>-regular hypersurfaces and
it is a hard question to establish if they are (N, H?)-rectifiable for some suitable N.
It is natural to expect that N is a vertical subgroup due to the fact that it has the
same topological and Hausdorff dimensions of H?-regular hypersurfaces. Notice also
that vertical subgroups form a particular class of H3-regular hypersurfaces without
characteristic points.

Next, we present novel definitions of regular surfaces and rectifiable surfaces, that
somehow extend Definition 3.5.1 and Definition 3.5.2 to higher codimension.

Definition 3.5.5 ((G,M)-regular surface) A subset ¥ C Q is a (G, M)-regular
surface if there exist f € C}(Q,M) such that f~1(e) = ¥ and

dpf(p) : G — M
is a surjective H-linear map for any p € X.

It is apparent that the notion of (G, M)-regularity in higher codimension allows us a
certain amount of freedom in the choice of M, but not all codomains are “good” to
be considered. For instance, the family of (H2"*! H2"+1)-regular surfaces is empty
whenever n > m. This follows by the fact that there are no surjective H-linear maps
between H?"+! onto H?™*!, see Proposition 6.3.3.

As soon as we have a surjective H-linear map L : G — M a canonical example
of (G, M)-regular surface can be given by choosing the subgroup N = L=1(0) ¢ G
which is clearly a (G, M)-regular surface. Furthermore, in view of Proposition 6.1.5
the Hausdorff dimension of N is Q— P, where Q and P are the Hausdorff dimensions
of G and M, respectively.

These observations suggest that (G, M)-regular surfaces must possess topological
dimension ¢ — p and Hausdorff dimension Q — P, where ¢ and p are the topological
dimensions of G and M, respectively. As a result, in the Heisenberg group H? there
is no hope to recover smooth horizontal curves (which are rectifiable) as (H?, M)-
regular curves, for some M. In fact, the topological dimension of M has to be 2, then
M = R? and the Hausdorff dimension of the curve is forced to be Q — P = 2, but all
horizontal curves have Hausdorff dimension 1 with respect to the CC-distance. From
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the other side, rectifiable curves can be seen as (R, H?)-rectifiable objects, according
to Definition 3.5.4, where the Lipschitz parametrization is given by the curve itself.
So, somehow both Definition 3.5.4 and the following Definition 3.5.6 are able to
supply a suitable notion of rectifiable surface in higher codimension.

Definition 3.5.6 ((G,M)-rectifiability) We say that S C Q is (G, M)-rectifiable,
if there exists a sequence of (G, M)-regular surfaces {£;} such that

HI(s\Uss) =0,

jeN
where p is the CC-distance of the group.

It would be very interesting to investigate to what extent the previously mentioned
definitions are able to cover all “rectifiable objects” of the group.

3.6 A counterexample

In this section we present a counterexample to Lipschitz differentiability (Theo-
rem 3.4.11), when slightly general distances on the target are considered. We notice
that differentiability between sub-Riemannian groups implies metric differentiability
(Definition 3.6.2), when one consider the target group as a metric space. So we will
build the counterexample proving that metric differentiability fails for a suitable non
homogeneous left invariant distance on the target.

We begin with the following definitions.

Definition 3.6.1 Let G be a graded group. We say that a map v : G — [0, +o0]
is a homogeneous seminorm if for each z,y € G and r > 0 we have

1. v(byx) =rv(x),
2. v(zy) < v(z) +v(y).
Definition 3.6.2 Let (Y, p) and (G, d) be a metric space and a graded group, re-

spectively. We say that a map f : A — Y, where A is an open subset of G, is
metrically differentiable at x € A, if there exists a homogeneous seminorm v, such

that
p (f(xdw), f(x))
t

uniformly in v which varies in a compact neighbourhood of the unit element.

— vy(v) as t—07",

Remark 3.6.3 We point out that in [155] it is shown that bilipschitz maps are a.e.
metric differentiable on stratified groups if one allows the direction v to vary only
on the elements of Vi, namely the horizontal directions. The latter result directly
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applies also to Lipschitz maps. In fact, if f : G — Y is a metric valued Lipschitz
map, we consider the bilipschitz map F : G — G x Y, with F(x) = («, f(z)).
Hence the metric differentiability of F' along horizontal directions, with the product
distance on G x Y, implies the same type of differentiability for f. From this fact,
it is clear that we will consider a nonhorizontal direction in order to show that the
metric differentiability does not hold in general.

We consider the 3-dimensional Heisenberg group H?, which can be linearly identified
with R3. Elements n,¢ € H? are represented as £ = (z,t), n = (w,7), where z =
(21, 22), w = (w1, ws) belong to R2. The nonabelian operation on H? reads as follows

(z,t)(w,T) = (z+w,t + 7+ 2(z1w2 — zowy)) .

In this case the nonhorizontal directions are of the type (0,0, s), with s # 0. We
consider G : H? — R, defined as G(z,t) = |z| V 1/]t|, where the symbol V de-
notes the “maximum” operation. It is known that d(&,n) = G(£71n), for &,n € H3,
yields a left invariant distance on the Heisenberg group, see for instance [71]. The
dilations &, : H® — H? are defined as 6, ((z,t)) = (rz,r?t). It is clear that these
dilations scale homogeneously with the distance d, so (H?,d) is a stratified group
with a homogeneous distance d.

Our aim is to build a left invariant distance p on H? such that the identity map
I:(H3 d) — (H3,p) is a 1-Lipschitz function and the metric differentiability fails.
We have seen that a homogeneous distance in the Heisenberg group can be defined
as d(&,m) = G '), where G(z,t) = |z| V \/|]t|]. We obtain our counterexample
replacing the square root function in the definition of G with a concave map g :
[0, +-00[— [0, +00[ such that the function S : H® — R, S(z,t) = |z| V g(|t|) satisfies
the following three claims:

1. the function S : H® — R yields a left invariant metric on H? which is defined
as p(§,m) = S(E'n), & n € H.

2. the map I : (H?,d) — (H3, p) is 1-Lipschitz,

3. if we consider the nonhorizontal direction v = (0,0, 1) € H?, then for any ¢ € H3
there does not exist the limit of

p(I(¢oev), I(C)) _ p(6:v,0)
t t

as t— 04,

in fact, we reach the maximal possible oscillation of the quotient

lim sup p(I(¢orv), 1(C)) —1, i inf p(I(¢ov),1(C))

t—04 t t—04 t

=0.
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Claim 3 says in particular that the 1-Lipschitz map I : (H3,d) — (H?3,p) is not
metrically differentiable at any point of H?. The following two theorems will prove
the existence of a map g : [0, +00[— [0, +o00[ such that our claims are satisfied and
in this way establish the counterexample.

Theorem 3.6.4 Let i : [0, +00[— [0, +00] be a convex, strictly increasing function,
which is continuous at the origin and satisfies kK(0) = 0. Then, defining h(t) =
k(t) + t2, the concave map g = h~! yields a function S(z,t) = |z| V g(|t|) which
satisfies claims 1 and 2.

PROOF. The convexity and the continuity at the origin of x imply £(t)+r(s) < k(t+s)
for any t,s > 0, hence

h(t+s) > h(t) + h(s) +2ts for t,s>0. (3.27)

The function h(t) = x(t) + t? is strictly monotone, thus g = h~! is well defined and
S(z,t) = |z| V g(|t|) also. The triangle inequality for the function p(¢,7n) = S(¢1n)
is equivalent to S(én) < S(€) + S(n), for every &, € H3. We denote ¢ = (z,t),
n = (w,7), where z = (21, 22) and w = (w1, ws), then

SEn) = |z +w| vyt + 7+ 2(z1w2 — zw1)]) .-

If |z 4+ w| > g(Jt + 7 + 2(z1w2 — zow1)|), then we clearly have

S(&n) = |z +w| < [z] + [w] < 5(&) +5(n).-
So, our inequality holds if we prove that

g([t + 7+ 2(z1w2 — zow1)|) < S(§) +5(n) - (3.28)
We have

[t + 7+ 2(z1w2 — 22w1)| <[t + |7] + 2[(21, 22) - (wa, —w1)| < [t] + [7] + 2|2 |w]
and [t| = h(g([t])) < h(S(E)), |7] = h(g(I7])) < h(S(n)), hence
L+ 7+ 2(z1w2 — z2w1)| < W(S(E)) + h(S(n)) +25(6)S(n).

The latter inequality and property (3.27) give [t+7+2(zw2— 22wy )| < h(S(§)+S(n)),
which corresponds to g(|t + 7 + 2(z1w2 — zow1)|) < S(§) + S(n). It remains to prove
I: (H3d) — (H3,p) is 1-Lipschitz. This fact is equivalent to show that S < G
which is true if g(|t|) < V%, that is [t| < h(\/]t]) = k(Vt) + |[t|. So the proof is
complete. O

Now, among all the maps x which enjoy the properties assumed in the preceding
lemma, we want to find a particular one which produces the oscillation required in
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Claim 3. We notice that if v = (0,0, 1) € H3, then p(I(¢6v), I(¢)) = p(dv,0) = g(t?),
so Claim 3 is equivalent to require the following

2
lim sup 9(*") =1, lim inf
t—04 t =04

g(t?)

=0, (3.29)

where g = h=! and h(t) = k(t) + 2.

Theorem 3.6.5 There exists k : [0, +00[— [0, +00[, which is continuous, strictly
increasing and convex, with k(0) = 0, such that, defining g = h~', with h(t) =
k(t) + 12, t > 0, the upper and lower limits as given in (3.29) hold.

PROOF. It is easy to see that the requirement (3.29) for g is equivalent to the
condition
K(t) k(1)

lim sup = +oo and liminf = 0, (3.30)

t—04 =04

on the corresponding function . To find such a &, we use the following simple obser-
vation. If we are given an affine, increasing function x that vanishes at some positive
number ' very close to zero, then the quotient x(t)/t? oscillates a lot. Indeed, if ¢
declines from 1 towards ¢ then the quotient first gets very large and then approaches
zero. Stopping shortly before t', we can connect s to another affine function with
smaller but still positive slope that vanishes much closer to zero. Thus, the quotient
considered oscillates along the new function even more and the combined function is
convex.

To make this argument precise, we fix two positive sequences (¢;) CJ0, 1], (m;) C
10, +00[, with &, — 0 and m; — 400 as [ — oco. We consider an arbitrary number
bg > 0 and choose tg, ag > 0 such that tgeg < by, ag < egt%. Then, we define ky(t) =
ag + bo(t — tg), observing that xo(to)/t3 < go. We consider 81 = ag/ty < toeo < bo
and fix 71 €]0,tg[ such that 81/m > m;. We observe that

b —b)t to(b—
lim——l—i(ﬂ1 2)0:@>m1, lim tolb—51) 261):0
=B T1 Ti T1 b—B; b
hence we can choose by €]/, by[ such that
b —bi)t to(br — 1
71+(ﬁ1 21)o>m1 and of 1 B1) 1 (3.31)
1 T bl 2

Now, we define k1(t) = to(81 — b1) + bit, so by the first inequality (3.31) we have
k1(m1) /7 > my and k1(ty) = Bito = ap = ko(to). We note that x1() = 0 if and only
if t = to(by — S1)/b1 > 0. By the second inequality of (4) we get ¢ < b1/2 and since
k1(11) > 0 we infer that ¢ < 7. Thus, we can choose t; €]¢, min(7, b1 /2)[ such that
1{1(751) < 61t% and t1e1 < by. Defining a1 = Iil(tl), we see that Kl(t) =ai + bl(t — tl)
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and we have shown that for every by, ag, to,m1 > 0, with ag/ty < by, for each €1 > 0
and m; € R there exist t; < 71 in ]0,¢9] and a1 > 0, by €]0, by[ such that

{ k1(to) = kol(to), Iil(Tl)/TIQ >mq,
/ﬂ(tl)/t%<€1, I€1(t1)/t1<b1<bo, t1<b1/2.

This procedure can be iterated by induction, obtaining for each j > 1 that there
exists 7j,t; > 0, 7; €]t;,t;—1[, and a;j,b; > 0 such that the map «;(t) = aj +b;(t —t;)
satisfies
{ Kj(tj-1) = kj-1(tj-1) by <bj , (3.32)
/ij(Tj)/T]z>mj /ij(tj)/t?<€j, tj<2_]bj. ’

We define -
K(t) = Ko (t) Lty ool (B) + D (1) Ly, 4-11(E)
j=1

observing that t; < b;/2/ < by/2/ — 0 as j — oo, so by conditions (3.32) x is a
strictly increasing convex map defined on ]0,4+00[. The convexity follows from the
continuity and from the fact that the sequence of slopes (b;) decreases as the intervals
get close to the origin. By the construction of k we have that

t t;
lim infig < lim sup /1(2]) < lim ¢; =0, (3.33)
t—04 ¢ j—00 r Jj—r00
t .
lim sup KQ) > lim inf H(ZJ) > lim m; = 4o00. (3.34)
t—0, t jooo T j—00

The sequence (k(tj)) converges to zero as j — oo and k is monotone, so £(t) — 0
as t — 04 and k is continuous at the origin. Thus, we have proved the existence of
a strictly increasing convex map & : [0, +o0o[— [0, +o0o[ which is continuous at the
origin with x(0) = 0 and which satisfies (3.33) and (3.34). These two conditions are
of course just (3.30), so our proof is finished. O



Chapter 4

Area formulae

In this chapter we present the area formula for Lipschitz maps both in a general
metric context and in the sub-Riemannian one. As an application, we characterize a
wide class of sub-Riemannian groups that are purely unrectifiable and we prove that
nonisomorphic sub-Riemannian groups cannot have bilipschitz equivalent pieces of
positive measure.

We mention some related results in the literature. If f : X — Y is a Lipschitz
map, where X is a subset of R”, it was proved in [7], [110], [115] that the map is a.e.
metrically differentiable (according to Definition 3.6.2). In papers [7], [110], it was
also proved that the area formula holds, with a suitable notion of jacobian. When X
and Y are sub-Riemannian groups the area formula has been proved in [124], [156],
[184]. A first example of purely unrectifiable sub-Riemannian group was given in [7].
About the nonexistence of bilipschitz parametrizations for different stratified groups
we mention results of [154] and [168].

In Section 4.1 we present the general metric setting to organize the area formula
for Lipschitz maps. One of the main reasons of this abstract presentation is to em-
phasize that the core of area formula is the notion of jacobian. We adopt a notion of
“metric jacobian” (Definition 4.1.4) that was already considered in [154], when X and
Y are sub-Riemannian groups. With this notion we obtain a general metric formula-
tion of the area formula (Theorem 4.1.7). This result could appear a bit tautological,
because it consists in the integration of the density of fﬁ?—[’; (Definition 4.1.2) with
respect to ’H'j, where the density is by definition the jacobian of f. On the other hand,
it is curious to notice that the minimal conditions on f, X and H’j in Section 4.1
are sufficient to formulate the area formula in a purely metric context. Furthermore,
this approach also provides a novel and unified method to prove the area formula
in several contexts, simply by proving that the jacobian coincides with the “metric”
one. Notice that we do not assume any differentiability-type theorem for f, but we
suppose that there exists a countable covering {F;} of the set of points where the
jacobian is positive, such that the restriction fg, is injective. This last condition in

95



96 CHAPTER 4. AREA FORMULAE

general can be deduced from some differentiability-type theorem, see Remark 4.3.5.

In Section 4.2 we study another definition of jacobian for H-linear maps of sub-
Riemannian groups. This notion is well adapted to the geometry of the groups, taking
into account the algebraic structure and the metric structure (Definition 4.2.1). We
can view this notion as a natural extension of the one introduced in [7]. Basically
this definition requires that the area formula holds in principle for any H-linear map.
We also show that the H-jacobian is proportional to the classical jacobian (4.13).

In Section 4.3 we prove the area formula for Lipschitz maps between sub-Rieman-
nian groups. We will present two proofs of this formula. The first one, based on the
general area formula in metric spaces and the second one, based on a more classical
approach. In both proofs we will need of Proposition 4.3.1 and Proposition 4.3.3
that represent the core of the sub-Riemannian area formula. Concerning the more
classical approach, we utilize the notion of jacobian given in Section 4.2, that provides
also a way to either compute or represent the measure of the image of an injective
Lipschitz map (see Example 4.3.7). Notice that if the Lipschitz map takes values in
the same sub-Riemannian group, the area formula reduces to a change of variable,
that it was first proved in [177]. Concerning this classical approach, we mention that
our definition of jacobian (Definition 4.2.1) allows us to avoid the decomposition of
the differential as a product of a symmetric linear map and an isometry, and to follow
a bit more intrinsic computation. A delicate part in the proof of the area formula is
to show that the image of points with noninjective differential is negligible. To do
this, we generalize the method used in [6] for the Euclidean case. We get an estimate
on the number of balls we need to cover f(B;,), exploiting the fact that the image
of di f(x) at a singular point x is a subgroup of Hausdorff dimension smaller than
Q, where @ is the Hausdorff dimension of G.

In Section 4.4 we provide a general criterion to characterize nonabelian sub-
Riemannian groups which are purely unrectifiable (Theorem 4.4.4), according to the
definition given in 3.2.14 of [55]. We mention that first examples of purely unrec-
tifiable sub-Riemannian groups were given in [7], considering the three dimensional
Heisenberg group. Our approach relies on the area estimate (4.29) applied to Lip-
schitz maps f : A — M, where A C R*. Observing that H-linear maps are in
particular group homomorphisms, they may be injective maps only if there exist
abelian subgroups of M with topological dimension k. If this is not allowed by the
nonabelian structure, then any H-linear map has nontrivial kernel and we always
have Jo(dg f(x)) = 0 in formula (4.29), whence the purely k-unrectifiability follows.
With an analogous procedure, in Theorem 4.4.6 we show that two nonisomorphic
sub-Riemannian groups cannot be bilipschitz equivalent, even if we consider two
arbitrary measurable subsets with positive measure. This is basically a “rigidity the-
orem”, namely, bilipschitz classes of sub-Riemannian groups contain only one group
up to isomorphisms.
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4.1 Area formula in metric spaces

In this section we present the general metric setting to organize the metric area
formula. Let (X,d) and (Y, p) be complete metric spaces and let f: X — Y be a
Lipschitz map. Throughout the section we will also assume that (X, d) is separable.
Our basic assumptions are the following:

(A1) the measure HE is finite on bounded sets,

(A2) for HE-a.e. x € X we have lower density estimate

k(D
lim inf Ld( kz’r)
r—0t r

> 0.

Theorem 2.10.18(3) of [55] yields

k
D,
lim sup Ld( 2 )

r—0+ rk

< Wi (4.1)

for H%-a.e. € X. Then estimate (4.1) and assumption (A2) imply that the measure
Hfl is a.e. asymptotically doubling, i.e.

lim %S(DCL’;QT)

<+ 4.2
r—0+ Hfl (Dwﬂn) > ( )

for ”Hfl—a.e. x € X. This last property of 7—[5 is crucial in order to differentiate the
pull-back measure (Definition 4.1.2) with respect to H5.

Remark 4.1.1 Notice that if (X, d) is a k-rectifiable metric space, then for HS—a.e.
x € X we have

(see [110]), then condition (A2) holds. When (X,d) is a sub-Riemannian group of
homogeneous dimension k£ = @, we simply have Hg(Dx,r) = TQH(?(Dl) and (A2)
trivially holds.

Our first observation is that a Lipschitz map f: X — Y induces a new measure on
X which is absolutely continuous with respect to ”Hlj.

Definition 4.1.2 Let f : X — Y be a Lipschitz map. We define the pull-back
measure on X as follows

FiHy (A) =My (f(A))
for any A C X.
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It is a standard fact that
Ak (A4) < Lip(f)k #HE(A), (4.3)

then fﬁ’l-[]p€ is absolutely continuous with respect to H]df. The metric notion of jaco-
bian in Definition 4.1.4 is motivated by Theorem 2.9.5 and Theorem 2.9.7 of [55],
which concern differentation of measures and integration of densities, respectively.
Besides the asymptotically doubling property (4.2), these theorems also require that
the measure fﬁH’; is both finite on bounded sets and Borel regular. The first con-
dition follows from (A1) and (4.3). The second condition follows by the so-called
“Carathéodory’s criterion” (see 2.3.2(9) of [55]): a measure p on a metric space X
such that it is additive on open sets with positive distance is a Borel measure.

By virtue of the result 2.2.13 in [55] we know that every Borel set A is mapped into
an ’H’;-measurable set f(A). In the case when f is injective the additivity property
holds, hence qu’; is a Borel measure. Finally, the Borel regularity of Hlj and the
estimate (4.3) imply the Borel regularity of fﬁ’H’p‘;. The previous arguments can be
summarized in the following proposition.

Proposition 4.1.3 Let f : X — Y be an injective Lipschitz map. Under the
assumption (A1) the measure ftt'y‘-['pC is a Borel reqular measure on X and it is both
absolutely continuous with respect to H’; and finite on bounded sets.

Definition 4.1.4 (Metric jacobian) Let f : X — Y be a Lipschitz map and let
x € X. The metric jacobian of f at x is defined as follows

"HE(Dy,r
J¢(x) :liminff p(Dzr)

—_— 4.4
r—0+ ’H’; (D%T) ( )

Remark 4.1.5 Notice that in view of (4.3) we have Jy(x) < 400 for any z € X.

Theorem 4.1.6 Let f : X — Y be an injective Lipschitz map and assume (A1)
and (A2). Then for any Hg-measumble subset A C X the following formula holds

[ st ania) = w5 (5 (4.5)

PrROOF. We have seen in the above discussion that assumption (A2) yields the
estimate (4.2) for H%-a.e. 2 € X. Due to Theorem 2.1.22, the family of closed balls
in X is an ’H’d“—Vitali relation. Moreover, by Proposition 4.1.3 the measure fﬁ’H]; is
Borel regular and absolutely continuous with respect to H’j. Hence we are in the
position to apply Theorem 2.9.5 and Theorem 2.9.7 of [55], obtaining

HE(Dyy HE(Dy
1imsupf p(Dar) —1iminf7f p(Dar)

J TR —J
r—0+ ,Hlé(Dm,r) r—0+ Hlj(Dz,r) f(x)
. O

for Hk-a.e. x € X and the integration formula (4.5)
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Theorem 4.1.7 (Area formula) Let f : A — Y be a Lipschitz map, where A is
a closed subset of X and assume (A1) and (A2). If there exists a disjoint family of
Hlj—measumble subsets { E; }ien which covers A, such that

HE (A\UEi) =0,

1€N

f\E, s injective for every i > 1 and for H’j-a.e. x € Ey we have J¢(x) =0, then the
following formula holds

[ @ i) = [ N0t A ant). (16)
A Y

where the jacobian Jy is referred to the complete metric space A.

ProOOF. For every closed subset F' C X we will use the notation Di »=FNDg,
to indicate the closed ball relative to the complete metric space F. Let us fix € > 0
and consider a sequence of closed sets C; C E; such that HE(E; \ C;) < 27 for any
i € N. In order to apply Theorem 4.1.6 to the maps f; = fic, : C; — Y, we have to
make sure that (A2) holds replacing X with the complete metric space C;. In view
of our assumptions the estimate (4.2) holds H%-a.e. in X. Thus, by Theorem 2.1.22
closed balls of X form an ”HS—Vitali relation, hence Theorem 2.9.8 of [55] applied to
1c; yields

Hk Dcl
Z( 51 as r— 0T (4.7)
Hd(DCUﬂ"
for Hk-a.e. x € C, that implies
IiminfM = liminf al ) Hi(Der) = liminfM >0,
r—0+ rk 0+ Hlj(Dm,r) rk 0t rk

for Hk-a.e. x € C;. Next, we check that J¢(z) = Jy,(z) for Hr-a.e. x € C;. By (4.7)
and (4.3) we have

ﬂfHk DCi ]ijk DA ]in DA

Jp, () = lim inf w < liminf % = lim inf %A“)

r—0t Hd (Dz}) r—0+ Hd (D{L',Z'I") r—0+ Hd(DI,T)
]ij' DA DC»; ﬂ’]_[k DCZ‘
— J¢(z) < liminf / ”(k“’””"c\_ ) + f ,f( C’_””")
r—0t 'Hd(Dmf,«) ,Hd(D.T,ZT)

< liminf [ Lip(f)* d( s \C w) | ,f( C”?””) = J;,(z),
r—0+t Hd(D.T}I‘) Hd(DIfT)
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for ’H’j—a.e. x € C;. Then Theorem 4.1.6 applied to f; yields

/C Jp() dHg(x) = / g (@) dHg(w) = /Y L) dHg(y),  (48)

7 3

for any i € N. Adding formula (4.8) over all i > 1 we obtain
[ @) ania) = [ N7 F) o) (4.9
where I = J;5; C;. From the hypothesis A = |J;cy E; we conclude that
k
’Hd<(A\E0)\F) < 2.

From estimate 2.10.25 of [55] we conclude that
[ Nz art) = 0

whenever ”HS(Z ) = 0, hence by virtue of Beppo Levi Convergence Theorem for non-
negative increasing sequences of maps, taking an increasing sequence of Borel sets
(F}) constructed as above such that (4.9) holds and which are associated to an in-
finitesimal sequence (¢;), we obtain

[ r@anse) = [ @ ase) = [ N7\ By ar)
A A\Eg Y
If we prove that H]p“(f(Eo)) = 0, then

/YN(f,A\EO,y)dH’;(y)=/YN(f,A,y)d’H’Z(y),

and the set additive property of the multiplicity function N(f,-,y) leads us to (4.6).
We use again the fact that the family of closed balls in X is an H]d“—Vitali relation.
Thus, by Lemma 2.1.24 applied to pu = Hlj and v = fﬁH]; we obtain that

FHE(F) < aHE(F)

whenever F is an HY-measurable subset of {z € A | J¢(z) < a}. By definition of
metric jacobian and the fact that J¢(x) = 0 for any « € Ey we can choose « arbitrarily
small and F = EyN D,,,, for some fixed p € X and n € N. Letting « — 0" we obtain
Hl; (f(EoNDypy)) = 0, where n € N is arbitrary. Then, considering n — oo we
conclude that H’; (f(Ep)) = 0 and the thesis follows. O
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Remark 4.1.8 Note that under the assumptions (A1) and (A2) the metric jacobian
is uniquely defined up to sets of ﬂs—negligible measure. In fact, if formula (4.6) holds
with another notion of jacobian Jy, then we have

Tp(w)dh@) = | Jp(a) (@)
DZ';",T D;‘m

for any p € A and r > 0, where Dﬁr = D,, N A. By Theorem 2.1.22 the family of
closed balls forms a HS—Vitali relation, hence Theorem 2.9.8 of [55] referred to implies
that for H’j—a.e. p € A we have

Jr(p) = lim ——— Jr(x) dHE
s(p) = lim HE(Dy ) /D " 7(x) dHg(x)
1 8 3
= lim ——— J(x)dHE(x) = T (p).
i e ) o) =it

We also point out that the assumption on closedness of the domain A in Theorem 4.1.7
is not restrictive. In fact, a Lipschitz map defined on an arbitrary subset and with
values in a complete metric space can always be extended to the closure of its domain.

Next, we present an example where the abstract conditions of Theorem 4.1.7 are
satisfied. To do this, we will need of both results in [7] and [110]. We will utilize the
following notion of jacobian, taken from [7].

Definition 4.1.9 (Normed jacobian) Let v be a seminorm on R*. The normed
jacobian of v is defined as follows

Wk

Ji(v) = Hﬁ ({v e RF | v(v) < 1}) ,

where | - | denotes the Euclidean norm of R¥.

Proposition 4.1.10 Let f : A — Y be a Lipschitz map, where A is a closed subset
of R¥ and Y is a metric space. Then hypotheses of Theorem 4.1.7 are satisfied.

PROOF. It is known that f is a.e. metrically differentiable on A, see [7], [110], [115].
As a consequence, by Lemma 4 of [110] the set where f is metrically differentiable and
the metric differential is a norm admits a partition {E;};>1, where fg; is injective
for any j > 1. We define Ey = A\ ;> Ej. It remains to prove that J¢(z) = 0 for
’H]d‘:—a.e. x € Ey. The validity of area formula with respect to the notion of normed
jacobian of Definition 4.1.9 (see Theorem 5.1 of [7]) and Remark 4.1.8 imply that the
metric jacobian coincides with the normed jacobian. By the fact that mdf(z) is not
a norm for Hk-a.e. x € Ey we conclude that Hﬁ ({v € R¥ | mdf (z,v) < 1}) = oo for

’Hﬁ—a.e. x € Ey. Thus, Definition 4.1.9 leads us to the conclusion. O
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Remark 4.1.11 It is curious that in Proposition 4.1.10 we have proved assumptions
of Theorem 4.1.7 using the validity of area formula of [7]. It would be interesting to
prove Proposition 4.1.10 using directly the notion of metric jacobian.

4.2 Jacobians

This section is devoted to the notion of H-jacobian for H-linear maps. This notion is
essentially inspired by the work [7]. We will show an explicit formula that connects
the H-jacobian and the classical one (4.13). In the sequel, we suppose that G and
M are sub-Riemannian groups and a system of graded coordinates (F,W) will be
assumed on M.

Definition 4.2.1 (H-jacobian) Let L € HL(G,M). The horizontal jacobian Jg(L)

of L is defined as follows o
HLE(L(Bq
Hd (Bl)

We will also say in short H-jacobian.

A covering argument together with the homogeneity and the homomorphism property
of L shows that the above definition is independent of the set we consider, hence we
can replace the set By with any measurable set with positive finite measure.

In the next proposition we show that the H-jacobian is zero for noninjective H-
linear maps and we provide a formula for the Hausdorff dimension of its image.

Proposition 4.2.2 Let p be a homogeneous distance of M and let L € HL(G,M).
We denote by qo the topological dimension of S = L(G). Then, the Hausdorff dimen-
sion of S in the metric p is Qo = E;le dim (L(V;)) and

HPLS = as HI)LF(S) (4.10)

where ag = ’H?O (Sn Bf)/?—[ﬁ) (FX(Sn BY)) and dim (L(V;)) is the topological di-
mension of L(V;).

PROOF. We define L = F~' o L o F : R? —s RP, observing that
S=LMRY =LER™) & - & LR™) C R?

where R" = F~1(V;) and the variables in R™ have degree j for every j =1,...,¢.
It follows that the restriction of the coordinate dilation A, to S has jacobian

T ( AT@ — S dm(L(Y) — Qo (4.11)
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where we have defined @y = Z§:1 j dim (L(V;)). By definition of coordinate dila-
tions we have

BfNS =0, (B{NS)=FoA, (F(B/NS)) .
We denote by v, the Riemannian volume restricted to S. Thus, Proposition 2.3.47

and the previous formula yields

Ug(SNBY) = F; oy (A (F~1(BI NS))) = HE (A (F~1(BYNY))).

Due to (4.11) the previous relation becomes

Ty(SN BY) = r% H (F~1 (Bf N§)) (4.12)

and observing that for every x € S the translation I, : S — S is an isometry, it
follows that

Ug(SN BY,) = y(SN BY) = r® #l (F~1 (B NS)) .

From the last formula we deduce that ’HSOLS is a locally finite measure that is also
left invariant. Thus, the measures ’HgOLS and 7—[|q‘|) L F~Y(S) are proportional and the
thesis follows. O

Proposition 4.2.3 Let L : G — M be an injective H-linear map, with S = L(G).
Then the H-jacobian of the map is given by the formula

Jo(L)=asBo Jy (F o Lo F) , (4.13)
where ag = H{ (SN BY) /HI (F~H (SN BY)), Bo = LY(B1)/H{ (B1), Bi = F~\(B)
and J, denotes the classica) jacobian according to Definition 2.3.40.

PRrROOF. From Proposition 4.2.2 and the injectivity of L the space S has topological
dimension ¢ and Hausdorfl dimension (), moreover we have

M (L(B1)) = as ] (F~' o L(By)) .

The Euclidean area formula for linear maps yields

)
so the proof is complete. O

Remark 4.2.4 The coefficient

(F—l oLo F(Bl)) = J, (F Yo Lo F) £Y(By),

HE (SN BY) £9(B))
HE (F-1(SN BY)) HE (B1)
represents a “distortion factor”, which depends on both the measures HQ, ’H? and
on the subspace S we consider. Notice that if G = M and then d=p, S = G, we get

HE (SN BY) = HY(By) and ’Hﬁ‘ (F~1(SN BY)) = £4(Bi) and the distortion factor

as fBg =

reduces to one.
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4.3 Sub-Riemannian area formula

In this section we prove the sub-Riemannian area formula for Lipschitz maps. We
denote by G and M two sub-Riemannian groups.

Proposition 4.3.1 Let f: A C G — M be a measurable function, A > 1, and
E ={x € Z(A) | there exists dg f(x) : G — M and is injective} .

Then E has a measurable countable partition F, such that for any T € F there is an
injective H-linear map ¢ : G — M with the following properties

M o(p(2) < pldaf(x)(2) < Ap(p(2)) forany z € G and any x € T (4.14)

Lip (f|T o ((P|T)_1) < A and L’Lp (90|T o (f|T)_1)) < A (415)

PROOF. By linearity of H-linear maps when represented between Lie algebras (Corol-
lary 3.1.11) we get a countable dense subset K of HL(G, M). The set K has the
isometric correspondent K = {¢ € HL(G,M) | ¢ = expo@oln: G — M, ¢ € l@}
Choose ¢ > 0 such that A™' + ¢ < 1 < X\ — ¢ and define the measurable set
S(p, k) ={y € FE | (%) holds} with ¢ € K and k € N, where

*) {(A +@p®%))<pMHﬂ)(D A=¢g)plp(z) VzeG
p(f(2), fW)dufW)(y'2)) <eple(y'z))  Vz€ By,

We will prove that every y € E is contained in S(y, k) for some k € N and ¢ € K.
Define L = Inody f(y)oexp and choose a positive ] < min,|—; |L|, where || is the
norm of the fixed scalar product on the Lie algebras. We can find ¢ € K such that
HL @|l < 1 as linear maps, so ¢ has to be injective on g. The maps ¢ : G — M and
L : G — M are injective, so by Corollary 3.1.9 the maps ¢! and L~! are H-linear.
We accomplish our calculations for ¢ due to the equality p(¢(Inz)) = p(p(z)), for
any z € G, where ¢ = expo@oln € K. By estimate (2.11) we obtain

p(L,g) <CL-g|" <Celt,

where ¢ is the degree of nilpotency of M. The estimates (3.2) imply
p(Loz™) = p (- (=) D)o ™)) <14 pl, L) (@),

d(@g™") = p(L7 e Log™") <d(L7Y) p(Lep™),
hence, choosing €; small enough, depending on Ii, C,e and A, we have
= 1 1
- < T -
1—p(3, L)d(L=Y) ~ 1 - Cel/™d(L1)

<A—¢g,
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p(@oLl™) = p (L (L) @)oL™)) <1+ p(L, @) d(L ™)
<1+Ce/™AE ) <A 4e) !
and the last two inequalities prove the first estimate of (x). The definition of dif-
ferentiability and the Lipschitz property of ¢! leads to the second estimate of ()
for k large depending on ¢ and €. From the o-compactness of G the set S(p, k) has
a countable partition of measurable sets ' C S(p, k) with diam(7T") < 1/k, so if we
prove properties (4.14) and (4.15) for any 7', we have finished the proof. Consider
two points u,y € T C S(p, k), by the definition of S(p, k), the first equation of (x)
leads to (4.14). The second equation of (%) relatively to y gives

p(f(u), f(y)) < p(du f(y)(y~ " u)) + e ple(yu), (4.16)

p(f(w), f(y)) = p(du f(y)(y~ u) — e plo(y'u), (4.17)

adding the first one of (x), with z = y~u, to both equations (4.16) and (4.17) we
get (4.15). O

An important tool for Proposition 4.3.3 is the following, see for instance [45].

Lemma 4.3.2 Let (X,d, u) be an Ahlfors reqular space of dimension Q. Then, any
ball B of radius R can be covered by at most C (R/r)? balls of radius v, with C
depending only on the reqularity constants for X.

The next proposition is an extension of the Sard Theorem in stratified groups when
the dimension of the target is larger than that of the domain.

Proposition 4.3.3 Let f : A — M be a Lipschitz map and A C G a measurable set.
If the differential of f is non-injective at H?-a.e. point of A, then Hg(f(A)) =0.

Proor. Clearly it is not restrictive to assume that A contains only the points where
f is differentiable and the differential is singular. So, let consider a point x € A where
dp f(z) is not injective and let M, = dg f(z)(G) be the corresponding subgroup of
M. From Proposition 4.2.2 it follows in particular that M, is an Ahlfors regular
space of dimension @,. The singularity of dy f(x) implies @, < @ — 1. Denote with
C, the constant of Lemma 4.3.2 applied to X = M, and define the family of sets

EJ:{{L‘EA|CQ;§]}QB] withj € N

Consider z € E; and € > 0; denote with I7(E) the open set of points with distance
from E less than r in the metric p. By differentiability we obtain

f(Ba:,r) C f(x)lspr(dHf(x)(Br)) (4'18)
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for any r < r;.. Observe that dy f(z)(B,) C B N M, where ¢ = 2Lip(f), then
using Lemma 4.3.2 we find N < Cre~ %= balls Bl ¢ M, of radius cer which cover
BZ. N M,. Defining ¢ = 7-[,, (BY) we see that the inclusion

N
I? (B N M,) U"Bl

=1
implies
HY oo (I5.(BE, N M,)) < jeeg(c+1)9(er)? < jetg(c + 1)9r9 = jeCoHS (B,)
then for any r < r, . and x € Ej it follows

H (f(Ba)) < eCoH (By). (4.19)
Now we fix j € N and consider the covering {B,, | x € E; and (4.18) holds for some
r <rgy./5 < 1}. By a Vitali procedure we can extract a disjoint family of balls By, ,
contained in I/(E;) and such that E; C |2, By, 5, (see [45]). The estimate (4.19)
proves

H(F(E))) < e (I(E)))
The free choice and the independence of € and j lead us to the conclusion. O

Now we prove the area formula as a corollary of the general formulation we have
given in metric spaces (Theorem 4.1.7).

Theorem 4.3.4 (Area formula) Let A C G be a measurable set and f: A — M
be a Lipschitz map. Then the following formula holds

/ Jo(dp f(x)) dHE ( / N(f.Ay) dHS(y). (4.20)
A

PROOF. According to Remark 4.1.1, condition (A2) is trivially satisfied and the
measure ’H? is finite on bounded sets. By Proposition 4.3.1 referred to some A > 1
we obtain a decomposition of the domain F U {Ey}, where Ej is the set of points
where the differential is not injective and for any T' € F the restriction fp is injective.

Moreover, in view of estimate (4.19) in Proposition 4.3.3 we have J¢(x) = 0 for ”Hg-
a.e. in x € Ey. Then hypothesis of Theorem 4.1.7 are satisfied and the metric area
formula follows. In order to achieve (4.20), it remains to prove that metric jacobian
and H-jacobian coincide Hg—a.e.

To do this, first of all we can assume that up to a negligible set our map is
H-differentiable everywhere, due to the fact that negligible sets are mapped into
negligible sets. So we can decompose the domain A by the covering Fy U {Ep},
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where F) = {7} is the covering F in Proposition 4.3.1 referred to A > 1. Define
Ay = A\ Ey and take a sequence )\, — 1. Notice that

Hi(U (e U zm)) =0,

neN T, €EF

it follows that for a.e. x € A; there exists a sequence of sets {1, () }nen such that
x € Z(Ty,(x)). By Proposition 4.3.1 there exist H-linear maps ¢, : G — M such
that conditions (4.14) and (4.15) with ¢ and T replaced by ¢, and T), (z) hold,
respectively. For ease of notation we write T, = T, (x). Then we get

. - oHME (0n(Day))
A9 Jo(en) = lim A, @=L rzer) 4.21
Qlpn) = lim #9(D. ) (4.21)
Q Q
= lim \;9 Hr (‘P”gD” D)) iy, sup 12 (/ (5 v 0 T0,)) (4.22)
r—0+ H7(Dyr) r—0+ H;(Der)
9 (f(DyrNA
< limsup 7 éf Dor VD) _ (2 (4.23)
r—0+ Hd (Dxﬂ« N A)
Q Q
r—0+ H; (D) r—0F Hi (D)
=7 Ja(en) - (4.25)

The first equality of (4.22) follows observing that x € Z (T}, (z)) and
HY (n(Day NTY,)) = Jo(0n)HG (Day NT,) -

The inequality of (4.22) follows by (4.15) replacing ¢ and A by ¢,, and \,,, respectively.
From the fact that € Z(A) and T\, C A we deduce the first inequality of (4.23).
Observing that

HY (f(Day NA)) < HE (f(Day \ Tr,)) + HS (F(Dor N'T2,))
< Lip(f)Q Hg (D:Jc,r \ T/\n) + H/? (f(Dx,r N T)\n))

and using the fact that x € Z (T,) C Z(A) the first inequality of (4.24) follows. We
can deduce the second inequality of (4.24) from the analogous argument used for
the inequality (4.22). By (4.14) applied to the sequence (p,) we get a subsequence
(¢a(n)) uniformly converging to an H-linear map ¢ : G — M such that p (p(2)) =
p(du f(x)(z)) whenever z € G and Jg(du f(z)) = Jg(p), therefore the convergence
of Jg(pn) to Jo(p) yields Jy(x) = Jo(dr f(x)). Thus, we have proved that J;(z) =
Jo(du f(z)) for a.e. z € A and our claim follows. O
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Remark 4.3.5 Theorem 4.1.10 and Theorem 4.3.4 confirm the general fact accord-
ing to which whenever a differentiability type theorem holds, it is possible to get
a partition {E;} with the properties required in Theorem 4.1.7. We can say that
Theorem 4.1.7 moves the difficulty in the proof of Area formula into the difficulty of
obtaining the existence of the covering {E;} required in the same theorem. When
the metric space has a differentiable structure, as for sub-Riemannian groups, there
are natural notions of jacobian, as we have seen. In this case one has also to check
that the notion of metric jacobian coincides with the one given by the differentiable
structure. This is done in the proof of Theorem 4.3.4.

Now, for the sake of completeness we present the proof of Theorem 4.3.4, following
path close to the classical one adopted in Euclidean spaces, see [124].

Proof of Theorem 4.3.4 We start observing that (4.20) holds when A is negligible,
because Lipschitz map have the Lusin property, i.e. it maps negligible sets into neg-
ligible sets. Thus, in view of Theorem 3.4.11, we can exclude from the beginning the
null subset of A where the function is not differentiable, assuming the differentiabil-
ity at any point of A. We define the set A’ = {z € A | dyf(z) is injective } and
Z = A\ A'. The set additivity of N(f,-,y) gives

[ NG A G+ [ Nz an o) = [ N A ).
so the proof is achieved if we show the following equalities
[N A ) = [ Jolns@)ang(a). (4.26)
[Nz @ ~o. (4.27)

We start from (4.26), applying Proposition 4.3.1 we get a measurable countable
partition F of A’ where we have an approximation of f controlled by a parameter
A > 1. Consider an element 7" € F contained in some S(p,k); the equation (4.14)
implies

AOHD (p(T)) < HZ((du f(x)o ™o 0)(T)) < AVHP(p(T)) for anyz € T
By definition of H-jacobian, taking the average on T of the above inequality we find
A OHT)) < [ Jod (@) dHG @) < NOH((T)

using (4.15)

N29HQ(f(T)) < /T Jo(du f(@)dHS (@) < NOH(F(T)).  (4.28)
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The map f is injective on T, so adding (4.28) on all these sets it follows
A??/Nuwwm%%»s/memwwm%MSA”/NMAwmm%u
P A P

Letting A — 17 we have (4.26). The equation (4.27) follows directly from Proposition
4.3.3. O

Corollary 4.3.6 Given a Lipschitz map f: A C G — P and a summable function
u:ACG— R we have

[ o) ot @) a3 = [ Z

zef-1

PRrROOF. We use the standard argument of approximating v with finite linear combi-
nations of characteristic functions, see for example [53]. O

Example 4.3.7 We consider the Heisenberg group HP®, with horizontal vector fields
X; =0y — L0, and Y; = 9, + 50, for i = 1,2. We have [X;,Y;] = Z = 0, for
i = 1,2, getting a basis of R®, which can be identified with the Lie algebra of HP.
Thus, an element of H® can be written as exp (Z?Zl(mZ Xi+y'Y:) + zZ), where

exp : R — HP. Then, we represent an element of H® as (z,y,2z) € R®, with

r = (2',2%) and y = (y',y?). The BCH formula (2.18) gives the explicit group

operation (denoted with ©) in our coordinates

(z'n! + 2?n? —yle! — 252)>

(x,y,2)©(£,77,§)=<x+§,y+n,2+é+ 5

The restriction of the operation to the subset G = {(z,y,2) € H® | 22 = 0} gives

(z'nt — ylfl)>

(wl,y,Z)@(fl,n,CF<w1+§1,y+n,z+é+ 5

so G is a subgroup of H°. Moreover G is a stratified group. In fact, the horizontal
space V1 = span(Xj, Y1, 0,2) is left invariant under the translations of the subgroup
and [X1,Y7] = Z, so the generating condition is achieved with V5 = span(Z7).

Consider an injective Lipschitz map f: A C G — H® and fix S = f(A). The
set S C H® can be seen as a hypersurface of H® with Hausdorff dimension 5 (H® has
Hausdorff dimension 6). In view of the differentiability (Theorem 3.4.11), there exists
a tangent hyperplane to S in H3-a.e. y € S, Ty(S) = dp f(z)(G), with y = f(z) and
the Area formula gives

%@=Ak%ﬂmﬂﬁ@
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Remark 4.3.8 It is worth to observe that even if either the Hausdorff dimension or
the topological dimension of G is less than the Hausdorff dimension of the target M,
it may happen that there does not exist a Lipschitz map f: G — M with injective
differential at some differentiability point. In fact, recalling that G = Vi & Vo ®--- BV,
and M =W, @Wa @ --- @& W, it suffices that the geometric constraint dim(Vj},) >
dim(Wj,) holds for some jo < min{m,n}, so the contact property of any H-linear
maps L : G — M implies the inclusion L(V},) C Wj,, therefore L cannot be
injective. In this case the area formula is a straightforward consequence only of
Proposition 4.3.3. This remark points out the typical rigidity of stratified geometry.
In other words the conditions we assumed on the stratification prevent any Lipschitz
embedding of G into M.

4.4 Unrectifiable metric spaces and rigidity

In this section we apply the area formula to characterize purely k-unrectifiable sub-
Riemannian groups. We will also prove that bilipschitz equivalent sub-Riemannian
groups are isomorphic. This shows how the algebraic structure of the group affects
its metric structure, and viceversa.

Definition 4.4.1 We say that a metric space (X,d) is purely k-unrectifiable if for
any Lipschitz map f: A — X with A C R¥, we have H%(f(A)) = 0.

Our target metric space is a fixed sub-Riemannian group (M, d). Let us consider a
Lipschitz map f : A — M, where A is a subset of R¥. The Lipschitz condition on f
and the completeness of M allow us to assume that A is a closed set.

The area formula (4.20) easily gives

HO (£(4)) < /A Jo (dn f(x)) dHS (). (4.29)

Therefore, if we prove that under suitable algebraic conditions on M any H-linear
map L : R¥ — M has nontrivial kernel, then Jg(L) = 0 and the estimate (4.29)
implies that M is purely k-unrectifiable.

We fix the grading M = W1 & Wy & --- @ W, for the group M. Notice that the
Euclidean space R* can be seen as an abelian sub-Riemannian group with the easiest
grading R¥ = V;. Now, let us consider an H-linear map L : R¥ — M read in the
Lie algebras. In view of Theorem 3.1.12 it follows that L(R¥) c W7y, so if Wi does
not contain k-dimensional subalgebras of M then L cannot be injective. We have
proved the following theorem.

Proposition 4.4.2 Let M be a sub-Riemannian group with M = W1 eWad--- W,
and suppose that there do not exist k-dimensional Lie subalgebras contained in Wi.
Then M is purely k-unrectifiable.
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For instance whenever dim(W7) < k hypothesis of Proposition 4.4.2 is fulfilled. Let us

read the unrectifiability result of [7] with this criterion. We consider the Heisenberg

group H?® where the grading is b3 = V4 @ Vs, with dim(V;) = 2 and dim(V3) = 1.

From Proposition 4.4.2 it follows that H? is purely unrectifiable for any k > 2. Now,

observing that V; is not a subalgebra of b3, because [X,Y] ¢ V; whenever X,Y are

linearly independent vectors of V;, we obtain that H? is also purely 2-unrectifiable.
Let us give the following converse of Proposition 4.4.2.

Proposition 4.4.3 In the assumptions of Proposition 4.4.2, if there exists a k-
dimensional subalgebra S of W1, then M is not purely k-unrectifiable.

PrROOF. We recall that any subalgebra & induces a subgroup S of M, whose Lie
algebra is exactly S§. This is easily seen defining expS = S and using the BCH
formula (2.18), see also Theorem 2.5.2 of [178]. Moreover, the condition S C W;
implies [S,S] = 0, so S is an abelian subgroup M, then it can be identified with R”
and the identification i : R¥ < S € M is an injective H-linear map. Thus, the area
formula (4.20) yields

M5 (i(4)) = J(D)HE (4) > 0,

whenever Hﬁ(A) > 0, where ’Hﬁ indicates the k-dimensional Hausdorff measure in

R* with respect to the Euclidean norm. O
Joining Propositions 4.4.2 and 4.4.3 we get the following characterization.

Theorem 4.4.4 Let M be a sub-Riemannian group with M =W, Wy @ ---dW,.
Then M is purely k-unrectifiable if and only if there do not exist k-dimensional Lie
subalgebras contained in Wi.

Notions of rectifiability and pure unrectifiability according to 3.2.14 of [55] can natu-
rally be extended to the sub-Riemannian setting replacing the Euclidean space R*
with some sub-Riemannian group. This approach is followed in [156]. With these
notions Theorem 4.4.4 could be analogously extended replacing R* with another
sub-Riemannian group as a model space.

Definition 4.4.5 We say that two sub-Riemannian groups are isomorphic if there
exists an invertible H-linear map between them.

The next application is a “rigidity result” for sub-Riemannian groups.

Theorem 4.4.6 Let G and M be two nonisomorphic sub-Riemannian groups and let
A C G and B C M be two subsets with positive measures with respect to the Haar
measure of the groups. Then there does not exist a bilipschitz map f: A — B.

PRrROOF. By contradiction, we suppose that there exists a bilipschitz map f : A — B,
where A C G and B C M are both subset with positive measure. We divide A into
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three disjoint subsets Ag, A1 and As, where Ag is the subset of points where f is not
H-differentiable, A; is the subset of points where the H-differential of f is surjective
and As is the subset of points where the H-differential of f is not surjective. As
a consequence of Theorem 3.4.11 we know that H%(A4y) = 0. We fix € A; and
L =dyf(x) : G — M. In view of our assumption we know that L cannot be
an isomorphism, hence it cannot be injective. By the expression of the gradings
G=Vi®---dV,and M =W P --- d W, together with the surjectivity of L we
can establish the condition ¢ > v. Moreover, the contact property of Theorem 3.1.12
yields L : V; — W, for any ¢ = 1,...,v. The Hausdorff dimension of G is given by
Q= ZJL':1 jdim(Vj), as it has been shown in Subsection 2.3.2, hence the equalities
L(V;) =W, for any i = 1,...,v imply

L v
Q=Y jdim(V;) > > jdim(L(Vj)) = P,
j=1 Jj=1

where P is the Hausdorff dimension of M. As a consequence of Definition 4.2.1 we
obtain Jg(L) = 0, hence Jo(dn f(z)) = 0 for any x € A; and the area formula (4.20)
yields

HO(By) = /A Jo (dn f(x)) dHG(x) = 0.

where By = f(A1). The bilipschitz property of f gives ”HdQ (A1) = 0. Now we define
g = f"':By — Ay, where By = f(As) and consider the subset B}, C By where
g is H-differentiable. Theorem 3.4.11 implies that ’H(?(Bg \ B}) = 0, hence we have
Hg(Ag \ A}) = 0, where we have defined A, = g(Bj). By differentiating the map
idg = gof : A}, — A, and using Proposition 3.2.5 we obtain

idg = dgg(f(x))edn f(x), (4.30)

for any 2 € AL. The non surjectivity of dy f () and relation (4.30) imply that dig(y)
is non injective for any y € Bj. Then, reasoning as before we obtain H?(A}) = 0.
As a consequence, we have proved that H?(A) = 0, that contradicts our hypothesis,
then the map f cannot exist. O

Remark 4.4.7 Note that G and M may have the same Hausdorff dimension even if
they are not isomorphic. The statement of Theorem 4.4.6 can also be read as follows:
let A C G and B C M be subsets with positive measure such that there exists a
bilipschitz map f: A — B. Then G and M are isomorphic.



Chapter 5

Rotations in sub-Riemannian
groups

In this chapter we introduce some novel concepts on sub-Riemannian groups first
introduced in [126] and which are strictly related to the graded metric of the group.
Through these concepts it will be apparent that not all graded metrics are really
“suitable” for the geometry of the group. A key notion of the chapter is that of
“horizontal isometry”, e.g. an H-linear map that is also an isometry with respect to
the graded metric (Definition 5.1.1). So, a good graded metric should yield a large
group of horizontal isometries that, roughly speaking, amounts to a space with many
symmetries. With the notion of “R-rotational group” (Definition 5.1.4) we single
out all sub-Riemannian groups that have enough symmetries. In fact, we will see
in Chapter 6 and Chapter 7 that the generalized coarea formulae (6.42) and (7.19)
take a particular simplified form in rotational groups with R-invariant distances, see
(6.45), (7.23) and Definition 5.1.10. We also point out that by Proposition 5.1.12 any
class R of horizontal isometries admits a corresponding R-invariant distance, that is
the CC-distance with respect to the graded metric.

The previous notions were motivated by the question of finding a class of sub-
Riemannian groups where the “metric factor” (Definition 5.2.2) is a geometrical con-
stant independent from the direction to which is referred. The metric factor appears
in the generalized coarea formulae (6.42) and (7.19), in the expression of the perime-
ter measure (6.31) and in the formula for the spherical Hausdorff measure of C*
hypersurfaces (7.17). It amounts to the measure of the unit ball of codimension one
in a sub-Riemannian group. For instance, in the n-dimensional Euclidean space it
coincides with the measure w,_1 of the (n—1)-dimensional Euclidean unit ball. Due
to the anisotropy of a general homogeneous distance the metric factor may depend on
the direction in which is calculated. In Proposition 5.2.5 we prove that R-rotational
groups admit an R-invariant distance where this dependence does not occur.

Let us give a brief summary of the chapter. In Section 5.1 we introduce the

113
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definition of horizontal isometry, R-rotational group and R-invariant distance. In
Proposition 5.1.8 we prove that there exists a graded metric on H?"*! such that it
is an R-rotational group. In Remark 5.1.9 we point out that, using sophisticated
results in the literature it is possible to show that all H-type groups are R-rotational.
In Proposition 5.1.12 we prove that for any given class R of horizontal isometries the
associated CC-distance is R-invariant.

In Section 5.2 we introduce the notion of metric factor, showing that in some
examples it can be explicitly calculated. In Proposition 5.2.5 we prove that the
metric factor of R-rotational groups with respect to an R-invariant distance is a
dimensional constant only related to the graded metric of the group and to the
homogeneous distance to which is referred.

5.1 Horizontal isometries and rotational groups

In this chapter we will assume that G is a graded group endowed with graded metric.

Definition 5.1.1 (Horizontal isometry) Let 7' € HL(G, G) be an H-linear map.
We say that T is a horizontal isometry if the differential dT'(e) : G — G is an
isometry.

Notice that any horizontal isometry is in particular an isometry of G in the classical
sense of Riemannian Geometry.

Definition 5.1.2 Let G be a simply connected nilpotent Lie group. We mean by a
subspace of G the image of a subspace of G under the exponential map.

By Theorem 2.3.10 there is a bijective correspondence between subspaces of G and
the ones of G. Note that in general subspaces of G are not subgroups.

Definition 5.1.3 We say that II is a vertical hyperplane of G if it is the orthogonal
space of some horizontal vector. A wvertical hyperplane L of G is the image of a vertical
hyperplane of G under the exponential map.

Definition 5.1.4 (R-rotational group) We say that a sub-Riemannian group G
is R-rotational, if there exists a graded metric g and a class R of horizontal isometries
with respect to g such that for any couple of vertical hyperplanes £ and £’ of G we
have some T € R such that T'(£) = £'. We will simply say rotational group, when
the class R is understood.

Remark 5.1.5 Notice that in the above definition we could have required equiva-
lently that for any couple of vertical hyperplanes II and I’ of G there exists T € R
such that dT'(e)Il = IT'.
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Example 5.1.6 The Euclidean space E™ endowed with the canonical Riemannian
metric is a rotational group. In fact, any hyperplane is vertical, then we can choose
R as the class of all Euclidean isometries of IE”. It follows that Euclidean spaces are
‘R-rotational.

We point out that the existence of horizontal isometries in a graded group is a rather
delicate question. In Example 5.1.7 we show that horizontal isometries cannot always
be obtained by isometries of G. In other words, if we consider an isometry I : G — G
it may happen that there not exist an H-linear map 7" : G — G such that d7T'(e) = I.
This fact strongly depends on the compatibility of the left invariant Riemannian
metric with the algebraic structure of the group.

Example 5.1.7 We consider the Heisenberg algebra h3 and T : b3 — b3. We take
the following matrix representation of T’

N 10 1
=0 0 0 (5.1)
010

with respect to a basis (X,Y,Z) of h3 with [X,Y] = Z. A left invariant metric
that makes (X,Y,Z) orthonormal is a graded metric (see Definition 2.3.30). Now
we define exp oT o exp™! : H® — H?, observing that dT'(¢) = T. Then dT'(e) is an
isometry, but from Example 3.1.14 the matrix representation of 7' contradicts the
H-linearity.

In the same notation of the previous example we can show easily an example of H-
linear map that cannot be a horizontal isometry. It suffices to consider the following
matrix representation

~ o 1

L= 0 0 (5.2)
0 0 o

with |a| ¢ {0,1}. Clearly we have |Z| # o?|Z| = |T(Z)| for any graded metric g,

where |W| = +/g(W, W), therefore T is not an isometry.

However, in the following proposition we will show that Heisenberg groups are
important examples of rotational sub-Riemannian groups.

0
a

Proposition 5.1.8 (Rotational Heisenberg group) There exist a graded metric
and a class R of horizontal isometries that make H?"*1 an R-rotational group.

Proor. We will refer to the basis (X1,..., Xn, Y1,...Y,, Z) of Remark 2.3.27, where
H?"*! can be thought of as C* x R, where the group operation in exponential coor-
dinates (Definition 2.3.13) is given as follows

(z,8) - (w,t) = (z +w,s+t+ 2Im(z, w)) . (5.3)
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We will find a class of horizontal isometries represented in this system of exponential
coordinates. Notice that our basis is adapted to the grading of G, so if we choose a
metric such that the basis is orthonormal, then the metric is graded and our coordi-
nates are indeed graded coordinates (Definition 2.3.43). In the sequel we will refer
to this graded metric. We consider a unitary operator U : C"" — C™ and define the
map

T:C"xR—C"xR, (25 — (U(2),s).

Directly from the definition of 7' it is clear that it is 1-homogeneous with respect to
the group of dilations. Now we check that 7" is a group homomorphism. By the fact
that U preserves the Hermitian product we have

T((z, s)-(w, t)) = T(z +w,s+t+ 2Im(z, w>>

- <U(z) +U(w), s+t + 2Im(z, w>> - (U(z) +Uw), s+t + 2m(U(2), U(w)))
T

= (U(z),s) (U(w),t) = T(z,s) (w,1).

Denoting by F : R?"t1 — H2"*! the system of graded coordinates defined by
n
F(§) = exp K D G X A+ Gy Yj) + €2n+1Z]
j=1

we define T = FoT o F~ : H>»*! — H?"*!. We can check immediately that d7(e)
is represented by T with respect to our orthonormal basis, then it is an isometry, due
to the fact that T is an Euclidean isometry on R?"*! with respect to the standard
real scalar product. We have proved that T is a horizontal isometry.

It remains to prove that this class of horizontal isometries is sufficiently large to
give the rotational property of Definition 5.1.4. Vertical hyperplanes in H?"*! can
be characterized in our coordinates as products Il x R, where II is a real 2n — 1
dimensional space of C". We consider hyperplanes IT and II' of C™ and observe that
they can be characterized by two unit vectors of C™. Then there exists a unitary
transformation U : C" — C" such that U(II) = IT, so

TIIxR)=1' x R

where and T is defined as above. Since the hyperplane II and I’ are arbitrary,
defining £ = F(II x R), £' = F(II' x R) we get T(L) = L' , where T = FoT o F~!
is a horizontal isometry. O

Remark 5.1.9 (Rotational H-type group) The result of Proposition 5.1.8 can
be achieved also in general groups of Heisenberg type. These are 2-step groups
endowed with a scalar product (, ) and a linear map J : Vo — End(V}) with the
following properties
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1. (JzX)Y) =(Z,[X,Y]) for any X,Y € V] and Z € V>
2. JE = —|Z]I,

see [104], [105], [106] for more information. Let us consider the group

G = {(9:9) € O(Va) x O(V) | Ty ($(a)) = ¥(Jul2)) }

where O(V7) and O(V2) denote the group of isometries in Vi and Va, respectively.
In Proposition 5 of [162], C. Riehm proves that the maps of (¢,%) of G are homo-
morphisms, hence G corresponds to a group of horizontal isometries according to our
definition. Furthermore, denoting by Gy, the projection of G in O(V}), in [161] there
is a precise characterization of H-type groups where Gy, is transitive on the sphere
Vi* = {v e Vi | |v] = 1}. In view of Definition 5.1.4, groups with this transitive
property on V|* are R-rotational with R = G.

Definition 5.1.10 (R-invariant distance) Let R be a set of horizontal isometries
and let B be the open unit ball with respect to a fixed homogeneous distance d. We
say that d is R-invariant if for any T' € R we have T'(B;) = Bj.

Example 5.1.11 Let us consider the homogeneous distance dy, of H2"*1 introduced
in Example 2.3.38. We recall that this distance was defined by means of graded
coordinates associated to the basis (2.23) with @ = —4. In Proposition 5.1.8 we have
seen that horizontal isometries with respect to these coordinates can be represented
as T'(z,t) = (U(z),t), where U is a unitary operator. Here the graded metric is the
one which makes the basis (2.23) orthonormal. Thus, by definition of do, we have

doo (F (T(Z,t))) = doo (F (Zat)) ’ (5'4)

where F' is the transformation relative to the graded coordinates. The formula (5.4)
yields the R-invariance of du.

In the following proposition we show that whenever we have a class R of horizontal
isometries we can always define an R-invariant distance.

Proposition 5.1.12 Let g be the graded metric of a sub-Riemannian group G and let
p be the CC-distance of G with respect to g. We consider the class R of all horizontal
isometries with respect to g. Then p is R-invariant.

ProoOF. It suffices to notice that horizontal isometries bring horizontal curves into
horizontal curves and preserve their length. Then any 7" € R is an isometry of G
with respect to the CC-distance. In particular, the R-invariance of p follows. O
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5.2 Metric factor

Lemma 5.2.1 Let £ be a hyperplane of G and let By be the open unit ball with
respect to a homogeneous distance d. Then, for any couple of graded coordinates
(F1, W) and (F3, V) we have

HIT(FTHLNBY) =+ (B H(L£NBY)

PRroOOF. In view of Definition 2.3.43 we have
Fi@) = e (3aW)), B =eo (3 0V),
j=1 j=1

where (WW;) and (V}) are adapted orthonormal bases of G. Then we can write F; =
FyoI7!, where I is an isometry of R?. It follows

FrYLNB) =T1oF, (LN B)
that yields our claim. O

Definition 5.2.2 (Metric factor) Consider a vector v € G\ {0} and its orthogonal
hyperplane £ in G. We fix a system of graded coordinates (F, W) and define
-1 _
051 (v) =H{ " (F YCcnBy)). (5.5)
We call 9%_1(1/) the metric factor of the homogeneous distance d with respect to the
direction v.

Remark 5.2.3 In view of the Lemma 5.2.1, the above definition does not depend
on the choice of graded coordinates. So the number 922_1(1/) depends only on the
homogeneous distance d, the direction of v and the graded metric. We can also easily
observe that the function v — 9%_1(1/) is uniformly bounded from above and below
by positive constants.

In order to emphasize the dependence of the metric factor on the direction v, we
present a simple example where v affects the metric factor.

Example 5.2.4 Let us consider the Euclidean space E?, with homogeneous distance
n(z) = max{|z1|, |z2|}, where (21, 22) are Euclidean coordinates. We observe that E?
is an abelian 2-dimensional stratified group, where the canonical Riemannian metric
is trivially graded. We denote by L(«a) the straight line which contains the origin
and whose direction is a € T!, where T! is the 1-dimensional torus. In this case, by
definition of 6;(a), we have

01() =M}, (L(a—i— g) N {z € E? | max{|z1], |z2|} < 1}) :
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By a direct computation we have

2((:0804)*11 -1 <a §3 T
2(sina)™" T <a<sem
M) = Jome) T EEesAT,
2| cos —gr<a<gm
2lsina|™! 2r<a<in
In the following proposition we show that an R-invariant distance of an R-rotational

group has a constant metric factor.

Proposition 5.2.5 Let G be an R-rotational group and let d be an R-invariant
distance of G. Then there ewists ag—1 > 0 such that

for any v € V1 \ {0}.

ProoF. Let g be the graded metric that gives the rotational property of G and
let F': R? — G be the map associated to a system of graded coordinates (F, W)
relatively to the metric g. Let v and v/ be two horizontal directions of G with the
corresponding vertical hyperplanes £ and £’ in G. By definition of metric factor we
have only to prove that

Hf{rl (FYLnB)) = Hﬁ‘l (F7Y(L'nBy)) . (5.6)
In view of the rotational assumption on G there exists a horizontal isometry T' € R
such that T'(£) = £'. By virtue of the R-invariance of d we have

F Y nB)=FtoT(LNB),

then defining I = F~'o T o F and observing that I is an isometry of RY equation
(5.6) follows. O

Remark 5.2.6 The number ag_; in Proposition 5.2.5 amounts to the measure of
the intersection between the unit ball and a vertical hyperplane, that is independent
of the vertical section we consider. We can consider ag—1 as a geometrical constant
associated to the R-invariant distance.

Example 5.2.7 Let us consider E" with standard coordinates x = (z;) and the

classical Euclidean norm n(z) = |z| = y/> =, z7. In this case we have
Ona(v(a) = HY (e n{y € E [yl < 1) =H (v € E" |y < 1}) =wpn

Example 5.2.8 Let us consider the distance d of Example 5.1.11. By calculations of
Lemma 4.5 (iii) in [71] we have that the corresponding metric factor is ag—1 = 2wz, —1.
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Chapter 6

Coarea type formulae

This chapter is devoted to the problem of coarea formula for Lipschitz maps between
sub-Riemannian groups and to some related consequences. It is well known that this
formula holds for Lipschitz maps of Euclidean spaces, see Theorem 3.2.11 of [55].
In the proof of the classical result the relevant aspect consists in the fact that any
Euclidean space can be regarded as an isometric product of two orthogonal subspaces.
Such a decomposition enters into the proof when one considers the tangent space of
the level set and its orthogonal space. This fact in turn allows us to parametrize the
level set by a Lipschitz map between the two subspaces and to apply the Euclidean
area formula. Nonabelian sub-Riemannian groups in general do not possess such an
isometric decomposition (see Proposition 2.3.28 and Remark 3.3.4) and our approach
follows a genuinely different method. Here we emphasize a basic distinction between
the coarea formula for real valued maps and for group valued maps.

In the first case, we have very general “variational” coarea formulae for functions
of bounded variation of both CC-spaces and metric spaces, where the perimeter
measure of upper level sets represents the surface measure of level sets, see [69],
[79], [134], [141]. So it is natural to wonder whether one is allowed to replace the
perimeter measure with a “suitable” Hausdorff measure in the case of Lipschitz maps,
as it was raised in Remark 4.9 of [141]. We answer this question through the theory
of sets of H-finite perimeter, obtaining the coarea formula (6.42) in all groups where
a rectifiability theorem for the perimeter measure holds, namely generating groups
(Definition 6.4.8). Due to results of [73], the class of generating groups encompasses
all sub-Riemannian groups of step 2.

In the second case, we are able to prove a general inequality for group valued
Lipschitz maps f : A — M, namely

/ HOF (AN f()) dHP(©) < / Cpldnf(x)) dHO(x),  (6.1)
M A

where A C G is measurable and G, M are sub-Riemannian groups, [125]. Actually, the
validity of the equality in (6.1) is a completely open question and it seems that none
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of the classical methods can be used to solve this problem. The philosophical reason
for this difficulty is that we are considering Lipschitz maps between different types of
geometries. So the validity of the coarea formula for group valued maps would imply
a huge family of coarea formulae, where the Euclidean one would correspond to the
simplest case of abelian geometries. Due to this general formulation we emphasize the
existence of cases where the group valued coarea formula holds, but it is trivial. This
is shown in Theorem 6.3.4, considering two different Heisenberg groups. This strange
phenomenon indeed agrees perfectly with the fact that there are no (H2"+!, H2m+1)-
rectifiable surfaces in H?"*! when n > m, (Section 3.5). In a way, this confirms the
compatibility between the formulation of the general coarea formula and our notion
of rectifiability in higher codimension. Now we give a brief summary of the chapter.

In Section 6.1 we utilize the general Carathéodory construction to introduce the
measure ®* that includes a family of possible measures, as the Hausdorff measure and
the spherical Hausdorff measure, according to Definition 6.1.1. In this way we are
able to obtain a general version of the coarea inequality (6.1), namely (6.14). Another
element of this inequality is the H-coarea factor Cp(L) for H-linear maps. Basically
we extend the notion of H-coarea factor given in [7] to the sub-Riemannian context.
In Definition 6.1.3 we introduce this notion, that replaces the classical one of coarea
factor C,(L) for linear maps of Hilbert spaces (Definition 2.3.41). In Proposition 6.1.5
we show that Cp(L) and Cy(L) are indeed proportional by a dimensional constant
that takes into account the homogeneous distances of the groups (6.4).

In Section 6.2 we prove the coarea inequality (6.14). This is an important result
of the chapter and its consequences will be used in Sections 6.3, 6.4 and 6.6. Our
technique is based on differentation theorems for measures. Precisely, we extend the
blow-up method used in Lemma 2.96 of [6], reaching explicit estimates. The main
result that leads to (6.14) is Theorem 6.2.4, where we obtain the upper estimate of
the density for the family of “coarea measures” v; (Definition 6.2.1), with a constant
independent of ¢ > 0. We show that this constant is exactly the H-coarea factor of
the differential of the map at the point of blow-up. Integrating the upper density
estimate (6.8) and letting ¢ — 0T the coarea inequality (6.14) follows.

Section 6.3 is devoted to some direct applications of (6.14). In Theorem 6.3.1 we
obtain a weak version of the classical Sard Theorem, proving that for H'-a.e. level
set of a Lipschitz map between stratified groups the set of singular points is H<@ -
negligible, [125]. We point out that also in the Euclidean case it is not possible
to get more information on level sets of Lipschitz maps. Theorem 6.3.1 will be an
important tool in Chapter 7 in order to prove the coarea formula (7.19). Another
consequence of (6.14) is Theorem 6.3.4, where we obtain the trivial coarea formula
(6.17) for Lipschitz maps between different Heisenberg groups. Notice that to obtain
Theorem 6.3.4 we follow the same principle adopted in Section 4.4, i.e. from algebraic
conditions given by the groups we obtain information on their “metric compatibility”.
As the algebraic conditions on the group affect the H-jacobian of the differential, here



123

the same phenomenon happens to the H-coarea factor.

In Section 6.4 we extend the representation of the perimeter measure with the
spherical Hausdorff measure to any homogeneous distance. This is done in Theo-
rem 6.4.11 which starts from the result of Theorem 6.4.7, proved in [73], which is
referred to the CC-distance. The proof of Theorem 6.4.11 has the interesting fea-
ture of not relying on an explicit form of the homogeneous distance, but only on its
abstract properties. Our formula is as follows
04-1(vE)

0B |y = -2

SO o, yE, (6.2)
WQ_l

where H%_l(uE) is the metric factor introduced in Chapter 5. Formula (6.2) is ob-
tained for all generating groups.

The main result of Section 6.5 is the generalized coarea formula (6.42) for locally
Lipschitz maps u : G — R. Its validity rests on different results. We first consider
the coarea formula for H-BV functions (2.49) where the perimeter measure of the
upper level sets Ey = {z € G | u(z) > t} is considered. Clearly for a.e. ¢ the set
FE4 has locally H-finite perimeter, then it is possible to replace its perimeter measure
with the spherical Hausdorff measure according to (6.2). Here a crucial point of the
proof occurs: we have to prove that the H-reduced boundary O,y E; covers H@~!
almost all of the level set u~!(¢). This is done in Theorem 6.5.1 where it is proved
that for a.e. t € R we have H 1 (w1 (t)\ Oxzr E;) = 0. In the same theorem a natural
relation between the H-differential of v and the generalized inward normal to E; is
also provided, namely -

Vgu(p
VE, (p) |VHU(]?)| )

for H? l-a.e. p € u~!(t) and a.e. t € R. We mention that the proof of this theorem
stems from a careful application of several results, as Theorem 6.3.1 of Section 6.3,
formula (2.48), Theorem 4.2 of [5] and Lemma 2.31 of [73]. By this theorem the
coarea formula is easily proved. The subsequent coarea formulae (6.45), (6.46) and
(6.47) follow applying results of Section 5.2, where it is proved that the metric factor
of rotational groups is constant. We mention that in this particular case another
proof of the coarea formula can be given using directly the coarea inequality (6.14),
without exploiting Theorem 6.5.1, [125].

In Section 6.6 we are concerned with the estimate of the characteristic set of C*
hypersurfaces. We mention that the size of the characteristic set is of great impor-
tance in the study of trace theorems in the sub-Riemannian setting. For instance,
M.Derridj proved in [51] that the characteristic set of a C'™° hypersurface is negligi-
ble with respect to the Euclidean surface measure and by this result he proved the
existence of a measurable trace on 02 for Sobolev maps with respect to horizontal
vector fields. In this picture, characteristic points play the role of cusps where it is
not possible to consider the trace map. In the theory of sets of H-finite perimeter a
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precise estimate of the size of the characteristic set allows us to answer the following
natural question, raised in [71] and [73]: are all C! hypersurfaces G-rectifiable? The
answer to this question follows essentially by proving that the set of characteristic
points is H® '-negligible. This fact was first proved in [12] for Heisenberg groups
and subsequently generalized in [73] to sub-Riemannian groups of step 2. In both
cases the proofs are based on covering arguments. In Theorem 6.6.2 we extend these
results to any sub-Riemannian group using a different argument. Our proof relies
on the weak Sard-type Theorem proved in Section 6.3 and on the observation that
characteristic points of regular level sets can be regarded as those points where the H-
differential of the map vanishes, Lemma 6.6.1. As a result, in every sub-Riemannian
group the hypersurfaces of class C' are G-rectifiable, according to Definition 3.5.2.
Another important consequence of Theorem 6.6.2 is the estimate (7.52) that answers
a conjecture raised by D. Danielli, N. Garofalo and D.M. Nhieu in [42]. More details
on this major consequence are given in Chapter 7.

6.1 Carathéodory measures and coarea factor

In this section we introduce some additional notions that will be used throughout
the chapter. We will assume that G and M are stratified groups with homogeneous
distances d and p and Hausdorff dimension @ and P, respectively.

Definition 6.1.1 We fix a compact neighbourhood D C G of the unit element and
define the family Fo = {z6,D | z € G, r > 0}. Given a > 0 we apply the construc-
tion of Definition 2.1.17 with F equal to either Fy or P(G), denoting with ®* the
corresponding measure on G.

Proposition 6.1.2 The measure ®* defined above satisfies the estimate (2.4) and
the following ones

1. ®4(6,E) = r®*(E) for EC G, 7> 0
2. ®4(6,E) < r*®¥(E), for EC G, r,t >0 and r < 1

3. Uz E) = ®U(E), for any x € G (left invariance)

PROOF. In case F = P(G) clearly ®* = H*, so (2.4) is trivial. If F = Fp it is enough
to observe that there exist two positive constants ¢; and cg such that B., C D C B,
and compare ®¢ with §*. Properties 1 and 2 follow from the fact that for any s,7 > 0
and z € G one has diam(6,F) = rdiam(E) and ds(x0,D) = dsxds D € F. Finally,
by the left invariance of the homogeneous metric Property 3 follows. O

The following definition is essentially taken from [7].
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Definition 6.1.3 (H-coarea factor) Consider an H-linear map L : G — M, with
@ > P. The horizontal coarea factor Cp(L) of L is the unique constant such that

3By Cp(L) = /M 3P (B N L1(6)) dBF (). (6.3)

We will also say in short H-coarea factor.

Remark 6.1.4 Notice that measures ®, < and ®@~F can be built independently,
choosing different families Fy, according to Definition 6.1.1.

In view of the following proposition the definition of H-coarea factor is well posed.

Proposition 6.1.5 Let L € HL(G, M) and let (F, W) and (F, W) be two systems of
graded coordinates on G and M, respectively. Then there exists a unique nonnegative
constant Cp(L) such that (6.3) holds and the number Cp(L) is positive if and only
if L is surjective. In this case we have

_9Q-PPP o 1o Lo Y, (6.4)
Ba

where posing N = L~1(0) we have defined ag—_p = CIDQ*PI_N(B{I)/FﬁHﬁ_pI_N(B{l),
Bp = BP(BY)/F,LP(BY) and fg = 92(BY) FLLI(BY).

Cp(L)

PROOF. Let us fix a system of graded coordinates (F,W), according to Defini-
tion 2.3.43. We proceed similarly to the proof of Proposition 4.2.2. If we read the di-
lation ¢, restricted to the subspace L(G) as coordinate dilation with respect to graded
coordinates it is easy to see that its jacobian is 7, where P/ = S idim (L(V})).
It follows that
FMY| (Bf N L(G)) =" BMP (BY N L(G)) ,

where p’ is the topological dimension of L(G). In the case L is not surjective it follows
that

m m
P'=> idim (L(V;)) < Y idim(W;) = P,

i=1 i=1
hence the Hausdorff dimension of L(G) is less than P and by (2.4) and (6.3) it follows
that Cp(L) = 0. Now assume that L is surjective. We start proving that ®@—F is
proportional to F{Hﬁp on the subgroup N = L~!(0). Note that N has topological
dimension g —p and a graded structure N' = U1 Uy & - - -dU,, where Uj is a subspace
of V; for any ¢ = 1,...,t. Reasoning as above we have that

FHI (B;? N N) =@ AT (Bf N N) , (6.5)
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where @' = Y7 idim(U;). The fact that L is surjective implies that n > m,
dim(V;) > dim(W;) and dim(U;) = dim(V;) — dim(W;), i =1,...,m, so

n

Q = szlm Zz dim(V;) — dim(W;)) + Z idim(V;) =Q - P.

i=1 i=m+1

It is clear that ®¢~PLN is a left invariant measure on N, because the metric d
restricted to IV is still left invariant. We have to check that it is also locally finite. It
is clear that Fﬁ’H‘q' PN is locally finite. Moreover it is left invariant due to the fact
that coordinate translations (Definition 2.3.54) restricted to the subspace F~1(IV)
preserve the Lebesgue measure. This in turn follows by Proposition 2.3.47 observing
that translations of G restricted to N preserve the Riemannian volume restricted to
N. By (6.5) it follows that ®@~F|_ N is locally finite and hence it is proportional to
7-[| | PI_N, namely

P PLN =agp FHIPLN, (6.6)

I
where ag_p = @9~ PI_N(Bd)/FﬁHq PLN(B{). Notice that for any £ € M we can

write L=1(€) = N, where L(x) = &, so taking into account that left translations are
isometries, one concludes that the constant ag p remains unchanged if one replaces
N with L71(¢) in formula (6.6). As a result we find that the measure

v(A) = /M PP (ANL7(¢)) d@”(¢)

is positive on open bounded sets, while inequality (2.7) guarantees that v is finite
on the sets A C G with ®?-finite measure. By a change of variable involving left
translations it is not difficult to see that v is a left invariant measure on G, so
there exists a positive constant Cp(L) such that v = Cp(L)®?. Now we want to
compute explicitly the H-coarea factor Cp(L). We know that ®* is proportional to
the Lebesgue measure £P on M. Thus, we obtain

| @97 (BN L7©) 407 = ag-r e / P (BEN L) aLr (@),
M
where 8p = ®F(BY)/F;,LP(BY). From the classical coarea formula we get

[ a9 (Binr9) aof () = 25 () a0(s).
M Ba

where B = ®%(B¢)/L(B{). Finally, formula (6.3) leads us to the claim. O

Remark 6.1.6 If G and M are Euclidean spaces it follows

Cp(L) = det(LL*)"* = C,(L),
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where L is a linear map. Therefore, the H-coarea factor coincides with the classical
coarea factor of Definition 2.3.41. For H-linear maps, by (2.7), we always have

w-pWwWp @Q—P @p @Q Lip(L)

Cp(L) < w0 B2(By)

(6.7)

6.2 Coarea inequality

This section is devoted to the proof of coarea inequality. In the sequel the set A C G
will be assumed to be closed and f : A — M will be a Lipschitz map. Notice that
the map £ — CIDthp (A N f_l(f)) is a Borel map for any ¢t > 0, hence we can state
the following definition.

Definition 6.2.1 Let ¢ be a positive number. We define the measure 14 on G as
follows: for any D C G

yt(D):/Mcb?‘P (DNANf19) a@”(€).

By the general coarea estimate (2.7) the measure v is locally finite uniformly in ¢ > 0.

Definition 6.2.2 For each map f: A — M and zy € A, we define the r-rescaled of
f at zp as the map fy,, : 51/T(CL‘61A) — M defined as

Feowr () = 01/ (f (o)~ f(206ry)) -

Proposition 6.2.3 Consider a map f : A — M, a differentiability point zo € Z(A)
and a sequence of positive numbers (r;) which tends to zero. For every ¢ € M, j € N
define the compact set

Ei(¢) = | (D10 farlen(Q) N 01y, (257 A))

m2>j

Then it follows (;51 K; C D1 N dr f(z0)~(C).

PrOOF. Pick an element y € (;5; Kj, getting a subsequence (p;) of (r;) and a

sequence (y;) such that y; € D10 fol, (() N6y, (25" A), yo = y. Thus, by definition
of differentiability it follows

fao,o0 (W) = d f(20)(y) 5
SO fro,p (Y1) = ¢ for every | € N yields ¢ = dg f(x0)(y). O

Theorem 6.2.4 (Density estimate) In the above assumptions, for anyt > 0 we
have

lim sup qm < Cp(du f(x0)) - (6.8)
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Proor. We start considering the quotient

ve(Diyr )@ = /M 39" (AN Dy 1 £1(6)) 12 dBP(6).

The map Ty, : G — G, y — 200,y is the composition of an isometry and a
dilation §,. Thus, choosing r < 1, by property 2 of Proposition 6.1.2 it follows

" (AN Dayr 1 71E) = ¥ (Lo (Aagr(€)) ) <7977 027" (A40(8)).

where Ay (§) ={y € D1 | f(xodry) =&} N 61/r($51A). This implies
(Do) < [ BT (A €))7 07 (0.
M

Defining Ry, : M — M, £ — 61/T(f(:p0)_1£) = ( and using property 1 of Propo-
sition 6.1.2 we obtain (Ry, )y (®F) = rP ®F, hence

vi(Day )7~ < /M 8PP (A o (R21,(C)) dDT(C).

By the definition of r-rescaled function we have

Aggr (B2 (0)) = {y € Di | Flwodry) = F(20)3,C | 181 (w " A)
= D10 [l () N1yt A).

Now we notice that the family of functions {fz,r}r>0 is uniformly Lipschitz with
bound Lip(f) = h on the Lipschitz constants, hence we have fg, ,(D1) C Dy, for any
r >0 and

Ut(Dygy )% < /D 9" (DN f2 Q) N6y (2t A)) d@F(C). (6.9)

We choose a sequence (r;) such that r; — 0 and for each j € N define the functions

g(Q) = (D £,.1 (181, (5 4)) (6.10)

and the following decreasing sequence of compact sets

K;j(¢) = | (D10 faohrn (Q) N1y, (251 A))

m>j

In view of Proposition 6.2.3 we obtain

N E;(¢Q) c D1nL7YC),

Jj=1
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where L = dp f(zo) is the differential of f at z¢. By results of paragraph 2.10.20 in
[55] it follows

limsup gj(¢) < lim @7 (K(0)) < 29" ([N K,(0) < 2~7(Dy N L7(Q))(6.11)

Jj—o0 i>1

with 7 < t. Each measure ®¢, with 7, > 0, is finite on bounded sets, then the
sequence of nonnegative functions (gg)jeN is uniformly bounded by @g_P(Dl) on

Dy,. This fact together with the Fatou Theorem and inequality (6.11) implies

lim sup /D (¢ d2"(Q) < [ 29T (DI L) doT(0). (6.12)

Jj—00 Dy,

Joining inequalities (6.9), (6.10), (6.12) and taking into account the inequality ®¢ <
¢ it follows

lim sup (Do ;)15 @ < / 9P (Dy N L71(C)) doP(C).
M

: j
J—00
The arbitrary choice of the sequence (rx) and Definition 6.1.3 yield

lim sup v4(Dyy )7~ 9 < Cp (dgr f(0)) ®9(Dy), (6.13)

r—0

finally, by inequality (6.13) and the property 1 of Proposition 6.1.2 the proof is
complete. O

Theorem 6.2.5 (Coarea inequality) Let A C G be a measurable set and consider
a Lipschitz map f: A — M . Then we have

/ V(AN SHE) 2T (e) < / Cp(dp f(x)) d2(z). (6.14)
M A

PROOF. We start proving the measurability of g(z) = Cp(d,f). For any t > 0 we
consider the Borel function defined on H-linear maps

L— @277 (L7Y0)nDy) .

The limit as ¢ — 0 is a measurable function, so by the measurability of + — d, f and
the representation (6.4) one concludes this verification. Furthermore, in view of (6.7)
the map g is bounded. Now we define A" C Z(A) N A as the set of differentiability
points, hence by Theorem 3.4.11 we have ®%?(A\ A’) = 0 and by (2.7) it follows

| o9 (an ) et < [ a0 () aeto. 619

M
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Consider a measurable step function ¢ = Zle aila, > g, 05 >0, |_|i-€:1 A = A
(disjoint union). By estimate (6.8), for any ¢ = 1,...,k we have

.. V¢ (Dx 7“)

1 gL o

0 99(D,,) =
for each x € A;. Inequality (2.7) implies the absolute continuity of the measure vy
with respect to ®9, so for every i = 1,...,k we can apply Lemma 2.1.24, getting

Since our estimates are independent of ¢ > 0, we can allow t — 0. Therefore, summing
over i = 1,...,k we find

/

[ o0 ni©) O < [ o) i),
M

By (6.15) and the measurability of g the proof is complete. O

6.3 Some applications

The classical Sard Theorem states that for sufficiently smooth maps, almost every
level set has an empty set of singular points. An analogous statement for Lipschitz
maps is to require that for a.e. level set the subset of singular points is negligible with
respect to the surface measure. In the following theorem we prove this statement for
Lipschitz maps of sub-Riemannian groups.

Theorem 6.3.1 (Sard-type Theorem) Let f : A — M be a Lipschitz map,
where A is a closed subset of G. We denote the set of singular points as follows

S ={x e Al|dyf(x) is not surjective} .
Then, for H-a.e. £ € M we have HY=F (S f71(¢)) = 0.

The proof follows immediately from coarea inequality (6.1), by taking A = S. Indeed,
we get

/M HOP (SN 1)) dHP(€) = 0.

As a result, in almost every fiber the set of non-singular points has full measure.

To better understand the meaning of “singular point” we consider the C' case.
Let u € CY(Q) and t € R be a regular value of u, where €2 is an open subset of
G. In Lemma 6.6.1 we will prove that singular points coincide with characteristic
points: we will precisely show that SNu~!(t) = C (u'(t)), where C (u!(¢)) is the
characteristic set of the hypersurface u~!(¢). It turns out that singular points, e.g.
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those points where the H-differential vanishes, represent the class of characteristic
points even when the surface is less regular, since it can be the level set of a Lipschitz
map with respect to the CC-distance.

We also notice that C'! real valued maps are in particular Lipschitz with respect to
the CC-distance, hence we can apply our weak version of Sard’s Theorem, obtaining
that in a.e. fiber the set of characteristic points is negligible for the @ — 1 Hausdorff
measure. We will use this simple observation in Theorem 6.6.2 to prove that the
set of characteristic points of a C! hypersurface is H9 '-negligible. Our Sard type
theorem will be also crucial in the proof of Theorem 6.5.1 that provides the main
tool to prove the coarea formula (6.42).

The coarea inequality (6.1) can be also used to know if there exists only a trivial
coarea formula for two given stratified groups. In the next proposition we show that
if all H-linear maps between the groups are not surjective, then only a trivial coarea
formula holds between the groups, namely a vanishing identity.

Proposition 6.3.2 Let G and M be stratified groups such that any H-linear map
L € HL(G,M) is not surjective. Then for any Lipschitz map f: A — M, where A
is a measurable subset of G, the coarea formula holds and it is trivial

/ Cp(dir () dHO(x) = 0 = / HOF (AN f1(6)) dHP(E).
A M

ProOF. By Theorem 3.4.11 the map f is differentiable a.e. in A and the differential
dpf(z): G — M is an H-linear map. Our assumption yield that any H-linear map
of HL(G,M) is not surjective, hence by Proposition 6.1.5 we have Cp(dg f(x)) =0
for HP-a.e. x € A. Thus, the coarea inequality (6.14) implies

/%Q‘P (Anf=H9) d’HP(E)g/ Cp(dpf(z))dH?(x) =0. O
M A

The hypotheses of the previous proposition are satisfied when G = H?"*! and M =
H?™*! with n > m.

Proposition 6.3.3 Any H-linear map T € HL(H?"*1 H2™+Y) with n > m, is not
surjective.

PROOF. We use the exponential coordinates of Remark 2.3.27, then the product
operation is as follows

(z,8) - (w,t) = (z +w,s +t+ 2Im(z,w)) ,

where (z,s), (w,s) € C" x R. By Remark 3.1.15 we have T'(z,s) = (Az, As), where
A:C" — C™ is a linear map with respect to the field of real numbers and A € R.
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The homomorphism property implies that
T(z+w,s+t+2Im(z,w)) = (Az + Aw, A(s + t) + 2 \Im(z, w))
=T(z,s)  L(w,t) = (Az + Aw, As + A\t + 2Im(Az, Aw)),
then
Am(z, w) = Im(Az, Aw) (6.16)

for any z,w € C". By the fact that n > m we can take a non vanishing w in the
kernel of A. Replacing z = v and w = iu in (6.16) we obtain that A = 0, this in turn
implies that T is not surjective. O

Proposition 6.3.2 and Proposition 6.3.3 yield the following theorem.

Theorem 6.3.4 Let f : A — H*" ! be a Lipschitz map, where A is a measurable
subset of H*"*! and n > m. Then the coarea formula holds and it is trivial

/ Cp(dp f(x)) dH* ™ 2(z) = 0 = / HATM (AN FTHE)) dHPTR(E). (6.17)
A H

2m—+1

6.4 Representation of the perimeter measure

In this section we find the representation of the perimeter measure with respect to
the spherical Hausdorff measure built with an arbitrary homogeneous distance. This
is done in all groups where a Blow-up Theorem holds, namely generating groups.
This general representation will be used in Section 6.5 in order to obtain a general
formulation of the coarea formula for real valued Lipschitz maps.

Definition 6.4.1 Let G be a graded group and let £ C G and p € G. The r-rescaled
of E at p is the set
Epﬂ“ = 51/7"(p_1E) .

In formula (6.34) we will see the connection between the notion of rescaled set and
the one of rescaled map (Definition 6.2.2).

Remark 6.4.2 It is not difficult to check that if E is a set of H-finite perimeter in
G, then for any p € G and r > 0 the set £, is also and the following formula holds

(G1/r 08y 1), 10B] = 97" OBy |n (6.18)
In the next definition we introduce the notion of vertical half spaces.

Definition 6.4.3 Let p € G and v € V1 \ {0}. The vertical half spaces at p € G
relative to v are defined as follows

Sy (p,v) = exp ({v € TpG( 9(p)(v(p),v) > 0})
Sy (p,v) = exp ({v € TpG( 9(p)(v(p),v) < 0}) :
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When p = e we will simply write S (v) and S (v).

Remark 6.4.4 Note that the notion of half space is strictly related to the graded
metric we consider. We also point out that by definition of vertical half space we get
the following equalities

SHv) =1y (S7W) S, (0v) =1 (S, () -

The previous relations follow observing that

dl,, ({v € TeG’ g(e)(v(e),v) > 0}) = {v € TpG‘ g(p)(v(p),v) > O}

and [, = exp odl, o exp L.

Now one can wonder whether the notion of half space yields two different notions of
intrinsic normal. In fact, if we look at S (X), with X € V1 \ {0}, as a set of H-finite
perimeter we have a natural notion of normal to S; (X) by taking the generalized
inward normal Vst (x)- On the other hand, if we consider 05, (X) as a regular

hypersurface of G we can also adopt the notion of horizontal normal to 95 (X)
at the unit element e € 85’; (X) given in Definition 2.2.9, that clearly yields the
direction X. In the following lemma we check that these two notions do coincide.

Lemma 6.4.5 Let X € Vi \ {0}. Then we have
X
N — -
Vs (P) = X
for any p' € 98} (X) and Vgt (x) (p") = 0 otherwise.

PROOF. Let (F,W) be a system of graded coordinates, where (W1,...,W,,) is an
orthonormal basis of the first layer Vi and W; = X/|X|. For any i = 1,...,m we
consider the vector fields W; = F'W; € T(TRY) and the maps @' = ¢’ o F, where
Y= Z;"Zl ) W;. For ease of notation we denote S§(X) = S*. Proposition 2.3.47
and formula (2.1) give

/ divge dvg = / divge dF LY = / (divgp) o F dL?.
s+ 5+ F-1(5+)

By our choice of Wy, we obtain ST = F(II]), where
Hj:{xeRq’xpo},

therefore, exploiting formula (2.43) and Proposition 2.3.47 we get

. - P L ~i G q—1
/S+d1VHQO dvg = /H+ ZWJSOJ d,cq = /81_[Jr ZSO] <W]’€1>dHH y

1 j=1 1 =1
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where (e;) is the canonical basis of R?. Hence, formulae (2.1) and (2.42) imply

| stauit = [ovsdostlu = [ Y@ dE s . (619)
ot G 7

j=1

where 7/ = v/ o F and 17 = (vg+, W;) for any i = 1,..., m. The validity of (6.19) for
any test function ¢ yields the equality of vector measures on R?

e1 HILL AT} = (Z 5 ej>Fﬁ_1|8S+\H. (6.20)
j=1

In particular, 7/ = 0 for any i = 2,...,m and

X

X =1

7'o F7h = (vgr, Wh) = (vgt,

By the fact that |vg+| = 1 the thesis follows. O
Remark 6.4.6 Notice that formula (6.20) also yields

-1 _
108y (X)|a(B1) = H{| (F7H (B1 N85S (X))) =05 _,(X). (6.21)
Now we state the Blow-up Theorem for the perimeter measure. This result corre-
sponds to Theorem 3.1 of [73].

Theorem 6.4.7 (Blow-up of perimeter measure) We consider a set of locally
H-finite perimeter E C G and a point p € O,gE. If G is a 2 step sub-Riemannian
group, we have

i [0Fy,|u(Ur) = 105} (ve () | (Un) (6.22)

for any R > 0 and the following weak™ convergence of vector valued Radon measures
holds

VE,, 0By |t — vE(p) |8S;r (ve(p))|lg as r—0. (6.23)

We have denoted by Up, the open ball in the CC-distance associated to the graded
metric g.

In order to emphasize that our representation of the perimeter measure with respect
to a homogeneous distance is valid whenever the previous Blow-up Theorem holds
we give the following definition.

Definition 6.4.8 We say that a sub-Riemannian group is generating if the statement
of Theorem 6.4.7 holds for this group.
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Remark 6.4.9 Due to results of [73] all 2-step groups are generating. In Section 6.5
we will prove a general coarea formula for real valued Lipschitz maps defined on
generating groups.

Remark 6.4.10 Notice that the notation S (vg(p)) in Theorem 6.4.7 must be pro-
perly interpreted. Indeed, according to Definition 6.4.3 one has to consider the left
invariant vector field Z € V; such that Z(p) = vg(p), obtaining S (ve(p)) = S; ().
The point p only indicates that the direction of the horizontal normal depends on
the point we consider in JF.

The following theorem is the main result of the section. We will see that Theo-
rem 6.4.12 is its straightforward consequence.

Theorem 6.4.11 Let d be a homogeneous distance on a generating group G and
assume that E is a set of locally H-finite perimeter. Then for |0E|g-a.e. p € G we

have
|8E|H(Bpr)

T£%1+|8Ep,r|H(Bl): lim —— =04, (ve(p)) (6.24)

r—0t
where the open balls By, are defined with respect to the metric d and 9%71 (ve(p))
is the metric factor of d with respect to the horizontal direction vg(p), according to
Definition 5.2.2.

PrROOF. In view of the discussion of Section 2.4, concerning the independence of O,y F
with respect to the homogeneous distance to which is referred (Definition 2.4.10),
relation (2.48) holds when the reduced boundary is referred to d. Thus, it suffices to
prove that limit (6.24) holds for each point p € 9};E. By formula (6.21) we see that
105+ (ve(p)) |g is finite on compact sets, then by (6.22) we can choose R > 0 such
that for some p > 0 we have

sup |8EP7T|H(UR) < 400
0<r<p

By the weak *-compactness of Radon measures, see Theorem 1.59 of [6], there exists
an infinitesimal sequence (1) CJ0, p[ and a Radon measure o such that

|0Ep . luLUR — o as 1 —07.

Since the measure o is finite, then for a.e. t €]0,T[ such that By C Ur we have
0(0B;) = 0. We choose 7 €]0, T such that ¢(0B;) = 0. Since p € 0,z E we can use
(6.23) and observing that the test function ¢(w) = vg(p)1lp, (w) has discontinuities
in 0B;, that is o-negligible, then we can utilize Proposition 1.62(b) of [6] that implies

[ 9(v5y50)) 0B — 0 0 (0). v (0)) 1055 () 1 ()
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as rp — 0. From the definition of H-reduced boundary we know that vg(p) is a unit
vector and from (6.18) and (6.21) we deduce that

08y (vE(p) |1 (Br) = 7971051 (ve(p) |

where the factor 797! is the jacobian of dilation d, restricted to the vertical hyper-
plane II,. Thus, we obtain

[ (vt vE®)) OBl — 79 8 (). (6.25)
B,

Now we fix 0 < A < X < 7 such that ¢(9B)) = 0 and choose a cut-off function v
such that
1, < <1pe, .

By a direct calculation, using formula (2.45) and the property of homogeneous di-
stances By = §, B;, we obtain

1
/ Q(VEP,Tk,¢¢) d|OEp . |n = Q_l/ 9(VE, bprtpr) A0, (6.26)
B, U Bp,rry,
where ¢, = ¢ 081y, 0l,-1 and Yk =1p 091, 0l,-1. Since p € oy E we have

lim g(ve,ve(p)) d|0E|g =1

Tk —0t Bp,)xT‘k

then, by properties (2.46)

1 OF|g(Bp
lim sup Ql/ g(ve,ve(p) d|0E|g = A9 limsup %# . (6.27)
B e

r—07t Tk B AT r—07T

We define ¢ = 1 — 9. Then, observing that ¢, ¥, = ve(p) on By ., and applying
(6.26) we obtain

: /
-1
rd B,

_ 1
_/ g(VEp,rk7¢w> d‘aE ,Tk’H - Q—l/ g(VEa(bp,kwp,k) d’aE‘H
B- ’I"k B

D, TTE \Bp)\?”k

9, ve®) dI0E = | 9(vs,,, ve®) dOE,|n

B,

Hence, by equality (6.27) and (6.25) it follows

OE 5 (B, _ . =
A0 timsup 1228 Do) < 10109 (15(0)) + timsup [0Fy s, 11 (B \ B)
r—07T T rp—0t
Tk*)0+ T]%Qil
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By virtue of the choice of A and properties (2.46) we have

OF|g(B
g P Bacs) _ (=
Q-1 A
rp—07* Tk

+ATCQIOE i (Byr \ Bp) - (6.28)

) 0 ) + N9 (B, \ By

It is possible to choose a sequence (\;) C|0,7[ such that o(0B),) = 0 and A\, — 7.
Hence, from the last inequality it follows

E|g(Bp.r
lim sup W < 9%_1(VE(p)) . (6.29)
Tk

Tk~>0+

It is a straightforward calculation from definition of the perimeter measure to notice

that
_ |OE|u(Bp,)

OEp|m(B1) = — 53—

therefore by (6.23) and the semicontinuity of the total variation with respect to the
weak™ convergence of measures we have

lim inf 7|8E|H (Bp’r)

im inf — 575 > HIHFET(B) N1O,) = 0% (vE(p)) - (6.30)

I
By virtue of (6.29) and (6.30) we can conclude that

E\|r (B,

r—0+ rQ-1 = 0%—1<VE(p)) )

so the thesis follows. O

Theorem 6.4.12 (Representation) Let E C G be a set of locally H-finite perime-
ter and let G be a generating group. Then we can represent the perimeter measure

as follows

05|, — P ?)
WQ_l

SO o,yE, (6.31)

where S9! and 9%_1(1@) refer to the same homogeneous distance.

PROOF. The perimeter measure is finite on bounded sets, then for a.e. r > 0 we
have |0E|p(0By,) = 0 and |0FE|y(Bp,) = |0E|u(Dp,). Then the family C = {B,, |
|OE|g(Bpr) = |0E|a(Dp,)} is fine at each p € G, i.e. defining I, = {r | By, € C}
we have inf [;, = 0. In view of Theorem 6.4.11 it follows

. aE’H D T
i P00 g )

rel, r—0t
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for |OF|g-a.e. p € G. Now we note that any homogeneous distance has the property
diam(B,) = 2r, for any » > 0. In fact, for any point p € exp(V;) we have Jop =
exp(21np), hence the homogeneity of dilations allows us to get the required property.
Taking into account (2.48), we can apply Theorems 2.10.17(2) and 2.10.18(1) of [55] to
the measure |0E|g restricted to 07, E, so the proof follows by a standard argument,
observing that v — Gé_l(u) is measurable and then it can be approximated by
measurable steps functions. O

6.5 Coarea formula

This section is devoted to the proof of the coarea formula for real valued Lipschitz
maps on generating groups.

Theorem 6.5.1 Let G be a sub-Riemannian group and let u: G — R be a locally
Lipschitz map. Then for a.e. t € R we have

HO N w1\ O By) =0 and (6.32)
~ Vgau(p)
v, (p) = N a)]’ (6.33)

for HO '-a.e. p € u=L(t), where By = {x € G | u(x) > t}.

PROOF. For every t € R we denote by D; the set of points p € u~!(t) such that u
is H-differentiable at p and dgu(p) is nonvanishing. In view of Theorem 6.3.1 and of
(2.49) we derive that for a.e. t € R we have H2 ' (u='(t) \ D;) = 0 and the set F;
has locally H-finite perimeter. Now we pick one of these . The first thing we want
to prove is that Dy C 0*Ey, where 0*E; is the essential boundary (Definition 2.1.16).
To see this we fix p € D; and observe that Definition 6.2.2 and Definition 6.4.1 yield

(B)pr = {x €G | up,(z) > o} . (6.34)

The H-differentiability at p implies the uniform convergence on compact sets of wu,, ,
to dgu(p) and this in turn yields the following L}, -convergence

(Et)pr — Sy (Viu(p)) - (6.35)
From previous limit we deduce the following

Vg(Bp,r N Et)

rQ =Yg (B1nN (Et)p,r) — g (Bl N S;_ (VHu(p))) >0

and analogously

Vg (Bp.r \ Et)

Q =g (B1\ (Et)pyr) — vy (Bl NSy (VHU(I’))) >0,



6.5. COAREA FORMULA 139

so our first claim is achieved. Using the fact that H@1(u~1(t) \ D;) = 0 we also
obtain
HO (™ () \ O*Ey) = 0. (6.36)

Now we recall the general representation of the perimeter measure for a set £ of
H-finite perimeter
OF| 1 (A) = / 6 dHO! (6.37)
ANO*E
where 8 > ¢ > 0 is a Borel map and A is an arbitrary Borel set. This formula
is proved in Theorem 4.2 of [5], where the more general context of metric measure
spaces is considered. By formulae (2.48) and (6.37) we get

cHO YO B\ 0.5 Ey) < |0F|g (0°E \ g Ey) =0,

then HP1(0*E; \ 0,z E;) = 0 and by (6.36) we obtain (6.32). In order to establish
(6.33) for H9 '-a.e. p € u~'(t) we can limit ourselves to prove the formula for a
point p € D; N Oy Ey. From now on, we denote by E the set E;. Now we use the
fact that p € O,y E. By Lemma 2.31 of [73] we obtain a constant ¢g, only depending
on the group, such that

0B |1 (Upy) < cor97" (6.38)

for any r € (0,79), where 79 > 0 depends on p. We recall that U, , represents the
open ball with respect to the CC-distance. Due to the fact that the CC-distance is
a homogeneous distance there exists a constant ¢; > 1 such that Dy C U, (Proposi-
tion 2.3.37), then from formulae (6.18) and (6.38) we deduce that

_ 9B (Bpy) _ |9E|uUpeir)

) -1
|0Ep,r | (D1) = Q-1 < 01 <o (6.39)

for any 0 < r < ro/c1, where Dy is the closed unit ball with respect to the homoge-
neous distance d. By the weak *-compactness of Radon measures, see Theorem 1.59
of [6], there exists an infinitesimal sequence (ry) C (0,79/c1) and a Radon measure
o such that

|8Ep77~k‘H|_D1 — 0 as rp— 0r.

By the finiteness of o there exists 7 € (0,1) such that o(Fr(B;)) = 0. By the uni-
form estimate (6.39) and the L}, convergence (6.35) we derive the following weak *-
convergence

Vuu
v, |0Epy |nLD1 — wﬁ;& 08} (Viu(p)) LDy as rp — 0.
By Proposition 1.62(b) of [6] it follows that

[ ) A9, s — (L (o) 1953 (V) L (5. (640
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Using formula (2.45) and the homogeneity of d, it is a direct calculation to obtain

1
/B<VEP,%7VE(p)> d|OEp s, |n = rQl/ (ve,vE(p)) d|OE|nH . (6.41)

k P,TTE

By definition of H-reduced boundary we know that

lim (ve,ve(p)) d|OE|g =1,

re—0t Bp.rry,

hence the limit (6.40) and equality (6.41) imply

/B<VEp,rk7VE(p)> d|aEp,rk’H = </ (ve,ve(p)) d’aE’|H> W‘HCS—?{LTM)

Py T
Vru(p)

— (91 4 YHUP)
= (19 4 0(1)) 0B (B) — { T

uE<p>> 95T (Vu(®) |1 (B,).

By the invariance of S;” (Vgu(p)) under dilations we get
Vuu(p) +

1 E r B T— 7/ N\ B ?

i 108l (B1) = (G () )9S (Varu(e) (B)

and the lower semicontinuity of the perimeter measure yields

lim inf ]8Eprk\H(B1) > ’85+ (VHU( )) ‘H(Bl) .

’l“k—>0

By the last two limits we obtain that

Vru(p) y
= <rvHu<p>|’ E(p)>

then the thesis follows. O
Theorem 6.5.2 (Generalized coarea formula) Let u: G — R be a locally Lip-

schitz map, where G is a generating group. Then for any nonnegative measurable
map h: G — R we have

/ h(w) |V g ul(w) dvg(w / / bo-1 (v (w) h(w)dSP Y (w)dt,  (6.42)
G 0]

wE-1

where ST, 92271 refer to the same homogeneous distance and vg, is the generalized
inward normal to the set By = {x € G | u(xz) > t}.
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PrROOF. By the a.e. differentiability of Lipschitz maps it is not difficult to see that

|Dpu| = |Vyu|vg, where Dyu is the distributional derivative of u regarded as a
measure. Thus, formulae (2.49) and (6.31) immediately yield
(vE
/ IV | dvg = / / fo1(ve) t) dS@1 at (6.43)
Oy E:NU w —

Now, by (6.32) the previous formula becomes

/vauy dvg—// » )dSQ L dt (6.44)

The Borel regularity of the spherical Hausdorff measure yields

0%, (v
/|VHu| dvg:/ / Md‘g@—l dt
A R Ju-l()na  wWQ-1

for any measurable set A C G. Finally, taking an increasing sequence of nonnegative
step functions which converges pointwise to a nonnegative measurable map h and
applying the Beppo Levi Convergence Theorem, the thesis follows. O

In the next theorem we show that the general coarea formula (6.42) has a simpler
form in rotational groups.

Theorem 6.5.3 Let G be an R-rotational group endowed with an R-invariant ho-
mogeneous distance and let uw : G — R be a locally Lipschitz map. Then for any
nonnegative measurable map h : G — R we have

/Gh(w) IV 1) (w) dug(w) = “9=1 // ) dS9~ Y (w) dt (6.45)

LL)Ql

where ag_1 is given by Proposition 5.2.5 and it is 'referred to the R-invariant distance
together with SQ~1,

PRrROOF. Since the generalized inward normal of a set of H-finite perimeter takes
values in HG, then formula (6.45) follows from Proposition 5.2.5 and (6.42). O

The coarea formula can be particularized in Heisenberg groups, which are rotational
groups and possess the homogeneous distance do, where the factor ag_1 is computed
explicitly.

Corollary 6.5.4 Let p be the CC-distance in H** ™! and let v : H***!1 — R be a
locally Lipschitz map. We consider the graded metric g associated to the basis of
Proposition 5.1.8. Then for any nonnegative measurable map h : H>" ™' — R we

have
/ h(w) |V gl (w) dvg(w) = 2@ / / w)dS9Y(wydt,  (6.46)
H2n+1 wE-1 u 1(t)

where ag_1 is giwen by Proposition 5.2.5 and it is referred to p.
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PROOF. By Proposition 5.1.8 the group H?"*! is R-rotational and the class R of
horizontal isometries is described in the same proposition. By Proposition 5.1.12 the
CC-distance with respect to g is R-invariant, then we can apply Theorem 6.5.3 and
obtain formula (6.46). O

Corollary 6.5.5 Let doo be the distance introduced in Example 5.1.11 and consider
a locally Lipschitz map v : H2"t1 — R. We refer to the graded metric g on H?"H!
associated to the basis of Remark 2.3.27. Then for any nonnegative measurable map
h: H?>"*1 — R we have

w ul(w) do (w) — 2¥2n=1 W) dS9 (w
/HW h(w) [V gul(w) dvg(w) v /R/u_l(t) h(w)dSg ™ (w)dt.  (6.47)

PrOOF. As we have observed in the proof of Corollary 6.5.4 the Heisenberg group
with the metric g is R-invariant. From Example 5.1.11 we know that our distance d
is R-invariant, so by Proposition 5.2.5 we get a constant metric factor ag_1. In view
of Example 5.2.8 we know that ag_1 = 2wa,—1, so applying (6.45) we get (6.47). O

6.6 Characteristic set of C'! hypersurfaces

In this section we utilize the weak Sard-type Theorem of Section 6.3 in order to study
the characteristic set of C'' hypersurfaces on sub-Riemannian groups.

Let us fix some notation that will be used throughout the section. We consider an
adapted orthonormal basis (W1, ..., W,) of the stratified algebra G and we define the
associated graded coordinates by F' : RY — G (see Definition 2.3.43). We denote
by p the CC-distance of G (see Definition 2.3.33). We fix a map v : O — R of
class C! on the open bounded set O C G, with e € O and u(e) = 0. We assume
that there exists jo such that Wj u(p) # 0 for any p € O. Hence ¥ = u1(0) is a
Cl' hypersurface in O and e € 3. We recall that for any j = 1,...,t¢ the subspace
H}G C T,G is a translation of H.G at p € G (Definition 2.3.16).

Lemma 6.6.1 In the notation above, we have
C(X) ={p € X|dnu(p) : T,G — R is the null map} .

PROOF. By definition of ¥ it follows that du(p)(v) = 0 if and only if v € T,,X. Now
assume that p € C'(X). Then H,G C T,X, so du(p)(vi) = 0 for any v; € Vi(p). By
Proposition 3.2.8 it follows that dgyu(p)(v) = du(p)(v1) whenever v = Z§:1 vj and
vj € HZZG for any j = 1,...¢. Therefore dgu(p) is the null map. Viceversa, if dgu(p)
is the null map, then du(p)(vi) = 0 whenever v; € H,G, namely H,G C T,X. O

Theorem 6.6.2 Let G be a sub-Riemannian group. Then, for any C' hypersurface
Y of an open subset Q@ C G we have 7—[?71 (C(X)) =0, where p is the CC-distance.
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PROOF. Notice that any C'! hypersurface of Q can be written as a countable union of
C'! bounded pieces S;, with i € N. In view of Proposition 2.3.39 the translations are
isometries with respect to p and it is also easy to observe that [,C(S;) = C(,(S;))
for any p € G. It follows that

HIH(C(S1) = HI ™ (1,C(S) = HTH(C(1,S))) -

So the thesis follows if we prove that for a suitable small hypersurface ¥ 3> e we
have ’Hg)*l (C(¥)) = 0. To do this, it is not restrictive to assume the hypotheses
and the notation fixed in the beginning of the section. Let O = F~1(0) c R? and
> = F~(¥) ¢ R? and observe that 4~'(0) = ¥ where &t = uo F : O — R is a C"
map. We define the hyperplane

My = {o € R |z, =0}

By the implicit function theorem there exists an open subset A C Il containing the
origin and a C! map ¢ : A — R such that @(¢&, p(€)) = 0 for any & € A, where
we have posed § = > .. wjiej, (§,0(8) = 2,4, 8¢ + p(§) €ej, and (e5) is the
canonical basis of R?. The map ¢ : A —s O, defined by & — (£, ¢(€)) has the image
contained in 3.

Now we define G : R x A — G by (¢,€) — lexptw;, (F(¢(£))) and we note that

G (0) = Wj,(e) and 0, G(0) = Wj(e) + wg,; (0) Wi, (e),

for any j # jo. It follows that there exist € >0, A C A and U C G, with 0 € A and
e € U, such that
G:(—e,e)x A—U

is invertible. Let us consider the projection p;i(x) = x1 for any x € R? and define
the C' map 7 : U — (—¢,¢) by 7(p) = p1 (G"'(p)). The map 7o F~! is clearly
Lipschitz with respect to the Euclidean distance. It follows that 7 is Lipschitz with
respect to the Riemannian distance of G. Observing that in general p > d,, where
dy is the Riemannian distance, we obtain that 7 is Lipschitz with respect to p. Up to
a choice of a smaller neighbourhood of the origin O we can suppose that qﬁ(;l) =3
Now, in view of Theorem 6.3.1 for a.e. t € (—e,e) we have ’Hgfl(T_l(t) ns) =0,
where

S ={peU|dyr(p) is vanishing} .

By the fact that G is invertible it follows that d7(p) is nonvanishing at any p € U
and by Lemma 6.6.1 we have C (771(¢)) = 771(t) N S, therefore it follows

HI ™ (C(r7 (1) =0,



144 CHAPTER 6. COAREA TYPE FORMULAE

for a.e. t € (—e,e). By definition of 771(¢) we have
r 6 = {p e UG p) € {t} x A} = lenprw, (F(6(A)) = lexprws, (2) -
Thus, for a.e. t € (—¢,¢) we have
0=HI ' (Clr (1) = HI (C (zexptwjoz))
= H7 ™ (Lspeaw,, (C(2))) = H7 ™ (O(D))

and the thesis follows. O



Chapter 7

Blow-up Therems on regular
hypersurfaces

In the previous chapter we have seen how the validity of a Blow-up Theorem implies
the representation of the perimeter measure by the spherical Hausdorff measure built
with respect to any homogeneous distance. By this fact and Theorem 6.5.1 we have
also established a generalized coarea formula for scalar Lipschitz maps with respect
to the CC-distance. All these results hold in generating groups (Definition 6.4.8),
so if we want to extend their validity to every sub-Riemannian group we have to
prove that any sub-Riemannian group is generating. Unfortunately, this seems to be
a difficult open issue.

In this chapter we tackle this problem considering more regular domains and
hypersurfaces. Under these strengthened conditions we will prove a Blow-up Theorem
for the Riemannian measure of C! hypersurfaces of arbitrary sub-Riemannian groups
(Theorem 7.1.2). This leads us to a formula to represent the spherical Hausdorff
measure of a C! hypersurface ¥ C G, where G is an arbitrary sub-Riemannian
group. Our formula is as follows

Q-1 = __wo-1 v(x)| do,(x .
s = [ gt )] doya) (71)

where both the spherical Hausdorff measure S?~! and the metric factor 02271(VH(33))

are considered with respect to the same homogeneous distance, o, = Hg;l and d, is
the Riemannian distance associated to the graded metric g. Formula (7.1) has been
obtained in [126] through the limit

0,(ENB,,) 05 1 (vu(p))

I = 2
s @l v (p)] (72

at noncharacteristic points p € C(X), hence its validity holds in principle for hy-
persurfaces where the characteristic set is H? '-negligible. By Proposition 2.2.10

145
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we notice that (7.1) formally suggests that the set of characteristic points must be
H9 L negligible, as we have proved in Theorem 6.6.2. Just by this last result in
Theorem 7.1.3 we are able to extend the validity of (7.1) to any C! hypersurface of
an arbitrary sub-Riemannian group. Formula (7.1) also fits a general estimate for
the Hausdorff dimension of hypersurfaces in CC-spaces proved by M. Gromov in [86].
Precisely, if @ is the Hausdorff dimension of an equiregular CC-space with topological
dimension ¢, then the Hausdorff dimension of a compact subset with topological di-
mension ¢g—1 is always greater than or equal to Q—1, see formula (%) at p.152 of [86].
By virtue of (7.1) the previously mentioned estimate becomes an equality when the
equiregular CC-space is a sub-Riemannian group and the compact subset of topolog-
ical dimension g—1 is of class C'. In fact, formula (7.1) implies that these compact
subsets have S@~1- finite measure. In particular we have proved that the intrinsic
Hausdorff dimension of C! hypersurfaces of sub-Riemannian groups is exactly Q—1.

A further consequence of Theorem 7.1.2 is a version of the Riemannian coarea
formula in sub-Riemannian groups

g
/ h(w) |V gl (w) duy (w) = / / borvm(w)) | as@twyar,  (13)
G RJu-1(t)  WQ-1

where u : G — R is a locally Lipschitz map with respect to the Riemannian distance
dg and h : G — R is a nonnegative measurable map. Another important tool to
get (7.3) is Theorem 6.3.1, by which the set of characteristic points of a.e. level
set is H? !-negligible. The coarea formula (7.3) was first obtained by P. Pansu in
the Heisenberg group, using the Carnot-Carathéodory distance, [152], and it was
extended to general stratified groups for smooth functions by J. Heinonen, [92]. In
the case G is an Euclidean space E", with the classical Riemannian metric, formula
(7.3) yields an extension of the classical Euclidean coarea formula

_ ) py—
| n@wul@a= [ » h(w) dH () dt,

Wn—1

where 6,1 (v(x)) and ’Hﬁ”*l are considered with respect to the same Banach norm, Vu
is the Euclidean gradient and v is the unit normal to the level set. We stress the fact
that our Blow-up Theorem for C! hypersurfaces yields (7.3) in any sub-Riemannian
group, provided that the map w is Lipschitz with respect to the Riemannian distance.
However, in the sub-Riemannian context it would be natural to assume that u is Lip-
schitz with respect to the CC-distance (or equivalently any homogeneous distance).
As we have seen in Chapter 6, the coarea formula under this weaker conditions holds
for generating groups, where a Blow-up Theorem for the perimeter measure holds.
We also mention that another type of coarea formula for metric space valued Lips-
chitz maps on Euclidean normed spaces (or rectifiable subsets) is proved in [7], where
the role of the metric factor is replaced by the notion of coarea factor, correspond-
ing to Definition 6.1.3. In Theorem 7.3.1, using the same technique of the Blow-up
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Theorem for C! hypersurfaces, we obtain different blow-up estimates adapted to the
case of OV! hypersurfaces. As a result, we derive a sharp upper estimate of the
Hausdorff dimension of the characteristic set of C1'! hypersurfaces in 2-step graded
groups endowed with a homogeneous distance. This result fits the ones obtained in
[12] for the class of Heisenberg groups.

A further application of the blow-up technique together with the method used
to prove Theorem 6.4.11 allows us to achieve Theorem 7.4.2, where we obtain the
Blow-up Theorem for the perimeter measure of C'! domains. Here the C! regularity
of the set permits us to avoid the use of any isoperimetric inequality, which is an
essential tool when the set is of H-finite perimeter, [47], [71] and [73]. Precisely,
Theorem 7.4.2 holds in graded groups endowed with a homogeneous distance. This
class of groups clearly encompasses all sub-Riemannian groups, where it is always
possible to consider the CC-distance as a homogeneous distance. A first important
consequence of Theorem 7.4.2 arises in connection with a conjecture stated in [42].
In this paper it is shown that every C? compact domain F of the Heisenberg group
satisfies the following estimates

cHO Y (OE) < Py(E,H>!) < CHY Y(OE), (7.4)

where Q is the Hausdorff dimension of H?***! and ¢,C > 0 are dimensional con-
stants. Here the authors of [42] conjecture the validity of estimates (7.4) for any
sub-Riemannian group, under suitable regularity assumptions on the domain F. By
the Blow-up for the perimeter measure of C' domains (Theorem 7.4.2) and the fact
that characteristic points are H?!-negligible for C' hypersurfaces (Theorem 6.6.2)
we positively answer the conjecture extending (7.4) to any sub-Riemannian group
and any C' closed set E as follows

fo-1 HO L OENQ) < Py(E,Q) < 2%0g-1 HO Y OENQ), (7.5)
we-1 we-1
where Q2 C G is an arbitrary bounded open set. In addition, we can provide explicit
formulae for the dimensional constants 6,_1, ?Q,l, which are related to the graded
metric used for the perimeter measure and to the homogeneous distance used to build
the Hausdorff measure:

0o, = inf 6% . (v) and Og_1 = sup 6 . (v).

Y0-1 VeV, Q—l( ) Q-1 ue‘l;)l Q_1( )
Formula (7.5) is a straightforward consequence of a more precise result, corresponding
to Theorem 7.4.4, where we obtain the following representation of the perimeter
measure

eéfl(VH)

|0E|y =
LUQ_l

SOk (7.6)
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for any C' closed subset E of a sub-Riemannian group. We mention that in the
particular case G = H?"*! and d = d (see Example 2.3.38), the representation
(7.6) first appeared in [71]. The general validity of (7.6) for any C* closed subset of
an arbitrary sub-Riemannian group and with respect to an arbitrary homogeneous
distance answers a question that has been raised in [72] and [73]. This is the ques-
tion of finding a relation between the perimeter measure of a set and the spherical
Hausdorff measure of its boundary in general sub-Riemannian groups, under suitable
regularity assumptions. By Theorem 6.6.2, Proposition 7.4.3 and formulae (2.45),
(7.6) we obtain an intrinsic version of the divergence theorem for C! subsets (7.54),

that becomes
. aQ—1 vg -1
divyg¢ dv :—/ ,— ) dS%@T.
/E 1o dvg wQ-1 8E<¢ |VH|> P

on R-rotational groups, where p is the CC-distance with respect to the graded metric
that makes the group R-rotational, ag_1 is the constant metric factor (see Proposi-
tion 5.2.5) and vy is the horizontal normal. Another immediate consequence of (7.6)
joined with (7.16) is the relation

|8E’H = ‘I/H|O'g|_aE, (77)

that connects the perimeter measure of a C'! set with the Riemannian surface measure
of its boundary. It is interesting to notice that the previous formula depends only on
the graded metric of G and the horizontal subbundle HG. We point out that if we
consider the set ' as a subset of R? with respect to a system of graded coordinates
we can exploit the classical divergence theorem for C! sets obtaining a version of
(7.7), as it is shown in [31] concerning the general context of CC-spaces. In this case
the integration by parts in R? yields the following term in place of the right hand
side of (7.7)

m

/BE ( >~ Xj>2)1/2 Hi (7.8)

Jj=1

where Hq__l is the g—1 dimensional Euclidean Hausdorff measure, v is the unit normal
to E and X; are the vector fields in R? which span the horizontal subbundle HG. But
the term (7.8) is not immediately recognizable as an intrinsic object of the group,
due to the presence of the Euclidean scalar product and the measure Hﬁ‘_l. We also

point out that (2.45), (7.7), Proposition 7.4.3 and Theorem 6.6.2 imply the following
version of the intrinsic divergence theorem for C'! sets of sub-Riemannian groups

/ divg¢ dvg = — / (p,vm) doy . (7.9)
E OF

Let us give a synthetic overview of the chapter.
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The main result of Section 7.1 is Theorem 7.1.2, where the blow-up with respect
to the Riemannian measure of C'' hypersurfaces is proved in any graded group en-
dowed with a homogeneous distance. As a consequence, in Theorem 7.1.3 we obtain
the relationship between the QJ—1 dimensional spherical Hausdorff measure and the
Riemannian measure of C! hypersurfaces, (7.16), (7.17). We recall that the validity
of the previously mentioned formulae also relies on Theorem 6.6.2, where we have
proved that characteristic points are H9~'-negligible.

In Section 7.2 we prove the coarea formula (7.3). The main results used for its
proof are the representation formula (7.16) and Theorem 6.3.1. In Corollary 7.2.3 we
extend the classical Euclidean coarea formula to the case when the n—1 dimensional
Hausdorff measure is built with a Banach norm on E™. As we have seen in the previous
chapter the coarea formula takes a simpler form in rotational groups. Here the same
simplification occurs in Theorem 7.2.4 and analogous theorems could be stated for
Heisenberg groups. Finally, in (7.24) we present a formulation of coarea formula
where only the restriction of the graded metric onto the horizontal subbundle is
involved. This presentation agrees with the philosophical principle of sub-Riemannian
Geometry according to which all information is contained in the horizontal subbundle
and in all its related structures.

The relevant result of Section 7.3 is the application of the blow-up technique
developed in Theorem 7.1.2 to the characteristic points of the hypersurface. This is
done in Theorem 7.3.1, where C1'! hypersurfaces in groups of step 2 are considered.
By this theorem it is easily proved that the Q—2 dimensional Hausdorff measure of
the characteristic set is comparable with its Riemannian surface measure (7.34) and
the upper estimate (7.35) of its Hausdorff dimension follows. Finally, by results of
[12] for any o > 0 it is possible to find a C'*! hypersurface ¥, in the Heisenberg group
with Hausdorff dimension greater than or equal to Q—2—q, this in turn implies that
our upper estimate (7.35) is sharp.

In Section 7.4 we prove that noncharacteristic points of the boundary of a C*
set are in the H-reduced boundary. This is obtained by Proposition 7.4.1 and The-
orem 7.4.2, where we also show that at these points the Blow-up Theorem holds,
namely, limits (7.41) and (7.42) hold. The proof of these limits is the main result
of the section. The C' regularity of the set E allows us to use also the notion of
horizontal normal vy to dE. In Proposition 7.4.3 we check that vy has the same
direction of the generalized inward normal vg, as one can expect. By the previously
mentioned Blow-up Theorem and the key result of Theorem 6.6.2 we easily achieve
Theorem 7.4.4, where formula (7.6) is proved. This formula joined with Theorem 6.6.2
yields (7.5), and joined with (7.16), yields (7.7). As an immediate consequence, we
obtain the divergence theorems (7.54), (7.55) and (7.56).
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7.1 Blow-up of the Riemannian surface measure

Throughout the chapter we will denote by M a graded group endowed with both
a homogeneous distance and a graded metric. The symbol G will denote a sub-
Riemannian group. The Riemannian measure of hypersurfaces is o, = ’Hg;l, where
dg is the Riemannian distance corresponding to the graded metric g.

Lemma 7.1.1 Let O C M be an open bounded neighbourhood of e € G. We consider
a C' map u: O — R such that u(e) = 0 and we assume that du(p) : T,M — R is
surjective for every p € O. Then, for every p € ¥ =u~1(0) and Z € T,M we have

_ Vru(p)
[Vu(p)|’

where vy (p) is the orthogonal projection of v(p) onto HyM and v(p) is the unit
normal to X.

dru(p)(Z2) = [Vu@)| (vu(p), Z)p and vu(p) (7.10)

PRrROOF. By Proposition 3.2.8 we know that dyu(p)(v) = du(p)(vi) for every v =
Z§:1 vj, where v; € H}G. It is standard to recognize that v(p) = Vu(p)/|Vu(p)|,
where v(p) is the unit normal to ¥. Now, by definition of horizontal normal v (p)
(Definition 2.2.9) and horizontal gradient Vpgu(p) (Definition 2.2.7), equations of
(7.10) easily follow. O

Theorem 7.1.2 (Blow-up) Let X be a hypersurface of class C' in Q C M and let
p € ¥ such that vy (p) # 0. Then we have

07, (v
lim %(E ﬁinm) = Q-1 (p) ; (7.11)
ST v (o)

Proor. Up to a translation we can suppose that p is the unit element e € G. By
Lemma 7.1.1 we can represent ¥ by a C' map u : O — R, where O C  is an
open bounded neighbourhood of e and dgu(p) is surjective for any p € O. We fix
a system of graded coordinates (F, W) where Wi(e) = vg(e)/|vi(e)|. Then, taking
into account that (W1,..., Wy,) spans H.G and formulae (7.10), we have

Wiu(e) = dgu(e)(W) = [Vu(e)| [vu(e) (W1, Wi) = [Vhule)]  (7.12)
Wju(e) = dgu(e)(W;) = [Vu(e)| [vu(e)[ (W1, Wj)e = 0 (7.13)

for any j = 2,...,m. Let us define &t = uo F: O — R, where O = F~YO) c R4,
We note that @~!(0) = ¥ with ¥ = F~1(X) ¢ RY. We define the hyperplane

le{xeRq]an:O}.

By the implicit function theorem there exists an open subset A C II; containing the
origin and a C! map ¢ : A — R such that @ (p(¢),€&) = 0 for any & € A, where we
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have posed & = ZJ _oxjej and (e;) is the canonical basis of R?. Now we consider

the parametrlzatlon p:A— % &— (p(£),€) and the map ¢ = F o ¢. Denoting
B, = F~(B,), for a suitable small 79 > 0 we have

0y(ENBy) =0y (6 (ANG7(B / B)\/det () de

for any r < rg, where h;; denotes the graded metric g restricted to ¥ with respect to
the coordinates £. Now we consider the restriction of the coordinate dilation A, to
the hyperplane IT; and we denote it by A,.. We make the change of variable & = A,.¢/,
observing that the jacobian of A, is 7971, We obtain

0y(EN By) =@ / . Mdet( J(O(A,€))) e (7.14)
1/

Ay 1(B

Now, we analyze the domain of integration A, /P ( ») C II; as r — 0. We have
the representation

Ry ! (By) = {g e | (w(A,€)r7"€) € Bi ).

By (7.13) it follows that

0z,;(0) = — ' =0 forj=2,...,m,

hence, by Taylor formula we get
q
> O (0% TG + R(5,E)r
i=m+1

where R(v)[v]|™! — 0 as |[v| = 0 and |- | is the Euclidean norm on II;. For any i > m
we have d; > 2, then ¢(5.&)r! — 0 as r — 0, uniformly in &, which varies in a
bounded set. Hence, for any £ € B; N1I; we have

1A1/T¢_1(B7‘)(€) —1 as r—0,

whereas for any £ € TI; \El we get
1A1/r¢71<3,~)(5) —0 as r—0,

so by (7.14) and The Lebesgue Convergence Theorem it follows

(XN B,)
lim 4 / \/det (hij( (7.15)
r—=0 TQ 1 BiNII;
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Now we explicitly compute the number det (h;;(e)). We have

/0% 0¢
hij(9(£)) —<a§i’6£j>¢<£) .

Denoting by g;; the graded metric with respect to the coordinates x € A, we note
that g;;(e) = 6;;. Then, by (7.12) it follows that

o6 0 VaO)l _ [Vu(e)]
VJdet (his ) = \/ det (<a?a?>> ~ om0 ~ ol

Finally, by (7.10) and observing that Hﬁ‘_l(él NIL) = 922_1(1/1{(6)) (see Defini-

tion 5.2.2), the limit (7.15) leads us to the conclusion. O

Theorem 7.1.3 Let X be a hypersurface of class C' in Q@ C M. Then we have

0%, (v
MSQ*H_E: lve| o LY, (7.16)
WQfl g
Q-1 y_ _Wo-1 N 1
S¥T L 0%_1(VH) lve| oglX. (7.17)

PrROOF. Theorem 7.1.2 implies that for any p € ¥\ C(X) we have

1 0g(ENByr) _ 041 (v(p)) .
r—=0 wp-—1 r@-1 wQ-1 |I/H(p)|

Due to Theorem 6.6.2 we have S?~!(C(X)) = 0. Observing that oy(X N B,,) =
04(X N D,,) for a.e. r > 0 and using theorems on measure derivatives, see for
instance Theorems 2.10.17 (2) and 2.10.18 (1) of [55], the proof follows by a standard
argument. O

7.2 Coarea formula on sub-Riemannian groups

In this section we apply the relation (7.16) between the Riemannian surface measure
and the @Q—1 dimensional spherical Hausdorff measure of C! hypersurfaces to the
study of an intrinsic version of the coarea formula in sub-Riemannian groups.

We begin the section recalling a classical result, see 13.4 of [25].

Theorem 7.2.1 (Riemannian coarea formula) Let (M, g) be a Riemannian ma-
nifold and let w : M — R be a Lipschitz map with respect to the Riemannian
distance. Then for any summable map h : M — R we have

/h,|vuydvg:// hdo, dt. (7.18)
M R Ju—1(¢)
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In the following theorem we extend the Riemannian coarea formula to sub-Rieman-
nian groups, where the measure of level sets is computed by the spherical Hausdorff
measure with respect to the homogeneous distance.

Theorem 7.2.2 (Generalized coarea formula) Let u: G — R be a locally Lip-
schitz map with respect to the Riemannian distance of G. Then for any nonnegative
measurable map h : G — R we have

0% (vy(w
/ h(w) |V gl (w) dug(w) = / / boalvmw) ) as@1wyde,  (7.19)
G R Ju—1(t) wQ-1
where the spherical Hausdorff measure and the metric factor are understood with
respect to the same homogeneous distance.

ProOF. Without loss of generality, we can assume that u is a Lipschitz map on a
bounded Borel set E. Moreover, we can extend u to a Lipschitz map on G. The
Whitney Extension Theorem (see 3.1.15 of [55]) ensures that for any € > 0 there
exists a map % : G — R of class C'! such that, defining the Borel set

E = {xEG|u(a?):a(m)},

we have vy(E \ E') < e. Thus, the gradients of u and @ coincide a.e. on E’. In view
of formulae (7.10) and (7.18) we obtain

/ \VHu]dvg:/ (/ |VH\dag> dt ,
E R Enu—1(t)

for any measurable subset £ C G. Hence, the general coarea estimate (2.6) implies

og/ |Vu|dvg—/ (/ |ﬂH|do—g) dt < C'Lip(u) ¢,
E R NJENG-1(t)

where C is a dimensional constant and 7y is the horizontal normal of the level sets of
. By the fact that G is a stratified group we can apply Theorem 6.3.1, getting that
the set of characteristic points is S®~'-negligible for a.e. level set of @. Furthermore,
by the classical Sard Theorem the set of critical values of @ is negligible. Thus,
formula (7.16) yields

0 S/E [Vl dug —/R(/Elml(t) WdSQ_I(x))dt < CLip(u) e. (7.20)

Let us observe that E'Nu~'(t) = E'Na~'(t) and for a.e. level set we have Vu = Vi
outside of a S@~1-negligible set. Thus, for a.e. ¢ € R the following equality holds for
S@lae. x € ul(t)

0517 () = 05 (vE (x)).
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Hence, inequality (7.20) becomes

07 (vy(x
0< / |Vul dv, —/ (/ M dSQfl(a;)> dt < C'Lip(u) .
E R NJENu=1(t) wE-1

Again, using (2.6) and observing that in view of (5.5) the function 9%_1 (+) is bounded,
we get

0% (v (x)) dSQ_l(:U)> dt < C'Lip(u) ¢ .

(E\E")Nu~!(t)

Finally, in joining the last two inequalities we arrive at

0% (vy(x
—C'Lip(u)e < / |Vu|dvy — / (/ M dSQ_l(:E)> dt < CLip(u)e.
E R NJENu—1(t) wQ-1

Letting € — 0 it follows

/E IV | do, =/R(/Emul(t) WdSQ—l(z)> dt . (7.21)

Now, by a standard argument, taking an increasing sequence of nonnegative step
functions that converge to h and applying the Beppo Levi-Monotone convergence
theorem the thesis follows. O

Corollary 7.2.3 Let (E™,||-||) be the Fuclidean space endowed with a norm and let
u : E®" — R be a locally Lipschitz map. Then for any nonnegative measurable map
h:E" — R we have
On— _
/ h(z) |Vu|(z) dx = / / Onr(v(@)) h(z)dH], L) dt, (7.22)
E™ R Ju—1(¢)

Wn—1

where Vu is the Euclidean gradient, v is the normal direction to the level set and
On—1(v(x)) is defined with respect to ||-|| as the Hausdorff measure ’Hﬁn_l.

ProOF. Formula (7.22) follows directly from (7.19), observing that @ = n and that
any direction in E™ is horizontal. Thus, the horizontal gradient coincides with the
Fuclidean gradient and the horizontal normal vy coincides with the normal v to
the level set. Now, we recall that the spherical Hausdorff measure coincides with
the Hasudorff measure on rectifiable subsets of a normed space. This fact follows
from the isodiametric inequality of finite dimensional normed spaces, see [25]. Thus,
for a.e. level set of f we can replace the Sﬁl_l in formula (7.19) with Hml_l. This
completes the proof. O

In the next theorem we apply the generalized coarea formula in rotational groups
with invariant homogeneous distances.
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Theorem 7.2.4 Let G be an R-rotational group endowed with an R-invariant ho-
mogeneous distance d and let u: G — R be a locally Lipschitz map with respect to
the Riemannian distance. Then for any nonnegative measurable map h : G — R we

have
/A h(@) |V il () dog () = 2@ / / | s, (7.23)

CUQl

where ag_1 is given by Proposition 5.2.5 and it is referred to d together with S@~1.

PrOOF. By virtue of Theorem 7.2.2 we have

/h )|V ul(w) dvg(w //u1 e WH ))h(w)dSQ_l(w)dt-

Proposition 5.2.5 yields 9Q 1(vE (7)) = ag-1 and this concludes the proof. O

Remark 7.2.5 Theorem 7.2.4 yields simplified versions of the coarea formula in the
Heisenberg group with suitable homogeneous distances, with formulae analogous to

(6.46) and (6.47).

In the sub-Riemannian context it is natural to require formulae where only the re-
striction of the metric ¢ to the horizontal subbundle HG is involved. Next, we will
apply this principle to formula (7.19). Let us define the factor

SQ(By) 05 1(v)

Bo-1(v) = on(B) woo

and observe that the left invariance of both v, and S? implies

/G h(w) |V gu|(w) dS (w / / Bo-1(vr(w)) h(w)dS? (w)dt.  (7.24)

It is not difficult to recognize that the left hand side of (7.24) involves only the
restriction of g to HG. In the following proposition we check that even the constant
Bo-1(v) depends only on the restriction of the graded metric g to HG.

Proposition 7.2.6 Let g and g be two graded metrics on the graded group M and
suppose that g(e)(v,w) = g(e)(v,w) for anyv,w € HM. Then for anyv € H.M\{0}

we have ~
0 1(0) 0%, ()
vg(B1)  vg(Bi)

PrOOF. Let L the vertical hyperplane in M orthogonal to v. We define Wj to be
the unit vector parallel to v and we complete it to an adapted orthonormal basis
(Wh,...,Wy,) of M with respect to g. Let F' : RY — M be the associated system of
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graded coordinates (Definition 2.3.43). By the hypothesis on g and § we can consider
an adapted orthonormal basis (Y7,...,Y;) of M with respect to § such that ¥; = W;
for any i = 1,...,m. To this latter basis we associate the graded coordinates defined
by T : R? — M. Let C be the ¢ x ¢ matrix defined by relations W; = cj Y; and
notice that it has the following form

[m Cl
o= (1 G, -
where I, is the m x m identity matrix, C; € My, g—m(R), Co € My_p, g—m(R) and
O € My m(R) is the null matrix. By definition of the maps F' and T" and identifying

the matrix C with its corresponding map, we have F' = T o C. Now we read the
hyperplane £ in the two systems of coordinates, getting the following relations

m=rF£)={¢eRr!|g =0} =Cc7'T7(£) = 'S,

From (7.25) we notice that the restriction of C' to II has the determinant equal to
det Cy and that it maps II into S. It follows
g —1 (e
0%\ (v) = HIH (171 (By 1 £)

= H{ (CoF (BinL)) =H{ (C(F(B) N1D))

= | det Cs| Hﬁ;l (F7Y(B1N L)) = |det Co| 65, (v). (7.26)
Proposition 2.3.47 implies that v3(B;) = £ (T~!(By)), then we have

v§(B1) = L9 (T H(By)) = LY(C o F~1(By))
= |det O| L1 (F~1(By)) = | det Ca|vy(B1), (7.27)

where the last equality follows by (7.25) and Proposition 2.3.47. Finally, equations
(7.26) and (7.27) yield the thesis. O

7.3 Characteristic set of C!'! hypersurfaces

In this section we study the size of the characteristic set of C'! hypersurfaces in 2-
step graded groups endowed with a homogeneous distance. Throughout the section
Q will denote an open subset of M.

Theorem 7.3.1 (Blow-up estimates) Let M = Vi@V, be the graded algebra of M
and let 3 C Q) be a C’llo’c1 hypersurface withp € C(X). Then there exist a neighbourhood
U of p in 3 such that for any p' € C(X)NU we have

0 < ¢ < liminf 99(X N Byr) 9¢(3N By )
r—0+ ’[”Q_2 TQ_z

< lim sup <C. (7.28)

r—0t

where ¢ depends on U and C' is a geometrical constant independent of 3.
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PrROOF. We represent ¥ in a neighbourhood O, = 1,(0) of p as O, Nu~1(t) C %,
where O is an open neighbourhood of e € G and u € C11(0,), with u(p) = 0. Let
(F,W) be system of graded coordinates. Since p € C(X), then Vyu(p) = 0 and
Yol Wiu(p) Wi(p) # 0, where (Wpq1, ..., W,) is an orthogonal basis of V2. We
can also assume that W,11u(p) = |Vu(p)| and Wju(p) =0 for any j =m+1,...,q.
We define the map @ =wuol,o F: O — RY, where O = F~1(0), obtaining

0r,(0) = Wyu(p) = 81 [Vu(p)] (7.29)
We consider the hyperplane
I, 1 = {x ERY | zpy1 = ()}.

By the implicit function theorem there exists an open subset A C II,,4+1 containing
the origin and a C! map ¢ : A — R such that

w (& e mn),n) =0 forany ({,n) €A,

where we have posed (§,7) = >, zje; + Z?:m+2 xjej and (e;) is the canonical
basis of R7. Let us define ¢(¢,7) = (&, ¢(€,n),n) for any (£,1) € A and ¢ = F o ¢.

Now, by the fact that translations are isometries with respect to the Riemannian
metric, for a suitable small g > 0 we have

04(S N Byy) = 0y (L1 (D) N By) = 0 (9(A) N By) =04 (¢ (671(AN By)) )

= [ \Jaet ot my) dedn.
¢~ 1(Br)

for any r < rg, where B, = F —1(B,) and hi; denotes the graded metric g restricted
to 1,-1(X) with respect to the coordinates (£,7). Now we consider the restriction of
the coordinate dilation A, to the hyperplane II,,+; and denote it by A,. Tt is easy to
notice that the jacobian of A, is =2, hence by a change of variable (£,7) = A,.(¢, 1)
we get

750 By) =19 [ Jaet (st agar . (730)

Al/r¢71(ér)

Next, we study the shape of the domain /~X1/T¢*1(Br) as 7 — 0. We have the repre-
sentation

Mo 0 (B) = {(€ ) € M| (G0 Gr&m)r2m) e Bi} . (73D)
By (7.29) it follows

0., 00) = — 22 0)

O 0 PO O
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forany k =1,...,m and [ = m + 2,...,q. Hence, we have proved that V(0) = 0
and by Taylor formula for C1! functions we obtain

@ (&(n,f)) =0 (r&,r°n)) |(r&,r*n)

where | - | is the Euclidean norm on Il 41 and ¢ is a map which is bounded by the
Lipschitz constant of V. Let C' C R? be an open Euclidean ball contained in Bj
and let us define the set

E= {(5777) € Hm+1 ‘ (€7L|§‘2777) S C}7
where L = 2||0||oo. Now, we aim to prove that for any ({,n) € E

2 (7.32)

L5615 ((§m) — 1 as 7 —0. (7.33)

Consider (£,n7) € E and choose r; € (0,79) such that for any r < r; and (§,n) € E
we have |(&,77)] < v/2|¢|. Then, by equation (7.32) for any r € (0,71) we get

r 2l (6:(y, 2)) [ =10 ((ry, ) || (y,72)* < 2)0lloo [y[* = L1yl*.
Since C' is convex and A; /T¢*15T(]§1) has representation (7.31) it follows that
E C J~\1/T¢*15T(B~1) for any € (0,71),

and the limit (7.33) is proved. In view of Fatou Theorem and (7.33) we obtain

imint | iy Vet (600 (6m) den > [ et (o) agan,

where

0¢ 0¢> ) [Va(0)] [Vu(p)]
det (hii(e)) = 4/ det — = — = =1.
Vet (his(e)) \/ (5% ) T et = Wnsrup)
We observe that the size of the open set E depends on ||0||o, so the constant ¢ =
Hﬁ‘_l(E) can be chosen independent of all points p’ € C(X) N U, where U is a
bounded open neighbourhood of p in ¥ and by (7.30) c¢; satisfies our claim. To
get the upper estimate we observe directly from the representation (7.31) that there

exists a bounded sets F' C II,,,, which contains A, /T¢*1(BT) for any r > 0. Thus,
we can choose C' = ’Hfl_l(F) independent of p € C(X). O

Theorem 7.3.2 Let X C Q be a Cllo’i hypersurface in a step 2 group M. Then there
exists a countable open covering {U;} of C(X) and positive constants c; and C such
that

¢; SC2(CU;NY)) <oy(C(U;NE) <CS2(C(U; NY)) (7.34)
for any j € N and we have

Ha—dim (C(2)) < Q — 2. (7.35)
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ProOOF. We adopt the notation of Theorem 2.10.18 in [55], where V =X, = o4LE
and F' is the family of balls with respect to the homogeneous metric d and ((B;,) =
r® for any z € G and » > 0. By Theorem 7.3.1 Theorems 2.10.17(2), 2.10.18(1) of
[55] we have a countable open covering {U;} of C(X) and positive constants c;, C
such that

¢; SO2(C(U;NY)) <0, (CU;NE)) < CSU2(CU;NY)) .

These estimates imply in particular that S?=2 (C(U; N'X)) is finite for every j € N,
then estimate (7.35) follows. O

Remark 7.3.3 As a consequence of (7.34), the characteristic set of a C’llo’c1 hypersur-
face is a countable union of subsets with H9~2-finite measure.

We observe that the CC distance p is always greater than or equal to the Riemannian
distance dg, in the case both of them are built with the same graded metric. Hence,
for any set £/ C M and a > 0 we have g (E) < Hj(E). So the following inequality
holds

Ha,~dim(E) < H,~dim(FE). (7.36)

Now, by Theorem 1.4(1) of [12], for any o > 0 there exists a C1'! hypersurface %,
in the Heisenberg group H" such that H||—dim(C(X4)) > 2n — «, where | - | is the
Euclidean norm in H", viewed as a vector space. It is clear that Hy,~dim(C(%)) =
H|.|—dim(C'(X)), so by (7.36) we get

H,—dim(C(Xn)) >2n—a=Q -2 —«a, (7.37)

where (Q = 2n + 2 is the Hausdorff dimension of H” with respect to a homogeneous
distance. Thus, by virtue of Theorem 7.3.2 we get

Q—2-a<H,~din(C(S.)) <Q -2,

hence the estimate (7.35) is optimal.

7.4 Perimeter measure

In this section we study the perimeter measure of C'! domains in sub-Riemannian
groups, obtaining its representation in terms of the ()—1 spherical Hausdorff measure
of the topological boundary (7.6). Several consequences of this formula are given.

In the sequel, subsets with C' boundary and nonempty interior will be simply
called C! subsets.

Proposition 7.4.1 Let E be a C' closed subset of M. Then we have

9*E\ C(OE) = OE \ C(JE). (7.38)



160 CHAPTER 7. BLOW-UP THEREMS ON REGULAR HYPERSURFACES

PRrROOF. The inclusion 0*E C OF is immediate. So consider p € OF \ C(0F). For a
suitable g > 0 and any r € (0,7r) we have

B,,NE =1, ({exp(w) € By |u(pexpw)) > 0}) ,

has nonvanishing gradient on the open bounded neighbourhood

where v € C1(O,R)
) = 0. Proposition 3.2.8 and formula (7.10) yield

O of p and u(p
u(pexpw) = dyu(p)(exp(w)) +o(d (exp(w))) = |Vu(p)| (vu (p), w)p+o (d (exp(w))) ,

where vg(p) is the horizontal normal of OF at p. Then it follows

By, NE=1,({p' €B,

(vi(p),Inp)p + o0 (d(p,e)) > 0}) :
Utilizing Definition 6.4.1 and posing B, = In B, we notice that

vg(Bpr NE) =1%0v,(B1NE,,)
=r@u, (exp <{w € B, ’ (v (p),w) +o(1) > 0})) , (7.39)

where B, = 01,,(p~ ' E) is the r-rescaled of E at p (Definition 6.4.1). Due to the fact
that p ¢ C(OF) we have vg(p) # 0 (see Proposition 2.2.10). Thus, by the Lebesgue
Convergence Theorem and Definition 6.4.3 it follows that

lim Vg(Bpr N E)
r—0+ r@

= vy (B1N S (vu(p))) > 0. (7.40)
From the expression

By, \E =1, ({exp(w)

u(pexpw)) < 0})
and reasoning in the same way as before we deduce that

(Bi’Q\E) vg (B1NS; (vu(p))) > 0.

lim
r—0+

Observing that vy(Bp,) = v4(B1) r% and keeping in mind the definition of essential
boundary, our claim follows. O

The following theorem is the main result of the section. We prove the blow-up in any
graded group endowed with a homogeneous distance, provided that the domain F is
of class C*.
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Theorem 7.4.2 (Blow-up) Let E be a C! closed subset of M. Then for any p €
OFE \ C(OF) we have

8E B r
lim |0Ep,,|g(B1) = lim 10E| 1 (Bp.r)
r—0+t

0+ rQ—1 = 99@_1 (vu(p)) (7.41)

with the following weak™ convergence of vector valued Radon measures

vu(p)
v (p)]

where vy (p) is the horizontal normal to OFE at p (Definition 2.2.9) and the couple
By, 9%71 (vi(p)) is considered with respect to the same homogeneous distance.

VEy, |0Epr|ln — 08T (wva(p))le as =0, (7.42)

PROOF. Let us fix a system of graded coordinates (F, W) and a point p € E\ C(9F).
We start proving the limit (7.41). We fix the notation E, = p~'E. By the C!
regularity of £/, we can represent ¥ = O N JE, by a C! map u : O — R, where
O C M is an open bounded neighbourhood of e and dgu(s) is surjective for any
s € O. By virtue of formula (7.10) we have

dru(e)(Z) = |Vu(e)| (vu(e), Z)p,

where vg(e) is the horizontal normal to OF at p € OF \ {0} translated to e € M.
Choosing our graded coordinates such that Wj(e) = vy(e)/|vu(e)| and taking into
account (7.10) it follows that

Wiu(e) = dgu(e)(Wh) = [Vu(e)| [va(e) (Wi, W) = [V ru(e)]
Wju(e) = duu(e)(Wj) = [Vu(e)| lvu () (W1, Wj)e = 0 (7.43)

for any j = 2,...,m. Let us define & = uo F': O — R, where O = F~1(0) C R
We note that @~1(0) = ¥ with ¥ = F~1(X%) c R?%. Consider the hyperplane

le{xeRq]x1:0}.

By the implicit function theorem there exists an open subset A C II; containing the
origin and a C! map ¢ : A — R such that @ (p(£),€&) = 0 for any & € A, where we
have posed ¢ = 22:2 xje; and (e;) is the canonical basis of R?. Now we consider

the parametrization ¢(€) = (p(€), €) and the map ¢ = F o ¢. Formula (7.49) applied
to E, yields

OB (Br) = F; OB (B = [ Jug, [t
B,nOE,
for any r € (0,r¢), where rg > 0 is suitable small and B, =F ~1(B,). Hence, from
the parametrization of O N JE, by the map ¢ we deduce that

BB = [ g |96 Tyatdo @)
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and the change of variable by the coordinate dilation A, restricted to the hyperplane
II; yields

OB (B =2t [ g (5(A,) Ty (@A) de.

Al/r$7l(BT)
Now, proceeding as in the proof of Theorem 7.1.2 we see that
£ (Mpd ™ (Br) — 80 (vm(e) as 107

therefore

08, 1 (B) = VB g1 () w10 Ty a0(0)) . (7.44)

as r — 07. We notice that the differential dF : R? — G is an isometry and that the
unit inward normal vg, is orthogonal to T.OE),, therefore the unit normal vj;(0) to
E, at the origin satisfies the relation F*I/Ep(e) =vg,(e) and

<I/Ep, Wi>e = <F*VEP’ F*Wi>e = <VEP’ V~V1>0 . (745)

By virtue of (7.45) we see that

w0 10) = | S s Wil3 = i (e) (7.46)
i=1
and by (7.43) we get
0., 0(0)
L 0(0) = — 2= gy, =2 . ..m,
0z,;¢(0) 9. 5(0) 0 for any j m

that yields
_Va(O) _ [Vu(e) _ 1
102,0(0)]  [Vau(e)l  |vu(e)l’

where the latter equality follows from formula (7.10). In view of formulae (7.44),
(7.46) and (7.47) we have established (7.41).

Now, we adopt the notation used in the proof of Proposition 7.4.1. First, we want
to prove that the rescaled set E, . converges to Si (vx(e)) in L} (M). If we replace

B; with Bg in (7.39) and we apply (7.40), then for any R > 0 we have

Tq—1(d¢(0))

(7.47)

lim vy (exp ({w € Bp ’ (vg(e),w) 4+ o(1) > O})) =y (BrN S; (vr(e))) .

r—0t
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Let us pick a test function ¢ € I'.(HG) and observe that the integral

/<907 VE,,) d|0Ep | n 2/ divip duy
G Epr

converges to

divyp dv :/Qp,y+y . d10SF (v (el .
/S;(VH(e» 7 @< 5+ (va (o)) 41953 (vi(e))]

as v — 0%. From limit (7.41) and weak* compactness we deduce the existence of a
weak * converging subsequence

VE'p,rk |8E ,’r‘k’H — VS;(VH(e)) ’aS;—(VH(G)”H,

then the above convergence holds as » — 07. By Lemma 6.4.5 the previous limit
becomes

VE,, 0Ep v lH — |Z§EZ;| |8S;(VH(6))\H as r— 0",
Let us write vy og,(e) = vu(e) to stress that the horizontal normal is relative to
p~'OE. Then it is clear the relation di vy ok, (€) = vior(p) € TyM that corresponds
to the horizontal normal v (p) to OF at p. We use the same notation vg(p) to
denote the left invariant vector field of G that coincides with vy (p) at p (according
to Remark 6.4.10), so from the last limit we infer (7.42). O

Given a C"! closed subset E C M and looking at its boundary as a C! hypersurface OF,
there are defined the horizontal normal vy (p) at p € OF \ C(OF) and the generalized
inward normal vg(p), due to (7.48). In the following proposition we prove that these
two normal vectors have the same direction, completing the previous theorem.

Proposition 7.4.3 In the assumptions of Theorem 7.4.2 we have

v(p) = ZEPL d 9B\ C(OE) = 0.4\ C(9E) (7.48)
v (p)|

where vg(p) is the generalized inward normal (Definition 2.4.9) and vy (p) is the
horizontal normal to OF at p (Definition 2.2.9).

ProOF. We adopt the notation used in the proof of Theorem 7.4.2. By definition of
generalized inward normal it is not difficult to check that for any ¢ € I'.(HB,,)

J

<VE7<P>d|8EH_TQ1/B <VEp,r=‘Polp°57‘>d‘aEp,T’H
1

p,T
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and by formulae (2.1) and (6.18) we have

/ (vE, @) d|OE|g :/ (VE, p)ol,od, d((sl/rolp_l)ﬁ]ath
B By

DT

:TQl/ (vgolyob,, pol,o6,) d|OE, |
By

therefore vg,, = vgol,0d, as vector measurable maps, that indeed are continuous.
By previous equality we infer that

T‘Q_l

RO l) ol e —
/B <VE g0> ’ ‘H |8E’H(Bp,r)

p,T

/ <VEp,r’ (polp05r> d‘aEp,r’H
By
/ <VEP,M(POZPO(ST - ¢> d|8Epﬂ"’H +/ <VEP77‘7¢> d’aE 7r|H

By B

whenever ¢ € I'.(HB,,). By virtue of (6.21) and (7.41) we obtain

|0Ep | 1(B1) — 108y (i (p)) |1 -

Hence, the weak convergence (7.42) and (7.50) yield

lim sup
r—0+t

/ (v, o) dIOE| g _/ (vE, ., b) dOEy,|n
B

P, B:
). o(0) ~ <|[’jgj§|w> 4105+ (vir(p)) |H'
< limsup [[¢oly08, — YL,y = [lp(P) — Yl Lo (B)) -

r—0t

Replacing 1 with 1y, in the last estimate, where () C T'.(HB1) and ¢ — ¢(p)1p,
we obtain

e o)) = (220 o))

lvi (p)

| b
and the arbitrary choice of ¢ yields the equality vg(p) = vy (p)/|ve(p)|- Now we have
to prove that p € 0, E. We check the continuity of vg, that is defined in principle
as a measurable map by the Riesz Representation Theorem. Let ¢ = Z;nzl @’ W; e
I'.(HM) and apply Proposition 2.3.47, formula (2.1) and (2.43), obtaining

/ <1/E,cp>oFdFﬁ_l|8E\H:/(VE,g0> d|8E|H:—/ divg e dug
Ra M E

= —/ > W, dLt = /~Z¢j<u,;,v~vj>d%q—1,
B3 O ;=4
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where E = F~Y(E), W; = F;'W; € I'(TRY) and v, is the unit inward normal to E.
In view of the arbitrary choice of ¢ we get the equality of vector measures

vgoF F; ' |OE|g = wyH'LOE, (7.49)

where wp = ZTzl(yE Wj> ej. From continuity of vz we deduce that vg is also
continuous. Next we prove that p € d,gFE. Let us apply the change of variable
formula (2.1)

/ VEd](?E\H—/ vg ol o5rd(51/rolp_1)ﬁ]8E‘H
p,T Bl
and formula (6.18), obtaining

TQil
dloF|ly = ———— l, 00, dlOE, ,
/BuE 9Bl = 5T 5 /BuE 0E,

p,r

H :/ v oly 06, d|OE, ,|i
B
The continuity of vg implies

lim ve d|OE|g = vi(p) (7.50)

+
r—0 By r

hence the first equality of (7.48) yields our claim. O

Theorem 7.4.2 will be an essential tool in the proof of the next result, where an
explicit representation for the perimeter measure of C' domains is given, (7.51).
Another crucial tool to obtain this representation formula is Theorem 6.6.2, where it
is proved that the characteristic set of C'! hypersurfaces is H9~'-negligible. Note that
Theorem 6.6.2 is proved in stratified groups, instead of general graded groups with
a homogeneous distance. In fact, the main result used in its proof is Theorem 6.3.1
that follows from the coarea inequality (6.1), which in turn was proved using the a.e.
H-differentiability of Lipschitz maps. This last result can be proved only for stratified
groups as we have discussed in Chapter 3. Just for this reason the following theorem
is proved in sub-Riemannian groups instead of general graded groups endowed with
a homogeneous distance.

Theorem 7.4.4 Let E be a C' closed subset of the sub-Riemannian group G. Then
we can represent the perimeter measure as follows

9%—1(VH)

|0E|n =
we-1

S0k, (7.51)

where S~ and 0%_1(1/1{) refer to the same homogeneous distance.
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PROOF In view of Theorem 6.6.2 we have HY~! (C(OE)) = 0. Thus, by (7.48) the
rest of the proof follows exactly as it is done in Theorem 6.4.12 using the limit (7.41)
at points of O,y E \ C(OF). O

By Remark 5.2.3 the following numbers

_ g R g
Op—1= Vlélél QQ_I(V) and Og_1 = 5;1‘1/)1 HQ_l(V)

are finite positive constants. Thus, by virtue of Theorem 7.4.4 we immediately obtain
the following result.

Theorem 7.4.5 For any C' closed subset E C G we have the following estimates

0, 29 0,_
Q-1 9/0-19ENQ) < Py(B,Q) < — 9L

HO Y OENQ) (7.52)
wQ_1 (,UQ_l

for any bounded open set Q C G.
The following theorem is a straightforward consequence of (7.16) and (7.51).
Theorem 7.4.6 For any C' closed subset E C G we have

|0E|n = |vi|ogLOE . (7.53)

The previous theorems complete the picture of relations among perimeter measure
of C!' domains of sub-Riemannian groups, the Riemannian surface measure of their
boundary and the Q—1 dimensional spherical Hausdorff measure of their boundary
with respect to a homogeneous distance.

We also mention that other notions of surface measure can be considered in the
sub-Riemannian context, for instance in [141] the notion of Minkowski content of
a hypersurface is extended to CC-spaces and the equality between X-perimeter of
a smooth domain and the Minkowski content of its boundary is proved. Here the
X-perimeter is referred to a general system of vector fields, see [31].

Another simple consequence of (7.51) is the following divergence theorem for C*
sets of sub-Riemannian groups, that immediately follows using formula (2.45) and
Proposition 7.4.3

Theorem 7.4.7 (Divergence Theorem) Let E be a C' closed subset of a sub-
Riemannian group G. Then for any ¢ € I'.(HG) we have

/E divr dvg = — /6 i (6,2 Yo-1(v) ot (7.54)

Tval/ wga
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By Proposition 5.2.5 and Proposition 5.1.12 we easily see that the previous formula
becomes

. Q-1 VH Q-1
divg ¢ dv, = ——— / ,—— ) dS 7.55
/E 1o dvg wo-1 Jor <¢ IVHI> g (7.55)

in R-rotational groups, where p is CC-distance relative to the graded metric that
makes the group R-rotational and ag_1 is the constant metric factor defined in
Proposition 5.2.5. In a similar way, taking into account (7.53) we obtain another
version of the divergence theorem

/ divg ¢ dvg = — / (¢, vm) doy . (7.56)
E oF
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Chapter 8

Weak differentiability of H-BV
functions

In this last chapter we focus the attention on the real-valued maps defined on sub-
Riemannian groups such that their distributional derivatives along horizontal direc-
tions are finite measures, namely H-BV functions. When all these weak derivatives
up to an order greater than one are finite measures, we have functions of H-bounded
higher order variation (Definition 8.5.1). In the corresponding Euclidean theory it is
well known that they are a.e. approximately differentiable up to the order of their
finite variation and that their approximate discontinuity set is rectifiable. To have
an account of the classical theory we refer the reader to the works [27], [55], [185]
and to the historical note in [6]. So the first natural question arising from the Eu-
clidean context is to study the approximate differentiability and the properties of the
approximate discontinuity set in the framework of sub-Riemannian groups.

We will accomplish this study using some tools of classical Analysis that have
been recently extended to the context of sub-Riemannian geometries. In fact, in the
last few years there has been a strong development of the theory of Sobolev spaces
in the sub-Riemannian context and also in the metric one: important results such as
Poincaré inequalities, embedding theorems, representation formulae, trace theorems,
compactness results and much more, hold in sub-Riemannian groups when formulated
in intrinsic terms, e.g. using left translations, dilations and the CC-distance, see [42],
[66], [67], [79], [91], [100], [140] (in Section 2.5 we have collected some of these results).

In Section 8.1 we introduce the notion of approximate continuity and of approx-
imate differentiability for locally summable maps. Following Federer’s definition, we
also define a weaker notion of approximate differentiability that will be useful in the
proof of Theorem 8.2.2.

Section 8.2 deals with the approximate differentiability of H-BV functions. Here
the problem consists in the fact that an integral inequality of type (8.3) is not still
known for nonabelian sub-Riemannian groups, therefore the classical approach de-

169
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scribed in [6] cannot be applied. We will utilize two notions of approximate diffe-
rentiability: the stronger one of Definition 8.1.2 and the weaker one of (8.2). However
we will always refer to approximate differentiability meaning the stronger notion. The
idea of our approach is to prove first that H-BV functions are a.e. approximately
differentiable with respect to the weaker notion and subsequently, by a bootstrap ar-
gument based on the Poincaré inequality, to achieve the approximate differentiability.
We also obtain that the approximate differential coincides a.e. with the density of
the absolutely continuous part of the H-BV vector measure.

In Section 8.3 we prove that the approximate discontinuity set of an H-BV fun-
ction is contained in a countable union of the essential boundaries of sets with H-finite
perimeter, up to an H9 -negligible set, (8.16). Note that by results of [5] we can
conclude that S, is contained in a countable union of sets with H%~1-finite measure.
Furthermore, whenever a rectifiability theorem for sets of H-finite perimeter in sub-
Riemannian groups holds, we immediately achieve the G-rectifiability of S, when
is H-BV. Here rectifiability theorem means that the H-reduced boundary of H-finite
perimeter sets is G-rectifiable. This result is known only for sub-Riemannian groups
of step two, [73], and it is an open question for groups of higher step.

In Section 8.4 we present an important integral inequality, named “representation
formula” by the authors of [67]. This will be a crucial tool in the Section 8.5, con-
cerning the proof of higher order differentiability. In order to keep the chapter more
self-contained, we will give a proof of this formula adapting to our case the proof of
Theorem 1 in [67], that holds for the much more general spaces of homogeneous type
which satisfy the Poincaré inequality.

In Section 8.5 we prove the approximate differentiability of higher order. Notice
that the case of H-BV? maps correspond to a weak Alexandrov type differentiability
(Theorem 8.5.6). Our method is based on two crucial estimates: first, in a suitable
point = we estimate the difference |u(y) — u(x)| utilizing the maximal function, see
(8.8). Second, we use the representation formula (8.19) in the form (8.23) in order
to obtain information on the behavior of |Dgwv|, where v = |Dgu|. This procedure
is applied to the function u once we have subtracted a suitable polynomial in such a
way that the densities of the absolutely continuous parts of the horizontal measure
derivatives are vanishing at the point. By the isomorphism between polynomials
and left invariant differential operators the above mentioned polynomial is uniquely
defined (Proposition 8.5.3) and it corresponds to the “intrinsic” Taylor expansion of
the map at the fixed point. We point out that some difficulties come from the non-
commutativity of left invariant differential operators. Here we exploit the important
Poincaré-Birkhoff-Witt Theorem, which provides a manageable basis for the algebra
of left invariant differential operators.

In Section 8.6 we construct a nontrivial class of H-BV? functions in the Heisenberg
group arising as inf-convolutions of the cost function d(z,y)?/2, where the distance
d is constructed with a suitable gauge norm.
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8.1 Weak notions of regularity

Here we introduce some weak notions of limit and differential for measurable functions
on sub-Riemannian groups. We will utilize the same notation of Section 2.5 for both
the Riemannian volume and the metric ball with respect to the CC-distance.

Definition 8.1.1 (Approximate limit) We say that a function u € Llloc(Q,Rm)
has an approzimate limit A € R™ at x € Q if

lim u(y) — Aldy =0.
Jm () = dy
If u does not have an approximate limit at x we say that x is an approxzimate discon-
tinuity point and we denote by .9, the measurable set of all these points, namely the
approrimate discontinuity set.

It is clear that the approximate limit is uniquely defined and that it does not depend
on the representative element of u; it will be denoted by u(x). We call the points in
O\ Sy approzimate continuity points of u. Since sub-Riemannian groups are doubling
spaces we have that S, is negligible and u(z) = a(x) for a.e. = € Q. This follows
from Theorem 2.1.22 of the thesis and Theorem 2.9.8 of [55].

There is a weaker, and more canonical, definition of approximate limit (we will
refer to [55]). Let us consider a measurable function u : @ — R, z € Q and A € R.
We say that A is the approximate limit of u at x if for any £ > 0 we have that

re€I({ze Q| u(z)— A <e}).

The approximate limit A is uniquely defined and it is denoted by aplim,_,, u(z).
Note that € Q\ S, implies aplim,_,, u(z) = @(z), but the converse is not true
in general, see for instance Remark 3.66 of [6]. However there will be no confusion
utilizing the same word (but a different notation) for the two concepts. Moreover,
for locally bounded functions u there is a complete equivalence: aplim,_,, u(z) = A
implies x € Q\ S, and \ = u(z).

In the sequel it will be useful to represent a scalar valued H-linear map L : G — R
by a horizontal vector of G. This is easily done exploiting the graded metric on the
group as follows

L(z) = (v,Inz) for any z € G.

We will use the notation v* to indicate the map L.

Definition 8.1.2 (Approximate differential) Consider u € LfOC(Q) and a point
x € Q\ Sy,. We say that u is approzimately differentiable at z if there exists an
H-linear map L : G — R such that

o ) — @) — L)

r—0+ Us.r r

dz=0. (8.1)
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The map L is uniquely defined, it is denoted by dgyu(x) and it is called the approwi-
mate differential of u at x.

We warn the reader that we have used the same symbol for both differentials of
Definitions 3.4.8 and 8.1.2. This slight abuse of notation is justified by the fact that
differentiability implies approximate differentiability.

In the spirit of [55], a weaker notion of approximate differentiability could be
given, saying that the approximate differential of amapu: A C G — Rat z € Z(A)
is the unique H-linear map L : G — R such that

o i 1)~ () = LG'y)

lim o7 ~0. (8.2)

We point out that the approximate differentiability implies the existence of the ap-
proximate limit (8.2), as it will be proved in Proposition 8.2.1, but already in the
Euclidean case the converse is not true, see for instance Remark 3.66 of [6].

8.2 First order differentiability

In this section we prove the approximate differentiability of H-BV functions. We
point out that the validity of the following inequality

[u(z) — u(z)] ' |Daul (Upare)
/U @) =€ /0 — (83)

where A\, C' > 0 are dimensional constants, would imply a slightly stronger approxi-
mate differentiability via classical methods described in [6]. Unfortunately, this seems
to be an open question.

Proposition 8.2.1 Let u: Q2 — R be a Borel map. Then the following statements
are equivalent:

1. for a.e. x € Q there exists an H-linear map L : G — R such that

ap lim u(y) — u(z) — Ly(z~'y)

lim T3] ~0, (8.4)

2. u is countably Lipschitz up to a negligible set, i.e. there exists a countable
family of Borel subsets {A; | Ai C Q, i € N} such that and for each i € N the

=0.

restriction ua, is a Lipschitz map and we have | Q\ |J;cy A

Furthermore 1. and 2. hold if u is approximately differentiable a.e. in €.
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ProOOF. We start proving that property 1 is implied by the approximate differen-
tiability. Assume that u is approximately differentiable at x € ) with approximate

differential dyu(x). Let us fix € > 0 and consider the set

Eyp = {Z € Usp

u(z) — ulz) — dyu(z)(z'2)| > e d(x, z)} .
In order to get (8.4) we have to prove that

. _Q _
pligﬂr |Expl p 0.

Let us define the maps T ,(z) = 01 /,(z~'z) and

Ry ,(2) = lu(xd,pz) — u(:c)p— dru(z)(8,2)| |

observing that
Tm)P(EfF,P) = {y S Ul’ Rm,p(y) > 5d(y>} = Ap .

Hence we have |E, ,[p~? = |A4,], so (8.5) follows if we prove that

lim |4,/ =0.

p—0t
By hypothesis, making a change of variable we get

_ _ —1
o ) — (@) — dgu(@)Ee)
=0t Ju, p p—0+ Ju,

For each t €]0, 1] we have
[ Repz 4\ Ulet,
Ap\Ut

so in view of (8.7) we obtain |4, \ Uy — 0 as p — 0T. It follows that

limsup |[A,| < limsup|A, \ Us| + |Us| = |Uy] .
p—0F p—0t

dz = lim Ry, ,(2)dz=0.

(8.6)

(8.7)

Finally, letting t — 0 equation (8.6) follows, so statement 1 is proved. The fact that
statement 1 implies statement 2 can be proved as in Theorem 3.1.8 of [55], see also
Theorem 6 in [177]. Now, let us prove that statement 2 implies 1. By Theorem 3.4.11
we know that u4, is a.e. differentiable. Let us indicate by Dy (A;) the subset of Z(A;)

where u| 4, is differentiable in A;. Clearly, we have

2\ | Pu(4)

€N

=0.
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Consider © € D, (A;) and choose £ > 0. Then there exists 6 > 0 such that for any
z € A;NUgs we get

|u(z) —u(z) — L(z"'2)|
d(z,x)

R(z) = <eg,

with L = duj4,(z). From the last inequality it follows that
Upr N{z € Q| R(2) > e} C Uz, \ 4
for any r < 6. Hence we get

x,r Q 2
o [Uer {2 € Q| RE) 2 <)

U, A;
< limsup [Usr \ Ail _
r—0t |U:p,r

r—0t | U:p,r

0,

in view of the fact that z is a density point of A;. O

Theorem 8.2.2 Let v : Q@ — R be a locally H-BV function. Then, u is approxi-
mately differentiable a.e. in Q) and the differential corresponds to the density of the
absolutely continuous part of Dyu, i.e. dgu(z) = Vgu(x)* for a.e. z € Q.

PROOF. We first prove that w is countably Lipschitz up to a negligible set. To see
this, we use a standard technique which is well known in the study of metric Sobolev
spaces, see for instance Theorem 3.2 of [91]. Let us fix ¢ > 0 and define the open
subset

O = {z € Q| dist(z,Q° > t}.

We want to prove that u is countably Lipschitz on €;. We cover ); with a countable
union of open balls {P; | j € N} with center in ; and radius ¢/4. Let us consider
J € N and two approximate continuity points x,y € P;. For each i € Z we define the
balls B;(x) = Uy 9-ig(z,y) and Bi(y) = Uy 2-ig(a,y)- Notice that Bi(z) and B;(y) are

compactly contained in {2 for any ¢ > —1. We have

a(z) — uBo(x)‘ < Z ‘uBiJrl(I) - uBz‘(l‘)’ < Z]{B
=0

u(z) — up, | d
i=0 )

it1(z

and by Poincaré inequality (2.51) it follows

i—1 |1 Daul(Bit1(z))

< Cd(z,y) 22_ |Bit1(z)]

=0

In the same way we get

[U(y) — upy(y)| < C d(x,y) Mgz |Drul|(y) -
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We proceed analogously, getting

[UBy(z) = UBo(y)| < [UBy(x) = UB_1 ()] + [UB_1(2) — UBy(y)]

< / u(z) — up._, (o] dz + / u(z) — up_, | d2
Bo(x) Bo(y)

< 2Q+1/ [u(2) = up_, (@)l dz < C 292 d(w,y) Mgy )| Dirul() -
B_1(z)
Finally, we obtain

li(z) — a(y)| < cd(@,y) (Mg Drul() + Maagey)|Drul(y)) — (8.8)

with ¢ = (2912 + 2) C. Now, let us consider the decomposition

P; = N; U (U Eﬂ)

leN

where Ej; is the Borel set of all approximate continuity points z € P; such that
M|Dpu|(z) < land Nj = S,U{z € P; | M|Dgu|(z) = +oc} . Then Nj is a negligible
set and by (8.8) it follows that

and any 7,1 € N. This gives the countably Lipschitz property of u in ;. Observing
that {2 is a countable union of €, /1, with k € N\ {0} we obtain the countably Lipschitz
property of w in €. In view of Proposition 8.2.1 the countably Lipschitz property
yields the existence of an H-linear map L, : G — R such that for a.e. x € Q we
have

ap lim u(y) — a(x) — Lo(z™'y)

lim 7 =0. (8.9)

In order to prove the a.e. approximate differentiability, we select a point =z € Q\
(Su U Sv ) such that (8.9) holds and

o IDjul(U,)
r—0t r@

=0. (8.10)

In view of Remark 2.4.6 the set of points which do not satisfy (8.10) is negligible, so
the set of selected points with all the above properties has full measure in 2. We fix
€ > 0 and consider the set

Fop = {y € Uy | July) — ii(a) — Lo(a'y)| > ed(w,)} |
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observing that

T — U - Lm T
Dy =61 )p(2  Fyy) = {z e vy | @) “(f) 2] 5} . (8.11)

In view of (8.10) we have that |E,.|r~% — 0 as r — 0%, therefore
| Zoy| = |01 (@ Fyp)| = 7 Qla ' Fyy| = 79| Fpy| — 0 s 7 — 07, (8.12)
Now, we consider the difference S, = Vyu(z)* — L, and define the maps

v(y) = uly) — a(z) - Viu(z)*(z7'y),

W (2) = v(x0,2) ;l: Sy (0,2) v (2) + Sa(2),

observing that o(z) = 0, |Dgvg,.|(U1) — 0 as r — 0T and
Zx,r = {Z € Ul | |w50,1”(2)| > 5} .

Thus, by (8.12) it follows that w, , — 0 in measure as r — 0*t. Since Vg, is an H-BV
function, we can apply Poincaré inequality (2.51), getting

/ |Vgr(2) — My r|dz < C |Dpvg,|(U)) — 0 as r— 07, (8.13)
Ur

where my,, = fUl vz . Then, we obtain
|wyr(2) — My — Sp(2)|dz — 0 as 7 —0".

It follows that mg , + S, converges to zero in measure on Uy as r — 0T. This easily
implies that m, , — 0 and S; = 0. So, Vyu(z)* = L, and in view of (8.13) we get
1

/ lv(2)|dz =1 |vgr(2)]dz — 0 as r— 07,
T, Uac,'r U1

which proves the approximate differentiability of w at x with dgu(z) = Vyu(z)*. O

8.3 Size of 5,

In this section we study the regularity of the approximate discontinuity set S, when
u is an H-BV function. The following two lemmas are crucial to prove Theorem 8.3.3.
They are the sub-Riemannian version of Lemma 3.74 and Lemma 3.75 of [6]. We
give the proof of them in order to emphasize the main steps, where the relevant
sub-Riemannian general theorems are needed. Furthermore, since Lemma 3.74 in [6]
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is proved using the Besicovitch Covering Theorem, which may fail in general sub-
Riemannian groups, we show another simpler way to prove it, adopting the Vitali
Covering Theorem for doubling spaces.

In the sequel we will use the upper @) dimensional density of a measure u at a
point x € G, defined as follows

* . p( Bz )
05 (p, z) = limsu -
alwo) =hm e g

In the case 1 = vyl E, where £ C G is a measurable set, we will write 07, (E, z).

Lemma 8.3.1 Let (Ey) be a sequence of measurable subsets of 0, such that |Ep| —
0 and Py (Ep, Q) — 0 as h — oo. Then, for any o > 0 we have

HET <ﬁ{x € Q| 05(Ep ) > a}) =0.
h=1

PROOF. Let us fix 6 > 0 and « €]0,1[. We consider a Borel set E C € such that
|E| < |U1|a69/2 and define

EY={zeQ|05(E,x)>a}.
For any z € E“ the estimate

Ues OBl __|B
Unsl = 02160

<a
2

implies the existence of a radius r, €]0,6[ such that |U,,, N E| = a|U,,,|/2. Thus,
in view of (2.52) we get

% 01|79 = Uy, N E| < Cry Pu(E, Us,,). (8.14)

Now, let us consider an open subset ' € Q, with 0 < ¢ < dist(©',09Q) and |E| <
|U1| 69 /2. Using a well known covering theorem for the family {U, . | = € Q'NE*}
(Corollary 2.8.5 in [55]), we get a countable disjoint subfamily

{Bj | Bj = U»’Cjﬂ“wjvj € N}
such that Q' N E* C |J,Z, 5B;, where 5B; is the ball of center x; and radius 5.

Therefore, the estimate (8.14) implies

[e.9]

!
S Pu(B, Bi) < S Pu(E,9).
«
=1

20591
a|Uy|

oo
M, (N EY) <5971y 0t <
i=1
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We fix the sequence §; = (2|E;|/|U1|a)Y?, observing that §; < & for i large, hence

_ = c’

Q-1 o

HOS <Q’m ( ]Eh> < —Pu(E,Q).
h=1

Thus, letting first 6; — 07 and then Q' 1 Q the conclusion follows. O

Lemma 8.3.2 Let u: Q) — R be an H-BV function. Then, the set

L= er\limsup/ lu(y)|* dy = oo
r—0t JUg »

is H@ 1 -negligible, where 1* = Q/(Q — 1).

PROOF. In view of Proposition 2.5.8 we can assume that u > 0 (replacing u by |ul).

We define the set
D x,r
D:{yEQHimsupw(U’):oo} ,

r—0+ r@-1

observing that by Theorem 2.10.17 and Theorem 2.10.18 of [55] and the fact that
|Dyu|() < oo, we have H?~1(D) = 0. For any integer h € N we can choose
ty, €]h, h + 1] such that

h+1

Py (Ey,, Q) < / Py(E,Q)dt,
h

where E; = {x € Q | u(x) > t}, for each ¢t > 0. By (2.49) we have
> Pu(Ey,. Q) g/ Py (E;, Q)dt = |Dpul(Q) < oo
h=0 0

Then, we apply Lemma 8.3.1 to the sequence (E, ) with o = 1, getting

o0

HO () F) =0,

h=0

where we have defined F, = {z € Q [ 0;(Ey,,z) = 1}. We want to prove that
L C DU(;2g Fr. In order to do that, we consider « ¢ D U(,_, Fj, and we prove
that « ¢ L. We define the constants ¢, to be the mean value of u on Uy, and apply
the Sobolev-Poincaré inequality (2.53) obtaining

. Dpu|(Upr)\ "
/U [u(z) — cor]t dz < C <|I¢22’E1)) . (8.15)
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Notice that if limsup,_,g+ ¢z < oo then (8.15) implies ¢ L. Then, reasoning
by contradiction, suppose that there exists a sequence ¢y r; such that r; — 0" and
Czr; — 00 as j — 00. We define the function v, (y) = u(xdy,y) — Czr;, Observing that

|Dyvs|(Ur) = [Dgul(Usz,;) 7“]1-_Q. Since the sequence |Dgv;|(Uy), j € N, is bounded,
Theorem 2.5.7 implies the convergence a.e. of (v;) to a function w € L'(Uy), possibly
extracting a subsequence. As a consequence, u(zd,;y) — +oo as j — oo for a.e.

y € Uy, and therefore

Hy € Ux,rj | u(y) >t}

Q
Ty

\Ui] = lim [{z € Uy | w(xd,;2) > tp}| = lim
J—00 J—00

This implies x € (),—; Fp, contradicting the initial assumption. O

Theorem 8.3.3 Let u : Q — be an H-BV function. Then there exists an HO -
negligible set L C G, such that

Su\Lc|JoE;, (8.16)
JjEN

where E; has H-finite perimeter in € for every j € N.

PrROOF. We define E; = {z € Q | u(x) > t} for t € R. By coarea formula (2.49)
the set of numbers ¢ € R such that Py (E:, Q) < oo has full measure in R, then it is
possible to consider a countable dense subset D C R such that Py (E;, Q) < oo for
any t € D. Notice that from general results about sets of finite perimeter in Ahlfors
metric spaces, see Theorem 4.2 in [5], we have that H?~1(E;) < oo for any t € D.
So, in view of Lemma 8.3.2 it suffices to prove the following inclusion

Su\LcC |JOE, (8.17)
teD

where L = {z € Q | limsup, o+ f; lu(y)|'" dy = oo}. Let us consider a point
x ¢ U;ep 0°Ey U L. Then, for any positive ¢t we have

| By

. 1.
lim sup < — limsup lul , (8.18)
r—0t |UUC7T| o+ Ug,r

hence, for any t € D sufficiently large such that the right hand side of (8.18) is less
than one, it must be 05 (E;, x) = 0. Analogously, for ¢ € D N (—o0,0) with [¢| large
enough we have 07, (Ef, ) = 0, so 07)(E;, x) = 1. This means that

T=sup{t € D | 05 (E, z) = 1}

is a real number. Since D is dense in R and ¢ — |E4| is a decreasing map it
follows that 67)(Ey,z) = 0 for any t > 7 and 63)(Ef,z) = 0 for any t < 7. By
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virtue of this fact it follows that for any ¢ > 0 we have |F. N U, ,| = o(r%), where
F.={y e Q||u(y) — 7| > €}. Finally

limsup/ lu(y) — 7| dy < e +limsup —— lu(y) — 7| dy

r—0+ r—0+ |U$T‘| F.
1/1*

. 1A .
< e+ limsup lu(y) —7|" dy| =¢.
r—0+ |III7T| Uy r

Letting € — 07, we obtain that = ¢ Sy, so the inclusion (8.17) is proved. O

8.4 Representation formula

In this section we prove the “representation formula” for H-BV functions. We recall
that the metric ball of center € G and radius r > 0 with respect to the CC-distance
is denoted by Uy .

Theorem 8.4.1 (Representation formula) There erists a dimensional constant
C > 0 such that
1

i -l U, P2, )9

= d|Dyw|(y) (8.19)

for any w € BVy(Uy,) and x ¢ Sy, where p is the CC-distance of the group.

PROOF. Let us define the radii r; = r277 and wy, . = T wdvy for every j € N.
z,7j

By the fact that « ¢ S, and the Poincaré inequality (2.50), we obtain the following
chain of estimates

LCRINESD Dl ED o) M e

JEN jeN
2QC

QQZ/ w—wy,, | < Zrl Q/ dyDHwy

jEN JEN j
20 C _ _

= Z ri=Q1y.  d|Dyw| = 1‘ Yd| D] .

vg(Uh ! o U
g x,r ]EN a:'r2]<,r/p 7y)

Now we fix e = (Q — 1)/2 > 0 and observe that for any y € Uy, we have

o< (D) e

Ty
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hence the previous inequalities yield

Q T €
i) v, < 2 [ oy 3 (P22 apgul. 20)

vg(Lh) 2 <r/p(z)

j
Now fix N, as the maximum integer j € N such that 2 < r/p(z,y), obtaining

s (- e

. r; :
2i<r/p(z,y) J=0
€ 5 5
< (PEY)) gen, 2 2 co.
r 2121

Then the estimate (8.20) becomes

2QCCQ
Ug(Ul)

jw(z) —wp,,| <

| sy =Canil

and the thesis follows. O

In the sequel we will need of other versions of formula (8.19). By Fubini’s Theorem
for products of Radon measures we have

/U )= diDmulty) = /U @ ( / (OO) @ dt) A Dl (y)

~@-1 [ < / t—Ql{m)@}dt) 41D swl(y)

z,r

+oo D
_(Q_l)/o ‘ Hw|(UI7rmUﬂc,t) dt

1@
_ " Prw|(Usy) o, [Drw|(Us,r)
=(Q — 1)/0 0 dt + 0-D (8.21)
so that (8.19) becomes
|w(z) —wy,, | <C[(Q— 1)/ ’DH“’KUx’t)dH |1Dr](Us.r) . (8.22)
T 0 tQ T(Q_l)

Furthermore, we notice that in the case w(z) = 0 the inequality (8.19) yields
1

wUISSC/ ————— d|Dpw|(y).

e SC g APl

for every 0 < s < r. By Definition 2.5.9 for the restricted maximal function and by
equality (8.21) we arrive at the following integral estimate

|M,w(z)| < C [(Q . /O |DH1§’(Ux7t)dt L |Diw|(Usy)

S @D (8.23)
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8.5 Higher order differentiability of H-BV* functions

In this section we study the differentiability properties of maps with higher order
H-bounded variation. The method to accomplish this study is substantially different
from that one employed for H-BV functions. Particularly interesting is the case of
maps with second H-bounded variation, in view of potential applications to the theory
of convex functions on stratified groups (see [44] and [123]).

We begin with the definition of high order H-BV function.

Definition 8.5.1 Let us fix an orthonormal frame (X7,...,X,,) of HQ. By induc-
tion on k£ > 2 and taking into account the definition of H-BV with k£ = 1, we say
that a Borel map u :  — R has H-bounded k-variation (in short, H-BV*) if for
any ¢ = 1,...,m the distributional derivatives X;u are representable by functions
with H-bounded (k — 1)-variation. We denote by BVE(Q) the space of all H-BV*
functions.

Remark 8.5.2 The notion of H-BV* function does not depend on the choice of the
orthonormal frame (X1,...,Xpm).

The Poincaré-Birkhoff-Witt Theorem (shortly PBW Theorem) states that for any
basis (W1, Wa,...W,) of G regarded as frame of first order differential operators, the
algebra of left invariant differential operators on G has a basis formed by the following
ordered terms

where o = (i1, ...,1q) varies in N9, see Chapter 1.C of [59]. Analogously as we have
done for polynomials, we define the degree of a left invariant differential operator

Z =), cW*as

q
degy(Z) = max { deak | o # O} ,
k=1

where dy, is the degree of the coordinate y, and (F, W) is the corresponding system
of graded coordinates (Definition 2.3.43). The space Ay (G) represents the space of
left invariant differential operators of homogeneous degree less than or equal to k.
This analogy between polynomials and differential operators is not only formal, as
the following proposition shows.

Proposition 8.5.3 There exists an isomorphism L : Py (G) — Ai(G), given by

L(P)= > WePO) W
degy (We)<k
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For the proof of this fact we refer the reader to Proposition 1.30 of [59].

In order to deal with higher order differentiability theorems we make some pre-
liminary considerations. Let us consider a basis {WW?* | degy (W) < k} of Ax(G) and
u € BVE(Q), where (W1, ..., W,) is an adapted basis of G. We denote W; = X;, with
i=1,...,m, where (Xi,...,X,,) is a fixed horizontal orthonormal frame. Our aim
is to find out a polynomial P : G — R which approximates u at a fixed point x € 2
with order k. In view of the last proposition it is natural to look for a substitute of
homogeneous derivatives W< of u at x, with degy (W) < k. Our first observation
is that due to the stratification of G the operators W with degy (W) <[ are linear
combinations of operators X, --- X, with 1 <~; <m and [ < k. Therefore the dis-
tributional derivatives Dfj,u are measures whenever degy, (W) < k. So, taking into
account the preceding observation and the fact that vector fields W; have vanishing
divergence, we state the following definition.

Definition 8.5.4 Let u € BVE(Q). For any a € N?, we consider the following
multi-index Radon measures Dfj,u with degy (W) <k

/qbdD%Vu:(—l)'a'/u Wi Wit Yo e C(Q).
Q Q

By Radon-Nikodym Theorem we have Dfj,u = (Dfj,u)”+(Dfj,u)’, where the addenda
are respectively the absolutely continuous part and the singular part of the measure
Dy,u with respect to the volume measure. We define the weak mized derivatives as
the summable maps V{j,u such that

(D& u)* = V&u HI .

Our substitute for the a-derivative of u is 4w« (), which is the approximate limit
of Vi,u at points x € Q\ SV%Vu- Now, let us consider the differential operator
Xy, -+ Xyu where 1 <, <m and 1 <1 < k. By virtue of PBW Theorem, there
exist coefficients {c§} such that

Ng
Xy - Xyu = Zc%a W, (8.24)
j=1
where Nj, = dim (Ax(G)).
Definition 8.5.5 Let u € BV} (Q). Utilizing the above notation, we denote by

u the density of the absolutely continuous part of the measure X, - - - X, u, where
ye{l,...,m}and [ <k.

Decomposing the singular and absolutely continuous part of both the measures in
(8.24), we obtain the following equality of summable maps

Ny
Uy = Z Cy,a Vipu. (8.25)
j=1
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The next theorem is the main result of this section and can be regarded as a weak
extension of Alexandrov differentiability theorem to the setting of non-Riemannian
geometries.

Theorem 8.5.6 (Alexandrov) Let u € BVA(Q). Then for a.e. x € ) there exists
a polynomial Pyy) with degy (Py)) < 2, such that

. 1

i Tsz Ju= Pl =0 (8.26)

PROOF. First of all, we fix a point @ & Ugeg,, (wa)<2 Svg,u such that (8.25) and the

limit s
(X X0)” (Uy)
r—0+ r@

=0 (8.27)

holds for every v € {1,...,m}!, with I = 1,2. By the previous discussion and
Remark 2.4.6, the set of points where these conditions do not occur is negligible.
Due to Proposition 8.5.3, there exists a unique polynomial F;; = P which satisfies
the condition W*P(z) = dwe(z), whenever degy(W*) < 2. Now, let us define
w = u — P. By relation (8.25) we observe that @, (z) = 0 for any v € {1,...,m},
[ =0,1,2. This means that

zb(a:) = 0, U?l(l') = 0, Tf)ij(.%) =0 (828)
for any 4,7 = 1,...,m. We consider the summable map
m 1/2
v = |Dgw| = (Zw?) .
i=1
By Proposition 2.5.8 it follows that
|Diro| <) [Drwl,
i=1
hence conditions (8.27) and (8.28) yield
|Dpo|(Uyg,) = o(r?). (8.29)

We can fix 79 > 0 small enough such that U, 4, C £, so we will consider all r €]0, rg].
By the standard telescopic estimate (8.8), for a.e. y € U, we have

[w(y)| < C [Marv(x) + Mao(y)d(z,y),
therefore, taking the average over U, , and dividing by r? we obtain

1
7"2U

x,r

lw(y)|dy < C (W 41 Mav(y) dy) :

TJU.»
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Thus, in order to prove (8.26) we show that the maps

CL(?”) = T_IMQTU(:I:) ) b(’l“) =7 MZTU(y) dy
Ua:,'r'

go to zero as r — 01, Since also o(x) = 0, inequality (8.23) gives

" |Dgv|(Ug,t) D v|(Us,r)
|M,v(z)] < C [(Q— 1) ; 1Q dt + r(Q-1) '

By (8.29) and the last estimate we get that a(r) — 0 as » — 07. Let us consider the

estimate
1

) < o] 1Maroty) ~ 5wl dy+ o] 1ot dy.

observing that

1
/ lv(y)|dy < r 'Mu(z) <alr) — 0 as r—0".

TJu.
In view of inequality
| Mav(y) — 0(y)| < Mar[v —0(y)l(y), (8.30)
and applying inequality (8.23) to the map z — v(z) — 0(y) we get

|Dyol(U, Y, 2r)
(27«)(62 1) )

Mo — 5(y)](y) < C [@ _) / "Dty

(8.31)

Thus, estimates (8.30) and (8.31) yield

1 ) C 2 Dol (Uys) . [Dro|(Uyor)
]{] %LM%“(y)—“(y)'dyﬁr/{] W[(Q—l) /0 oot + (;f’)(@yj }d

Now, in order to get the thesis, we have to prove that both terms

_ 1 * ( 1Dy v|(Uys) _1 [ Drvl( y,zr)

are infinitesimal as r — 07. By Fubini’s Theorem we have

. |UM|/2T it /(/m( ) d|Darol(z ))

2r
dt
/ / |erﬂUzt|d‘DHU|( )
|U$T’ z37‘
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Uplr=t 2" Uer NU, Dyv|(Uyar
Uz | Us.3r |Uz t] (37")

y (8.29) the last term goes to zero as r — 0, so lim,_,o &(r) = 0. Similarly, we have

1
B(’f') - QQ_ITQ’ULT’ Ug,r </Uz,3r lUy!QT(Z) d’DHUKZ)) W
1 ‘UZQT'mUIET‘ 3Q |DHU’( x3r)
— ) ) D <
20-1,Q / U, APl < oo g0

Again, utilizing (8.29) on the last term we get lim, _,o+ 5(r) = 0, so the thesis follows.
g

The arguments used for second order differentiability of H-BV? functions can be
extended with some additional efforts to higher order differentiability.

Theorem 8.5.7 Letu € BV}}(Q) and 1 <1< k. Then for a.e. x € Q) there exists a
polynomial Py}, with degy (Py)) <1, such that

Tl_l)r(r)1+ ;\/;zr \u — P[x]‘ =0. (8.32)
Proor. We prove the theorem by induction on k£ > 2. Theorem 8.2.2 and Theo-
rem 8.5.6 give us the validity of induction hypothesis for k£ = 2. Now, let us consider
u € BVE(Q) with k > 3. Clearly we have X;X;ju € BVfI_2 for any 7,7 = 1,...,m
By induction hypothesis for a.e. z € € there exist polynomials Ry, ;;, with h-
deg(R[;q5)) < k — 2, such that

1l = Ryl = o) (5.39)
and
WPR, ij)(x) = Gyjps(x),  whenever d(8) <k —2. (8.34)

Moreover, for a.e. x € € there exists a polynomial P, with deg H(PM) < k, such
that

WPy, (z) = awa(z), whenever degy(W®) <k. (8.35)
The PBW Theorem yields the distributional relations
WX X; = Y v (8.36)
deg g (We)<k

for any i, = 1,...,m and 8 € N7 with degy (W"”) < k — 2. Thus, relations (8.34),
(8.35), (8.36) and the following equality

(WPXiXju)" = (Wouy)* = dgjyps
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imply

WORL (@)= Y atwa(z)= > o WPy (x) = WX, X;P(x),
degy (W)<k degy (Wo)<k
whenever degH(Wﬁ) < k — 2. Thus, Proposition 8.5.3 yields Ry, ;; = X;X;P.
Now, let us define w = w— P and v = |Dgyw|, obtaining the following inequalities
of measures
m m
Do < IDuXw| < )X Xw|. (8.37)
i=1 ij=1
By the fact that u € BVE(Q), with k& > 3, the distributional derivatives X;X;w
are represented by integrable functions w;;. So, equality R, ;;) = X;X;P and the
inductive formula (8.33) yield

| X Xiw|(Us,r) _
’ |;] | = = |wij| = |wij = Rizij| = o(r*~?),
x,r U:c,r Uac,r

hence (8.37) implies
|Dgv|(Uyr) = o(r@TF2). (8.38)

Now, the rest of the proof proceeds analogously to Theorem 8.5.6, replacing property
(8.29) with (8.38). This last observation leads us to the conclusion. O

8.6 A class of H-BV? functions

In this section we present a way to construct explicit examples of H-BV? functions
arising from the inf-convolution of the so-called “gauge distance” in the Heisenberg
group H?"+1,

We begin with some elementary remarks about distributional derivatives along
vector fields. In the following preliminary considerations the set 2 will be an open
subset of R? with the Euclidean metric.

Let X : Q — RY be a locally Lipschitz vector field; then, the following chain rule

Dx(hou)=h(u)Dxu (8.39)

holds whenever h : R — R is continuously differentiable, v : 8 — R is continuous
and Dxwu is representable by a Radon measure in §2 as follows:

/uX*cpqu:/godDXu Vo € C°(9),
Q Q
where X* = — X —div.X is the formal adjoint of X. Analogously, the product rule

Dx(uwv) =vDxu+uDxv (8.40)
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holds whenever u : @ — R is locally integrable (or locally bounded) and Dxu is
representable in 2 by a Radon measure, v : 2 — R is continuous and Dxwv is
representable in € by a locally bounded (or locally summable) function. The proofs
of (8.39) and (8.40) can be achieved by approximations of the following type.

Proposition 8.6.1 Let u € =, where = is either C(Q), L}OC(Q) or Ifl’gc(ﬂ), respec-
tively. Then there exists a sequence of smooth functions (u;) such that

Dxu|(©) < |Dxul(@) + 7 (8.41)

and either (u;) uniformly converges to uw on compact sets, or it converges to u in
L%OC(Q), or it is locally uniformly locally bounded, respectively.

The estimate (8.41) is proved in [69], [79]. One considers a locally finite open cover
{Az}, where Az = Qi—i—l \ﬁi—l and

1
Q, = {av € Q, |z| <1, dist(x, Q) > - }
141
for any ¢ € N, with Q_; = (). A smooth partition of unity {1;} is defined with respect

to {4;}, hence the candidate to be the approximating functions is as follows

oo

=S (ut) * o,

=0

with &; = ¢;(I) small enough. Since sup; ¢;(l) tends to 0 as | — oo all LP convergence
properties of the sequence follow directly from this representation. Notice also that
when Dyu << L%, we get the Ll1 C(Q) convergence of the densities of Dxwu; to the
density of Dxu, see either Proposition 1.2.2 of [69] or Theorem A.2 of [79].

Now, the proof of (8.39) can be achieved by approximation of u with the sequence
(u;) of Proposition 8.6.1, so that Dxu; weakly converges to Dxwu in the topology of
Radon measures and w; converges to u uniformly on compact sets of 2. The proof of

(8.40) is similar and requires either the Llloc convergence of u; to u when u € Llloc’
1

or the additional uniform local bound, when u € L‘I’SC, and the Lloc convergence of

densities Dxv; to Dxv, when Dxv € Ll1 , or the additional uniform local bound,
when Dxv € L*(9), together with the uniform convergence of v; to v on compact
sets of (2.

Lemma 8.6.2 Let u, v: ) — R be continuous functions, v € R and let X : Q) —
RY be a locally Lipschitz vector field. Then

Dxu<~LY, Dxv<~yL! = Dx(unv) <~L1% (8.42)
If Dxu and Dxv are representable by L‘Z’BC(Q) functions, then
Dxxu<~Ll Dxxv<~yL] = Dxx(unv) <~ L9 (8.43)
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PROOF. In order to show (8.42), it suffices to approximate u A v by u + he(u — v),
where he € C°(R), —1 < h. < 0, he(t) - —t* uniformly as € — 0". Indeed, the
chain rule (8.39) gives

Dx(u+ he(u—v)) = (14 h.(u—v)) Dxu—hl(u—v)Dxv <~ L%

The implication (8.43) follows by the same argument, noticing that the functions h,
can be chosen to be concave. We have

Dxx(u+ he(u —v))
= (14 hl(u—v)) Dxxu — hl(u —v)Dxxv + h!(u —v)(Dxu — Dxv)?
< (1+hi(u—v)) Dxxu—h.(u—v)Dxxv <vyL9.

d

Now we particularize our study to H?"*! (we recall that H" is isomorphic to R?7+1).
To denote elements of Hy,, 11 we consider the coordinates (§,t) = (£1,...,&2n,t). The
following family of vector fields

Xi = 0, + 280430y, Vi = O, — 260, i=1,...,n (8.44)

can be considered as a horizontal orthonormal frame of HH?"t1, so

n

Vyu= ZXiuXZ- +YuY;

i=1

whenever u is smooth. The only nontrivial bracket relations are
(X, Y] =—-47Z = —40,, i=1,...,n.

Via the BCH formula our vector fields induce the following group operation

o (f +&t+t +2 Z&m&i - é-lé-;r‘rl) :
i=1

Now for any element x = (£,t) € H2"*! we define the following gauge norm

1€ = Vg + 22

A non-trivial fact is that d(z,y) = ||z~ !y| yields a left invariant distance on H?"*1,
see [113]. In the following we define c(x,y) = d(z,y)? and we consider a function u
arising from the inf-convolution of ¢. Precisely, we assume that there exist a bounded
family {y;}ic;r C H?"! and t; € R such that

u(z) = in§ o(z,yi) +ti vz € H*" (8.45)
1€
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Inf-convolution formulas of this type appear in several fields, for instance in the rep-
resentation theory of viscosity solutions, in the related field of dynamic programming
(see for instance [33], [127]) and in the theory of optimal transportation problems. In
the latter theory, functions representable as in (8.45) are called c-concave (see [164],
[159]). In these theories it is well known that in many situations the function u inher-
its from ¢ a one-sided estimate on the second distributional derivative; for instance,
this is the case when c¢(z,y) = h(z —y) and h : R? — R is a Cll(’)lc function (see
for instance [76]). In the following theorem we extend this result to the Heisenberg
setting, thus getting a non-trivial class of examples of H-BV2-functions.

Theorem 8.6.3 Let Q C H?"! be a bounded open set. The function u defined in
(8.45) is Lipschitz and belongs to BVA(Q).

PROOF. Since the family {y;}icr is bounded it is easy to check that c(-,y;) are
uniformly Lipschitz in €2, therefore u is a Lipschitz function in 2. Notice also that,
since H?"*! is separable, we can assume I to be finite or countable with no loss of
generality.

The essential fact leading to the H-BV? property consists in the following point-
wise estimates on H2"+1\ {0}

XiXje(, ), [XiVje(e)l, [Vi¥je(,o)l, [ViXie(,e)| <10 (8.46)

for any 7,5 = 1,...,n. This can be checked by direct calculation. Notice that the
identity c(z,y) = c(y~'z,e) yields

Tle(,y)l(2) = Tle(y™ " e)](2) = Te(-,e)(y™'2)

for any left invariant vector field 7. It follows that the previous estimates hold
replacing the unit element e with any y € H?"*!, getting

|PPc(-,y)| <~y on H*M\ {y},

whenever P = Y7, a;X; + b;Y; and Y, a? + b7 < 1, with v = 20n?. By applying
Lemma 8.6.2 we obtain that

first for finite families and then, by a limiting argument, for countable families. In
particular Dppu is representable in 2 by a Radon measure for any P of the above
form. By polarization identity, taking P = (X; £ X;)/2, P = (X; £Y})/2 and
P = (Y;£Y})/2, respectively, we obtain that Dy, x,u, Dy,y,u Dx,y,+v,x,u are Radon
measures for any ¢,j = 1,...,n. In particular Dx,y,u is a measure whenever i # j.
Again, exploiting (8.46) and the non-trivial bracket relations we obtain |Dzc(-,y)| <
5L£2"H1 5o that Lemma 8.6.2 yields that Dyu is representable in Q by a Radon
measure (actually absolutely continuous with respect to £27*1). Finally, the relation
Dx,v,+v,x;, + Dz = 2Dx,y, yields that Dx,y,u is a Radon measure. O



Chapter 9

Basic notation and terminology

SNEENE

p—
b

n

E™
H2n+l

= =l

P(X)

set inclusion

complement set

topological closure

characteristic function of a set A

extended real numbers, Section 2.1

n-dimensional space of Euclidean coordinates
n-dimensional Euclidean space

Heisenberg group, Definition 2.3.23

nilpotent Lie group, Definition 2.3.8

class of all subsets of X, Section 2.1

image measure, Definition 2.1.5

measure induced by the map f and the measure p, Definition 2.1.7
averaged integral, Section 2.1

set of density points, Definition 2.1.14

Lipschitz constant of the map f, Definition 2.1.9
multiplicity function, Definition 2.1.11

dimension of linear space V/

linear space generated by vectors X;

n X m matrices over the field K

open ball of center x and radius r, Definition 2.1.8

open ball with respect to the distance d, Definition 2.1.8
closed ball of center x and radius r, Definition 2.1.8
closed ball with respect to the distance d, Definition 2.1.8
diameter of a set, Section 2.1

Hausdorff-type measure, Definition 2.1.17

Hausdorff measure, Definition 2.1.17

Hausdorff measure with respect to the Euclidean norm

spherical Hausdorff measure, Section 2.1

191
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|E| Haar measure of a subset F
Ck(Q, N)  continuously k-differentiable functions, Definition 2.2.1
IN(TM) space of vector fields, Definition 2.2.2

X image of the vector field X under f, Definition 2.2.3

PH horizontal Riemannian projection, Definition 2.2.7
I'(HM) space of horizontal vector fields, Definition 2.2.6

g Lie algebra of left invariant vector fields, Definition 2.3.2
hont1 Heisenberg algebra, Definition 2.3.23

Vj subspace of G with degree j, Definition 2.3.16

V; subset of G with elements of degree j, Definition 2.3.16
T,G tangent space of G at the point p

H;];G subspace of vectors of degree j at the point p, Definition 2.3.16
e unit element of a Lie group, Section 2.3

lp left translation, Definition 2.3.1

exp exponential map of Lie groups, Definition 2.3.6

© operation between vectors of the Lie algebra, (2.18)

O dilation, Definition 2.3.18

oy sign map, Definition 2.3.18

A, coordinate dilation, Definition 2.3.45

Vg Riemannian volume, Subsection 2.3.2

(X,Y), Riemannian metric, (2.31)

oy Riemannian measure on hypersurfaces, Chapter 7

lg(+) length of a curve, Definition 2.2.18

degy (P)  homogeneous degree of a polynomial P, Definition 2.3.50
Pui(G) space of polynomials P with degy (P) < k, Definition 2.3.50
degy(Z)  homogeneous degree of a differential operator Z, Section 8.5

Ar(G) space of differential operators Z with degy(Z) < k, Section 8.5
c(X) characteristic set of a C'! hypersurface, Definition 2.2.8

divy horizontal divergence, Definition 2.4.1

Dy horizontal distributional gradient

| Dpul variational measure associated to an H-BV function, Definition 2.4.3
|OF| i perimeter measure, Definition 2.4.8

Py (E,-)  perimeter measure, Definition 2.4.8

E,, r-rescaled of E at p, Definition 6.4.1

Jor r-rescaled of f at z, Definition 6.2.2

VH horizontal gradient

O«gE H-reduced boundary, Definition 2.4.10

VE generalized inward normal, Definition 2.4.9

v horizontal normal, Definition 2.2.9

Dyu vector measure of an H-BV function, Section 2.4

D%u absolutely continuous part of the H-BV measure, Section 2.4
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singular part of the H-BV measure, Section 2.4
group of H-linear maps, Definition 3.1.4

C}{ maps, Definition 3.2.6

metric factor, Definition 5.2.2

subset of horizontal isometries, Definition 5.1.1
jacobian, Definition 2.3.40

H-jacobian, Definition 4.2.1

normed jacobian, Definition 4.1.9

metric jacobian, Definition 4.1.4

coarea factor, Definition 2.3.40

H-coarea factor, Definition 6.1.3

p-summable maps with respect to the measure pu, Section 2.1
Kronecker delta
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