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Introduction

In this thesis we deal with a particular class of sub-Riemannian manifold, i.e. Carnot groups.

A sub-Riemannian manifold is defined as a manifold M of dimension N together with a
distribution D of m-planes (m < N) and a Riemannian metric on D. From this structure,
a distance on M is derived as follows: the length of an absolutely continuous path tangent
to D is defined via the Riemannian metric on D, and the distance of two points of M is in
turn defined as the infimum of the lengths of absolutely continuous paths that are tangent
to D and join these two points.

Sub-Riemannian Geometry has been a research domain for many years, with motivations
and ramifications in several parts of pure and applied mathematics, namely: Control Theory
[18], [99]; Riemannian Geometry (of which Sub-Riemannian Geometry constitutes a natural
generalization); Analysis of hypoelliptic operators [55], [91].

We should mention also here Sobolev spaces theory and its connections with Poincaré-
type inequalities [20], [48], [57]; the theory of quasiconformal mappings [60], [61]; the theory
of convex functions [28], [37], [88], [100]; the theory of harmonic analysis on the Heisenberg
group [101], [56]. But this list of subjects is surely incomplete.

Now we recall the definition of Carnot-Carathéodory (CC) space. A CC space is an open
subset 2 C RN (or, more generally, a manifold) endowed with a family X = (Xi,...,X,,)
of vector fields such that every two points P, Q) € € can be joined, for some 7" > 0, by an
absolutely continuous curve « : [0, 7] —  such that

We call subunit such a curve and, according to the terminology in [50] and [83], we define
the Carnot-Carathéodory distance between P and () as

dee(P, Q) = inf {T > 0 : there is a subunit curve v : [0,7] = R" with v(0) = P,y(T) = Q} .

The problem of connecting points by means of subunit curves was studied by Rashevsky
in [86] and Chow in [26]. They independently proved that a sufficient condition for connecti-
vity is that the distribution of subspaces Lie generating the whole tangent space at every
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point of €2. This condition has subsequently played a key role in several branches of Ma-
thematics (e.g. Nonholonomic Mechanics, Subelliptic PDE’s and Optimal Control Theory),
under the different names of “Hormander condition”, “total nonholonomicity”, “bracket
generating condition”, “Lie algebra rank condition” and “Chow condition”.

Hence, the Chow condition ensures d.. is a finite distance.

In particular, if the vector fields X,...,X,, define a smooth distribution on €2 that
satisfy the Chow condition the resulting CC space is a sub-Riemmaninan space.

Among CC spaces, a fundamental role is played by Carnot groups. They seem to owe their
name to a paper by Carathéodory [22] (related to a mathematical model of thermodynamics)
dated 1909. The same denomination was then used in the school of Gromov [49] and it
is commonly used nowadays. In the literature, the name “stratified group” is also used,
following the terminology of [36].

A Carnot group G is a connected and simply connected nilpotent Lie group. Through
exponential coordinates, we can identify G with RY endowed with the group operation -
given by the Baker-Campbell-Hausdorff formula. Classical references to the Carnot groups
are [35], [83], [104], [103], [17] and to the Baker-Campbell-Hausdorff formula are [52], [102].

If g denotes the Lie algebra of all left invariant first order differential operators on G,
then g admits a stratification g = g1 & go @ --- P g, where x is called the step of G. When
k =1, G is isomorphic to (RY, +) and this is the only commutative Carnot group.

The stratification has the further property that the entire Lie algebra g is generated by
its first layer g,, the so-called horizontal layer, that is

91,8 = {0}

where [g1, g;] is the subspaces of g generated by the commutators [X,Y] with X € g; and
Y € g;. We remark that (1) guarantees that any basis of g; satisfies the Chow condition and
so (G, d,.) is a metric space.

The stratification of g induces, through the exponential map, a family of non isotropic
dilations dy for A > 0. These maps 9, called intrinsic dilations, are one of the most important
features of the group. They are compatible with the cc-metric in the sense that

(1) { [91791‘—1]:% if 2<i<k

dee(0AP, 00Q) = Mdo(P,Q), forall PQ e G,A>0

and well behave with respect to the group operation (P - Q) = 6\ P - 0,Q.

The intrinsic left translations of G are another important family of transformations of G:
for any P € G the left translation 7p : G — G is defined as 7pQ) := P - Q, for all Q) € G.

It is useful to consider on G a homogeneous norm, i.e. a nonnegative function P — || P||
on G such that

1. ||P|| = 0 if and only if P = 0.
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2. ||0xP]| = A||P|| for all P € G and A > 0.
3. [|P- Q[ < |P][+[|Q] for all P,Q € G.

Given any homogeneous norm || - ||, it is possible to introduce a distance in G given by

d(P.Q) =d(P~'Q,0) = ||P7'Q|

for all P,() € G. This distance d is equivalent to d...

The importance of Carnot groups became evident in [76], where it was proved that a
suitable blow-up limit of a sub-Riemannian manifold at a generic point is a Carnot group.
In other words, Carnot groups can be seen [11] as the natural “tangent spaces” to sub-
Riemannian manifolds, and therefore can be considered as local models of general sub-
Riemannian manifolds. Therefore there is a comparison between sub-Riemannian Geometry
and Riemannian Geometry: Carnot groups are to sub-Riemannian manifolds what Euclidean
spaces are to Riemannian manifolds.

All these features could remind us of the familiar Euclidean structure, but as soon as we
consider non Abelian groups, we see that in many respects we are dealing with something
that is closer to the fractal geometry. We stress explicitly that, in general, cc-distances are
not Euclidean at any scale, and hence not Riemannian (see [93]). Indeed, there are no (even
local) bilipschitz maps from a general non commutative Carnot group G to Euclidean spaces.

Moreover, in the non Abelian case x > 1 the Hausdorff dimension of G with respect to

the cc-distance is
K

q:= Z 1 dimg;
i=1
and q is always greater than the topological dimension of (G, d..) which is equal to that of
G endowed the Euclidean distance. This is a typical feature of fractal objects.
A sub-Riemannian structure is defined on G as follows: we call horizontal bundle HG
the subbundle of the tangent bundle T'G that is spanned by the left invariant vector fields
Xq,...,X,, belonging to g;; the fibers of HG are

HGp = span{X,(P),..., Xn(P)}, PeG.

Then we consider G endowing each fiber of HG with a scalar product (-, -) p and a norm |- |p
making the basis X;(P), ..., X,,(P) an orthonormal basis. That is if v = >_\" (v1);X;(P)
and w = Y_i" (w1); X;(P) are in HG, then (v,w)p := > " (v1)i(wy); and |v]p = (v,v)p.
We will write, with abuse of notation, (-,-) meaning (-,-)p and |- | meaning | - |p.

The sections of HG are called horizontal sections, a vector of HGp is an horizontal vector
while any vector in TGp that is not horizontal is a vertical vector. Each horizontal section
¢ defined on an open set 2 C G can be written as ¢ = Y ", ¢;X;, where its coordinates are
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functions ¢; : & — R. When considering two such sections ¢ and v, we will write (1, ¢) for

(V(P),o(P))p-

A classical theorem due to Pansu [83] states that Lipschitz maps between Carnot groups
have a differential which is a homogeneous homomorphism. In other words, Pansu extends
the Rademarcher’s Theorem to Carnot groups introducing a suitable notion of differentiabi-
lity. Let G and G be Carnot groups with homogeneous norm || -||1, || - |2 and let Q2 ¢ G
be an open set. Then f : Q — G® is P-differentiable in P € Q if there exists a H-linear
function [ : G — G® such that

@) FP) (@l =o(IP7'QIIy),  as [P7'Q]: — 0.

Here the H-linear map [ is called P-differential of f in P. The P-differentiability is an
intrinsic notion since it employs the group operation, dilations and the natural family of
“linear maps” of the group, i.e. H-linear maps. We recall that a H-linear map is a group
homomorphism that is homogeneous with respect to dilations.

We stress that for a function f : @ C G — R the P-differentiability simply means
that f is continuous and its horizontal gradient Vg f = (X1 f,..., X;nf) is represented, in
distributional sense, by continuous functions. In this case we write f € C§ ().

The differentiability on Carnot groups also provides a natural way to introduce “intrinsic
regular surfaces”. This concept was first introduced by Franchi, Serapioni and Serra Cassano
in [44], [45], [47] in order to obtain a natural notion of rectifiability. Indeed the rectifiable
sets are classically defined as contained in the countable union of C! submanifolds. A general
theory of rectifiable sets in Euclidean spaces has been accomplished in [34], [33], [72] while
a general theory in metric spaces can be found in [6].

More precisely, we say that a subset S C G is G-regular hypersurface (i.e. a topological
codimension 1 surface) if it is locally defined as a non critical level set of Cg, function; that
is if there is a continuous function f : G — R such that locally

S={PeG: f(P)=0}

and the horizontal gradient Vg f is continuous and non vanishing on S. In a similar way, a
k-codimensional G-regular surface is locally defined as a non critical level set of a C{, vector
function F': G — R*.

The notion of G-regularity can be extended to subsets of higher codimension and modeled
on the geometry of another Carnot group. This is precisely explained by the notion of
(G, GP)-regular surface, introduced and studied by Magnani in [69], [70]. The author
distinguishes between two different classes of regular surfaces:

o (G, G®)-regular surfaces of G which are defined as level sets of P-differentiable
maps with “regular” surjective P-differential.
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o (G, G®))-regular surfaces of G® which are defined as images of P-differentiable maps
with “regular” injective P-differential.

Here “regular” surjective (or injective) P-differential means that we consider a special
class of surjective (or injective) H-linear maps, called H-epimorphisms (or H-monomorphisms),
that yield the natural splitting of G (or G®)) as a product of complementary subgroups.
We recall that Ml and W are complementary subgroups of G if they are both subgroups
closed under dilations and such that WNM = {0} and G = W - M (here - indicates the
group operation in G and 0 is the unit element).

To obtain a complete classification of these surfaces we need find all possible factorization
of G or of G®. This is well known when we consider the Heisenberg groups where the only
intrinsic regular surfaces are the (H", R¥)-regular surfaces and the (R*, H")-regular surfaces
for k =1,...,n (see [46]). But, in a general Carnot group, the understanding of the intrinsic
regular surfaces is very far from being complete.

A fine characterization of (H*, R)-regular surfaces of H¥ as suitable 1-codimensional in-
trinsic graphs has been established in [7]. The main purpose of this thesis is to generalize
this result when we consider (G, R¥)-regular surfaces of G. Here (G, R¥)-regular surfaces of
G are simply called G-regular surfaces and the intrinsic graphs are defined as follows: let M
and W be complementary subgroups of G, then the intrinsic left graph of ¢ : W — M is the
set

graph (¢) := {A- ¢(A) | A € W}
Therefore the existence of intrinsic graphs depends on the possibility of splitting G as a
product of complementary subgroups and so it depends on the structure of the algebra g.
This concept is intrinsic because if S = graph (¢) then, for all A > 0 and all @ € G, 79(5)
and 6,(5) are also intrinsic graphs.

Differently from the Euclidean case where setting C! surfaces can be locally viewed as non-
critical level sets of C'-functions or, equivalently, graphs of C' maps between complementary
linear subspaces, in Carnot groups the corresponding notion of G-regular surface is not
equivalent to that of intrinsic graph any more. The objective of our research is to study the
equivalence of these natural definitions in Carnot groups.

However, thanks to Implicit Function Theorem, proved in [44] for the Heisenberg group
and in [45] for a general Carnot group (see also Theorem 1.3, [70]) it follows that

S is a G-regular surface =~ = S is (locally) the intrinsic graph of a map ¢.

Here we say that ¢ is a parametrization of the G-regular surface.

Consequently, our main purpose is the following fact: given an intrinsic graph of conti-
nuous map ¢, we want to find necessary and sufficient assumptions on ¢ in order that the
opposite implication is true.

We will see that these additional assumptions will be characterized in terms of an appro-
priate notion of differentiability, denoted intrinsic differentiability, for maps acting between
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complementary subgroups W and M of G. More precisely, a function is intrinsic differen-
tiable if it is well approximated by appropriate linear type functions, denoted intrinsic linear
functions.

When W and M are both normal subgroup, the notion of intrinsic differentiability cor-
responds to that of P-differentiability.

The title of the thesis is: “Intrinsic differentiability and Intrinsic Regular Surfaces in
Carnot groups”. We show that the intrinsic graph of uniform intrinsic differentiable maps
is (locally) a G-regular surface. In particular, the original contributions of the author in
collaboration with R. Serapioni are illustrated in Chapter 3.

Our aim is to examine the most basic properties of submanifolds in G from the viewpoint
of Geometric Measure Theory, considering for instance perimeter measures, area formulae,
parametrizations, etc.

In the last fifty years many authors have tried to develop a Geometric Measure Theory
in Carnot groups or more generally in CC spaces (see [33], [34], [72], [81], [97]). The first
result in this sense probably traces back to the proof of the isoperimetric inequality in the
Heisenberg group [84] (see also [20], [48]). An essential item of Geometric Measure Theory
such as De Giorgi’s notion of perimeter [30], [31] has been extended in a natural way to CC
spaces (see [20], [68], [43], [29], [16], [54]). In particular, in Carnot groups the G-perimeter
of a measurable set F C (2 is defined as

0E|g(9) := sup {/E divgpdLY : ¢ € CL(Q, HG), |6(P)| < 1}

where divgg = 37", X;6;.

The perimeter measure has good natural properties, such as an integral representation
[79] in case of sets with smooth boundary or its (q—1)-homogeneity in Carnot groups setting,.

More generally, it is also possible to give a good definition of functions of bounded
variation [16], [20], [36], [43], which fits the one given for functions in general metric spaces
[75]. The theory of minimal surfaces has been investigated [25], [19], [48], [85], and also
differentiability of Lipschitz maps [83], [24], [106]; fractal geometry [10]; area and coarea
formulae [43], [69], [78] and the isoperimetric problem [64], [90], [53] provided prosperous
research themes. However, basic techniques of classical Euclidean Geometry do not admit
any counterpart in the CC settings, like Besicovitch covering theorem [89], while many others
are still open or only partially solved.

The structure of this thesis is the following. In Chapter 1 we present the basic theory
of Carnot groups together with several remarks. We consider them as special classes of
Lie groups equipped with a invariant distance and with the intrinsic dilations which are
automorphisms of group.
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In Section 1.1 we recall the definition of Carnot-Carathéodory distance and the Chow-
Rashevsky theorem, and then in Section 1.2 we go to a brief analysis of the Lie groups
and their Lie algebras of the left-invariant vector fields. Here we present some fundamental
results proved in [107]. In particular, Theorem 1.2.4 states the exponential map is a global
diffeomorphism from the Lie algebra g of a Lie group G to G.

Therefore in Carnot groups any point P € G can be written in a unique way as P =
exp(p1X; + -+ pyXy) and we identify P with (py,...,py) and G with (RY.), where the
group operation - is determined by the Baker-Campbell-Hausdorff formula. In particular, in
Section 1.3.3, using well-behaved group of dilations, we equip Carnot groups with an explicit
group law (see Theorem 1.3.7).

A very special emphasis is given to the examples. In Section 1.4 we introduce and discuss
a wide range of explicit Carnot groups of step 2. Some of them have been known in specialized
literature for several years, such as the Heisenberg groups [21], [98]; the free step 2 groups
[17]; the H-type groups [58]; the H-groups in the Sense of Métivier [74]; the complexified
Heisenberg group [87]. Following [17], we show that these Carnot groups are naturally given
with the data on R™™" of n suitable linearly independent and skew-symmetric matrices of
order m.

In Chapter 2 we provide the definitions and some properties about the differential calculus
within Carnot groups.

After a brief description of complementary subgroups of a Carnot group (Section 2.1), we
analyze the notion of H-linear maps. In particular, in Section 2.2.2 we investigate the alge-
braic conditions under which either surjective or injective H-linear functions are respectively
H-epimorphisms or H-monomorphisms. Here we present some results obtained in [70].

In Section 2.3 we give a detailed description of Pansu differentiability, with particular
emphasis on C, functions. Lemma 2.3.7 contains an estimate on horizontal difference quo-
tients of C{, functions which will be crucial in the proof of Theorem 3.1.1, while the main
result of this section is Whitney Extension Theorem 2.3.8: its proof was proved in [44] for
Carnot groups of step 2 only, but here we give a complete one which is similar.

Then we define and characterize the notion of BV function and of locally finite G-
perimeter set. In particular, Theorem 2.3.14 states the perimeter measure equals a constant
times the spherical (q — 1)-dimensional Hausdorff measure restricted to the so-called reduced
boundary (Definition 2.3.6) when G is step 2 Carnot group.

In Section 2.4 we introduce one of the main objects of the book, namely G-regular
surfaces. This part is taken from a recent paper of Magnani [70]. In particular, Theorem
2.4.3 and 2.4.4 describe all regular surfaces of the Heisenberg groups and of complexified
Heisenberg group, respectively.

Section 2.4.2 is devoted to a brief survey of notion of rectifiability on step 2 Carnot groups,
presented and discussed in [47] and recently extended in [71]. We summarize (without proofs)
the results of [47] concerning rectifiability of locally finite G-perimeter sets. The main result
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in this sense is Theorem 2.4.7, whence it follows that the reduced boundary of a locally finite
G-perimeter set, up to H9 !-negligible sets, is contained in a countable union of G-regular
hypersurfaces.

In Section 2.5 we talk about intrinsic graphs theory. Implicit Function Theorem 2.5.4
shows that any regular surface locally admits a parametrization. Following the recent papers
[39], [38], [94] we discuss about the intrinsic Lipschitz graphs and some their properties. We
also mention the paper [42], where this concept appears for the first time when G is an
Heisenberg group.

In Section 2.6, we give the general definition of intrinsic differentiability and then we
provide the basic tools for the analysis of parametrizations of G-regular surfaces. Namely,
for any fixed continuous function ¢ : € C W — M where M is horizontal subgroup (i.e. its
Lie algebra is contained in horizontal layer of G), it is possible to introduce a stronger, i.e.
uniform, notion of intrinsic differentiability in a Carnot group G = W - M.

The main item of Chapter 3 is Theorem 3.1.1, where we prove that given a continuous
map ¢ : £ C W — M where M is horizontal subgroup, it parametrizes a G-regular surface if
and only if ¢ is a uniform intrinsic differentiable map. Moreover Theorem 3.1.5 states that
the class of uniform intrinsic differentiable functions is a large class of functions. Indeed it
includes the class of C! functions.

We want to stress in particular the importance of the operator D?, which appears in the
proof of Theorem 3.1.1 and which seems to be the correct intrinsic replacement of Euclidean
gradient for C! surfaces.

In Heisenberg groups, it is known after the results in [7], [15] that the intrinsic differen-
tiability of ¢ is equivalent to the existence and continuity of suitable ‘derivatives’ ngb of ¢.

The non linear first order differential operators Df were introduced by Serra Cassano et al.
in the context of Heisenberg groups H" (see [95] and the references therein). Following the
notations in [95], the operators Df are denoted as intrinsic derivatives of ¢ and D?¢, the
vector of the intrinsic derivatives of ¢, is the intrinsic gradient of ¢.

Regarding the operator D?, we also mention the papers [13], [14], [23], [80], [96] when G
is an Heisenberg group.

In Section 3.2 we analyze the G-regular hypersurfaces in a particular subclass of 2 step
Carnot groups. More precisely, we characterize the uniform intrinsic differentiable map
¢:E CW — M where M is 1 dimensional subgroup of G (and consequently horizontal) in
terms of suitable notions of weak solution for the non-linear first order PDEs’ system

(2) D% =w iné&,

being w a prescribed continuous function and £ C RY~!. In particular in [7] it was introduced
the concept of broad* solution of the system (2). They show that in H' this notion extends
the classical notion of broad solution for Burger’s equation through characteristic curves
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provided ¢ and w are locally Lipschitz continuous. In our case ¢ and w are supposed to be
only continuous then the classical theory breaks down. On the other hand broad™ solution
of the system (2) can be constructed with a continuous datum w.

More specifically, in Theorem 3.2.7 we prove that the intrinsic graph of continuous map
¢ is a regular surface if and only if ¢ is broad* solution of (2) and it is 1/2-little Holder
continuous. We also show that these assumptions are equivalent to the fact that ¢ and its
intrinsic gradient D?¢ can be uniformly approximated by C' functions.
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Chapter 1

Carnot groups

In this chapter, we introduce the main notations and the basic definitions concerning with
vector fields: algebras of vector fields, exponentials of smooth vector fields, Lie brackets.
Then we study Lie groups and the Lie algebra of their left invariant vector fields. Finally,
we introduce the main geometric structure investigated throughout the thesis: the Carnot
groups. We will take most of the material from [17], [69], [95], [105].

In Section 1.1 we provide a brief exposition of general features concerning Carnot Carathéo-
dory spaces (see [49], [78]); we recall the definitions of subunitary curve and of Carnot
Carathéodory metric, or cc-metric in short, which is an actual distance thanks to Theorem
1.1.6, so-called Chow-Rashevsky Theorem. Here Rashevsky in [86] and Chow in [26] inde-
pendently proved that a sufficient condition for connectivity is the distribution of subspaces
Lie generating the whole tangent space at every point.

Section 1.2 is entirely concerned with Lie groups and Lie algebras: we recall some ba-
sic facts about Lie groups, providing all the terminology and the main results about the
left invariant vector fields, the homomorphisms, the exponential map, the Baker-Campbell-
Hausdorff formula (see the monographs [27] and [102] for more references).

The importance of Lie algebras lies in the fact that there is a special finite dimensional
Lie algebra intimately associated with each Lie group, and that properties of the Lie group
are reflected in properties of its Lie algebra. For instance, the connected, simply connected
Lie groups are completely determined (up to isomorphism) by their Lie algebras. Therefore
the study of these Lie groups is limited in large part to a study of their Lie algebras. Theorem
1.2.1 and Theorem 1.2.4 are examples of this link.

In Section 1.3 we analyze the Carnot groups G with particular emphasis on their most
relevant peculiarities, such as dilations and invariant metrics in G. We recall that a Carnot
group of step k is connected, simply connected Lie group whose Lie algebra admits a step «
stratification. The Heisenberg groups H¥ are the simplest but, at the same time, non-trivial
instance of non Abelian Carnot groups. They represent a precious source of manageable
examples.
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When x = 1, G is isomorphic to (RY,+) and this is the only commutative Carnot
group. Thus, when we talk about Carnot groups we always consider x > 2; in this case,
through the exponential map, a Carnot group G can be identified with RY, endowed with
a non commutative group operation given by the Baker-Campbell-Hausdorff formula. In
particular, in Section 1.3.3 using well-behaved group of dilations we equip Carnot groups
with an explicit group law.

In Section 1.3.5 and 1.3.6, we study the left invariant metrics in G, which are equivalent
to Carnot-Carathéodory metric (see Proposition 1.3.6). Non commutative Carnot groups,
endowed with their left invariant metric are not Riemannian manifolds, not even locally. In
fact they are particular instances of so-called sub Riemannian manifolds (see [11]).

In Section 1.4 we focus our attention on a subclass of Carnot groups of step 2 shown
in [17], Chapter 3: we call them groups of class B. To begin with, we show that they
are naturally given with the data on R™" of n linearly independent and skew-symmetric
matrices of order m. In particular, we show that the set of examples of groups of class B

contains the free step-two groups, H-type groups (see [58]), H-groups in the sense of Métivier
(see [74]).

1.1 Carnot Carathéodory spaces

1.1.1 Vector fields on RY

Let P = (py,...,py) € RY and let X1,..., X,, be a family of smooth vectors fields on R
N
X;(P)=> a;(P)d,  forj=1,...m
=1

with a;; : RN — R smooth functions. We also suppose that X, ..., X,, are linearly inde-
pendent. We define HpR”Y the horizontal subspaces at the point P the subspaces of TpRY
generated by X{(P),..., X,,(P). The collection of all horizontal fibers HpRY™ forms the
horizontal subbundle HRY of TR¥,

Given two smooth vector fields on RY X, X5 we define the commutator (or Lie bracket)
[ X1, X5] as the smooth vector field given by X; X, — X5 X (as common in literature, we tacitly
identify vector fields and first order operators); if X;(P) = sz\; a;(P)0,, and Xy(P) =
SN bi(P)d,, then in coordinates [X;, Xo] is given by

N

X0,22P) = Y (P, 8(P) (P aiP) ) B
ij=1
This product is antisymmetric [X;, Xo] = —[ X2, X;] and satisfies Jacobi’s identity, i.e.

(X1, [ X2, Xa]] + [Xo, [X5, Xu]] + [X5, [Xi, Xo]] = 0.
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For example, for the following two vector fields on R?® (whose points are denoted by
P = (p1,p2,p3)) X1(P) = 0y, + 2p2 0, and Xo(P) = 0y, — 2p; O,,, we have

[X1, Xo](P) = (X1(=2p1) — X2(2p2))0py = —40y,.

We say that the vector fields on RY X, ..., X,, satisfy the Chow-Hérmander condition
if there is an integer x > 1 such that the set of linear combinations of family of commutators
of Xi,...,X,, up to the length &, i.e.

X17.. X [XZUX ] [Xil,[Xlz,X ]] ,[Xil,[XiQ,[...,Xin]...], ]_SZ(;STTL

is the tangent space to RY at every point of RV,

Remark 1.1.1. Let X1, ..., X,, be left invariant vector fields on RY. In this case the Chow-
Hormander condition is equivalent to

(1.1)  dim(span{ X1, ..., Xpm, [Xi, Xil, - [Xiss [Xir [, X ] ]M(P)) = N

for all P € RV,

1.1.2 Carnot Carathéodory distance

An absolutely continuous curve v : [0, T] — RY is a subunit curve with respect to Xy, ..., X,
if it is an horizontal curve, that is if there are real measurable functions hq(t), ..., hy,(t),
t € [0, T] such that

Y(t) = Z hi(0) X (v (¢)), for a.e. t € [0,T),

and if Y7 b7 < 1.

Definition 1.1.1. We define the Carnot-Carathéodory distance (cc-distance) between the
points P,Q € RY as

dee(P,Q) = inf {T > 0 : there is a subunit curve v : [0,7] = R" with v(0) = P,y(T) = Q} .
If the above set is empty we put d..(P, Q) =

Using the same approach followed in [78], our next task is to prove the following result:

Proposition 1.1.2. Let Q C RY be an open set. If d.. is finite, i.e. de.(P,Q) < oo for all
P,.Q € RY, then (Q,d,.) is a metric space.
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We need two lemmas. If X;(P) = le\il a;;(P)0,, for j = 1,...,m, then we shall write

the coefficients a;; in the (N x m) matrix

CLH(P) Ce alm(P)
B(P) := : :
CLNl(P> aNm(P)
and we define its norm as
18] = sup |Bh|.
heR™, |h|<1

Notice that 1" h;(t) X;(7(t)) = B(y(t))h(t) for h(t) = (hi(t),..., hn(t)) and ¢t € [0, 7.

Lemma 1.1.3. Let Q C RY be an open set. Let P € Q and r > 0 be such that U(P,r) :=
{QeRV[|Q — P| <7} €Q . Moreover let o := supgeyp, 1BQ)|| and v : [0;T] — Q be
a subunit curve such that v(0) = P. If «T < r then y(t) € U(P,r) for all t € [0;T].

Proof. By contradiction we suppose that

t:=1inf{t € [0,T] : v(t) ¢ U(P,r)} <T.

/057(7) dr

sAwmmMﬂmsAwmmwmwr

<ta<Ta<r.

Then

() — P| = Aswmmvmf

Consequently v(t) € U(P,r) because U(P,r) is open and this is in contradiction with the
definition of ¢. O

Lemma 1.1.4. Let Q C RY be an open set and let K C ) be a compact set. Then there is
B > 0 such that

(1.2) dee(P,Q) 2 BIP ~ Q| for all P.Q € K.

Proof. Fix P,QQ € K and let v : [0,T] — Q be a subunit curve from P to @). We choose
e > 0 in order that if we put K, :={P € Q : mingex |P — Q| < €} then K, € 2. Moreover
if we define r := min{e, |P — Q|}, then

YV (T) =~(0)| =[P -Q[ =,

and by Lemma 1.1.3 we have oT > r, where o := supgcg, [|B(Q)]|-
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Now we consider two case: r =€ or r = |P — Q|. If r = € then

T><>|p-q)
aoap

where p 1= suppgep [P — Q. If r = |P — Q| then T > |P — Q|/a. As a consequence by the
definition of d.. we get

1
dcc( 7@) > T > mln{_ai} |P_ Q|
a’ ap
then the thesis follows with 3 := min {é, aip} O

Now we are able to prove Proposition 1.1.2.

Proof. 1t is clear that d..(P, P) = 0. Moreover if P # @ by (1.2) it follows d..(P, Q) > 0.
The symmetry property d..(P, Q) = d..(Q, P) follows from the fact that if v : [0,T] — Q
is a subunit curve then 4(t) = v(T — t) is a subunit curve too.
Finally, if v : [0,77] — Q and 7, : [0,73] — Q are subunit curves such that v,(0) = P,
N(T1) = G, 12(0) = G and 15(T3) = Q then

L (t) if t € [0, T1]
v(t) = { 32(75 —T) ifte [, Th + T

is a subunit curve from P to ). Taking the infimum we get that
dCC(P) Q) S dCC(p7 G) —"_ dCC<G7 Q)?

i.e. the triangle inequality is true.
m

Remark 1.1.5. Inequality (1.2) shows that the Euclidean metric is continuous with respect
to the cc-metric d... The converse is in general not true. For example, consider in R? the
vector fields Xy = 0,, and Xy = a(p1)d,,, where a : R — R is a Lipschitz map defined as
a(p1) =0if p; <0 and a(p;) > 0 if p; > 0. Any couple of points in R? can be connected by
piecewise integral curves of X; and Xs, which therefore induce on R? a finite cc-metric d..
But if p; < 0 then

plzigo dec((p1,p2), (p1,0)) = 2|p1| # 0.

The following theorem, called Chow-Rashevsky Theorem, gives a sufficient condition in
order that d.. is finite. For a proof see for instance [11], Theorem 2.4. or [77], Theorem 1.6.2

Theorem 1.1.6. Let the vector fields X, ..., X,, in RY satisfy the Chow-Hérmander con-
dition. Then any two points in RN can be connected by horizontal curve and hence dg. is a
distance on RY .
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According to the terminology in [49] (see also [77]), we have the following definition:

Definition 1.1.2. The metric space (RY,d,.) is called Carnot-Carathéodory space (CC
space).

The CC spaces satisfying Chow-Hormander’s condition are also called Sub-Riemannian
spaces. Classical examples of Carnot-Carathéodory spaces are the Carnot groups (see Section
1.3).

1.2 Lie groups and Lie algebras

Before stating the definition of Carnot groups, we want to briefly recall some basic facts on
Lie groups and Lie algebras: a more complete description of these structures can be found
in [102], [103], [104], [107].

Definition 1.2.1. A Lie group G is a manifold endowed with the structure of differential
group, i.e. a group where the map

GxG>(PQ)— P'-QcG
is of class C*°.

We denote by 0 the identity of the group, while we define, for any P € G, the C* map
7p: G — G as

Q%TP(Q) :PQ

We call 7p the left translation by P.
The general notion of Lie algebra is the following

Definition 1.2.2. A Lie algebra g is a vector space together with a bilinear operation
[]:axg—g,
called the Lie bracket such that, for all X, X5, X35 € g, one has
1. anti-commutativity : [X;, Xs] = —[Xa, Xi]
2. Jacobi identity : [Xi, [Xo, X3]] + [X2, [ X5, Xi]] + [ X5, [X1, Xo]] = 0.

A linear subspaces a C g is a Lie subalgebra of g if a is closed with respect to [-, -], i.e.
(X1, X5] € a for every X7, X5 € a. Given two subalgebras a,b of a Lie algebra g we will
denote by [a, b] the vector subspace generated by the elements of {[X,Y] : X € a, Y € b}.

An classical example of Lie algebra is I'(T'M), the linear space of smooth sections of 7'M
(with M a smooth manifold), with the product [X7, X5] = X7 Xy — XoX;.
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Definition 1.2.3. A vector field X € I'(T'G) on a Lie group G is left invariant if
X(P)=drp(X(0)), forall PeG
where d7p : TG — TG denotes the differential of the left translation by P.

A vector field X is left invariant if and only if

(X)) (1pQ) = X(f o 7p)(Q)

for any f € C*(G) and P,Q € G. !

If X1, X, are left invariant vector fields, then the Lie bracket [ X7, X5] is also left invariant
(see Proposition 3.7 in [107]). This implies that by iterated brackets the left invariant vector
fields X1, ..., X,, generate a Lie algebra.

Precisely, we define the Lie algebra of the Lie group G to be the Lie algebra of left
invariant vector fields on G.

This Lie algebra is denoted by g and, for every P € G, is the vector space

span{Xl,...,Xm,[Xil, iQ],[Xil,[XiQ, 13]]77[X117[X127[7Xz,€]]}(P)
g is canonically isomorphic to the tangent spaces TyG at the identity via the isomorphism
ToG > v <— X € g such that X(P) = drp(v).

Example 1.2.1. We denote the Heisenberg group H! = R3 with the group law given by

1
(p1,p2,p3) - (q1,92,q3) = (1 + q1, D2 + @2, P3 + g3 + §(p1Q2 — 1p2))-

Note that (p1,pe, p3)~* = (=p1, —p2, —p3) and the neutral element of the group is the origin.

The Heisenberg group H! is an example of a Lie group, indeed the map

_ 1 1
(P,Q)—Q L.p= (p1 — q1,02 — @2, p3 — q3 + 5]92(171 —q) — Epl(pz —¢2))

is of class C°.

Let Q C RY be an open set. We recall that if X = Z;V=1 a;j0p; and f: Q — R is a differentiable function,
then we denote by X f the function on 2 defined by

N
Xf(P) =Y "a;j(P)d,, f(P), for PeQ.
j=1
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The class of left invariant vector fields can be identified with the tangent space TyH! to

H' at 0. Hence 8,,, 9,, and 9, form a basis of ToH'. The corresponding left invariant vector
fields X1, X5, Y are

for P = (p1, p2, p3). Consequently, using the fact

1 0 0
dTp(O) == 0 1 0
—3p2 31 1
we obtain | .
Xl(P) = (1707 _§p2) = apl - §p2 apg

1 1
XQ(P) - (1707 5]91) - 8172 + 5]91 8p3
Y(P)=(0,0,1) = 0,,

The left invariant vector fields X7, X5,Y form a basis of left invariant vector fields for the
Lie algebra of H'. Moreover, since [X;, X5] = Y and since any commutator involving X, X5
more than twice is identically zero, then the Lie algebra of H' is span{ X, X», [X1, X5]}.

1.2.1 Homomorphisms and isomorphisms

There is a special finite dimensional Lie algebra intimately associated with each Lie group,
and the properties of the Lie group are reflected in properties of its Lie algebra. Here we
show their connection in terms of Lie group homomorphism and Lie algebra homomorphism

(see [62], [107]).

Definition 1.2.4. Let (G,-) and (H, ) be Lie groups. A map F': G — H is said a Lie
group homomorphism if it belongs to C> and it is a group homomorphism, i.e.

F(P-Q)=F(P)*F(Q), for all P,Q € G.

A map F is an isomorphism of Lie groups if it is a Lie groups homomorphism and a diffeomor-
phism of differentiable manifolds. An isomorphism of G onto itself is called an automorphism
of G.

Definition 1.2.5. Let (g, [-,];) and (b, [-,]y) be Lie algebras. A map f : g — b is said a
Lie algebra homomorphism if it is linear and it preserves brackets

F([Xq, Xalg) = [f(Xq), f(X2)]s for all Xy, X5 € g.
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A map f is an isomorphism of Lie algebras if it is a bijective homomorphism of Lie algebras.
An isomorphism of g onto itself is called an automorphism of g.

The first connection between Lie groups and their Lie algebras is that each Lie group
homomorphism indices a Lie algebra homomorphism: if F' : G — H is a Lie group homo-
morphism, we have that F'(0) = 0 and the differential at the identity dF} : ToG — ToH is a
linear transformation which preserves the bracket operation.

Viceversa, we have the following results:

Theorem 1.2.1 ([107], Theorem 3.27). Let G and H be two Lie groups with Lie algebras
g and b, respectively. Assume G simply connected. Let f : g — b be a Lie algebra ho-
momorphism. Then there exists a unique Lie group homomorphism F : G — H such that

dF = f.
Theorem 1.2.2 ([107], Corollary 3.28). If simply connected Lie groups G and H have iso-

morphic Lie algebras, then G and H are isomorphic.

1.2.2 Exponential map

In the theory of Lie groups we define the exponential map exp : g — G as the map from the
Lie algebra g of Lie group G to G, given by

exp(X)(P) = 7p (1)

where v5 : R — G is the (unique) solution of the following Cauchy problem
(1.3)

We recall the following basic result proved in [107], Theorem 3.31:
Theorem 1.2.3. Let G be a Lie group with Lie algebra g. If X € g then
1. exp((t +5)X) = exp(tX) - exp(sX) for all t,s € R
2. exp(—X) = (exp(X)) !
3. exp : g — G is smooth and (dexp)y is the identity map,
(dexp)o =1idg:g— 9

so exp qives a diffeomorphism of a neighborhood of 0 in g onto a neighborhood of 0 in

G.
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4. the left invariant vector fields are complete. >

From the unique solvability of the Cauchy problem (1.3) related to smooth vector fields
1. exp(—LX)(P) = exp(t(~X))(P)
2. exp(—tX) (exp (P)) =P
3. exp((t +5)X)(P) = exp(tx>(exp<sx><P>>
1. exp((ts) X)(P) = exp(t(sX))(P)
for every X € TG, P € G and t,s € R.

Moreover if G and H are two Lie groups with Lie algebras g and b, respectively, and
F:G — His a Lie group homomorphism, then the following diagram is commutative:

g —— b

exp J{ J{ exp

G L. m

Example 1.2.2 (The exponential map on H'). Let us consider once again the Heisenberg
group H'. In Example 1.2.1, we showed that a basis for its Lie algebra b is given by X;, X, Y
where X1 = 8, — 3020y, Xo = Op, + 3p10,, and (X1, X,] =Y = 9,,. Let us construct the
exponential map. We set, for (qi, ¢z, q3) € R3

q1

Z =X+ X+ qY = Q2
_%QIPQ + %QQpl +qs3

Hence for fixed P = (py, p2, p3) € H!, we have
exp(Z)(P) = £ (1),
where y4(t) = v(t) = (71(¢),72(t), v3(t)) is the solution of the Cauchy problem (1.3) , i.e
Y(t) = (q1,q2, @3 — 30172(t) + S (¢))

Y(0) =P

2A smooth vector field X on a Lie group G is complete if, for every P € G, the integral curve v of X
such that y(0) = P is defined on the whole R (i.e. its maximal interval of definition is R).
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Solving the above system of ODE’s, one gets

¢ P11+ ¢
exp 42 (P) = D2 + G2
—%Chpz + %Q2P1 + g3 D3+ q3 + %(pl% — p2q1)

Example 1.2.3 (Pyramid-shaped vector fields). Let us consider the Lie algebra TR of the
vector fields on RY equipped with the product [Xi, X»] = X1 Xs — X0 X.
We consider in RY vector fields of the following type

N
(14) X :Zaj(p17"'7pj—l)8pj7

J=1

where a; = constant.
The function a; only depends on the variables py,...,p;—; when j > 1. Roughly speaking,
such a vector field is pyramid-shaped,

a1
as(p1)
X = as(p1,p2)

GN(pl, e 7PN—1)

For instance, the vector fields X, X5,Y in above example have this form.

For any smooth vector field X of the form (1.4), the map (P,t) — exp(tX)(P) is well
defined for every P = (py,...,py) € RY and t € R and can be easily computed. Indeed, if
vy =7 = (v,...,7n) is the solution to the Cauchy problem

{ y(t) = X(v(t))
v(0) =P

then 41 (t) = ay and *,(t) = a;j(p1,...,pj—1) for j =2,..., N. As a consequence,

() = p1+tar, () = pj + / 0 (1(8), - Yy (s)) ds

and 7;(t) is defined for every P € RY and ¢ € R. Moreover v;(¢) only depends on the first
components pi,...,p; of P = (p1,...,pn) for j=1,...,N. Let us put A;(¢) := ta; and for
j=2,....,N

Ai(p1s.-.,pj—1,1) ::/0 aj(m(s),...,v-1(s)) ds.
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Then, for all P = (p1,...,pn) € RY we conclude that

p1+ Ai(1)

2 A2 1,
()P — | 2wl

PN + AN(pl; <o+ 3 PN-1, ]-)
and the map P +— exp(X)(P) is a global diffeomorphism of RY onto RY.

1.2.3 The Baker-Campbell-Hausdorff formula
The algebraic structure of g determines that of G, and precisely
exp(X7) exp(Xa) = exp(€(Xy, Xy)), forall X;, X, €g

where €( X, X3) is given by the following formula, called Baker-Campbell-Hausdorff formula
(1.5)

1 1 1
Qt(Xla X2) = Xl + X2 + §[X1:X2] + E[Xla [Xla X2]] - E[X% [leXZH
1 1
— E[XQ, [Xl, [Xl,XQH] — @[Xl, [XQ, [X17X2H] + {brackets of helght 2 5}

¢(X1, X3) is an infinite linear combination of X7, X, and their iterated commutators. It
defines a binary operation in g whenever the series converges.

Example 1.2.4. Let g be an abelian Lie algebra, i.e. a Lie algebra such that [X;, X3] =0
for all Xy, X5 € g. Then
C(X, Xo) =X1+ X,

and consequently exp(X;) exp(Xsy) = exp(X; + Xs) for all X, X5 € g.

Example 1.2.5 (The Baker-Campbell-Hausdorff formula on H'). Let £,n € R? and Z :=
X, + X, +Y where X;, X,,Y is the basis for the Lie algebra of Heisenberg group H! defined
in Example 1.2.1. We explicitly write down €(£Z,7Z) in H!, thus obtaining

&(EZnZ)=EZ +nZ + %[fZ, nZ) + 1—12[52, EZ,nZ]| + ...

1
=&Z+nZ + 56202
(since any commutator involving X3, Xy more than twice is identically 0)
=X + 6Xo + Y +mXy + 2 Xo + 1Y

1
+ E[lel +&Xo + &Y, mXy + naXo + Y]
(here we use [X1, Xp] =Y, [X1,Y] =[X,,Y] =0)

= (& + )Xo+ (S +m)Xo + (& +m3 + %&772 - %52771)5/
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which is the group operation in H!.

1.2.4 Nilpotent groups

Definition 1.2.6 (][27]). Let g be a Lie algebra. For each s € N we define by induction the
following sequence of subspaces

o¥ =g
gt =g, g].
If there exists a positive integer x € N such that g, # {0} and g"**!) = {0} we say that g is

a nilpotent Lie algebra. The integer « is called the step of g. A Lie group G is nilpotent if
its Lie algebra is nilpotent..

Notice that if g is nilpotent of  step, then for all s € {1,..., s} the subalgebra g**! is
strictly contained in g(*).

Theorem 1.2.4 ([27], Theorem 1.2.1). Let G be a connected, simply connected nilpotent Lie
group, with Lie algebra g. Then

1. The exponential map exp : g — G is an analytic diffeomorphism.

2. The Baker-Campbell-Hausdorff formula holds for all couple of elements of g.

Definition 1.2.7. Let G be a connected, simply connected nilpotent Lie group, with Lie
algebra g. Let {X7,..., Xy} be a basis for g. A system of ezponential coordinates associated
with the basis {X1,..., Xy} of g is the map ¥ : RY — G

N
U(ps,...,px) o= exp (ZpiXi) .
=1

An important application of Theorem 1.2.4 involves coordinates on G. Since the expo-
nential map exp : g — G is a global diffeomorphism, the map ¥ is also a diffeomorphism.
Consequently, any P € G can be written in a unique way as P = exp(p1 X1 + -+ + pnvXn)
and we can identify P with the N-tuple (py,...,py) € RY.

Using €(-,-) the Baker-Campbell-Hausdorff formula (1.5), we define a group law on RY
as follows: let (p1,...,pn), (D), ..., Py) € RY. If

N N N
¢ (zpixi, zp;xz) S,
=1 =1 =1

then
(pla"'7pN) : (plbap?\f) = (q17"'7qN)-

In this way, (RY, ) is a Lie group, whose Lie algebra is isomorphic to g. Moreover, thanks
to Theorem 1.2.2, we can identify G with (RY.).
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Example 1.2.6. The Heisenberg group H! (see Example 1.2.1) is an example of 2 step
nilpotent Lie group.

Example 1.2.7 (A non-polynomial non-nilpotent Lie group on R?). The following operation
on R?

(p1,p2) - (1, ¢2) = (p1 + @1, @2 + p2e™)

defines a Lie group structure where (py, p2) ™t = (—p1, —pee™P'). Moreover a basis of the Lie
algebra associated is

Yi= apl +p28p27 Y, = apz
Hence, the Lie algebra is not nilpotent, for [Y3,Y1] = Y3, so that, inductively,

[..[Yo, V1],V Y. ] =Y, for all k € N.

k times

1.3 Carnot groups of step

We now enter into the core of the chapter by introducing the central definition of this thesis,
i.e. Carnot groups. For a general account see e.g. [17], [35], [62], [95], [104], [103].

Definition 1.3.1. A Carnot group G = (G, -,0,) of step « is a connected and simply con-
nected Lie group whose Lie algebra g admits a stratification, i.e. a direct sum decomposition
g=01 D go D D g.. The stratification has the further property that the entire Lie algebra
g is generated by its first layer g, the so-called horizontal layer, that is

[917 gn] = {0}

where [g1, g;] is the subspaces of g generated by the commutators [X,Y] with X € g; and
Y eg,.

(1.6) { 0,001 =0; if2<i<r

By Theorem 1.2.4, we can identify G with (RY,- dy), where the group operation - is
determined by the Baker-Campbell-Hausdorff formula (see Section 1.2.3) and the family of
automorphisms {d,}, of G is defined in Section 1.3.2.

Let Xy,...,X,,, be a base for g;. The subbundle of the tangent bundle TG that is
spanned by the vector fields Xi, ..., X,,, plays a particularly important role in the theory,
it is called the horizontal bundle HG; the fibers of HG are

HGp =span{X;(P),...,. X,,,(P)}, PeG.

A sub Riemannian structure is defined on G, endowing each fiber of HG with a scalar
product (-,-)p and a norm | - |p making the basis X;(P), ..., X, (P) an orthonormal basis.
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Ifo=>3"" (v1):X;(P) and w = Y (w); X;(P) are in HG, then (v, w)p = i (v1)i(w1);
and |v|% = (v,v)p. We will write, with abuse of notation, (-,-) meaning (-,-)p and | - |
meaning | - |p.

The sections of HG are called horizontal sections, a vector of HGp is an horizontal vector
while any vector in TGp that is not horizontal is a vertical vector. Each horizontal section
¢ defined on an open set 2 C G can be written as ¢ = Y ", ¢;X;, where its coordinates are
functions ¢; : 2 — R. When considering two such sections ¢ and v, we will write (¢, ¢) for
(W(P), 6(P)p.

Remark 1.3.1. Let G be a Carnot group of step k and let {X3,..., X, } be a basis of the
horizontal layer g;. By (1.6) we know that Xi,..., X,,, generates g by commutations and
consequently X7, ..., X,,, satisfy Chow-H6rmander condition (1.1).

1.3.1 Uniqueness of stratifications

The stratification of a Lie algebra is unique up to isomorphism. Hence, also the structure of
a Carnot group is essentially unique:

Proposition 1.3.2 ([63], Proposition 1.17). Let G be a Carnot group with Lie algebra g.
Suppose that g has two stratification, g="h & ... B b, andg=h, & ... & bh..
Then k = r and there is a Lie algebra automorphism f : g — g such that

fbs)=b., foralls=1,... k.

Proof. We begin observing the following simple fact (see Lemma 1.16 in [63]): if g = b; &
... ® by, then g is nilpotent of step & (see Definition 1.2.6) and g**) = b, & ... @ b,.

Consequently, &) =h, @ ... @ h.=b. @ ... © . andso K =r.

Now we consider the quotient mappings 7, : g — g /gi>*1. We have that its restric-
tions gy, : hs — g /gt and 7y : b, — g /gt are linear isomorphisms.

For X € by and s =1,...,k, define f;: hs — b as

-1
fi(X) = (mgpy) 0 (mgn.) (X).

More precisely, for X € h, and Y € b/,

(1.7) L(X)=Y <= X-Y gt

In this way we can define a linear map f : g — g. This is clearly a linear isomorphism and
f(hs) = bl foreach s =1,... k.

Consequently, it remains to show that f preserves brackets, i.e. f([X,Y]) = [fX, fY],
forall XY € g. Let X, Y e gwith X =" | X, and Y = )" | Y} such that X,,Y; € b,.
Then

K

FAX YD) =) f(IXYD, [FX Y] =) [ X, £V

s,l=1 s, =1
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Therefore it sufficient to prove that
(1.8) F([X5, V) = [fX,, fY] for X, € b, Vi € b
First, notice that
[Xo Vi = [ X, fYI] = [Xs = fX0, Vi) = [f X, fY) = Y] € g7

because, on the other hand, X, — fX, € g%V, ¥; € b, and consequently [X, — fX,, Y]] €
g+ on the other hand, fX, € b, fY; —Y; € gV and so [f X, fY; — Y]] € gisH+D,
Then by (1.7) and since [X,,Y]] € by and [fX,, fY)] € b,

FIXoY) = [fXe Y] = [Xo Y] = [fX, fY]] € gttty

i.e. (1.8) holds and so f preserves brackets. O
Example 1.3.1. Not all nilpotent Lie algebras admit a stratification, see [51]. Indeed,
consider the 7-dimensional Lie algebra g generated by Xji,..., X7 with only non trivial
brackets

(X1, Xo] = X5, [X1, Xs] =2Xy, [Xi, X4 =3X5,

(X2, X3] = X5, [X1, X5] =4X6, [Xo, Xu] =2XG,

(X1, Xo| = 5X7, [Xo, X5 =3X7, [X5, Xy = X7,
This Lie algebra g is not stratifiable.

1.3.2 The dilation structure

The construction of the dilation structure deeply uses the stratification of the algebra g =
g1 ©--- D g.. We denote by 6y : g — g the family of (non isotropic) dilation defined by

8y (Z XZ) =Y XX, A0
i=1 i=1
where X = 3" | X; with v; € g;, 1 < i < k. The dilations ¢, are automorphisms of g and
are uniquely determined by the homogeneity conditions
0N\X; := )\ZXZ, VX; €gi, 1 <1<k,

Moreover, from the grading, it is obvious that

1. (5)\7] = (5)\ @) 5”7;

2. (5)\<[X, Y]) = [(S)\X, 6)\Y],
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3. W(C(X,Y)) = €(6,X,0,Y), where €(-,-) is given by (1.5).

By Theorem 1.2.4, in Carnot groups, the map exp : g — G is a diffeomorphism, so any
element P € G can be represented as exp(X) for some unique X € g, and therefore it can
be uniquely written in the form

exp (ZXi)’ Xi€gi, 1 <1<k,
i=1

Therefore we can define a one-parameter group of automorphism of G, which we still
denote with {d)}r>0 via the formula

ol£9) ()

X(fo8\)(P) = (6X)f(6,P), forall PeG, \>0.

i.e. expody = ) o exp.
Let f: G — G, then

Indeed, ;
X(f 0 5)(P) = & f 0 03P exp(tX) o

d
= Ef(é,\PcSA exp(tX)) =0

d
= Ef((S,\P exp(t0r X)) =0
= (02 X)f(0rP).
Then the map J, : G — G is the unique group homomorphism with d, as differential, whose
existence is given by Theorem 1.2.1 since G is simply connected.

From the properties of dilations in Lie algebras we immediately deduce the associated
ones for dilations of Carnot group:

1. 0xy = 0y 09, indeed

Oxn(P) = exp(dr, exp ' (P))
= exp(6)6, exp ' (P))
= exp(dy exp ' (exp &, exp ' (P)))
= exp(6y exp ™' (6,(P)))
= 0\0,(P).
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2. 5\(P-Q) =06\(P)-0,(Q) for all P,Q € G. Indeed

5r(PQ) = exp (6 exp™(PQ))
= exp 0y (C(exp ™t Pexp ' Q))
= exp(€(dy exp™! P, 3y exp Q)
= exp(drexp ! P)exp(drexp ' Q))
= 0\(P)or(Q).

where €(-,-) is given by (1.5).

1.3.3 The Composition Law of G

Following [17], in this section we give a structure theorem for the group operation in a Carnot
group G (see Theorem 1.3.7).

Let us introduce some notations. Let G be a Carnot group with Lie algebra g such that
g=91 D g DD g, and, for s = 1,... kK, let n, := dimg, and my; — ms_1 := n, with
m0:0<m1<~-'<mK:N.

We say that a basis X' of g is adapted to (g1, ..., gx) if

X=(X{,. ., X XD X)

ny?
where n, := dimg, and (X7,...,X; ) is a basis for g, forall s =1,... .

n

Definition 1.3.2. Let G be a Carnot group with Lie algebra g. A system of exponential
coordinates ¥ : RY — G is a system of graded coordinates if it is associated with an adapted
basis of g.

Let U : RY — G be a system of graded coordinates. For simplicity we denote with
oy : RY — RY the dilations read in coordinates, so that , o ¥ = ¥ o §,. Then

(1.9) Sx(P) = (A\"'p1, ..., A\ Vpy), VP =(py,...,pn) €RY
where l =1 = =, < apm1 =2<--- < ay =K.

Now we show some basic properties of homogeneous functions and homogeneous differ-
ential operators with respect to the family {d,}, which is crucial for the proof of Theorem
1.3.7.

Definition 1.3.3. Let f : RN — R. We say that f is §y-homogeneous of degree [ € R if f
does not vanish identically and, for every A > 0, it holds

f05)\ = )\lf
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Moreover a non-identically-vanishing linear differential operator X is called d)-homogeneous
of degree | € R if, for every g € C*(RY) and X\ > 0, it holds

X(gody) = N(Xg)ody.

Remark 1.3.3. Let f be a smooth dy-homogeneous function of degree | € R and X be a
linear differential operator d,-homogeneous of degree h € R. Then X f is a dy\-homogeneous
function of degree [ — h (unless X f = 0). Indeed for every P € G and A > 0 we have

N(X)(OA(P)) = X(F(0r(P))) = X(N'F(P)) = N(X)(P).
Definition 1.3.4. Let G = (RY,-,4,) be a Carnot group of step x where §y is defined as
(1.9). Then given a multi-index 3 = (B, ..., Bx) € (NU{0})", we define the §y-length (or
the G-length of () as
N
’6|a = Zﬁz%,
i=1

where « is given by (1.9). Moreover, if P : G — R is a polynomial function (the sum below
is intended to be finite), i.e.

P(P)=> ceP?, ¢, €R?
then we say that
dege(P) i= max{|8l. : cs # 0}
is the G-degree or d,-homogeneous degree of P.
Notice that since P + p; is dy-homogeneous of degree «;, the function P +— PP is
dr-homogeneous of degree |f],.

Moreover, since 0, for j € {1,..., N} is dy-homogeneous of degree o, the differential
operator D? is dy-homogeneous of degree |3],.

Proposition 1.3.4 (Smooth dy-homogeneous functions). Let 05 be as in (1.9). Suppose that
f € C®(RY). Then f is dx-homogeneous of degree | € R if and only if f is a polynomial
function of the form

(1.10) f(Py=Y" fsP”
|Bla=l

with some fg € R — {0}. As a consequence, the set of the degrees of the smooth -
homogeneous functions is precisely the set of the nonnegative integer numbers

A={[Bla : B € (NU{O})™},
with |B|lo = 0 if and only if f is constant.

3 P7 simply means p'ps? ... p3~Y for P = (p1,...,pn) and a = (ag,...,an).
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Proof. 1t is clear that every polynomial function of the form (1.10) is dy-homogeneous of
degree [. Consequently it remains to prove that if f is d\-homogeneous of degree [ € R, then
f is a polynomial function of the form (1.10).

If £(Q) # 0 for some Q € RN, then [ > 0. Indeed, from f(5,Q) = A f(Q) we get

f0,Q) _ f(0)

lim \' = lim =

Y TS Q) T Q) =

Moreover, the continuous and d,-homogeneous of degree 0 functions are precisely the constant
(non-zero) functions. Indeed,

f(P) = [(ox(P))

lim f(6x(P)) = £(0).

A—01

Then we can suppose that f is a non constant map. Consequently D? f is not identically zero
and since D?f is smooth and dy-homogeneous of degree | — |3, , we have that [ —|3|, > 0.
This result can be restated as follows:

DPf =0 V}j such that |3|, > L.

Thus f is a polynomial function, i.e. f(P) = ) s 4 f3P?, where A is a finite set of multi-
indices and fg € R for every 8 € A. Because f is dy-homogeneous of degree [, we obtain

SN PP = N F(P) = f(6\(P)) = > Al 3PP,
BeA e

Hence A fz = APle f5 for every A > 0, so that |8], = [ if f3 # 0. Then f is a polynomial
function of the form (1.10), as desired.
O

Now we present some elementary properties of the d,-homogeneous functions.

Lemma 1.3.5. Let &) be as in (1.9). Let P : RN x RY — R be a smooth function with
the following property: there is 7 € {1,...,N} such that for all P = (pi1,...,pn) and
Q=(q1,---,qn)

1. P(GA(P),55(Q)) = N9P(P,Q), for all A >0
2. P(P, 0) =Dj
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Then ’ { }
P(P,Q) = { S J
(5Q) pj +q; + Pi(P,Q), if j€{m +1,...,N}
where 75j is a polynomial and is the sum of mized monomials in pi,...,pj—1,q1,--.,qj—1.

Moreover, P;(6x(P),0:(Q)) = \4P;(P,Q). Finally, P(P,Q) only depends on the py.’s and
qr s with oy, < aj.

Proof. By Proposition 1.3.4, P is a polynomial function of the following type:

PP.Q) = Y.  ,P'Q. cp,€R

|0—|a+‘p|a:a]’

and by the properties 2. and 3. it follows that

p; =P(P,0) = Z Co 0P’ and q;="P(0,Q) = Z co,pQ"

lola=qy lpla=c;
Then
(1.11) PPQ) =pi+aq+ > cooP7Q".
lo|a+]pla=a;
o,p#0

We can complete the proof by noticing that the condition |o|, + [pla = @j, 0, p # 0 is empty
when j = 1,...,my, whereas it implies 0 = (0y,...,0,-1,0,...,0), p = (p1,...,pj-1,0,...,0)
when 7 > my + 1.

As for the last assertion of the lemma, being o, p # 0 in the sum in the right-hand side
of (1.11), the sum itself may depend only on the o’s and p’s with ||, + |p|a < @, hence, on
the py’s and ¢;’s with oy < ;. ]

Lemma 1.3.6. Let 0y be as in (1.9). Let P : RN x RN — R be a smooth function. Assume
that there is | > 0 such that for all P,Q € RY and for all X\ > 0 such that

P(0A(P),0:(Q)) = N'P(P, Q).

Then
P 0,/ P(P,0)

is 0x-homogeneous of degree | — «; (unless it vanishes identically).

Proof. By Lemma 1.3.5, P is a polynomial of the following type

P(PaQ) = Z CU,pPUQp, Co,p € R.

lolatlpla=l
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Then, denoting by e; the j-th element of the canonical basis of RY, we obtain

0,P(P.Q)= Y coppP°Q",

lolatlpla=l

so that, since |ej|, = a;,

0,P(P.0)= > co,P°

|o|a=l—0;
p=e;

This ends the proof. ]

Now, we are in the position to prove the previously mentioned structure theorem for the
composition law of a Carnot group.

Theorem 1.3.7. Let G = (RY . 6,) be a Carnot group of step k. Then the group oper-
ation - has polynomial component functions. Furthermore, for each P = (p1,...,pn),Q =
(q1,---,qn) € RY we have

(PQ), = pj + 45, forj=1,....,m
! pi+q +Q;(P,Q) forj=mi+1,....N

and the following facts hold:
1. Q; is a sum of mized monomials in P, Q).
2. Qi(0x\P,6,Q) =XV Q;(P,Q) forall P,QeG and X > 0.
3. Q;(P,Q) only depends on the py’s and qi’s with oy, < ;.

More precisely,

(1.12) Qi(P,Q) =Y R, (P.Q)(pign — prqr),  for my <j <N

Lk

where Rih are polynomials, homogenous of degree a; — (oy + ay,) with respect to group dila-
tions, and the sum is extended to all [, h such that oy + oy, < ¢,

Proof. Fix j =1,..., N. We define
Q; RV XxRY =R  Q;(P,Q) = (PQ),.
Since d, is an automorphism of G, we get

Q;(0x(P),0x(Q)) = (A(PQ)); = AV (PQ); = AV Q;(P, Q).
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Moreover, because P-0= P, 0-Q = (), we obtain that

Hence we can apply Lemma 1.3.5 to Q; and consequently we obtain that the conditions
1-2-3 hold for all j = 1,..., N. Finally (1.12) follows from Proposition 2.2.22 (4) in [17]. O

It is useful to know that G = G! @ G?> @ --- ® G where G* = exp(g;) = R"™ is the i’
layer of G and to write P € G as (p',...,p") with p* € G'. According to this

(L13) P-Q=(p' +¢". P>+ +Q*®",¢"),....p" +¢"+ Q" ((p",....p" ), (¢",...,¢" "))

for every P = (p',...,p"), Q = (¢',...,q") € G.
From (1.12) it follows that for all P € G

(1.14) Q°(P,0)=Q°(0,P)=0 and Q°(P,P)=Q°P,—P)=0
for s = 2,... k. Moreover for each £ bounded subset of G there exists C¢ > 0 such that

1Q° (=P, Q)| < Ce(lg" —p'|+ -+ ¢ = p* ')
< Ce(|(PTQ) + -+ (P

for all P, € £. This fact follows from

Qi(—P,Q) = ZRg,h(_P7 Q)(—pign + Prqr)
I,k

(1.15)

=> RI(=P.Q)(an(a — p1) — alan — pn)),

Corollary 1.3.8. Let G = (RY,. 6,) be a Carnot group of step k. Then for all Q € G

Q=0

Proof. By the explicit form of the composition in Theorem 1.3.7 we deduce that if P-Q) = 0,
then

(1.16) p; = —¢q; Whenever a; = 1.

Moreover if o; = 2 we have p; = —¢; + Q;(P,Q), where Q; only depends on the p;’s and
qx’s with oy, = 1 and consequently using (1.14) and (1.16)

pi=—¢+Q((—q1, s —=@m), (@15, Gmy)) = —0j whenever a; = 2.

This procedure can be iterated to get the thesis. O]
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Now we give two estimates (see [39]).

Proposition 1.3.9. If P,Q) € G then
PQP =Q+P(P,Q),

where P(P,Q) = (PY(P,Q),...,P*(P,Q)) with P(P,Q) = 0 and for each s = 2,...k,
P*(P,Q) are (vector valued) polynomial functions dx-homogeneous of degree s. Moreover, if
E C G is bounded, there exists Ce = Ce(G) > 0 such that for s =2,... K

[P(P.Q)I < Cella'[+--+1a"]),
forall P = (p',...,p"),Q = (¢*,...,q%) €E.
Proof. By Theorem 1.3.7 we have
PTQP=Q+Q(P,Q) + Q(-P,Q+ P+ Q(P,Q))
= Q+P(FQ),

for all P,Q € G. Because Q'(P, Q) = 0 then P}(P,Q) = 0. Moreover thanks to (1.12) it
follows that P*(P, Q) is the sum of monomials each one containing a positive power of some
g fori=1,...,mg_1. n

Corollary 1.3.10. There is a vector valued polynomial function P : G x G — RY such that
G'P'QG=Q—-P+P(G,P'Q) VG PQEcG.

Moreover if £ C G is bounded, there is Ce = Ce(G) > 0 such that for s =2,...,K,

(1.17) PG, PQ) < Ce (I(PIQ)! 4+ (PTQ) ) VG PQEE.

Proof. From Proposition 1.3.9 we have

G'P'QG=P'Q+P(G, P Q)
=Q—-P+Q(-P,Q)+P(G,PQ).
We can estimate Q(—P, Q) with (1.15). From again Proposition 1.3.9 and (1.15) we get for
s§s=2,...,Kk

PG PRI < Ce (I(PTQ)! | + -+ (PT'Q) )

s—1

<Ce Y (Q— PY| +1Q(-P.Q))

=1
s—1

<> Q- P
=1

forall G, P,Q € &. n
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Example 1.3.2. The Euclidean group (R, +) is a Carnot group of step 1. Here, for any
A > 0, the dilation is given by

6x(A) = AA,  for every A € RY.

The Euclidean spaces are the only Carnot groups of step 1 and the only commutative Carnot
groups.

Consequently, a Carnot group is not the Euclidean group R” if and only if g, # {0}. In
this case, the first layer g; must be at least 2 dimensional since [g1, g1] = g2 # {0} and hence
the homogeneous dimension of non commutative Carnot group is larger than 4.

Example 1.3.3. The simplest example of a non-Abelian Carnot group is provided by Heisen-
berg group HF = R?**1, Exhaustive introductions to Heisenberg groups can be found in [21],
98].

For P = (p1,...,par, Pors1), Q@ = (q1, - - -, @ons 1) € HF we define the group operation
given by

k
1
P-Q= (pl +q, -5 P2k T @2k, P2k+1 T QK41 T+ B Z(Pi%ﬂ - kariQi))
i=1
and the family of (non isotropic) dilations

5)\(P) = ()\pl, ceey )\pgk, )\2p2k+1>7 for all P € Hk, A > 0.

A Dbasis of left invariant vector fields is given by

1
Xizapi—ipkﬂf)p%ﬂ, foralli=1,...k
1
Xkﬂ':apkﬂ—l—ﬁpi@p%ﬂ, foralle=1,...,k
Y = a1021c+1

The only non trivial commutator relations being
(X, Xpi] =Y i=1,... k.

Thus the vector fields X7, ..., Xy, satisfy Chow-Hérmander condition (1.1) and H” is a step
2 Carnot group. Moreover the stratification of the Lie algebra b of the left invariant vector
fields is given by h = by ® bs,

b1 =span{Xy,..., Xox}, b =span{Y}.
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1.3.4 Left invariant vector fields

A basis of the Lie algebra g of G is given by the following N left invariant vector fields:

Proposition 1.3.11. Let G be a Carnot group identified with RY through graded coordinates
associated with a basis Xy,..., Xn. Let {0, }iz1...n be the standard basis of vectors of RN
and set X;(P) = SN a;(P)d,,. If my 1 <i<m, 1<5<k, then

N
(1.18) Xi(P) =0, + Y a;(P)d,,
Jj>ms
with
a;i(P) = 05,95 (P, Q)j=0
and such that a;;(P) = aj;(p1, ..., Pm,_,) and a;(0) = 0.

We highlighted that X; defined as (1.18) are “pyramid”-shaped vector fields (see Example
1.2.3).

The proof of Proposition 1.3.11 relies on the following characterization of the smooth
dx-homogeneous vector fields (see Proposition 1.3.5 in [17]).

Proposition 1.3.12. Let 6, be as in (1.9). Let X be a smooth non vanishing vector field

on RY,
N

X(P) =" a;(P)d,.

i=1
Then X is dx-homogeneous of degree | € R if and only if a; is a polynomial function -
homogeneous of degree o; — l(unless a; = 0). Hence, the degree of dy-homogeneity of X
belongs to the set of real (possibly negative) numbers

Ai = {ai — |Bla - B (NU{O})V},
whenever i is such that a; is not identically zero.

For example, the vector fields X; = 8, — 3p20,, and Xo = 9,, — +p10,, on R? are
dx-homogeneous of degree 1 with respect to the dilation

ox(p1,p2,3) = (Ap1, Ap2, Ap3).

Also, the vector fields p$ X, := p30,, — %p?anpg and pe Xy := P20y, — %prlapg are respectively
dx-homogeneous of degrees —2 and 0 with respect to the same dilation.
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Corollary 1.3.13. Let 6y be as in (1.9). Let X be a smooth non vanishing vector field on
RY. Then X is 6x-homogeneous of degree | € R if and only if

SA(X(P)) = NX(6r(P)).

Proof. Let X = Zfil a;(P)0,,. By Proposition 1.3.12, X is dy-homogeneous of degree [ if
and only if a;(5y(P)) = X\*~la;(P) for any i € {1,..., N}. This is equivalent to
WX (P)) = (A"ay(P),...,\Yayx(P))
= )\l(a1<5)\(P)), Ce ,GN((S)\<P)))
= XX (3:(P)),
as desired. ]

Now we are able to show the proof of Proposition 1.3.11.

Proof. Let P = (p1,...,pn),@ = (q1,-..,qn) € G. Because X; is a left invariant vector field
we have
- 8pzf(P) + Z 8Qin(P7 Q)|Q=0 8p]f(P)

j>ms

=0, f(P)+ ) a;i(P)3,, f(P)

Jj>ms

To conclude observe that from (1.13) in each polynomial Q; there is no term depending on
a single variable, hence a;;(0) = 05, Q; (P, Q)jg=p=0 = 0.

Finally by Lemma 1.3.6 and Proposition 1.3.12 we obtain that a;;(P) is dy-homogeneous
of degree a; — a; and consequently X; is dy-homogeneous of degree «;. O

1.3.5 Metrics on Carnot groups

Let G = (RY,-,§,) be a Carnot group and let d,. be the cc-metric defined in Definition 1.1.1.

By Theorem 1.1.6 and Remark 1.3.1, (G, d,.) is a Carnot-Carathéodory space. Moreover
the presence of a stratification induces many “good” properties of d.., with respect to both
left translations and dilations, which are collected in the following proposition.

Proposition 1.3.14. For any P,Q,Q’ € RY and X\ > 0 we have
1. dcc(TPQ7 TPQ/) - dcc<Q7 Q,)
2- dcc(é)\Q7 6)\Q,) - /\dcc<Q7 Q/>
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Proof. The statement 1. of the thesis follows from the fact that v : [0, 7] — R is a subunit
path from Q to Q' if and only if ¥ = 7po~y : [0,7] — RY is a subunit path from PQ to PQ’.
In fact, if §(t) = 271, hy(H) X;(7(t)), then

(t) = drp(y(t)) 4(t) = drp(y Z hi (1) X;(v(t)) = Z hy (6)X;5(3(1))

where d7p denotes the differential of the left translation by P.

Now we prove the statement 2. of the thesis. It will be sufficient to show that a path
v :10,T] = RY from Q to Q' is subunit if and only if so is the curve vy : [0, \T] — RY,
joining d,(Q) and §,(Q’), defined by

Ya(t) = x(y(t/N)).

Indeed, we know that

=>_h(OX;0(0) =Y (Zh ) On

=1 7=1

and since a; = 1 for all j = 1,...,my, by Proposition 1.3.11 all the a;;’s appearing in the
sum are d)-homogeneous of degree (a; — 1) and so

) =3 A I(Zh (t/Nay <t/A>>>a
=1

—Z (Zh (t/N)ag (7t ) Zh (t/N)X;((1)).

It is useful to consider on G a homogeneous norm:
Definition 1.3.5. A nonnegative function P — ||P|| on G is said a homogeneous norm if
1. ||P|| = 0 if and only if P = 0.
2. [[6AP]| = A||P]| for all P € G and A\ > 0.
3. [1PQI < [P + Q-
Given any homogeneous norm || - ||, it is possible to introduce a distance in G given by
(1.19) d(P,Q) = d(P~'Q,0) = [|[P7'Q|

for all P,Q € G.
Both the cc-metric d.. and the metric d in (1.19) are invariant, i.e.
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Definition 1.3.6. Let G be a Carnot group. A invariant (or homogeneous) distance d on
Gisamap d: G x G — [0, +00) with the following properties:

1. d(pQ,7pQ") = d(Q,Q"), forall P,Q,Q" € G (Left invariance)
2. d(0,Q,6,\Q") = Md(Q,Q"), foral Q,Q €Gand A >0 (Homogeneity)
The distance d in (1.19) is equivalent to d... More precisely

Proposition 1.3.15. Let dy and dy be invariant distances on G. Then they are equivalent,
i.e. there exist Cyy, Cy, > 0 such that for all P,Q € G

Proof. We define the sphere S := {P € G : d;(P,0) = 1} and the numbers
Cr = min{dy(0,Q) : Q € S}, Chy = max{dy(0,Q) : Q € S}.

because dy(0,-) is strictly positive and continuous on S, we deduce that Cy; and C,, are
positive constants. Then by homogeneity of d; and dy we get

Cmd1(07 Q) S d2(07 Q) S CMd1(07 Q)

for any Q € G. Now the thesis follows from the left invariant property of distances d; and
ds. ]

For any bounded subset Q2 of G there exist ¢; = ¢;(€2), ca = c2(£2) > 0 such that
(1.20) alP—Q <d(P,Q) < cof P—Q|"

for every P, Q € Q. Therefore, id : (G,d) — (RY,|-]) is locally Lipschitz and id : (R, |-]) —
(G, d) is locally C%'/* Holder continuous.

By (1.20), we have that the topologies defined by d and by the Euclidean distance coin-
cide, and so the topological dimension of (G,d) is N; but the invariant metric d is not
locally equivalent to the Euclidean distance. Indeed it was proved in [93] that there are no
bi-Lipschitz maps from from a general non commutative Carnot group G to any Euclidean
space.

Example 1.3.4. We present an example of homogeneous norm that is used in [44] and
denote by || - ||oo-

Let us consider the Heisenberg group H* (see Example 1.3.3). For any P = (p', p?) € H*
we define a homogeneous norm as

1Plloc := max{[p'], [p*/2}.
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Then the invariant distance associated to || - ||o is the continuous map d : H* x H* — R
given by
de(P,Q) = [P Q| =

for all P, € HF.
It is clear that | P|| = 0 if and only if P = 0, i.e. the condition 1. is true.
Moreover observe that for any P = (p*, p?) € H*

103 Plloo = max{|[Ap'], NP2} = XNmax{|p'], [p*['*} = M| Pl

i.e. the condition 2. holds.
Finally we show the triangle inequality. Let P = (p', p?),Q = (¢', ¢*) € H* with p!, ¢* € R?
and p?, ¢*> € R. We have that
PQ = (0" +¢" 0" + ¢ + Q*(p', ¢"))
with @*(p',¢") = L 8 | (pidss — pryiti)- If |PQ|loo = |p" + ¢'], then
1PQllse < 1p' + 1a'| < [[Plloc + Q-
On the other hand, if || PQ||o = |p* + ¢* + Q(p*, ¢*)|*/?, then
1PQIE < ?[+1a°] + Ip'[la'] < [I1PII% + [1Q11% + 2[| Plloc]| Q-
and so the triangle inequality follows.

Example 1.3.5. (see Theorem 5.1 in [47]) Let G be a Carnot group of step x then there
are constants ¢, = 1,..., ¢, with ¢ € (0, 1], such that the map || - || : G — R defined as

(1.21) H(pl,...,p”)H = sgaxﬁ{es|ps\1/“5}

.....

is a homogeneous norm.

1.3.6 Hausdorff measures in a metric space: Application to Carnot
groups

In this section we provide the definition and basic properties of the notion of Hausdorff
measure in a general metric spaces and then we consider the specific case of a Carnot group
G equipped with an invariant distance (see Definition 1.3.6). The reader can see [33] and
[95].

For ¢t > 0 let

at) == m
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where I' : (0,+00) — R is the usual gamma function defined as I'(¢t) = [ e "r'"tdr. We
recall that
LY (B(z,7)) = a(N)rY

for all Euclidean balls B(z,r) C (RY,|-]).
Moreover we recall that if C is a subset of a separable metric space (G, d) then the diameter
of C is denoted as
diam(C) := sup{d(A, B) | A, B € C}.

Definition 1.3.7. Let (G, d) be a separable metric space. Let U C G, 0 < t < oo and
0 < 6 < o0o. Define

Hy 5(U) = inf {Za t)diam(C;)'| U C U2, C;, diam(C;) < (5} .
i=1
Then
Hy(U) = lim HY) 5(U)
6—0 ’

is called the ¢-dimensional Hausdorff measure of .

We define S} the t-dimensional spherical Hausdorff measure of ¢, when the infimum is
taken over all possible coverings of U by a (finite or) countable family of balls {B(P;, ;) :
i € N}.

It is well know that H, and S are equivalent and they are Borel measures, i.e.
HL(U UlUy) = HY(Uy) + H(Us),  if dist(Uy, Us) > 0.

Definition 1.3.8. Let (G,d) be a separable metric space and let 4 C G. We define the
Hausdorff (or metric) dimension of U as the value

Hdim(U) := inf{t € [0, +00) | H5(U) = 0}.
Remark 1.3.16. Observe that if Hdim (i) = ¢, then

Hy(U)=0 forall s>t
Hi(U) =00 forall s <t

and H,(U) may be any number between 0 and oo, inclusive.

Because H}, S} are equivalent, the notion of Hausdorff dimension can be equivalently
stated by means of measure S;. Moreover, the Hausdorff dimension is stable with respect to
equivalent metrics on G and with respect to the countable union, i.e.

Hdim(U;2,U;) = sup Hdim (&) if U; C G, i € N.
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It is monotonous, i.e.

Let G be a Carnot group endowed with an invariant metric d. We denote by U(P,r) and
B(P,r), respectively, the open and closed ball centered at P and with radius r > 0, that is

UPr)={QeG : dP,Q)<r}, BPr)={QecG :dPQ)<r}.

By Proposition 2.4 in [47], we know that there is § > 0 such that for all » € (0,9) and all
PeG
diam(B(P,r)) = 2r.

Moreover because d is a left invariant distance, all Hausdorff measures are left invariant,
ie.

Hi(p(U)) = HLU), forald C G, Pel

and t homogeneous with respect to dilations dy, i.e.
HE(O\U)) = N HE(U), foralltd € G, A > 0.

We denote by H. the t-dimensional Hausdorff measure obtained from the Euclidean
distance in RY ~ G, by H' the t-dimensional Hausdorff measure obtained from the metric
d in G. Analogously, S¢ §* denote the corresponding spherical Hausdorff measure.

The following theorem, proved for the first time in [76], gives an explicit formula of the
metric dimension of Carnot group:

Theorem 1.3.17. Let G be a Carnot group endowed with an invariant metric. If we put

K

N
(1.22) q:i=Y a; =) idimg
j=1

i=1

then
Hdim(G) = q.

We call q the homogeneous dimension of G.
Remark 1.3.18. In the non-Abelian case k > 1, one clearly has
N <q,

i.e. the topological dimension N is strictly less than the metric dimension q. The equality
holds if and only if G is a step 1 Carnot group, i.e. if G is isomorphic to Fuclidean space
RY. For instance in the case of the Heisenberg group HF = R?**! we have that

N=2k+1<2k+2=q.
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Proposition 1.3.19. Let G = (RY, ) be a Carnot group. Then the N -dimensional Lebesque
measure LV is the Haar measure of the group G. Indeed if E C RY is measurable then
LN (1p(E)) = LN(E) for all P € G. Moreover if A > 0 then LY (6,(E)) = MLYN(E) and

(1.23) LY(B(P,r)) = LYNU(P,7)) =LY (B(P,1)) = rLY(B(0,1))

where q is the homogeneous dimension of G defined as (1.22).

1.3.7 Sum of Carnot Groups

In this section, we show how to build a Carnot group starting from two fixed groups (see
Section 4.1.5 in [17]).

Let G = (RN, -, 5&1))7 G® = (RM «, 55\2)) be Carnot groups with dilations

sSU(P)y = (', ), PecGW
32(Q) = (A, ..., A, QeG®?

where
pPeR™ fors=1,....k, ni+---+n.=N
¢ eRs fors=1,....,r, L1+ ---+1, =M.
We define a Carnot group G on R¥+M as follows.
Suppose 7 < k. We denote the points of G = RV M by

R<P7 Q) = (p17q17 A ’pr7qr7pr+1’ A 7p’€>’ fOI' (P7 Q) 6 RN X RM'

Moreover the group law ¢ and the dilation 0, on G are defined as follows: for every & =

R(P,Q),n=R(F,Q)eG

Eon=R(P-P,QxQ),
0x(€) = R(8Y(P),62(Q)).

Then G = (RY™™ o §,) is a Carnot group of step # and n; + [; generators.

Precisely if (g\"), ..., g\") is a stratification of g, the Lie algebra of G, and (g, ..., g'*)

is a stratification of g'®, the Lie algebra of G®, then

(1) (2

(9:759:)
ey Ok where g; = G
(m 9r) g {gi:ggl) fori=r+1,...,K

fori=1,...,r

is a stratification of g, the Lie algebra of G.
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Example 1.3.6. If G is the Euclidean group on R? and G is the Heisenberg group
H', then the sum of G and G® is the Carnot group on R® (whose points are denoted

£ = (p1.p2, 1,42, q3) for P = (p1,p2) € R? and Q = (q1,¢2,¢3) € H' = R?) with the group
operation

p1+ P}
P2+ ph
(P1: D2, 15 G2, q3) © (P}, Phy 41, G5, G5) = o+ q
@+ 4
43+ g5 + 3 (0105 — 4142)

and
5/\(23171727%,6]2,6]3) = (Aplv)\p% Aq1, Aga, )\2(]3)-

1.4 Groups of class B

The aim of this section is to define and to collect some results and many explicit examples
of group of class B, which is a subclass of Carnot groups of step 2 shown in [17], Chapter 3.

1.4.1 Characterization of Carnot groups of Step 2

Let (R™*" .) with the composition law - defined as
1
(1.24) (z,y)- (2", y) = (x+2,y +y + 5(89&, 2')), for all (z,y), («',y") € R™™"

where (Bx,2') := ((BWx,2'),... (B™z, '), BY, ... ,B™ are m x m matrices with real
entries and (-,-) is the inner product in R™.
Then (R™*™,.) is a Lie group where identity is the origin and the inverse is

(0,9)™ = (=, =y + 3 {Br, ).

Notice that the inverse map is the usual (—z, —y) if and only if, for every s = 1,...,n it
holds
(B¥z, ) =0, forallz € R™

i.e. iff the matrices B®)’s are skew-symmetric.
In particular we have the following result:

Proposition 1.4.1 ([17], Proposition 3.2.1). Let G be a Lie group on R™™ such that the
dilation &y : R™™™ — R™™" defined as

(1.25) Sz, y) == (Ao, \%y),  for all (z,y) € R™"
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1s an automorphism of G for every A > 0.

Then G is equipped with the composition law defined as (1.24) where BV, ... B™ aren
suitable m x m matrices. Moreover, a characterization of Carnot groups of step 2 and m
generators is given by the above G = (R™" - §y), where the skew-symmetric parts of the
B)’s are linearly independent.

Note that the above arguments show that there exist 2 step Carnot groups of any dimen-
sion m € N of the first layer and any dimension

< m(m — 1)
- 2
of the second layer: it suffices to choose n linearly independent matrices BY), ..., B™ in the

vector space of the skew-symmetric m x m matrices (which has dimension m(m —1)/2) and
then define the composition law as in (1.24).

Remark 1.4.2. We explicitly remark that the linear independence of the skew-symmetric
parts of BY, ... B™ is necessary for G to be a Carnot group.

Indeed if B = (bg))” 1, then a basis of the Lie algebra g of G, is given by the m +n
left invariant vector fields

(1.26) Xj(z,y) =0y, + = Z (Z b :c) e Yi(z,y) = 0.,

forj=1,....m,ands=1,...,n and it easy to see that
16 ~ )
(X5, Xi] = Z §(bz’j - bji )ays = Zcij Iy,
s=1 s=1

where we denote by C®) = (cgj))gf;:l the skew-symmetric part of B, i.e.

1
c® .— Z(BG) _ (BGHTY.
S(B9 — (B)T)
Moreover thanks to the linear independence of C*®) we have that the matrix m? x n

1 n
céll; . céli
012 DY 612
K e : )
A
ey (n)

91 R Co1

(proceed analogously up to)

(1) . .(n)

Cmm e Cmm
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has rank equal to n and consequently
span{[X;, X;| |i,j =1,...,m} =span{Ys,..., Y, }.
Therefore X7, ..., X,, satisfy the Chow-Hoérmander condition (1.1), i.e.
dim(span{Xy,..., X, [X;, Xi]}(z,y)) =m+n
for all (z,y) € G.
Example 1.4.1. We consider G = (R3*2, ., §,) with

1 10 00 —1
B<1>=<—1 0 o), B<2>=(0 1 0 )
0 00 10 0

Then the composition law on G as in (1.24) becomes

21 + o)
To +
($17$27$3ay1,y2) ) (x’l,xg,xg,yi,yé) = T3 + 90%
Y1+ yi + % 33'1.77/1 + Jl'llxg — $,2£L'1
Yo + Yh + % Tolh — XT3 — THTy
and the dilation (1.25) is
5,\(x1,x2,x3,y1,y2) = ()‘xh Ao, A\T3, )\2917 /\2?42)-

In this case G is a Carnot group. Indeed the skew-symmetric parts of B and B® are
linearly independent

o) ()T oLy o) @\T 0o
S(BH —(BOT) = (-1 0 0], S(BY — (BT =0 0 0
0 00 10 0

Moreover we can compute the first three vector fields of the basis of Lie algebra g of G and
verify that they are Lie-generators for g,

1 1
X1 = @m + 5(1’1 + xg)(?yl — §$38y2,
1 1

XQ = 8332 — §x18y1 + §$28y2,
1
X3 = 8963 + §w16y2,
[XlaX2] - _ayn
[X17X3] = ay27
1
(Xo, X3] = =0,,.

2
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Example 1.4.2. We consider G = (R3*2, - §,) where - is given by (1.24) with

1 10 0 —2 0
B“):(—l 0 o), 13(2):(2 1 o)
0 00 0 0 0

Then the explicit group operation on G is

x1 + )
Ty +
(x1>$27$3ay17y2) : (ziax/27$gayiay;) = 333"‘1’{3
y1+y) + %(xlzv’l + zhry — xéml)
Y2 + Yo + %(9@3:’2 — 2229 + 2x’2x1)

and the dilation is
5)\(l‘1, T2, T3,Y1, y2> = (Axh >\"L‘27 )\fL’g, )\2y17 )‘2y2)‘

Here by Proposition 1.4.1 we have that G is not a Carnot group because the skew-symmetric
parts of B(Y and B® are linearly dependent,

L =) (T ool ) @\T ooz
SBP =BV = (-1 0 0], SBP =BT =2 0 0]
0 0 0 0 0 0

On the other hand, the first three vector fields of the related basis of Lie algebra g of G
are not Lie-generators for g, since

1
X1 = 8361 + 5(1’1 + ZEg)ayl — l‘gayQ,

1 1
X2 = 8902 — §x16y1 + <—$C2 + l’l)aw,

2
X3 = a:l:g?
[XlaXQ] = _ay1 + 28y2,
(X1, X5] = [X5, X3] = 0.

Consequently span{[X;, X;]|7,7 = 1,2,3} # span {0,,,0,,} and the Chow-Hérmander con-
dition (1.1) is not checked.

Proposition 1.4.3 ([17], Proposition 3.5.1). Let G = (R™"" -, 4,) be equipped with a Lie
group structure by the composition law is (1.24) where BV, ..., B™ are fized m x m matrices
and the dilation is (1.25).

Then G is isomorphic to the Lie group H = (R™*" o, 0,) where:
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1. 0y is the same non isotropic dilation as above.

2. o R™M 5 R™T — R™™ s defined by
1 -
(.I',y)<><€,7'): x+§,y+7’+§<8x,§>

where B = (B(l), e ,B(")) and B®) is the skew-symmetric parts of B®) for every s =
1,...,n. Moreover the inverse map on H is (—z, —y).

3. the Lie group isomorphism is ¥ : H — G with
1 -
\P(€7T): 677+Z<B£7§> )

so that U is the identity map iff all the B®) s are skew-symmetric.
4. if G is a Carnot group, then the same is true for H.

Example 1.4.3. If G = (R*"?,./4,) is as in Example 1.4.1, then G is isomorphic to the
Carnot group H = (R32, ¢, §y), where ¢ is given by

w)o€r) = (a+ €yt r+ 5(En8)

where B = (B, B®) and B® is the skew-symmetric parts of B®), i.e.

i 0 1 0 i 00 —1
13(1):(—1 0 0), 8(2):(0 0 0 )
0 0 0 10 0

1.4.2 Groups of class B

Definition 1.4.1. We say that G := (R™" - §,) is a Carnot group of class B if there are
n linearly independent, skew-symmetric m x m real matrices BY, ..., B™ such that for all
(z,y), (z',y") € R™ x R™ and for all A >0

(1.27) (:)s,y)-(:)s’,y'):(x+:v’,y+y'+%<8x,m’>)

where (Bz,z') := ((BWx, 2/), ..., (B™z,2")) and (-,-) is the inner product in R™ and

(1.28) Sx(z,y) == (Az, \?y).
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Under these assumptions G is a Carnot group of step 2 with R™ the horizontal layer and R™

the vertical layer (see Chapter 3 of [17]).
Moreover, if B®) = (bgj))%zl, then a basis of the Lie algebra g of G, is given by the
n + m left invariant vector fields

1 n m .
(129> Xj('r’ y) - aﬂzj + 5 Z (Z b§z)x2> ays» }/s(x7 y) - ay.m
s=1 1

1=

forj=1,...,m,and s = 1,...,n. Finally, we make the following choice of the homogeneous
norm in G:
(1.30) (2, )| := max{|], [y]"/*}

for a suitable € € (0, 1] (see Example 1.3.5).

Remark 1.4.4. According to (1.22), if G is a Carnot group of class B then the homogeneous
dimension of G is
q=m+2n.

Remark 1.4.5. As we said, the space of skew-symmetric m x m matrices has dimension
M. Hence in any group G of class B the dimensions of the horizontal layer and of the
vertical layer are related by the inequality

n<m(m—1)
- 2

1.4.3 Example: Free Step 2 Groups

We present free step 2 groups which are an example of groups of class B.

Let m > 2 be a fixed integer. We denote by (F,, 2, *) the Carnot group on R™ x R™5
with the composition law (1.27) defined by the matrices B®) = B) where 1 < j <i < m
and B9 has entries —1 in position (7,7), 1 in position (j,7) and 0 everywhere else.

In the sequel of this section, we shall use the following notation, different from the one
used in the previous section: instead of using the notation 7 for the coordinate in the vertical
layer of the group, we denote the points of F,, » by (z,7), where the coordinates of 7 € R™
are denoted by

7;; where (i,j) € T :={(i,j) : 1 <j<i<m}.

Here we have ordered Z in an arbitrary (henceforth) fixed way. Then, the group operation
* is given by

(x,7)* (o', 7') = v
) ) T + Tl/h + %(l‘ll’% — J}hxg) (l, h) el
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A base of Lie algebra of F,, 5 is

3 > (Zb“h )0n

1<h<l<m j=1

axl + 2 Zl<l§m xlaTu ifi=1
1 1 . .
=9 ot 3 2icicm 10n = 5 21chem Th0r,, 1 <i<m

Yn=0,,, (Lh)eL

Moreover, for every (I, h) € Z, we have the commutator identities
1
[XlaXh] = §(aﬂh - 87'hl)‘

Remark 1.4.6. The Heisenberg group H” is a free Carnot group if and only if £ = 1. Indeed,
since the Lie algebra g of H* has step 2 and 2k generators, a necessary condition for H¥ to
be free is that

2k +1 =dim g = 2k(2k +1)/2,
i.e. that &k = 1.

Example 1.4.4. We consider free step 2 group Fso. Here m = 3, n = 3 and

0 10 0 01
BN = <—1 0 0), 8(3’1):<0 0 0),
0 00 -100

0 0 0
BG2) — (0 0 1).
0 —1 0

Hence the group operation * is defined as

1+ )

T +

T3 + T4
o1 + gy + 3 (222 — T17%)
31 + T4y + 5 (wsa) — 2
Tyo + Thy + 3 (w32h — oy

/A A A / r\
(3517 Tg, T3, T21, 731, 7'32> * (55'1a Lo, T35 To1, T315 7'32) =
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and the dilation is
2 2 2
5/\(901,I27$3,Tz1,7'31,7'32) = ()\5151,)\352,)@3,)\ To1, A°T31, A 7'32)~

Moreover a basis of Lie algebra of 3, is given by

1
Xi = azl + 5(1:28721 + x38731)>
1
Xo =0y, + 5(9338732 — $18T21),
1
X3 - amg + 5( - xlaTgl — x287'32)7

1/'21 - 87'217 }/31 = a’1'317 }/552 = 67—32.

1.4.4 Example: H-Type Groups

Another examples of groups of class B are H-type Groups.

The groups of H-type were introduced by A. Kaplan in [58]. Kaplan’s definition of H-type
groups is more abstract than the one given here. In [17], Chapter 18 the authors show that,
up to an isomorphism, the two definitions are equivalent.

Definition 1.4.2. We say that a Lie group H = (R™"" - §,) is H-type group if the dila-
tion is defined as (1.28) and the composition law is of the form (1.27) where the matrices
BW ..., B™ have the following properties:

1. B®) is an m x m skew-symmetric and orthogonal matrix for all s =1,...n
2. BOBO = —BUBE) for every s,l=1,...,n with s # [.

Remark 1.4.7. Since conditions 1. and 2. we have that BD), ... B™ are linear independent.
Indeed if n = (1, ...,m,) — {0}, then Wl\ St nsB®) is orthogonal (hence non-vanishing), as
the following computation shows,

T
] — . 1 — i 1 — )
() (Ene) =g S monee
n s=1 77 s=1 T/

l,s=1
1 , 1
- _ - My2 _ _— OF-{C)
= N R 2 BB
I<n l,s<n,l#r
=10,
Here we used the following facts: (B®)? = —1I,,, since B is skew-symmetric and ortho-

gonal; >, 4r nnsBOBE) = 0 according to condition 2.
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Remark 1.4.8. Because B® is a m x m skew-symmetric orthogonal matrix, we have I, =
BE(BEN)T = —(B®)2, whence 1 = (—1)™(detB®)2. As a consequence, the first layer of a
H-type group has even dimension m.

Remark 1.4.9. It G = (R™*",..§,) is H-type group, then
{(0,y) |y € R"} is the center of G.*

Indeed, let (z,y) € G be such that
(z,y) - (2',y) = («,9) - (w,y) forall («,1/) € G.
This holds if and only if
(B®z, 'y = (BWa' x)
for all # € R™ and for all s = 1,...,n. Then, since (B®)T = —B®) we have (B®2/,z) =0

for every 2 € R™ and s = 1,...,n. Consequently z = 0 because B®) is orthogonal (hence
non singular).

Remark 1.4.10. The Heisenberg groups are H-type groups and consequently they are groups
of class B. Indeed in H* = R?** x R the group law is of the form (1.27) with

0 I
(1) _ k
B (_Hk 0) |

More specifically, the Heisenberg groups are the only, up to isomorphism, H-type group with
one-dimensional center.

Proposition 1.4.11. Let m,n be two positive integers. Then there exists a H-type group
of dimension m + n whose center has dimension n if and only if it holds n < p(m), where
p: N — N is the so-called Hurwitz-Radon function, i.e.

p(m) :=8p+q, where m = (odd)2*%, 0 < q<3.

Notice that if m is odd, then p(m) = 0, whence the first layer of any H-type group has
even dimension.

Example 1.4.5. We conclude this section by presenting the complexified Heisenberg group
M, which is an example of H-type group. More information on this group can be found in
[87].

We consider H} = (R**2, ., §,) where - is given by (1.24) with
0 -1 0 O 0 0 0 -1
1 0 0 0 0 0 1 0
1) _ (2 _
5 0O 0 0 1]’ B 0 -1 0 O
0 0 -1 0 1 0 0 O

4We recall that the center of G is {P € G| PQ = QP,VQ € G}.
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Then the explicit group operation on H} is

r1 + 7}

Tg +

T3 + x4

Ty + T
Y1+ Y + 3 ( — 2o 4+ 210k + waah — x37)
Yo + v + 5 ( — 24 + 3 — 202}y + 117

N N A A N AN
(x17I27I37134ay1;y2) ' (x17x27x37x47y17y2) -

and the dilation is
5)\<l’1, T2, T3,Y1, y2> = ()\271, )\.CCQ, >\$3, )\1‘4, )\le, )\2’3/2).

Notice that HJ is H-type group whose center has dimension 2 and the first layer has
dimension 4. Moreover a basis of Lie algebra hi of H} is

1
5 (x28y1 + $4ay2),

1
Xy = axz + 5(:61(31/1 + x3ay2)>

X1 :8931 -

1
X3 = am + §($4ay1 - 17281/2)7

1
X4 - a:m; - _(x3ay1 - xla?n)?

2
}q:ay17 }6:8

Y2

1.4.5 Example: H-groups in the Sense of Métivier

Following G. Métivier in [74] (see also [17]), we give the following definition.

Definition 1.4.3. Let g be a finite dimensional real Lie algebra, and let us denote by Z
its center. > We say that g is of H-type in the sense of Métivier if it admits a vector space
decomposition
_ 91, 01] C g2
g - gl @ 92 { gQ g Z
with the following additional property: for every n € gh (i.e. the dual space of gy) the
skew-symmetric bilinear form on g; defined by

B,:g1 xg1 =R, B,(Xy,Xs):=n(X1, X))

>The center of gis {Y € g|[Y,X] =0,V X € g}.



1.4 Groups of class B 59

is non degenerate 5 whenever 7 # 0.
We say that a Lie group G is a H-group in the sense of Métivier, or a HM-group in short,
if its Lie algebra is of H-type in the sense of Métivier.

Proposition 1.4.12. The HM-groups are Carnot groups of step 2.

Proof. By definition we have that HM-type algebra is obviously nilpotent of step two. More-
over by go C Z and g, C g we obtain

lg,0] = [g1 + 92,9+ g2 = [91,01] C [g,9].

Consequently,

(1.31) 9, 9] = g1, 91]-

Now we want to prove that

(1.32) 9, 9] = go.

From (1.31) and [g1, g1] C g2 we get that [g,g] = [g1,081] C g2. Hence it remains to show
that

(1.33) g2 C [g,g]-

Suppose to the contrary that there exists Y € g, such that Y ¢ [g,g] (and consequently
Y # {0}). Then there certainly exists n € g4 such that go(Y) # 0 (whence n # 0) and
n vanishes identically on [g,g] because Y € go — [g,9]. But this implies that, for every
X1, X5 € g1, we obtain

BU(X17X2> = n([XhX?]) =0,

for [ X1, X,] € [g,9] and 7z = 0. This is in contradiction because B, is non degenerate
and consequently (1.33) holds.

Now putting together (1.31) and (1.32), we get that a HM-type algebra is stratified:
indeed

g=01®g  with [gi,g1] = g2 and [g1,g2] = {0},
and this completes the proof. ]

Collecting the above result, we have proved the following proposition.

6A bilinear map B, on a finite dimensional vector space g; is non degenerate if any (or equivalently, if
one) of the matrices representing it with respect to a fixed basis is non singular or, equivalently, if for every
v € g1 — {0}, there exists w € gy such that B,(v,w) # 0.
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Proposition 1.4.13 ([17], Proposition 3.7.3). A HM-group is a Carnot group G of step 2
such that if

g=01Dg with [g1,91] = g2, [91,82) = {0}

s any stratification of the Lie algebra g of G, then the following property holds: For every
non-vanishing linear map n from go to R, the (skew-symmetric) bilinear form B, on g
defined by

B, (X1, Xs) :=n([X1, X3]), forall Xi,Xs €@

1s non degenerate.

Now we give a characterization of HM-groups:

Proposition 1.4.14. Let G = (R™*" - §,) be a group of class B.
Then G is a HM-group if and only if every non wvanishing linear combination of the
matrices B ’s is non singular.

Proof. 1f B := (bgs))%zl, then a basis of the Lie algebra g of G, is given by the n + m left

ij
invariant vector fields defined as (1.26), i.e

( al‘g +5 Z (Z b(s xl) Ys» Y;(xay) - aysa

forj=1,....m,and s=1,... n.
Moreover if ) : go — R is a linear map, we know that there exist 7, ...,n, € R such that

n(0y,) = ns foralls=1,...,n.

In particular the map B, : g1 x g1 — R, as in Proposition 1.4.13, can be explicitly written

as follows . .
if Zl = ZQJXJ and ZQ = ZO&;X]
j=1 j=1

then B,(Z1, Z,) = Z ( Zns m) oo j.

7,7=1
In other words, the matrix representing the skew-symmetric bilinear map B, with respect to
the basis Xi,...,X,, of g; is the matrix
mBY + .. 4, BM.

Hence, to ask for B, to be non degenerate (for every n # 0) is equivalent to ask that any
linear combination of the matrices B*)’s is non singular, unless it is the null matrix (recall
that the B(*)’s are linearly independent). O]
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Remark 1.4.15. Let G = (R",-) be a HM-group. It isn’t necessary that B, ... B™ are
skew-symmetric, but thanks to Proposition 1.4.3 G is isomorphic to H = (RY,¢) where the
matrices BY, ..., B™ associated to ¢ are the skew-symmetric part of BV, ... B™. Hence
we may also suppose that they are.

Remark 1.4.16. If G is a HM-group, then the B)’s are all non singular m x m matrices.
Moreover since the B*)’s are also skew-symmetric, this implies that m is necessarily even.

Remark 1.4.17. Any H-type group (according to Definition 1.4.2) is a HM-group. Indeed,
as it can be seen from the computations on Remark 1.4.7, in a H-type group, for every
n=(n,...,n) € R" — {0}, we proved that > " 1B is || times an orthogonal matrix,
hence Y-"_ 7B is non singular.

The converse is not true. For example, consider the group on R> = R* x R with the
composition law - given by (1.27) where

[a)
o O O
o O O
S NN OO

—2

Then G = (R?,-,d)) is obviously a HM-group because B is a non singular skew-symmetric
matrix. But G is not a H-type group because B is not orthogonal. But more is true: G is
not even isomorphic to any prototype H-type group (Chapter 18, [17]).



Chapter 2

Differential calculus within Carnot
groups

In this chapter we provide the definitions and some properties of the differential calculus
within Carnot groups.

One of the main objects of this thesis is the notion of G-regular surfaces, that is related
to the notion of rectifiability. Indeed, rectifiable sets are classically defined as contained in
the countable union of C' submanifolds: in Euclidean spaces one can see [33], [72] while a
general theory in metric spaces can be found in [34], [5], [6]. We also mention [73] for the
Heisenberg groups.

In Carnot groups, the importance of the G-regular surfaces became evident in [44], [47]
where Rectifiability Theorem on the class of 2 step Carnot groups is proved (see Theorem
2.4.7). Here the authors establish that the reduced boundary of a G-Caccioppoli set (see
Section 2.3.3) in a step two Carnot group is a countable union of G-regular surfaces up to
H 1 negligible sets, where q is the homogeneous dimension of the group. The validity of
this result for groups of higher step is partially solved in [71] to the much larger class of step
2 Carnot groups. On the other hand, in [47] there is a counterexample to the De Giorgi’s
(classical) method when G is a particular Carnot group of step three called Engels group.

According to the notion of Federer, a “good” surface in a metric space should be the image
of an open subset of an Euclidean space via a Lipschitz map. Unfortunately, this definition
is not appropriate in Heisenberg groups, and in many other Carnot groups. Indeed, in [6] the
authors show that the surfaces in Heisenberg groups would be not rectifiable in the Federer
sense.

On the other hand, in the Euclidean setting RY, a C! hypersurface (i.e. a topological
codimension 1 surface) can be equivalently viewed as the level set of a function f : RY — R
with non vanishing gradient. Such a concept was easily transposed in [44] to the Heisenberg
group and in [45] to Carnot group by means of C{, functions (see Definition 2.3.2): we con-
sequently define G-regular surfaces as non critical level sets of C{, functions, i.e. continuous
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real functions on G whose horizontal derivatives are represented, in distributional sense, by
continuous functions.

In a similar way, a k-codimensional regular surface S C G is locally defined as a non
critical level set of a CL vector function F : G — R¥ (see Definition 2.4.5).

Another important object of this thesis is the notion of the intrinsic graph. The simple
idea of intrinsic graph is the following one: let Ml and W be complementary subgroups of G,
i.e. homogeneous subgroups such that WNM = {0} and G = W - M, then the intrinsic left
graph of ¢ : W — M is the set

graph (¢) == {A-p(A)|A € W}

Hence the existence of intrinsic graphs depends on the possibility of splitting G as a
product of complementary subgroups. Hence it depends on the structure of the algebra g.

Differently from the Euclidean case where the surfaces can be locally defined as non
critical level sets or, equivalently, as continuously intrinsic differentiable graphs, in Carnot
groups the notion of regular surfaces is not equivalent to the notion of intrinsic graphs any
more. One of the main aim of this thesis is to find the additional assumptions in order that
they are equivalent in G.

More precisely, from Implicit Function Theorem, proved in [44] for the Heisenberg group
and in [45] for a general Carnot group (see also Theorem 1.3, [70]) it follows

S is a G-regular surface = S is (locally) an intrinsic graph of a map ¢.

Consequently, given an intrinsic graph of ¢, we want to find necessary and sufficient assump-
tions on ¢ in order that the opposite implication is true.

We will see that these additional assumptions will be characterized in terms of an appro-
priate notion of differentiability, denoted uniform intrinsic differentiability, for maps acting
between complementary subgroups of G. Quite precisely, a function is intrinsic differentiable
if it is well approximated by appropriate linear type functions, denoted intrinsic linear func-
tions. In Proposition 2.6.3 we prove that any intrinsic linear map acting between comple-
mentary subgroups of G, where one of these complementary subgroups is horizontal, can be
represented by a matrix denoted by D?¢. We call D?¢ intrinsic gradient of map and it will
play a crucial role in the next chapter.

In Section 2.1 we focus our attention on the concept of subgroups of G: we begin by
recalling the concept of homogeneous, complementary and horizontal subgroup. Then we
present some results about projection maps on a subgroup.

Section 2.2 is entirely concerned with horizontal linear maps, in short H-linear maps. We
present some results given in [70] about the surjective or injective H-linear maps. Note that
we will frequently use the adjective “horizontal” to indicate objects related to the horizontal
subbundle and we will often use the prefix H. Here in Proposition 2.3.4 we see the link
between this notion and the horizontal subbundle.
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In Section 2.3 we introduce and analyze the Pansu differentiability in Carnot groups (see
[83]). Moreover we give a natural definition of bounded variation functions and of finite
perimeter sets. The main result of the section is Whitney’s Extension Theorem: its proof
was sketched in [47], here we give a complete one.

In Section 2.4, we define the (G, G®)-regular surfaces where G, G?) are Carnot
groups, according to [70]. Quite precisely, the author partially extends the definition of
G-regular surfaces introduced and studied in Heisenberg groups in [44], [45], [46]. We say
“partially” because there is not a complete classification of (G, G?))-regular surfaces. We
stress that not all codomains G are “good” to be considered; for instance, the family of
(H"™, H*)-regular surfaces is empty whenever n > k (see Proposition 2.2.10).

In Section 2.4.2 we consider the surfaces (GV), G®))-regular surfaces when G?) = RF.
We simply call them G-regular surfaces and they are the main object of this thesis.

Section 2.5 is entirely devoted to the intrinsic graphs with particular emphasis on Lip-
schitz graphs. The notion of Lipschitz graphs in Heisenberg group appeared for the first time
in [44] and was studied, more diffusely, in [94], [46], [38], [39], [13], [15] and [42]. Intrinsic
Lipschitz functions play the same role as Lipschitz functions in Euclidean context.

First we propose here a geometric definition: a M-graph S is said to be an intrinsic
Lipschitz M-graph if S intersects intrinsic cones with axis M, fixed opening and vertex on S
only in the vertex (see Definition 2.5.4). Then in Proposition 2.5.10 we give an equivalent
analytic form. Finally, in Section 2.5.2 we characterize the intrinsic Lipschitz functions in
terms of boundedness of appropriately defined intrinsic difference quotients (see [94]).

In Section 2.6, we conclude this chapter with the definition and some important properties
of intrinsic differentiability (see Definition 2.6.2).

If we consider a map ¢ : W — M where M is a horizontal subgroup of G, then we can
define a quasi metric p, depends on ¢, which we call “graph distance” because it is equivalent
to the invariant metric d restricted to the graph of ¢, under suitable hypothesis. Moreover
using p, we can also introduce a stronger pointwise notion of intrinsic differentiability here
denoted as uniform intrinsic differentiability (see Definition 2.6.4).

2.1 Complementary subgroups

Now we introduce the concept of complementary subgroups.

An homogeneous subgroup W of G is a Lie subgroup such that §,A € W for every A € W
and for all A > 0. Homogeneous subgroups are linear subspaces of G, when G is identified
with RV,

Definition 2.1.1. Let W, M be homogeneous subgroups of G. We say that W and M are
complementary subgroups in G, if WN M = {0} and if

G=W-M,
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i.e. if for every P € G there are Py € W and Py € M such that P = PywPy.

In particular through all this thesis we consider G = W - M; where as usual W and M
are complementary subgroups of G and M is also a horizontal subgroup, i.e. the Lie algebra
of M is contained in the first layer g; of G. More precisely, we assume the existence of
Xq,..., Xy € g1 such that

M := exp(span{ Xy, ..., Xi}).

If W and M are complementary subgroups of G and one of them is a normal subgroup !
then G is said to be the semi-direct product of W and M. Moreover if both W and M are
normal subgroups then G is said to be the direct product of W and M and in this case we
will also write that G = W x M.

The elements Py € W and Py € M such that P = Py - Py are unique because of
WNM = {0} and are denoted as components of P along W and M or as projections of P on
W and M. We stress that each component Py and Py depends on both the complementary
subgroups W and M and also on the order in which they are taken. The projection maps

Pw: G —> W and Py : G — M defined
Pw(P) =Py Pn(P)= Py

are not always Lipschitz maps, when W and M are endowed with the restriction of the left
invariant distance of G (see Example 2.1.1). In Proposition 2.2.14 in [39], the authors prove
that the projection maps are C*®, as function from G = R" to G = R¥".

Observe that, in general,

(Pw)™' # (P )w and  (Pu)™' # (P
Example 2.1.1. We consider the Heisenberg group H' and

M :={P = (p1,p2,p3) € H'|po =p3 =0} and W :={P = (p1,ps,p3) € H'|p; = 0}.

Here M, W are complementary subgroup of H' where W is normal and M is 1-dimensional
horizontal. Moreover

1
Pyw(P) = (0, p2, p3 — §p1p2) Py (P) = (p1,0,0).

The projection map Py is not Lipschitz. Indeed if we consider P = (1,1,0) and Q) =
(14 h,1+ h,0), then

Pw(P) = (o, 1 —%) Pw(Qn) = (o, 1+ h, —%(1 + h)2>

"'We recall that W is a normal subgroup in G if it is a subgroup such that
P lAP e W, forall Pe G,AecW.
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and consequently as h — 0
1P~ Qnll = [I(h, b, 0)[| = 1
[Py (P) " Py (Qn) ]| = (0, h, —h — h?/2)|| = VA

We recall the following inequality proved in [9], Proposition 3.2 (see also [8])

Proposition 2.1.1. If W and M are complementary subgroups in G there is co = co(W, M)
with ¢y € (0,1] such that for each Py € W and Py € M

(2.1) Co([l Pwll + [ Paall) < [ Pow Prall < || Pl + | Phall

Remark 2.1.2. By elementary fact in group theory if W, M are complementary subgroup of
G, so that G = W - M then is also true that

G=DM- W,

t}lat is, each P € G can be written in a unique way as P = PyPw with Py € M and
Py € W. Rephrased differently, if W, M are complementary subgroup of G also M, W are
complementary subgroup of G.

Remark 2.1.3. The stratification of G induces a stratifications on the complementary sub-
groups Wand M. If Gas G = G'@---®G” then also W = W G- - -aWr M = M!@- - - oM~
and G* = W¢ @ M*. If M is horizontal then the complementary subgroup W is normal.

Remark 2.1.4. Complementary subgroups always exist in any Carnot group G. Indeed,
choose any horizontal homogeneous subgroup M = M! ¢ G' and subgroup W =W! @ --- @

W* such that
M@ W! = G!

W =G* foralls=2,...,k.

Then M, W are complementary subgroups in G and the product G = W - M is semi-direct
because W is a normal subgroup.

Example 2.1.2. Let G be a Carnot group of step « and let
M:={PeGlpp=---=py=0} and W:={PeG|p =0}

Then W, M are complementary subgroups of G. Moreover M is horizontal subgroup and W
is normal.

Example 2.1.3. There are subgroups in Carnot groups without a complementary subgroup.
For instance, in Heisenberg group H¥ if we consider the subgroup

M:={P = (p1,...,po+1) € H"[p1 = -+ = poy, = 0},

then there is not a subgroup W C HF such that WN M = {0} and H* = W - M.
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Example 2.1.4. We now give an example of complementary subgroups of a Carnot group
which are not normal. Indeed, recalling Section 1.3.7, if we consider G equals to the sum
of GM = H' with itself, then G = R**? is a group of class B where the group operation is
defined as (1.24) with

0 -1 00 000 0
1 0 00 000 0

(1) _ @ _
b 0 0 00 B 000 —1
0 0 00 001 0

ie.
/ A R A
(351,372,3/1,?42737373/3) : (9517352791,3/27353793) =

/ / ! ! / 1 / / / 1 ! /
X1+ Ty, T+ Xy, Y1 + Y1, Y2 + Yo, T3 + T3 + 5(951332 — 21%2), Y3 + Y3 + 5(%?!2 —y1Y2) | -

Moreover W := {(0, 72, 41,0, 23,0) | z2, 23,51 € R} and M := {(21,0,0,%2,0,¥3) | 71,92, y3 €
R} are complementary subgroups of G but both W and M are not normal; indeed if we con-
sider P = (Z1,12,0,0,0,0),Q = (0,0,91,92,0,0) € G then

P_1($17070ay2707y3)P = (x1a07y27£2x1707y3) ¢ M
Q71(07x27y17 07 x3, O)Q = (OJ x2,Y1, 07 1’371)23/1) ¢ W.

Hence the product G = W - M is not semi-direct.
Now we present an estimate which we will use later:

Lemma 2.1.5. Let G be a step k Carnot group. There is C' = C(G) > 0 such that
1P Q7 PQl < € (IPIFIQU +IPIFIQIF)  for all P.Q € G

and consequently

22 1 PQUIPI+C (IPIFIQIF +IPIF Q%)  for all P,Q € G.

Proof. By direct computation it can be checked

(PT'Q™'PQ)' =0
(PTIQT'PQ)* = Q*(-P,—Q) + Q*(P,Q)
(PQTPQ) =Q(-P,-Q)+ Q(P,Q)+ Q(-P-Q+ Q(-F,—Q), P+ Q+ Q(P,Q)),

for each s > 2. As a consequence, from (1.12) we have that if s = 2 we can estimate
I(P71Q~'PQ)%|2 by ||P|2||Q||z up to a constant factor depending only on G.
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On the other hand if s = 3,...,k, since Theorem 1.3.7 we know that Q°(—P,—Q) +
Q(P,Q)+ Q°(—P—-Q+ Q(—P,—Q),P+Q + Q(P,Q)) are d,-homogeneous polynomials
of degree s in the variables P and @ and by (1.14)

Q*(P,0) =
Q°(0,Q) = 0
Q*(—P,0) + Q*(P,0) + Q*(=P + Q(—P,0), P + Q(P,0)) = 0,
Q°(0,-Q) + 2°(0,Q) + &(—Q + Q(0, —Q), Q@ + 2(0,Q)) =

Hence Q°(—P,—Q) + Q°(P,Q) + Q°(—P — Q@ + Q(—P,—Q),P + Q + Q(P,Q)) contain
only mixed monomials in the variables P and @) and using again (1.12) we can estimate
(P'Q'PQ)*|* by Sl |P|F|Q]I*~ up to a constant factor. More specifically because
[Pl QN is estimated by [[P|[[|Q[*~ when [|P|| < [|Q] and by [|[P|*~H|Q| when [P >
|Q]; then

IPIFIQI < PRI + PP, foralli=1,...,s—1.

Consequently, there exists Cs > 0 such that

(PT'Q ' PQ)*|*
<|Q(—P,—Q)s +|Q(P,Q)|* +|Q(—P -~ Q+ Q(~P,—Q),P + Q + Q(P,Q))|*
C. ( ;) .
Finally (2.2) follows from ||Q 1 PQ| < || P| + || P71Q ' PQ]]. O

A direct consequence of Lemma 2.1.5 is the following corollary:

Corollary 2.1.6. Let G be a Carnot group of step k where W, M are complementary sub-
groups of G. If A, A" ¢ W and B, B" € M such that

AB = B'A’
then ) o
1 =1 =1 1
JAll < —1A')+ = (IR IBIS + 14051517
0 Co
1 C 1 r1 r=1 1
18Il < —IB1+ = (141 IB1 + 1415 151%)
0 Co

where ¢ is given by (2.1). Moreover for every 6 > 0 there exists ¢(d) = ¢(5, W,M) > 0 such
that ||AB|| < ¢ yields

IAl < (@A and  ||B]| < c(&)[1B]]*
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Proof. With the notation
AB = (B'A"w(B' A

by the uniqueness of the components, we obtain that
A= (B'A)yw=(BABw and B=(BA)y=(A"BA).

Moreover from (2.1) and (2.2) follows

_ 1 _ 1 C 1 a1 ) 1
JA] = I(B'A'B | < C—OHB'A'B' ' < C—0||A'|| + - <||A'||”||B'|| A LAY ||B'||N>

o
Bl = (A28 A < 1 A1 A < 1 B C B 1 A Ll B r=l A 1
1Bl = |( )M||_a|| ||_a|| ||+c—0 [B|= A= + [ B[] = |AT]| = ) ,

as desired. Finally we obtain that ||A’||, || B’|| < §/co because ||AB|| < 6. O

2.2 H-linear maps

We introduce the concept of H-linear maps and we propose some properties proved in [69],
[95]. These functions play the same role of linear functions 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. Carnot group of step 1).

Definition 2.2.1. Let GV and G® be Carnot groups with homogeneous norms || - ||, || - ||

and dilations 5/(\1), 5&2). Then [ : G — G® is said to be horizontal linear map or, shortly,
H-linear map if

1. 1 is a group homomorphism from G to G.
2. [ is homogeneous map, i.e. l(ég\l)P) = 5/(\2)1(]3), for all P € G and \ > 0.
An invertible H-linear map will be called H-isomorphism.

Following [95], we denote by Ly (G G?) the set of all H-linear maps [ : G — G
endowed with the norm defined as

1l 2, e gy = Il == sup{|[{(P)|l2 : [|P[ly <1}
It has a natural structure of Lie group with respect to the following operations:
I-h(P):=I(P)h(P) and (I(P))~":=—I(P)

for any [,h € Lx(GM,GP). Moreover there is a natural group of dilations defined as
MW(P) :=6x(I(P)) for A > 0.
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If g, g are the Lie algebra of G and G® respectively, we also define Ly (g™, g®)
as the set of all maps [ : g — g® such that

expy 0l o exp;t € Ly(GW,GP).

Here exp; : g — G® for i = 1,2 and exp~! is the inverse map of exponential map (see
Theorem 1.2.4).

Consequently any function of £z (G, G?)) induces uniquely a function of Ly (g™, g®)
and viceversa.

Remark 2.2.1. Let | € Ly(gM, g@). Then
1. [ is linear map.
2. [ preserves the bracket operation.
3. l(ggl)) C 952) where ggi) is the horizontal layer of gt for i = 1,2.
The following results give a simply characterization of H-linear maps.

Proposition 2.2.2. Let | : GV — G be an injective H-linear map and [(GM) = W.
Then W is a subgroup of G® and I7* : W — G is H-linear.

Proposition 2.2.3. Let | : G — G®, h : G® — GO be H-linear maps. Then hol :
G — G® is H-linear such that

1o Ll < {IA I

Theorem 2.2.4 ([95], Theorem 3.2). Let GV and G® be Carnot groups of step k with
homogeneous norms || - |1, || - |- Let I : GY — G@ be a homomorphism. Then the following
are equivalent:

1. [ s H-linear map.
2. 1 is C* and Lipschitz.

3. 1 is C* and l(ggl)) C 952) for everyi=1,...,k where g9 is the Lie algebra of GU) for
j=12.

Remark 2.2.5. Any H-linear map can be represented by a matrix with diagonal blocks. This
basically follows from l(ggl)) C 952) for every ¢ = 1,...,k, which stated in Theorem 2.2.4.

Indeed if g = ggl) DD g,(il) and g® = g?) b P 99 we have that

l‘g(l) : 921) — 91(2)
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for i = 1,...,max{k, s} (taking into account that spaces ggl) and 91(2) 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 coefficient of [ with respect to
a fixed basis can be very involved because the group operation given by the Baker-Campbell-
Hausdorff formula becomes a large polynomial expression as the step of the group increases.

Let us consider a simple example taken from [82].

Example 2.2.1. Let H' = R* and consider the basis X; = 8, — 3p20p,, X2 = 0, +
%pl Dps, Y = 0y, of Lie algebra of H' (whose points are denoted by P = (p1,p2,p3)). All
H-linear maps [ : H' — H' can be represented with respect to the basis (X, X5,Y) with

matrices of the following form
B 0
0 det(B)

where B is (2 x 2) matrix.

2.2.1 H-epimorphisms and H-monomorphisms

Concerning injective and surjective H-linear maps, we will use the classical terminology of
H-epimorphism and H-monomorphisms to indicate special classes of surjective and injective
H-linear maps. Indeed, we recall that a surjective linear mapping of vector spaces is cha-
racterized by the existence of a right inverse that is also linear. Analogously, injective linear
mappings are characterized by the existence of a linear left inverse mapping.

The analogous characterization for either surjective or injective algebra homomorphisms
is not true (see [70], Example 2.4). As a consequence, the existence of a right inverse
homomorphism is a stronger condition than surjectivity. This motivates the following

Definition 2.2.2 ([70], Definition 2.2). We say that an H-linear map is an H-epimorphism
if it has a right inverse that is also an H-linear map.

We say that an H-linear map is an H-monomorphism if it has a left inverse that is also
an H-linear map.

Proposition 2.2.6 (Characterization of H-epimorphisms). Let [ : G — G be a surjec-
tive H-linear map and let W be its kernel. The following conditions are equivalent:

1. there exists a subgroup M complementary to W
2. 1 is an H-epimorphism

Moreover if 1. or 2. hold, then the restriction lpy : Ml — G is an H-isomorphism.
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Proof. Let us begin with the proof of the implication 1. = 2.
Let h := [y and let Q € G®. We know that there exists P € G such that I[(P) = Q.
Moreover since G = W - M, we have P = Py Py (where Py and Py are unique) and

Q = U(PwPy) = l(Pw)l(Pu) = U(Pu) = h(Pu).

Hence h is surjective. Moreover h is injective; indeed if h(Q)) = 0, then @ € WNM = {0} and
so h(Q) = 0 iff @ = 0. We have shown that h is a H-isomorphism. Clearly, h~' : G@® — M
is a H-linear map and satisfies [ o h™! = idge. Hence [ is an H-epimorphism and the
implication 1. = 2. is complete.

Now we want to show the converse, i.e. 2. = 1.

If [ is an H-epimorphism, then there exists a right inverse h : G® — G® that is also a
H-linear map. Let M := h(G®). Tt easy to see that WN M = {0}.

Let P € G, We know that there is Q € G® such that I(P) = Q and, since Q = I(h(Q)),
we have that [(P) = I(h(Q)). As a consequence, P~'h(Q) € W. Indeed,

I(Ph(Q)) = U(PHIR(Q)) = I(P~I(P) = 1(0) = 0.

Then

P=PP'h(Q) (P 'h(Q))”
where PP'h(Q) € M and (P*h(Q))"" € W. Hence G = M- W = W - M (see Remark
2.1.2) and this concludes the proof. O

Proposition 2.2.7 (Characterization of H-monomorphisms). Let h : GV — G® be a
injective H-linear map and let M be its image. The following conditions are equivalent:

1. there exists a normal subgroup W C G® complementary to M,
2. there exists an H-epimorphism | : G® — M such that Im = idy
3. h is an H-monomorphism

We stress that the existence of H-epimorphism (or H-monomorphism) from G® to G®
is strictly linked with the existence of complementary subgroups of G (or G?) and one of
them is also a normal subgroup. This fact has intrinsic limitations appearing already inside
Heisenberg. Indeed, low dimensional horizontal subgroups of Heisenberg groups H" are not
normal subgroups, hence they cannot appear as kernels of H-linear map H" — R¢. On the
other side, surjective H-linear map H" — H* do not exist, if n > k (see [6] and Proposition
2.2.10).
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2.2.2 H-quotients and H-embeddings

Following [70], in this section we investigate the algebraic conditions under which either
surjective or injective H-linear functions are H-epimorphisms or H-monomorphisms, re-
spectively.

Let G be a real Lie group and let W be a Lie subgroup of G. We recall that the quotient
G/W has a unique manifold structure that makes the projection 7 : G — G/W a smooth
mapping. G/W is called homogeneous manifold, (see Theorem 3.58, [107]).

If we consider a normal Lie subgroup W, then G/W is in addition a Lie group, according
to Theorem 3.64 in [107] and in this case 7 is a Lie group homomorphism. Moreover by
Theorem 3.14 in [107] it follows

dm : g — o is a Lie algebra homomorphism,

where g and to are the Lie algebras of G and G/W, respectively.

Definition 2.2.3 (H-quotients and H-embeddings). We say that G® is an H-quotient of
G if there exists a normal homogeneous subgroup W C G such that GM /W is H-
isomorphic to G®.

Analogously, we say that G() is an H-embedding into G if there exists a homogeneous
subgroup of G® which is H-isomorphic to G,

Proposition 2.2.8. Let G be a Carnot group and my be the dimension of horizontal layer
of the Lie algebra associated to G.
R¥ is an H-quotient of G if and only if k < m,.

Now we give a characterization of H-quotients and H-embeddings:

Proposition 2.2.9. Let GY and G? be a Carnot groups. Then G is an H-quotient of
GW if and only if there exists a surjective H-linear map | : G — G®).

Moreover, G H-embeds into G® if and only if there exists an injective H-linear map
1:GM) = GW,

The Heisenberg group H* is not an H-quotient of H", whenever n > k, indeed
Proposition 2.2.10. Any H-linear map | € Ly (H", H*), with n > k, is not surjective.
Proof. By Remark 2.2.5 we have

I(P) = (Mp', \p?), forall P = (p',p*) € H"

where M : R?" — R?¥ is a linear map with respect to the field of real numbers and \ € R.
We recall that p' = (p1,. .., p2n) and p? = pa,i1.
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The homomorphism property implies that [(PQ) = I(P)I(Q) for every P = (p',p?),Q =
(¢',¢*) € H", ie.

1 n
(Mpl + Mgt ) (p2n+1 + Q1 t B Z(piQn-l—i - pn+iQi)>)
i=1

1 n
= (Mpl + Mg, A <p2n+1 + o1+ 5 > (Mp)i(Mg )i — (Mpl)nﬂ(/\/lql)i)))
=1

and consequently

n

(2.3) A i(piQn—l—i — Pntidi) = A Z (MpH)i( Mg )nys — (Mp)is(Mqg');)

i=1 =1

for any p!, ¢! € R?". By the fact that n > k we can take a non vanishing p = (p1, ..., Do) in
the kernel of M. Replacing p' = p and ¢* = (=Ppy1, ..., —Don, P1, - - -, Pn) in (2.3) we obtain
that A = 0. Then [ is not surjective. O

2.3 P-differentiable functions and BV functions

2.3.1 P-differentiability

Now we are able to define P-differentiability for functions acting between nilpotent groups
(see Section 1.2.4) which was introduced by Pansu in [83]. More specifically, we recall this
definition in a particular nilpotent groups, i.e. Carnot groups.

Definition 2.3.1. Let G and G® be Carnot groups with homogeneous norm || - ||1, | - |
and let A € G™ be an open set. Then f : A — G® is P-differentiable in P € A if there
exists a H-linear function / : G — G® such that

(2.4) [APTQ) T F(P) (@)l = o(|P7'QI),  as [P7'QIL — 0
where lim;_,g 0(t)/t = 0. Here the H-linear map [ is called P-differential of f in P.

Proposition 2.3.1. Let f : A C G — G® and P € A. If there exists a H-linear function
1: G — G® satisfying (2.4), then | is unique.

Definition 2.3.2. Let A be an open set in GI). We denote by C},(A, G?) the set of all
continuous functions f : A — G such that its P-differential [ : A — Ly(GW, G?) is
continuous.

If GV = G and G» = R* we simply denote C} (A, G?) as CL(A,R*). In particular if
k =1 we denote Ck (A, G?) as CL(A).
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Notice that for a function f : A — R P-differentiability at P € A simply means that
there exists a H-linear map [ : G — R such that

L 1@ = F(P) —1(PQ)

=0.
QP dcc<Q7 P)

The fundamental result where P-differentiability applies is the so-called Pansu-Rademarcher
Theorem for Lipschitz functions between Carnot groups:

Theorem 2.3.2 ([83]). Let G and G® be Carnot groups with cc-metrics denoted by,
respectively, dy,dy. Let f : A C (GMW,dy) — (G dy) be a Lipschitz continuous function
with A an open set.

Then f is P-differentiable at Q for LN -a.e. Q € A.

2.3.2 ng functions

Once a generating family of vector fields X;,..., X,,, is fixed, we define for any function
f + G — R for which the partial derivatives X, f exist, the horizontal gradient of f as the

horizontal section
mi

Vef =) (Xif)X

i=1
whose coordinates are (Xif,..., X, f). If & = (é1,...,0m,) : G — R™ the horizontal
divergence of ¢ is defined as

mi
divg = X;¢;.
j=1

Remark 2.3.3. The notation we have used for the gradient in a group is partially imprecise,
indeed Vg f really depends on the choice of the basis Xi, ..., X,,,. If we choose a different
base, say Y1,...,Y,,, then in general > "' (X;f)X; # > . (Yif)Y;. Only if the two bases
are one orthonormal with respect to the scalar product induced by the other, we have

Z(Xif>Xi = Z(Yz‘f)yi-

On the other hand, the notation divg used for the divergence is correct. Indeed, divg
is an intrinsic notation and it can be computed using the previous formula for any fixed
generating family.

The following proposition shows that the P-differential of a P-differentiable map f is
represented by horizontal gradient Vg f:
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Proposition 2.3.4. If f : A C G — R is P-differentiable at a point P and [ is P-differential
of f at P, then

(Q) =Y _X;f(P)gj, YQ=(q, .- qn) € A,
j=1

Then we can characterize C}, maps as follows:

Proposition 2.3.5. A continuous map f : A — R belongs to C;(A) if and only if its
distributional derivatives X f are continuous in A for j =1,...,m;.

Consequently, CL(A,R¥) is the set of k-tuples F' = (Fy,..., F},) : A — RF such that
each F; and X1 F}, ..., X,,, F; are continuous in A for ¢ = 1,..., k. Observe that the intrinsic
gradient of I is

VeF1(Q)
Ve F(Q) := :
Veli(Q)

Definition 2.3.3. Let A be an open set in G, we denote by C§; (A, HG) the set of all sections
¢ of HG whose canonical coordinates ¢; € CL(A) for j =1,...,my.

Remark 2.3.6. C'(A) C CL(A). The following example shows that this inclusion is strict:
Let G = H! and let f : H' — R be defined as

1

f(p1,p2,p3) =p1— g (p27p3 — 5101]92) , for (p1,pa,p3) e H' = R?

where, for any o > 0, the map g : R® — R is

la1|*q .
Gla1,q2) = | @+ if (¢1,¢2) # (0,0)
0 if (q1,42) = (0,0)

Then f € CL(H'), but f is not locally Lipschitz continuous with respect to the Euclidean
metric of R?, when 3 < o < 4. Indeed, if o > 2, the map g € C°(R?) N C(R? — {(0,0)})
whence

f € C' R NCHR® — {(p,0,0) : p€R}).
Moreover

X1 f(pr,p2,p3) = 1+ p2 04, 9(p1, 2p1p2 + p3)

Xof(p1,p2,p3) = =04, 9(p1, 2p1p2 + p3)

if (p2,p3) # (0,0) and X;f(p1,0,0) = 1, Xof(p1,0,0) = 0. Therefore, if a > 3, X;f and
X, f are continuous functions on R?® and, by Proposition 2.3.5, f € Cg(H).
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To prove that f is not locally Lipschitz continuous for 3 < o < 4, it is sufficient to notice
that for any » > 0

sup |f(0ap27p3> B f(07p270)| = 00

{(0.p2.p3)€B(0,r) : ps #0} s

For C{, functions we have the following Morrey type inequality (see also Lemma 3.2.2 in
[105]).

Lemma 2.3.7. Let P € G and f € CL(U(P,10),R*). Then there is C = C(P,ry) > 0 such
that, for each Q € U(P,1r9/2) and r € (0,70/4),
1£(Q) = f(Q) = Ve f(Q)(QQ) < CdQ, Q) VeS — Vol (@) c=wqra0a)

for allQ € U(Q, 7).
Proof. Fix Q € U(P,ry/2) and 7 € (0,79/4). Let f : U(Q,r) — R* be defined as

Q f(Q) = f(Q) — Vaf(@Q)Q'Q)".

Hence f(Q) = f(@) and Vg f = Vg f — V@f(Q). Moreover, (see Theorem 1.1. in [66]) there
are p > 1 and C' > 0 such that for all Q@ € U(Q,r)

A . R ~ 1/p
F@Q - /(@) < Cr ( f i d,cN)

Q_72r)
Then

— -

1£(Q) — f(Q) — Ve F(QQTQ)' = /(Q) — F(Q)

R B R 1/p
<20d(Q,Q) ( f Ve fl dﬁN)
U(Q,2d(Q,Q))

. B B 1/p
=2Cd(Q,Q) (f Ve f = VefQ)P dﬁN)
~ U(Q72d(Q7Qz)
< 0d(Q,Q)|Vef — Ve f(Q)llcew(0240,0))-

]

We end this section by presenting Whitney’s extension Theorem for C} functions which
will be crucial in the Theorem 3.1.1. The proof we are going to present can be found in [47]
for Carnot groups of step two only, but it is identical for general Carnot groups. For the
Euclidean case the reader can see [33], Section 6.5.
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Theorem 2.3.8. Let F C G be a closed set and let f : F — RE, g © F — Mpyxm, be
continuous functions. Let p: F x F — R¥ be defined as

f(P) - f(Q) —g(@)(Q'P)!
Q1P|

where g(Q)(Q™'P)! is the usual product between matriz and vector. For K C F and § > 0
let

p(P,Q) =

pi(6) = sup{lp(P, Q)| : P,Q € K, 0 < d(P,Q) < o}.
If, for all compact set K C F,

(2.5) lim pyc(9) =0
then there exists f € CL(G,R¥) such that
f|f= 1 Vc(;f]fzg-
Proof. Step 1.We start to introduce the map 5 : G — R defined as

N

~ K/OAI...QN ﬁ
O(pr.- o) = D (el =

=1

where ¢; € (0,1] is given by (1.21) and «; is the homogeneity of the variable p; as in (1.9).
If we consider the function 6 : G x G — R as

(2.6) §(P,Q):=6(Q'P), forall P,QeG

we have that § is comparable with the metric d associated to homogeneous norm ||-||, because
6 € C>(G —{0}) and it is homogeneous of degree 1 with respect to the dilations of G. More
precisely,

06(P,Q) < d(P.Q) < ed(P.Q) for P.QEG

A A

with ¢; := inf{d(G,0) : 6(G) =1} > 0 and ¢y := sup{d(G,0) : I(G) =1} < occ.
Let

1
r(P):= mmin{l,dist(P, F)}y, forall PeG

where § := 2 > 1 and dist(P,F) := inf{d(P,Q) : @ € F}. Thanks to Vitali covering
theorem (see T72]) we know that there exists a countable set N' C G — F such that

G-F=Ju@ser)
PeN
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where the balls U(P,r(P)) are two by two disjointed.
For each Q € G — F we define

Ng :={PeN : U(Q,100r(Q)) NU(P,100r(P)) # 0}.
Here for all Q € G — F,
(2.7) Card(Ng) < (1200 + 9)*

where q is the homogeneous dimension of G (see (1.22)). Indeed first we note that r(Q) is
comparable with r(P) for all P € Ng. More specifically, if dist(Q, F), dist(P, F) < 1, then

200r(Q) < dist(Q, F)
<d(Q, P) + dist(P, F)
< 100(r(P) + r(Q)) + 200r(P),

that gives 7(Q) < 3r(P). In the similar way we obtain r(P) < 3r(Q) and so

r(@)

=)

(2.8) % <3 forall P eNg.
As a consequence, if P € Ng, then P € U(Q,400r(Q)) and
U(P,r(P)) C U(Q,400r(Q) + r(P)) C U(Q, (400 + 3)r(Q)).

Now since the balls U(P, r(P)) are two by two disjointed and using (1.23), we conclude that

Card(Np) LN (U(0,1)) (“?) < Y cNUPr(P))

PeNg
< LY(U(Q, (400 + 3)r(Q))
= LN(U(0,1))(400 + 3)%(Q)"
i.e. (2.7) holds.

Step 2. Now, we construct the map f € CL(G,R*) that we are looking for.
We introduce for each P € N the function hp : G — R given by

o-3(452)

where 0 is defined as (2.6) and h:R — R is a smooth non increasing map defined as

coo 1 it <1/e
h(t)'_{o ift>2/c;
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It is clear that hp € C*(G) and hp(G) € [0, 1]. More precisely,

{ 1 for G € U(P,5r(P))

MG =00 for G €G- U(P,100r(P))

As a consequence, there exists c¢3 > 0 such that

C3 303
29 IXhe(@) < g < g

Indeed | X;hp(G)| # 0 only if G € U(P,100r(P)) — U(P,5r(P)) and

%T(P) <HG) < ;T(P) for all G € U(P, 100r(P)) — U(P,5r(P)).

Here we used the following fact: if dist(P, F),dist(G,F) < 1, then

forj=1,...,m; and for all G € G

200r(P) < dist(P, F) < d(G, P) + dist(G, F) < 100r(P) + 200r(G),
that gives 37(P) < r(G) and
200r(G) < dist(G, F) < d(G, P) + dist(P, F) < 100r(P) + 200r(P),

that gives r(G) < 3r(P) for all G € U(P,100r(P)) — U(P,5r(P)).
Now we define 0 : G — R as

a(G):= > hp(G).

PeN
Because hp = 0 on U(Q,100r(Q)) if P ¢ Ng, then the above sum is locally finite and so

o= Y hp inU(Q,100r(Q)).

PENG
Moreover, from (2.7) and (2.9) we have that

1. 0 € C*(G—F).

2.0>1on G- F.

3. there is ¢4 > 0 such that | X,;0(G)| < &y forall GeG —Fand j=1,...,m.
Hence we can define a partition of unity subordinated to the family {U(P,r(P))} as

_ hp(G)

Up(G) . O'(G) .

Forall Ge G- F
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L Y penvp(@) =28 = 1.
2. Y pen Xjup(G)=0forj=1,...,m.
3. there is ¢5 > 0 such that | X,vp(G )| < &y for P e Nand j=1,...,m.

Finally the extended function f = (fl, . fk,) : G — RF is

J(G) = { fi(G) if GeF
Z > pen vp(G) (fi(P") + (g:(P"), (P'7'G))) ifGeG-F
fori =1,...,k and where for all Q € G, @' is one of the points of F such that dist(Q,F) =

1(Q.Q).

Step 3. We show that

(2.10) Vef(Q) =g(Q), forall Qe F.
Fixi=1,...,k and ) € F. It is sufficient to prove that

(2.11) /(@) = i(Q) = (:(Q), (@A) = o(d(G, Q))

for d(G,Q) — 0. We have two case: G € F or G € G — F. In the first case, (2.11) follows
from (2.5). On the other hand, if G € G — F then

3" 0p(G) (fi(P) + ((P), (PTG — £(Q) — (4:(Q), (Q7'G)")

PeN
< | wp(@) (HilP) = £(Q) — (9:(Q), (Q'P")Y))
PeN
+1) " wp(@ ), (PTHE)Y + (9:(Q), (@7 P — (9:(Q), (Q7G)Y)
PeN
= Il + ]2
Here
(2.12) Iy = o(d(Q, G)).

Indeed by (2.5) we have that I; = o(d(Q, P’)) and so (2.12) is true because if P € Ng, then
d(Q,P") <d(Q,P)+d(P,P)
< 2d(Q, P)
< 2[d(Q, G) + d(G, P)]
(2.13) <2[d(Q,G) +10(r(G) + r(P))]
(using (2.8))
<2[d(Q,G) + 400r(G)]
< (2+40)d(Q, G).
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Hence it remains to estimate I5. Notice that
(6:(Q), (Q'P)") = (9:(Q), (QT'G)) = —(g:(Q), (PT'G)")
and
(2.14) (GT'PY < d(G, P) < (3+40)d(Q,G).
Then recalling that Y, \,vp(G) = 1 and using (2.13) and the continuity of g;, we deduce
I < ;vUP(G) ((9:(P") = 6:(Q), (PT'G))) | < d(G, P)gi(P') — 9:(Q)] = 0(d(Q, G)).

Consequently (2.11) is true and (2.10) is satisfied.
Step 4. We prove that f € CL(G,RRF).

Fixi=1,...,k. Because f; € C®(G—F), we conclude that f; € C(G—F) C C5(G—F)
(see Remark 2.3.6). Moreover by (2.5) f; is intrinsic differentiable (see Section 2.6.2), hence
continuous, in F.

As a consequence it remains to show that X fz are continuous in F. Fix 7 =1,...,my
and @ € F. By (2.10), if G € F then

1X;£(Q) — X, fi(G)| = 1955(Q) — 9:5(G)| = 0, as d(G,Q) — 0.

where ¢;;(Q) is j-th component of ¢;(Q) = (gi1(Q), ..., Gim, (Q)). On the other hand, if
G € G — F then

XG5(G) = X, F(Q)] = X, /4(G) = 95(Q)]
< X fi(G) = 9i5(G)] + 1935(G") — 9i;(Q)]
Since g; is continuous and d(G', Q) < d(G',G) + d(G, Q) < 2d(G, Q) we have that
19:(G') — 9;(Q)] = 0 as d(G,Q) — 0.

Moreover
(2.15)

XG1i(G) = 95(G)] =

> {vaP(G) (fiP) + (g (P), (P G))) +vp(G)(g:(P') — gij(G’))} ‘

PeNg
<R+ Ry+ R3
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where
Ri:=1| Y Xop(G) (fi(P) = fi(G) = (a:(@), (G'IP')1>)'
PeNg
By | 3 Xup(G) gl P) - 0@, (P1G)Y)
PeNg
Ry =Y vp(G)(gi;(P) — g;;(G"))
PeNg
We start to consider R;. Recalling that | X;vp(G)| < &y and using (2.5) and (2.7)
Ry < ) [Xup(G)|[F(P) = Fi(G) = (g:(G). (G P)Y)|
PeNg
o ! /A Cs O(d(PlvG/))
= o(d(F",G")) PEZNG | X;50p(G)] < o(d(F', G"))(1200 + 9)® "0 T dG.a
From (2.13) with @ = G’, we obtain that d(G’, P') < 2(1 + 20)d(G’, G) and
(2.16) d(P',G') <d(P',Q)+d(Q,G) < (4+40)d(Q,G).
Then
(2.17) Ry < 07% — 0, asd(Q,G)— 0.
Now we show that
(2.18) Ry — 0, asd(A,G)—0.

By (2.16) and (2.14)

Ry < ) [X;0p(G)]1gi(P') = g:( G [(PT'G)Y] < ere(d(Q, G))A(Q, G) Y |X;0p(G)|

PeNg PeNg

where €(t) — 0 as ¢ — 0. Hence because | X;vp(G)| < (&7 We obtain Ry < cs400e(d(Q, G)),

whence (2.18) holds. Finally by (2.16) and the continuity of g;, we conclude
(2.19) R; — 0, asd(Q,G) — 0.
Then putting together (2.15), (2.17), (2.18) and (2.19), one obtains

X, £i(G) = g5(G)] =0, as d(G,Q) =0

and so X ﬁ is continuous in A, as requested. Hence f € CL(G, R¥) and the proof of theorem
is complete. O
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2.3.3 BV functions

The following definitions relate the notion of BV function and the Caccioppoli sets in Carnot
groups (see for instance [44], [47], [48]). For the Euclidean theory of BV functions and finite
perimeter sets the reader can see [4] and [33].

Definition 2.3.4. We say that f : 2 — R is of bounded G-variation in an open set 2 C G
and we write f € BVg(Q), if f € £1(R2) and

Ve /11(2) = sup { / fdiveddC : ¢ € CH(, HG), |6(P)] < 1} < too.

Analogously the space BV j0.(€2) is defined in the usual way.

Theorem 2.3.9 (Compactness). BV 0.(G) is compactly embedded in L] (G) for 1 <p <
q_j_w where q is the homogeneous dimension of G defined as (1.22).

As in the Euclidean case, an important property of BV functions is the lower semicon-

tinuity of the G-variation with respect to the £} . convergence:

Theorem 2.3.10. Let f, f, € LY(Q) be such that fr — [ in L} .(). Then

loc
[V6/1(2) < limint [V i ()

In the setting of Carnot groups, the structure theorem for BV functions reads as follows.

Theorem 2.3.11. If f € BVg1,.(Q) then ||Vgf| is a Radon measure on Q2. Moreover,
there is a |V f| measurable horizontal section oy : Q@ — HG such that |of(P)| = 1 for
IVefl-a.e. P€Q and

/ fdivgé L™ = / (€07 d|[ VeS|
Q Q

for every & € C}(Q, HG). Finally the notion of gradient Vg can be extended from regular
functions to functions f € BVg defining Vg f as the vector valued measure

Vef i=—orL|Vefll = (=(ophiLIVefll, -, =(op)m LIIVa ),
where (o¢); are the components of oy with respect to the base X;.
Following [30] and [31], we give a classical definition of sets of finite perimeter:

Definition 2.3.5. A set £ C G is a locally finite G-perimeter set, or a G-Caccioppoli set,
if xg € BVG.i0c(G), where xg is the characteristic function of the set E. In this case the
measure |Vgxg|| will be called G-perimeter measure of £ and will be denoted by |0F|g.
Moreover we call generalized intrinsic normal of JF in € the vector vg(P) := —o,,(P).
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The G-perimeter is invariant under group translations, that is
|0E|c(A) = [0(TpE)|c(TpA),

for every P € G and for any Borel set A C G. Moreover recalling that ¢ is the homogeneous
dimension of G given by (1.22), then the G-perimeter is homogeneous of degree q — 1 respect
to the dilations, that is

DOAE) | (A) = N 0B|c(30A),

for any Borel set A C G.

Fundamental estimates in geometric measure theory are the so-called relative and global
isoperimetric inequalities for Caccioppoli sets. The proof is established in [48], Theorem
1.18.

Theorem 2.3.12. There exists a constant C > 0 such that for any G-Caccippoli set E C G,
for every P € G andr >0

min{ LY (E N U (P,7)), LN (Upe(P,7) — E)}0V/9 < C|0E|g (U P, 7))

and
min{L" (E), LY (G — E)}~V/9 < C|0F|c(G)

where U,.. denotes the open ball with respect to the cc-distance d...

The perimeter measure is concentrated in a subset of topological boundary of E, the
so-called reduced boundary O E.

Definition 2.3.6 (Reduced boundary). Let £ C G be a G-Caccioppoli set. We say that
PeoLE if

1. |0E|g(Ue(P, 7)) > 0, for all 7 > 0

2. there exists lim,_,o fUCC(PT) ve d|OF|g

3.

hmrg)o fUCC(P,T) VE d]8E|G‘ =1
The reduce boundary of a set £ C G is invariant under group translations, i.e.
QedzE ifandonlyif  7pQ € O5(7pE)

and also

VE(Q) = V‘rpE(TPQ)'
Lemma 2.3.13 (Differentiation Lemma, [3]). If E C G is a G-Caccioppoli set, then
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lim vgd|OFE|g = vg(P), for |0F|g-a.c. P
r—0 Ucc(P/")

and consequently |0F|g-a.e. P € G belongs to reduced boundary OgE.
The perimeter measure equals a constant times the spherical (q—1)-dimensional Hausdorff
measure restricted to the reduced boundary, indeed

Theorem 2.3.14 ([40], Theorem 4.18). Let G be a Carnot group of step 2, endowed with
the invariant distance d associated to the homogeneous norm (1.30). Let E C G be a G-
Caccioppoli set. Then

0E|g = ¢S L OLE
where 891 denotes the (q — 1)-dimensional spherical Hausdorff measure.

Finally, as it is usual in the literature, we can also define the measure theoretic boundary
(9* GE .

Definition 2.3.7. Let £ C G be a measurable set. We say that P belongs to measure
theoretic boundary 0, g & of E if

LY(ENUL(P,T)) LY(EcNUe(P,r))
i 0 d i ’
P TNy M P TN L)

If E C G is G-Caccioppoli set, then
OcE C 0,cF CE.
Moreover, ST 1. cFE — 0L F) = 0.

> 0.

2.4 G-regular surfaces

2.4.1 (G G®)-regular surfaces

A notion of intrinsic regular surfaces with different topological dimension, is introduced and
studied in Heisenberg groups by Franchi, Serapioni and Serra Cassano (see [44], [45], [46])
and then extended in Carnot groups [70] (see also [69], [68]).

Following [70], we have the following definitions

Definition 2.4.1. Let G and G® be Carnot groups such that G® is an H-quotient of
GW.

We say that a subset S € G is (G, G®)-regular surface of G if for all P € S,
there exists an open neighborhood U of P and a continuously P-differentiable mapping
F:U — G® such that

Snu=F0)

and the P-differential of F in P is an H-epimorphism from G to G® for every P € U.
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Definition 2.4.2. Let G and G® be Carnot groups such that G H-embeds into G,

We say that a subset S € G® is (GM,G®)-regular surface of G if for all P € S,
there exists an open neighborhood U € G® of P and V € G of 0 € G along with a
continuously P-differentiable topological embedding F : V — G®, such that

SNU=F)
and the P-differential of F' in () is an H-monomorphism from G to G® for every Q € V.

Definition 2.4.3. When a subset S is either (G(V), G®))-regular in G or (G, G®)-regular
in G®, we simply say that it is (G, G®)-regular without further specification, or we can
say that it is an intrinsically regular surface.

Remark 2.4.1. We stress that, in [70], G is only graded group, i.e. a connected, simply
connected (and finite dimensional) Lie group, whose Lie algebra g admits a direct sum
decomposition g =g; @ go @ -+ D g, such that [g;, g;] C gi; for 1 <i,j < k.

It is clear that a Carnot group is a graded group. However, when we consider the
(GM, GP)-regular surface of G, thanks to Proposition 8.3 in [70], it always follows G is
a Carnot group. This is not the case of (G, G®)-regular surface of G®?.

Now we can define the “tangent cone” to (G, G?))-regular surface as in [34], i.e.

Definition 2.4.4. Let G be a Carnot group and let S C G with P € G. The homogeneous
tangent cone of S at P is the homogeneous subset

Tan(S, P) :{Q eG ‘ Q= hlim Sy, (P71P,), for some sequences (Ay), C RT,
—00
(Py)n C S, where P, — P}

Proposition 2.4.2 ([70], Corollary 10.3). Let S be a (GM,G®)-regular surface of G™).
Then for all P € S

Hdim(Tan(S, P)) = Hdim(GY) — Hdim(G®)

We observe that if P € S, then Tan(S, P) is not empty.

Proposition 2.4.2 suggests that the Hausdorff dimension of a (GV), G?))-regular surface
of G should coincide with that of its homogeneous tangent cones, but this problem still
claims to be investigated.

Moreover the fact that tangent cones to a (G1), G))-regular surface of GV have a
fixed Hausdorff dimension does not mean that they are all algebraically H-isomorphic (see
Example 10.4 in [70]).

It is apparent that the notion of (G, G®)-regularity in higher codimension allows us
a certain amount of freedom in the choice of G®, but not all codomains are “good” to be
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considered. For instance, the family of (H", HF¥)-regular surfaces is empty whenever n > k.
This follows by the fact that there are no surjective H-linear maps between H" onto HF
(Proposition 2.2.10).

Quite precisely in [46], the authors show

Theorem 2.4.3. The only intrinsically reqular surfaces of the Heisenberg group H"™ are
contained in the following list

1. (H" R¥)-reqular surfaces, fork=1,... n.
2. (R* H")-reqular surfaces, fork=1,... n.

Theorem 2.4.4 ([70], Theorem 12.6). The only intrinsically reqular surfaces of the com-
plexified Heisenberg group H) (see Example 1.4.5) are contained in the following list

1. (H3, R¥)-reqular surfaces, for k=1,2.

2. (R*, H3)-regular surfaces, for k =1,2.

2.4.2 G-regular surfaces

Here we study the (G, R¥)-regular surfaces with k < m; (see Proposition 2.2.8). We simply
call them k-codimensional G-regular surfaces.
If G® = R¥, Definition 2.4.1 takes the form

Definition 2.4.5. S C G is a k-codimensional G-regular surface if for every P € S there
exist a neighborhood U of P and a function F € CL (U, R*) such that

SNU={QeclU:FQ)=0}
and the (k x m;) matrix Vg F(Q) has rank £ for all Q € U.

Remark 2.4.5. The condition that rank of Vg F(Q) is maximum for every ) € U is equivalent
to suppose that the P-differential of F' at P is surjective for every @) € U.

If £ =1 we say that S C G is a G-regular hypersurface (i.e. topological codimension 1
surface).

We stress that the class of G-regular surfaces is deeply different from the class of Eu-
clidean regular surfaces. In [59], the authors give an example of G-regular surfaces in
H' = R® that are (Euclidean) fractal sets. Conversely in R* = H!, the Euclidean plane
{P = (p1,p2,p3) : p3 = 0} is a simply example of smooth Euclidean submanifold, that isn’t
G-regular hypersurfaces at origin.
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Definition 2.4.6. I' C G is (q — 1)-dimensional G-rectifiable if there exists a sequence of
G-regular hypersurface (Sp,)ren such that

Ao (r - Sh) = 0.

heN

Both the notions of G-regular surfaces and of G-rectifiable sets are independent of the
chosen invariant distance d. Indeed, from the equivalence of invariant distances (see Propo-
sition 1.3.15) and from Definition 2.3.2 and Proposition 2.3.4, if S is a G-regular surface
with respect to an invariant distance d so it is with respect to any other invariant distance.
The same holds if S is a G-rectifiable set.

In [47], the rectifiability theorem is proved for step 2 Carnot groups and Blow-up Theorem
is the main key of the proof and also the reason of the restriction to step 2. Indeed there
is a counterexample regarding a particular step 3 Carnot group, called Engels groups, for
which Blow-up Theorem does not hold (see Example 3.2 in [47]). Recently in [71] the author
extends Blow-up Theorem (and Rectifiability Theorem) in a much larger class of step 2
Carnot groups, called Carnot groups of type *.

Theorem 2.4.6 (Blow-up Theorem). Let G be a Carnot group of step 2 and let E C G be
a set with locally finite G-perimeter. If P € OLE then

U Xp, p = Xstopp)y 0 Li0(G)
where Eyp = 81, (7p 1 E) = {Q : 7p(6,(Q)) € E} and
Sé(ve(P)) ={Q = (¢".¢*) € G|{ve(P),q") > 0}.
Moreover for all R > 0
lim [0, ple(Uee(0, R)) = |05¢ (v£(P))le(Uee(0, R))

and
|05¢ (Ve (P))|e(Uee(0, R)) = HYH(TE(vp(0)) N Uee(0, R))

where T (vp(0)) = {Q = (¢",¢*) € G|{(ve(0),q") = 0} is the topological boundary of
S¢(ve(0)).

Theorem 2.4.7 (Rectifiability Theorem). Let G be a Carnot group of step 2 and let E C G
be a set with locally finite G-perimeter. Then

OLE is (q — 1)-dimensional G-rectifiable,

that is O5E = N ey Kn, where HOH(N) = 0 and K, is a compact subset of a G-regular
hypersurfaces Sy. Moreover vg(P) is the G normal to Sy, at P, for all P € K},.



2.5 Intrinsic graphs 90

2.5 Intrinsic graphs

The intrinsic graphs came out naturally in [44], while studying level sets of Pansu differentia-
ble functions from H* to R. They have been introduced with different degrees of generality
in [9], [13], [23], [38], [41], [46].

Definition 2.5.1. Let M be a homogeneous subgroup of G. We say that a set S C G is an
intrinsic (left) M-graph if S intersects each left coset of M in one point at most.

If W and M are complementary homogeneous subgroups in G, there is a one to one
correspondence between left coset of M and a points of W, hence S is a left M-graph if and
only if there is ¢ : £ C W — M such that

S = graph (¢) := {A-¢(A)| A € £}.

By uniqueness of the components along W and M, if S = graph (¢) then ¢ is uniquely
determined among all functions from W to M. Hence the very existence of intrinsic graphs
depends on the possibility of splitting G as a product of complementary subgroups hence it
depends on the structure of the algebra g.

We call graph map of ¢, the function ® : £ — G defined as

(2.20) D(A) = A-p(A) VA€E.

Hence S = ®(€) is equivalent to S = graph (¢).

Let us point out that an intrinsic regular graph can be very irregular from the Euclidean
point of view: indeed, there are examples of intrinsic regular graphs in H! which are fractal
sets in the Euclidean sense [59].

The concept of intrinsic graph is preserved by translation and dilation, i.e.

Proposition 2.5.1 (see Proposition 2.2.18 in [39]). If S is an intrinsic graph then, for all
A >0 and for all Q € G, 79S and 6,5 are intrinsic graphs. In particular, if S = graph (¢)
with ¢ : £ CW — M, then

1. For all X > 0, 6,5 = graph (¢y) with ¢y : 6, C W — M and ¢r(A) = 6x0(61/,A),
for A € 0,E.

2. For any Q € G, 7S = graph (¢g) where ¢g : Eg CW — M, Eg = {A : Pw(Q'A) €
E} and ¢g(A) == (Pu(Q1A)) 1o(Pw(Q1A)), for all A € &,.

Remark 2.5.2. From Proposition 2.5.1 and the continuity of the projections Py and Py it
follows that the continuity of a function is preserved by translations. Precisely given (Q € G
and ¢ : W — M, then the translated function ¢¢ is continuous in A € W if and only if the
function ¢ is continuous in the corresponding point Pw(Q~*A).
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Remark 2.5.3. The algebraic expression of the translated function ¢g : £ C W — M is
more explicit when W, Ml are normal subgroups of G. Precisely

1. If W is normal in G then ¢o(A) = Quo((Q *A)w), for A € g = QEQ,,
2. If M is normal in G then ¢g(A) = (Q1A) ' o((Qy' A), for A € Eg = QwE

3. If both W and M are normal in G then we get the well known Euclidean formula
do(A) = Quo((Qy'A), for A€ &g = Qwe.

Following [70], we want to give a proof of Implicit Function Theorem. This theorem
states that any level set of C{, function can be locally parameterized through the intrinsic
graph of a continuous map.

Theorem 2.5.4 (Implicit Function Theorem, see [70], Theorem 1.3). Let U be an open
subset of G. Let f € CL(U,R¥) and assume that Vg f(Q) has rank k for all Q € U. We
assume that for a fired P € U there are complementary subgroups W and H of G where
W = ker(Vef(P)). Then there are T C W and J C H, open and such that Py € T and
Py € J and a continuous function ¢ : T — J such that

{QeZJ: f(Q) = f(P)} = graph(¢)
where ZJ ={AB : A€ Z,B € J}. In particular, the mapping ¢ is 1/xk Holder continuous.

Now we show some basic notions about the degree theory (see [65], [92]) which is crucial
for the proof of Theorem 2.5.4.

Definition 2.5.2. Let U be an open bounded set of R* and let F' € C'(U,R*) and A ¢
F(Zp)NF(OU), where Zp is the set of critical points of F, i.e. points at which the Jacobian
Jr of F vanishes. Then the degree of F' at A with respect to U is defined by

deg(F.U, A):= Y sgn(Jr(z)),

ze€F~1(A)
where sgn(t) = 1 for ¢ > 0 and sgn(t) = —1 for ¢ < 0.

This definition can be extended to the continuous case as follows.

Definition 2.5.3. Let F' € C(U,R") and A ¢ F(Zp) N F(dU). We define deg(F,U, A), the
degree of I at A with respect to U, to be deg(F,U, A) for any F' € CY(U,R¥) such that
|F(z) — F(x)| < dist(A,0U) for every = € U. Here dist(A, dU) := inf{d(A, A") : A" € OU}.
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Note that the last definition is well defined because if Fy, F, € C'(U,R¥) are such
that |F(z) — Fy(2)],|F(z) — Fy(z)| < dist(A,dU) for every x € U, then deg(Fy, U, A) =
deg(Fy, U, A).

Finally we need the following lemma:

Lemma 2.5.5 (Mean Value Inequality, see [70], Theorem 1.2). Let U be an open subset of
G and let f € CL(U,R*). Let Uy, Uy be open subsets of G such that Uy, € G and

(2.21) {P e G : dist(P,Uy) < c¢(G)diam(Uy)} C Uz

where ¢(G) > 0 is a suitable constant given by Lemma 4.6 in [70]. Then there is a constant
C only depending on G, on ¢(G) and on the modulus of continuity 5 of f on Us, i.e.

B(t) = max |f(P) — f(Q)]
IP-LQ| <t

such that

/(P) = /(@) = Ve /(P) (PT'Q)| _
I1P1Q| B
for every P,Q € U; with P # Q.

We presently have all the tools to prove Theorem 2.5.4.

Proof. Fix P € G and let Py and Py the unique components of P along W and H respec-
tively. We show only the existence of ¢.

Step 1. Let t,s > 0 and let Z := B(Pw,t) "W, J := B(Pg,s) NH such that Z,J C
U(P,ry). Here ry > 0 is a constant which will be specified later.

We would like to prove that there is o > 0 such that

(2.22) a M| B7'B|| < [f(AB') — f(AB)| < o|| B B||

for every A € 7 and every B, B’ € J.
By Proposition 2.2.6, the restriction Vg f(P)g : H — R* is an H-isomorphism and so

min [V f(P)(B) > 0.

1Bll=1
Moreover by the continuity of U x H 3 (Q, B) — |V f(Q)(B)|, there is r > 0 such that

2.2 = i i B = B
(223) o Qerg%gr)"%l'e'l@llvaf(Q)( )| >0 and oy Qg]?gr)'%%iw@f(@( )[>0
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with U(P,r) C U. Now if we consider rq := /(2 + 2¢(G)) where ¢(G) > 0 is a suitable
constant given by Lemma 4.6 in [70], we have that (2.21) is satisfied. Consequently, by
Lemma 2.5.5 we conclude that there is C' > 0 such that

IF(G) = f(Q) = Ve f(G) (GT'Q) | < ClGQ]
for every G,Q € U(P,ry). Moreover using (2.23) it follows
(2.24) F(G) = f(Q] < (C+a)[|GTQ|, forall Q,G € B(P,r0)
and for every A € Z and every B, B € J
(2.25) [f(AB') = f(AB)| > (a2 — O)| B B|.

Here we used the fact ||B"'B|| = [|[(AB’)"'(AB)||. Now putting together (2.24) and (2.25)
and possibly considering a smaller radius of J, (2.22) follows.
Step 2. For each A € T we define the continuous map Fy : J — RF given by

Fy(B):= f(AB) forall Be J.
Obviously Fp, (Pg) = f(P) and by (2.22) we have
Fp,(B) # f(P), forall B€dJ

ie. f(P) ¢ Fp,(0J). Moreover using again (2.22) we have that Fp, is injective and by
Theorem 3.3.3 in [65]

(2.26) deg(Fp,,J, f(P)) € {—1,1}.

Now by the continuity of Z 5 A — maxpeoy |f(AB) — f(PwDB)|, possibly considering a
smaller radius of Z, we can assume that

s
max |f(AB) — f(PwB)| < 5~
for every A € Z. Therefore using (2.22), we have that
s s s
221)  |Fa(B) = F(P)| 2 |Fny(B) — F(P)| - |Fn,(B) — Fa(B)| > 5 — = = =

for every B € 0J and every A € Z. Consequently f(P) ¢ F4(0J).

Now for any arbitrary A € Z we define the continuous curve « : [0,1] — Z given by
Y(X) := Pwdx(Py'A). Notice that since W is homogeneous subgroup of G, then 7 has image
in Z. Then the map I': [0,1] x J — R¥ defined as

LA, B) = f(v(M)B)
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is a homotopy between Fp, and Fjy, i.e. [' is a continuous map such that I'(0,B) =
f(v(0)B) = Fp,(B) and I'(1, B) = f(y(1)B) = F4(B) for all B € J. Moreover, by (2.27),
(A, B) # f(P) for each A € [0,1] and each B € 0J. Thus, by the homotopy invariance of
degree (see Theorem 3.16 in [92]) and using (2.26), we obtain that

deg (Fa,J, f(P)) = deg (Fp,, J, f(P)) # 0

and consequently there is at least one element B € 7, depending on A, such that Fi4(B) =
f(AB) = f(P). By the injectivity of F4, B is unique and so there is a map ¢ : Z — 7,
uniquely defined as ¢(A) = B and such that

f(P) = Fa(B) = Fa(6(A)) = f(A¢(A)).
Therefore the proof of the existence of a map ¢ is complete. O

Now we present a general result about the (G, G(?))-regular surfaces (see Section 2.4.1)
which is an immediate consequence of the last theorem when we consider the G-regular
surfaces.

Proposition 2.5.6 ([70], Corollary 1.5). Every (G, G®)-reqular surface is locally an in-
trinsic graph.

A consequence of this proposition is that the topological codimension of (G, G?)-
regular surface corresponds to the topological dimension of G2,

2.5.1 Intrinsic Lipschitz graphs

It is well-know that in the Euclidean setting a Lipschitz graph S := {(4,¢(4)) : A € w},
with ¢ : w C R¥=! — R can be equivalently defined

1. by means of cones : there exists C' > 0 such that

o004 5 )ns = (4,604}

for each A € w, where C((A, p(A)); &) = {(B,t) € RN xR : |[B—A| < L[t —p(A)[}.

2. in a metric way : there exists C' > 0 such that |¢(A) — ¢(B)| < C|A — B] for all
A B € w.

In this section, first we present the two corresponding definitions in the case of Carnot
groups and then we show that these notions are equivalent (see Proposition 2.5.10).

The intrinsic Lipschitz functions in G are functions, acting between complementary sub-
groups of G, with graphs non intersecting naturally defined cones. Precisely a M-graph S
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is said to be an intrinsic Lipschitz M-graph if S intersects intrinsic cones with axis M, fixed
opening and vertex on S only in the vertex.

We begin with two definitions of intrinsic (closed) cones. The first one, Definition 2.5.4,
is more general because it does not require that M is a complemented subgroup.

Definition 2.5.4. Let M be a homogeneous subgroup of G and () € G. The cones
X(Q,M, a) with axis M, vertex @, opening « € [0, 1] are defined as

X(Q,M, o) =Q - X(0,M, o)
where X (0, M, o) = {P : dist(P,M) < o||P||} and dist(P,M) := inf{||P71Q'|| : Q" € M}.

Definition 2.5.5. If W, M are complementary subgroups in G, ) € G and § > 0. We can
define the cones Cyy (@, §) with base W and axis M, vertex (), opening 5 are given by

CW,M(Q;ﬁ) = Q ’ CW,M(()?ﬁ)
where Cw (0, 8) = {P : || Pwl| < B||Pull}.

Remark 2.5.7. It is clear that

G = X(O, M, 1) = U5>0C’W7m(0, B) and C’W7M(O, 0) = X(O, M, 0) = M
Moreover for all A > 0 we have that d\(Cwm(0, 51)) = Cwm(0, 81) and if 0 < 51 < [, then

Cwm(Q,B1) C Cwm(Q, Ba)
The cones Cwm(Q, ) are equivalent to cones X (Q, M, a):

Proposition 2.5.8. If W, M are complementary subgroups in G then, for any o € (0,1)
there is B > 1, depending on a, W and M, such that

CW,M(Q? 1/6) - X(Q7M> OZ) C CW,M(QHB)

For a proof of Proposition 2.5.8 see Proposition 3.1.1 in [39].
Now we introduce the basic definitions of this paragraph.

Definition 2.5.6. Let M be an homogeneous subgroup, not necessarily complemented in

G.

1. An M-graph S is an intrinsic Lipschitz M-graph if there is a € (0, 1) such that,

SNX(P,M,«a)={P}, foral PeS.
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2. If there is a subgroup W such that M, W are complementary subgroups in G, we say
that ¢ : € C W — M is intrinsic Lipschitz in € when graph (¢) is an intrinsic Lipschitz

M-graph.

3. We say that ¢ : £ C W — M is intrinsic C'z-Lipschitz in £ for some C, > 0 if for all
Cl > CL
(2.28) Cwm(P,1/Cy) Ngraph (¢) = {P} for all P € graph (o).

The Lipschitz constant of ¢ in £ is the infimum of the C; > 0 such that (2.28) holds.

We will call a set S C G an intrinsic Lipschitz graph if there exists an intrinsic Lipschitz
function ¢ : € C W — M such that S = graph (¢) for suitable complementary subgroups W
and ML

The intrinsic Lipschitz Ml-graphs and the intrinsic Lipschitz functions are well behaved
with respect to left translations, indeed

Theorem 2.5.9. Let W, M be complementary subgroups in G and ¢ : € C W — M. Then
for all Q € G, ¢ is intrinsic Cp-Lipschitz if and only if ¢g : Eg C W — M is intrinsic
C'-Lipschitz, where ¢¢ 1s defined in Proposition 2.5.1.

We observe that the geometric definition of intrinsic Lipschitz graphs has equivalent
analytic forms (see Proposition 3.1.3. in [39]):

Proposition 2.5.10. Let W, M be complementary subgroups in G, ¢ : € C W — M and
Cr > 0. Then the following statements are equivalent:

1. ¢ is intrinsic C-Lipschitz in &.
2. [Pu(Q'Q)| < CrPw(Q™'Q)|| for all Q,Q" € graph (¢).
3. |lpg-1(A)|| < CL||A|l for all Q € graph (¢) and A € Eg-1.

Moreover if W is a normal subgroup of G, the conditions 1.-2.-3. in Proposition 2.5.10
take a more explicit form. Indeed for all Q = A¢(A),Q" = Bo(B) € graph (¢) we have
Pyu(Q'Q) = ¢(A)'¢(B) and Pw(Q'Q") = ¢(A)"'A"'Bp(A). Consequently, if W is a
normal subgroup of G then ¢ is intrinsic C'-Lipschitz if and only if

(2.29) lo(A) "' o(B)|| < Crllo(A) A Bo(A)| VA, B € €.

Remark 2.5.11. If ¢ : £ C W — M is intrinsic C'p-Lipschitz in £ then it is continuous. Indeed
if »(0) = 0 then by the condition 3. of Proposition 2.5.10 ¢ is continuous in 0. To prove the
continuity in A € £, observe that ¢g-1 is continuous in 0, where Q) = Ag(A).



2.5 Intrinsic graphs 97

Remark 2.5.12. A map ¢ is intrinsic C-Lipschitz if and only if the distance of two points
Q,Q" € graph(¢) is bounded by the norm of the projection of Q7'Q’ on the domain £.
Precisely ¢ : £ C W — V is intrinsic C'p-Lipschitz in £ if and only if there exists a constant
C} > 0 satisfying

Q7' Q' < GilIPw( @,

for all Q, Q" € graph (¢). Moreover the relations between C and the Lipschitz constant C,
of ¢ follow from (2.1). In fact if ¢ is intrinsic C'-Lipschitz in € then

1Q7'Q| < IPw(Q' @) + [Pu(Q' Q) < (1 + Cp)[Pw(Q~' Q)
for all Q, Q" € graph (¢). Conversely if |Q7'Q'|| < co(1 + C1)|[Pw(Q™'Q’)] then
Pu(Q™'Q"| < CLPw(Q'Q
for all @, Q" € graph (¢), i.e. the condition 2. of Proposition 2.5.10 holds.

We observe that in Euclidean spaces intrinsic Lipschitz maps are the same as Lipschitz
maps. The converse is not true (see Example 2.3.9 in [38]) and if ¢ : W — M is intrinsic
Lipschitz then this does not yield the existence of a constant C' such that

l(A) " o(B)| < C|AT'B|| for A, BeW

not even locally.
In Proposition 3.1.8 in [39] the authors proved that the intrinsic Lipschitz functions, even
if non metric Lipschitz, nevertheless are Holder continuous.

Proposition 2.5.13 (see Proposition 3.1.8 in [39]). Let W, M be complementary subgroups
in G and ¢ : £ CW — M be an intrinsic Cp-Lipschitz function. Then, for all r > 0,

1. there is Cy = Cy(¢p,1) > 0 such that

lp(A)|| < Cy  forall A€ & with ||A|| <r
2. there is Cy = Co(CL,r) > 0 such that ¢ is locally 1/k-Hélder continuous i.e.
lp(A) ' o(B)|| < Col| A7 B||M" for all A, B with || Al|, | B|| < r.

Proof. We start to show the condition 1. Fix A € £ such that ||A|| < R. With this notation
$(A) AT BO(B) = (6(A) AT BO(B))w(¢(A) T AT Bo(B))u
by the uniqueness of the components, we know that

(6(A)TTATBO(B))w = (¢(A) AT B)w  and  (6(A)T AT BE(B))u = (¢(A) AT B)ud(B)
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and consequently by Proposition 2.5.10 we obtain that
(2.30) [((A) AT Bluo(B) || < Cr||(¢(A) AT B)wl| for all B € £.
Moreover using the triangle inequality and (2.1), it follows

le(B)]| = 1B~ Ag(A)p(A) A~ Bo(B)]|
< B A¢(A)]| + llo(A) AT Be(B))|
< B A¢(A)]| + (6(A) AT B)ud(B)|| + | (6(A) A7 B)wl.

Hence since (2.30)
le(B)| < 1B~ Ag(A)l + (1 + Co)ll(6(A) AT B)wl.

Thanks to the limitations on ||A|| and on ||B|| we get the condition 1.
Now we prove the condition 2. Thanks to Lemma 2.1.5 and the condition 1. we know
that there exist C7, Cy > 0 such that

(2.31) l6(A) LA Bo(A)|| < Ci|| A1 B[,

(2.32) [6(A) BT AG(A)]| < Col| BTHAIJ = G| A7 B,
for every A, B € £ with [|A|],||B|| < R. Moreover using again (2.1) we have
coll(¢(A) AT B)wl < [lo(A) T AT Bo(A)|

As a consequence, from (2.31)
1 Cli -1t
(2.33) I(6(A) AT B)wl| < C—OIHA ‘Bl

and from (2.30) and (2.33)
CLCy

Co
Finally, putting together (2.31), (2.32), (2.33) and (2.34) we conclude that
le(A) " o (B)|| < l|6(A) "B AG(A)| + [[6(A) A~ Bo(B)|

< G| ATB|5 + [[(@(A) AT B)w| + [($(A) AT B)uo(B))|

C C;C 1
< (02 LG —) |4 B
Co Co

(2.34) 1(6(A) AT B)ug(B) | < |A'B]|=.

—: Cs|| A" B[
for every A, B € € with ||A[|, |B| < R. O
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2.5.2 Intrinsic difference quotients

We give another characterization of intrinsic Lipschitz functions in terms of boundedness of
appropriately defined intrinsic difference quotients. We present some results proved in [94].
For simplicity first we propose the definition in the particular case of a function vanishing
in the origin of the Carnot group and then we get the general definition extending the
particular case in a translation invariant way.
Let Y be an element of the Lie algebra 1o of W and ¢ : £ C W — M with 0 € £ and
#(0) = 0. We define the difference quotients of ¢ from 0 in direction Y as

AY¢(O, t) = 51/t¢(5t exp Y)

for all £ > 0 such that d;expY € £. Then we extend this definition to any A € £. Let
P = A-¢(A) € graph(¢), then the translated function ¢p-1 defined in Proposition 2.5.1
vanishes in 0 € E€p-1 and we define

(235) Ay¢(A, t) = Aygﬁpfl (0, t) == (51/t¢p—1 (61& exp Y)

for all £ > 0 such that d;expY € Ep-1.
The more explicit form of the translated function ¢p-1 allows a more explicit form of
difference quotients and we have the following

Definition 2.5.7. Let W, M be complementary subgroups in G, to be the Lie algebra of W
and g : ECW —- M. If A€ £ and Y € v, then we define the intrinsic difference quotients
of ¢ at A along Y as

Ayp(A,t) = 01y ((PM(¢(A)5t(eXP V)~ ¢(APw(6(A)d;(exp Y))))
for all £ > 0 such that APw(¢(A)d(expY)) € E.

Remark 2.5.14. Definition 2.5.7 gives the same notion of difference quotient as proposed in
(2.35). Indeed, if ¢(A) = 0 then Py (¢p(A)dexpY) = 0 and APw(¢p(A)dexpY) = Adyexp Y
and consequently

Avo(A, 1) = b1 (Paal(A)su(exp Y))) d(APw(6(A)5, xpY))) = b1eb(AS, exp ).
Moreover if P = A¢(A) then ¢p-1(0) = 0 and so we obtain
Ayd(A,t) = Aygp-1(0,1) = 61 4(dp-1 (0 expY)).
Remark 2.5.15. Recalling Remark 2.5.3 we get
1. If Wis normal in G and Y € w then
Ay p(A,t) = b1t (0(A) ' (Ad(A)dexp Y $(A) ™))
because Pp(¢p(A)dexpY) = ¢(A) and APw(d(A)d;expY) = Ad(A)d; exp Y p(A)L.
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2. If M is normal in G and Y € to then
AY¢(A7 t) = 51/t ((5t exp Y)_1¢(A)_1(5t exp Y)¢ (A5t €xp Y))
because Py (¢(A)d;expY) = (§;expY)1p(A)d; expY and Py (¢p(A)dexpY) = dyexp Y.

3. If both W and M are normal in G then we get the well known expression for the
difference quotient:

Ay (A t) =61y (¢(A) ¢ (AdexpY)) .

Next Proposition gives a characterization of intrinsic Lipschitz functions:

Proposition 2.5.16. Let W, M be complementary subgroups in G, vo be the Lie algebra of
W and ¢ : £ CW — M. Then the following are equivalent:

1. ¢ is intrinsic Cp-Lipschitz in £
2. there is Cr, > 0 such that, for all Y € w and for all A € E

Ay ¢(A, )] < CrffexpY]].
Proof. 1. = 2. By (2.35) we have that if P = A- ¢(A) € graph (¢), then

1
1Ay o(A, O]l = Ay ¢p-1(0,8)l| = S |dp-1(de exp Y|

and consequently by Proposition 2.5.10
1 Cr
1Ay o(A, )l = lldp-1(deexpY)l| < == exp V]| = Crf exp Y]

for all t > 0 and Y € to. So the implication 1. = 2. is complete.
Now we want to show the converse, i.e. 2. = 1. Fix A € £ and let P := A - ¢(A). For
any B € Ep-1, let Y € v be such that B =exp Y. Then

l6p—(B)| = llgp1(expY)I| = [ Ayd(A, 1) < Cullexp Y| = Cu|IBI.
Hence the condition 3. of Proposition 2.5.10 holds and ¢ is intrinsic C'-Lipschitz. O]

The following definition shows as, in perfect analogy with Euclidean calculus, intrinsic
derivatives of functions acting between complementary subgroups of G can be obtained as
limits of intrinsic difference quotients (when these limits exist).
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Definition 2.5.8. Let W, M be complementary subgroups in G, to be the Lie algebra of W
and ¢ : £E CW — M. If A € &£, the intrinsic directional derivative of ¢ at A along Y € 1o, is

(2.36) Dy¢(A) = Jim Ayp(A,t) = Jim A_yp(At)

provided the two limits on the right exist and are equal.

Remark 2.5.17. This Definition follows directly from Remark 2.5.14. Indeed
p(A) =0 = Ayo(A,t) =019(0rexpY)
hence, if the limits in (2.36) exist, then

p(A)=0 = Dyo(A) =Y¢(A).

2.6 Intrinsic differentiability

From now on we specialize our setting and we study an appropriate notion of differentiability
for a continuous function ¢ : W — H when H is an horizontal subgroup. We recall that
when H is horizontal, W is always a normal subgroup since, as observed in Remark 2.1.3, it
contains the whole strata G2,. .., G".

Our first preliminary results are Proposition 2.6.7 and Proposition 2.6.8 where equivalent
formulations of Definition 2.6.2 are given.

2.6.1 Intrinsic linear functions

First we present the notion of intrinsic linear map.

Definition 2.6.1. Let W and H be complementary subgroups in G. Then ¢ : W — H is an
intrinsic linear function if £ is defined on all of W and if graph (¢) = {A¢(A): A € W}is a

homogeneous subgroup of G.
Intrinsic linear functions can be algebraically characterized as follows.

Proposition 2.6.1 (see Propositions 3.1.3 and 3.1.6 in [38]). Let W and M be complementary
subgroups in G. Then £ : W — M is an intrinsic linear function if and only if

0(0)A) = 6\(L(A)), forall Ae W and A >0

(2.37) UAB) = (Py((A)~'B))"U(Pw(l(A)"'B)),  for all A,B€W.
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In particular, if W is normal in G then
(2.38) ((AB) = ((A)((((A)"Bl(A)), for all A,B € W.

Moreover £ is a polynomial function and it is intrinsic Lipschitz with Lipschitz constant
Cr == sup{||[{(A)| : ||A|| = 1}. Note that C, < +00 because { is continuous. Moreover

16(A) < CL|All,  forall AcW.

For a proof of Proposition 2.6.1 see Proposition 3.1.3 and 3.1.6 in [38].

Remark 2.6.2. H-linear functions (see Definition 2.2.1) and intrinsic linear functions are in
general different. Indeed the intrinsic linear functions are not necessarily group homomor-
phisms between their domains and codomains, as the following example shows. Let W, H
be the complementary subgroup of Heisenberg group H? defined as H := {(py,0,0,0,0) :
p1 € R} and W := {(0, po, p3, P4, 5) : P2, P3, Pa, ps € R}. For any fixed a € R the function
¢:H — W given by

g(pla 07 O) = (07 07 api, 07 _Oép%/2>

is intrinsic linear because graph (¢) = {(¢,0,at,0,0) |t € R} is a 1-dimensional homogeneous
subgroup of H? but ¢ is not a group homomorphism from H to W.

Moreover in [38] the authors show that if W, H are both normal subgroups of G, then
(2.37) becomes

(2.39) ((AB) = ((A)((B), forall A, BeW

i.e. ¢ is homogeneous homomorphism from W to H. As a consequence, by Proposition 2.6.1
and (2.39) we obtain the following statement: if G is direct product of W and H then

(2.40) ¢: W — H is intrinsic linear function <= /¢ is H-linear function

We present a characterization of intrinsic linear function:

Proposition 2.6.3. Let W and H be complementary subgroups in G with H horizontal. Let

¢ W — H be an intrinsic linear function. Then ¢ depends only on the variables in the first
layer W' := WNG! of W. That is

(2.41) ((A) = ¢(AY) forall A= (A',... A") e W.
Moreover Ly : W! — H is euclidean linear and

(2.42) 1A < CollAY| = C]AY].
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Proof. In order to prove (2.41) first we prove that for all (x!,... z") € W

(2.43) Ot . 2" = (2. 2" 0).

Let A, :=(0,...,0,2%) € W. From (1.13) we have ((A,)™" - A, - {(A,) = A, and by (2.38)
U(Ag - Ag) = L(Ag) - 0(0(A) T A - £(AL) = L(Ay) - £(A) = 20(Ay).

Because A, - A, = (0,...,0,22") = dy/mxAx, then 20(A,) = (A, - Ax) = L(dy/xAy) =
21/%¢(A,); hence

(2.44) (A, = 0.
Because (z),...,2%) = A, - (z,...,21,0), from (2.38) and (2.44) we get
Uat,... 2" = z(m (2 ,x“_l,O)) = ((A) w(g(A,ﬁ)—l (2, ..., 2" 0) -g(Aﬁ))
=((z', ..., 2" 10),

and (2.43) is proved.
In the next step we prove that

(2.45) 0zt ... 2" = (2t ..., 2"72,0,0)

Let A,y := (0,...,0,2°71,0) € W. From (1.13), there is 2", depending on (A, ;) and
A,._1, such that
U(A1) ™ At - 0(A—y) = (0, Z T E").
From (2.38), (2.44) and the fact that (0,...,0,z"" ! 2~ ) (0 ,0,2%) - A1 we get
00,...,0,2" 1 &%) = £((0,...,0,2%) - A1)
— 0(0,...,0,&%) ~€(£(O,...,O,:&“)*1-An,l.f(o,...,o,:f:”)>
= g(Anfl>

and consequently
(At Agr) = A1) - C(UA) ™ Ay - €A 1)) = (g 1) - U(Ax ).

Because A, 1+ A1 = (0,...,0,225710) = §y1/.-1 4,1 we have
26(14,@,1) - g(AR,1> : K(A,{,l) = K(AH,I . AH,I) = 6((521/n71./4,£,1) = Ql/nile(Aﬁfl).
Then ¢(A,_1) = 0 and also £(0,...,0,2""! &%) = 0.

Because (z!,... z%) = (z',...,2"72,0,0) - (0,...,0,2%" 1 %) for appropriate T*, we ob-
tain (2.45) from (2.38).
This procedure can be iterated to get (2.41). ]
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2.6.2 Intrinsic differentiability and graph distance

For functions acting between complementary subgroups of a Carnot group G there is an
appropriate notion of differentiability here denoted intrinsic differentiability. In this section
we recall definition and main features of intrinsic differentiability.

Following [95], we use intrinsic linear functions to define it as in the usual definition of
differentiability.

Definition 2.6.2. Let W and H be complementary subgroups in G and let ¢ : O C W — H
with O open in W. For A € O, let P := A- ¢(A) and ¢p-1 : Op-1 C W — H be the
translated function defined in Proposition 2.5.1. We say that ¢ is intrinsic differentiable in
A if there is a intrinsic linear d¢ 4 : W — H such that

(2.46) ldoa(B) " ¢p-1(B)ll = o(|Bll)  for | B|| =0
The function d¢ 4 is called the intrinsic differential of ¢ at A.

Remark 2.6.4. Definition 2.6.2 is a natural one because of the following observations.

(i) Let ¢ : O C W — H be intrinsic differentiable in A € O. Then the intrinsic
linear functional satisfying (2.46) is unique and ¢ is continuous at A (see Theorem 3.2.8 and
Proposition 3.2.3 in [38]).

(i) The notion of intrinsic differentiability is invariant under group translations. More
precisely, let P := A¢p(A),Q := Bp(B) € graph (¢), then ¢ is intrinsic differentiable in A if
and only if pgp-1 = (¢p-1)¢ is intrinsic differentiable in B.

The analytic definition of intrinsic differentiability of Definition 2.6.2 has an equivalent
geometric formulation. Indeed intrinsic differentiability in one point is equivalent to the
existence of a tangent subgroup to the graph.

Theorem 2.6.5 (Theorem 3.2.8. in [38]). Let W, H be complementary subgroups in G with
H one dimensional and let ¢ : O — H with O relatively open in W. If ¢ is intrinsic
differentiable in A € w and d¢ 4 is the intrinsic differential of ¢ at A, set T := graph (d¢a).
Then

1. T is an homogeneous subgroup of G;
2. T and M are complementary subgroups in G;
3. P -T is the tangent coset to graph (¢) in P := A¢p(A).

Conversely, if P := A¢(A) € graph (¢) and if there is T such that (1), (2), (3) hold, then
¢ 1s intrinsic differentiable in A and the differential dps - W — H is the unique intrinsic
linear function such that T := graph (d¢a).
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Remark 2.6.6. P-differentiability and intrinsic differentiability are in general different no-
tions. Indeed let W, H be the complementary subgroups of H? defined as H := {(p;,0,0) :
p1 € R} and W := {(0, p2, p3, ps,P5) : D2,D3, 4,05 € R}. As we said in Remark 2.6.2 the
map ¢ : H — W defined as

{(p1,0,0) = (0,0,ap;,0, —ap?/2), for any fixed a € R.

is an example of intrinsic linear map. Obviously ¢ is intrinsic differentiable in P = 0 but £ is
not P-differentiable in 0. On the other hand, the homogeneous homomorphism A : H — W
given by

h(P) = (0,0,ap1,0,0), for any fixed o € R

is P-differentiable in P = 0 but A is not intrinsic differentiable in 0.
Moreover writing explicit ¢p-1 in Definition 2.6.2 when W, H are both normal subgroups
of G, then ¢ : W — H is intrinsic differentiable in P € W if

1@ o(P) (PR = o(IQID,  as Q= 0.

Consequently, by also (2.40) we get the following statement: if G is direct product of W and
H, then
¢ : W — H is P-differentiable <= ¢ is intrinsic differentiable

If we consider an horizontal valued function ¢, the more explicit form of its translated
function ¢p-1 allows a more explicit form of intrinsic differentiability and we have the fol-
lowing

Proposition 2.6.7. Let H and W be complementary subgroups of G with H horizontal. Let
¢: O CW — H with O open in W. Then ¢ is intrinsic differentiable in A € O if and only
if there is an intrinsic linear dp : W — H such that

(2.47) l6(B) — ¢(A) — dpa(A™'B)|| = o(ll¢(A) A" B(A)||)  as B — A.
Proof. First notice that ¢(B) — ¢(A) — doa(A™1B) = dps(A1B)"1p(A)~1p(B) because

both d¢ 4 and ¢ are valued in the horizontal subgroup H. Because W is normal in G, then
for P := A¢(A) and for all B' € Op-1

¢p-1(B') = ¢(A) " o(Ap(A)B'¢(A) ).

Then (2.46) yields that ¢ : O — H is intrinsic differentiable in A € O if there is an intrinsic
linear map do4 : W — H such that

ldo.4(B) "' ¢(A) " p(Ad(A) B'p(A) )| = o(|B'll)  as [|B']| — 0,
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that, setting B := A¢(A)B'¢(A)~! is equivalent to

ldéa ($(A) A7 Bo(A)) " 6(A) ' o(B)I| = o(ll(A) A BS(A) M) as [|AT B =0,

Finally, from Proposition 2.6.3 we know that d¢ 4, depends only on the variables in the first
layer of W. The group operation on the first layer is commutative hence dg (¢(A) T A~ Bg(A)) =
dpa (A7'B) and (2.47) is proved.

[l

The quantity ||¢(A) P A7 B¢(A)| in (2.47) plays the role of a “quasi distance” between
A and B, depending on the function ¢. To make things more precise we begin with the
following definition.

Definition 2.6.3. Let H and W be complementary subgroups of G with H horizontal. For
p:OCW—H, ps: Ox0O — R is defined as

p¢(A, B) =

(le(A) AT Bo(A)| + [lo(B) "' B~ Ag(B)])

DN | —

for all A, B € O.
Then we have

Proposition 2.6.8. Let H and W be complementary subgroups of G with H horizontal. Let
¢: 0O CW — H with O open in W. Then ¢ is intrinsic differentiable in A € £ if and only
iof there is an intrinsic linear function dg, : W — H such that

(2.48) I¢(B) = &(A) — dpa(A™'B)|| = o(ps(A, B))  as B — A,

Proof. By Proposition 2.6.7 it is sufficient to prove that the following statements are equi-
valent:

1. there is an intrinsic linear function dg4 : W — H such that (2.47) is true.
2. there is an intrinsic linear function d¢4 : W — H such that (2.48) is true.

The implication 1. = 2. follows from the elementary fact that when W is a normal
subgroup then

(249)  (B(A)'®(B))w = ¢(A)TAT'BH(A)  and  (P(A)'®(B))u = ¢(A) " H(B)
and so

(2.50) l6(A)PAT Bo(A)|| < 2p4(A, B)  for all B € O.
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Hence it remains to show 2. =— 1.
In particular it is sufficient to prove that there are two positive constants Cy > 0 and r such
that

(2.51) ps(A, B) < Coll(A)~ A~ Bo(A)]],

for all B € O such that [|[A™'B|| < r.
First we would like to show that there exist two positive constants C) = C1(G),Cy =
C5(G) such that

(2.52) po(A4, B) < C11IQI + G (IQIFIGI™= + QI Gl

with Q = (®(B)'®(A))w and G = (®(B)1®(A))y for all B € O such that [|[A7!B|| < r.
Let P € G and P' := (P71)yw(P Y)gPy. Then Py, = (P~')w and P’ = P;'Py'Py. As a
consequence, using (2.1) it follows that there is ¢y > 0 such that

col| Pyl < 1P| = 1P Py Pl

and by (2.2) there exists C5 > 0 such that

_ | TR
1P~ )wll < C_0||PH1PW1PH||

1 03 1 k—1 k—1 1
< =1 Pall + =2 (I Pwll | Pall = + 1Pl | Pl )
Co Co

Then if we choose P := ®(B)'®(A), (2.52) follows with C; = % and Cy = &=

Now, by (2.52), applying Young’s inequality in a standard way we concludeQE%at there is
Cy=Cy(G,e) >0
po(A, B) < Cul[(2(A) " @(B))wl| + €[l (2(A) @ (B))x|
and so by (2.49)
(2.53) po(A, B) < Cil|¢(A) AT B(A)| + el o(A) " o(B)]|
for all B € O such that [|[A™!B|| <, e > 0. Hence it remains to show that
(2.54) l6(A) " ¢(B)]| < Cspy(A, B)
for all B € O such that [|[A™!'B|| < r. Indeed, by the assumptions,
A(A)6(B) = doa(d(A) AT Bo(A))dpa(¢(A) AT Bo(A)) " d(A) " ¢(B)

Thus by (2.42) and (3.2.1), (2.54) is true. Now putting together (2.53) and (2.54), there is
a suitable constant Cp > 0 such that (2.51) holds. O



2.6 Intrinsic differentiability 108

Proposition 2.6.9. Let ¢ : O C W — H be an intrinsic Cp-Lipschitz map in every relatively
compact subset of O. Then py is a quasi-metric in every relatively compact subset of O.

Proof. Let F € O. It is sufficient to show that if ¢ is intrinsic C'p-Lipschitz continuous in
F then p, is a quasi-metric in F and so the thesis follows by a standard covering argument.

It is clear that p, is symmetric and A = B yields ps(A, A) = 0. Then it remains to prove
the the weaker triangular inequality, i.e. there is C} > 0 such that

(2.55) pe(A, B) < Ci(ps(A, D) + py(D, B)), forall A,B,D € F.
Using (2.1), (2.29) and (2.49), for all A, B, D € F it follows
cons(A, B) < [B(A)6(B)|
A)”

< [[e(A)"'e(D)|| + |[@(D)"'e(B)]
(2.56) < [[6(A)T AT DO(A) || + 6(D) — (Al + ll¢(D) ' D' B(D)]
+o(B) = ¢(D)]
< 21+ Cp)(pe(A, D) + po(D, B)).
Therefore if we put Cy := 2(1 + CL)/co we obtain (2.55). O

More precisely from (2.56) we conclude that
cops(A, B) < d(®(A), B(B)) < 2(1+ Cy) po(A, B)

for every A, B € F. That is p, is equivalent to the metric d restricted to the graph map ®.
In this way, we call pg “graph distance”.

The quantity ||¢(A)"*A71B¢(A)]|, or better a symmetrized version of it, will play the
role of a quasi distance on &, depending on ¢. This fact will be much used in the of this
thesis.

2.6.3 Uniformly Intrinsic differentiability

In order to introduce notion of intrinsic C! functions for functions acting between comple-
mentary subgroups it is possible to introduce a stronger, i.e. uniform, notion of intrinsic
differentiability in the general setting of Definition 2.6.2. We will not use here this more
general notion and we limit ourselves to introduce the notion of uniform intrinsic differen-
tiability for functions valued in a horizontal subgroup of G.

Definition 2.6.4. Let H, W be complementary subgroups of G with H horizontal. Let O
be open in W and ¢ : O — H. We say that ¢ is uniformly intrinsic differentiable in Ag € O
(or ¢ is w.i.d. in Ap) if ¢ is intrinsic differentiable in Ay and if

(2.57)
. 6(B) — b(A) — dba,(A'B ) )
Tli)r[% = sup { I |)|¢(A)(_1)A_132(1(4)” )l . A# B, ||AJMA| <, |ASTB|| < r} = 0.
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Analogously, ¢ is u.i.d. in O if it is w.i.d. in every point of O.

It is clear from (2.47) that if ¢ is u.i.d. at Ay, then it is intrinsic differentiable at A, and
the intrinsic differential d¢(Ag) of ¢ at Ay is unique.

In the sequel we show some properties about uniformly intrinsic differentiable functions.
First we introduce the following definition:

Definition 2.6.5 ([67]). Let i C G be an open set. If 8 € (0,1) we denote as h?(O) the set
of all little Holder continuity functions of order 3, i.e. the set of maps f € C°(O) satisfying

. LB B gy _
TliglJrsup{ B :B,Be€O,0<||B'B|<r y=0.

hﬁ

loc

Remark 2.6.10. Let 8y > Bo. If f € hP1(O) then f € h*2(O).

(O) denotes the set of function f € C°(O) such that f € h?(O’) for all open set O’ € O.

Proposition 2.6.11. Let H, W be complementary subgroups of G with H horizontal. Let O
be open in W and ¢ : O — H be u.i.d. in O. Then

1. ¢ is intrinsic Lipschitz continuous in every relatively compact subset of O.

2. the map py (see Definition 2.6.3) is a quasi-metric in every relatively compact subset

of O.
3. ¢ € /5 (0).
4. the function A — doa is continuous in O.
Proof. (1) For each Ay € O there is r = 1r(Ap) > 0 s.t. for all A, B € U(Ag,7) N O
16(B) — 6(A) — dpa, (A7 B)|| < [[6(A) A7 B(A)].

Moreover from Proposition 2.6.3, because the intrinsic linear function d¢ 4, depends only on
the variables on the first layer of W, we have

ldga,(AT'B)|| < CLI(AT'B)'| < Cillo(A) " A7 Bo(A)]],
where C7, is the intrinsic Lipschitz constant of d¢y4,. Finally

l¢(B) = o(A)l < 16(B) — ¢(A) — dpa, (A~ B)|| + [ldpa, (A~ B)|
< (1+Cu)llo(A) AT Bo(A)]l.

Then (1) follows by a standard covering argument.
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(2) The proof follows from Proposition 2.6.9 and from the condition (1).
(3) For Ag € O and r > 0 let

[ 16(B) — 6(4) — doa (A B)]| T
ooy s=sup { I iy + A Beutannno|

We have lim, o p(r) = 0 because ¢ is u.i.d. at A. Moreover, by (1) of this Proposition, we
know that ¢ is intrinsic Lipschitz in U(Ag, ) N O and by Proposition 2.5.13 (1) we have that
lo(A)|| < C for all A € U(Ag,7)NO.

From (2.2) with P = A7'B and Q = ¢(A) we deduce the existence of C' = C(C}) > 0
such that

|p(A) AT Bo(A)|| < CI|AIB||Y*  for all A, B € U(Ag, )N O.

Therefore using (2.42)

[o(B) — ¢(A)

[ A= B[/
< Ne(B) = ¢(B) = dda, (A B)|| |9(A) AT BG(A)|| | |lda, (A B)|
- [p(A)~t A= Bo(A)] | A= BV [ A= B[V~

< Cp(r) + Cor! /%

for all A, B € U(Ap,r) N O with A # B. Hence W — 0 for r — 0 and the proof of

(2) is complete.

(4) Fix Ay € O. By Proposition 2.6.3 we denote D?¢(Ag) the unique k x m; matrix for
which dga,(A) = D?¢(Ag)a?t, for all A = (z1,...,2%) € W.

Suppose that the thesis is not true. Then there exist a § > 0 and a sequence (A7) C O
such that A7 — A, and

(2.58) ID?¢(A7) — D?$(Ao)|| = 30

where ||D?¢(Ap)|| is the usual matrix norm. Because ¢ is u.i.d. at Ay we can consider
U(Ap, ) N O (for r > 0) such that

|¢(B) — ¢(A) — dda,(A7'B)| | .
(2.59) sup{ T0(A) AT Bo(A)] : A# B, A, B e U(A,, )OO}§5

There is no loss of generality if we suppose that A7 = (2%, ... 2%7) € U(Ag,7) N O for each

j.
Now we show that for all A7 there is BY = (y'7,... y™7) such that
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(2.60) lo(AT) (A BI(AT)|| = [y — 2],

Fix A7 = (z%,... z"7) and let I :=U(A7,6;) N O with §; > 0. We define

A= {B= (') €1 [6() 7 () Bo()] = Iy — ™|}
_ {B: (') €1 1 y* — 2% + P (p(AT), (47)71B)| = 0 for 322,...,,%}

where P is given by Corollary 1.3.10.

We would like to prove that there is d, > 0 with the property that for each y! € R™
with |yt — 27| < &, there is (y2, ..., y") with y* € [Ty, 11— 01, Ty 41+ 01] X -+ X [Tpn, —
01, Tm, + 01] for s = 2,..., Kk such that

y* = 2% — P (p(A7), (A7) 'B) for s=2,...,K

ie. (y',...,y") € A
First for all y* € R™ with |[y! — 2'J| < §, we consider the function v 4 : R"2 — R"
given by
Yo.a(y2) 1= a*7 — P*(p(A7), (A)) 7' B).

Using (1.17) we have
2.a(ye) — 2] = [PX(@(A), (A7) B)| < Cily" — 2™7] < C1d

Consequently, v 4 is a map defined in [T, 41 — 01, Ty 41 + 01) X -+ X [Ty — 01, Tiny + 01
into itself where 5
1

0y < —.
257
Therefore the fixed point theorem guarantees that 4, 4 has a fixed point y* = yo(z9) if
ly! — 21| < 8y, so that
= %1 — PAO(AT), () B)
Proceeding in the same way we obtain that there exists (y?,...,y") such that B =
(y',...,y") € A, ie. (2.60) is true.

Now using the intrinsic differentiability of ¢ at A’ we can find a sequence of points
BI = (yY, ... y™7) € U(Ap,r) N O such that (2.60) holds and also

[9(B7) = (A7) — ds (A7) BI)|| _
(A7)~ (A7) 1 BIg(AT)]] T

(2.61)
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Since (2.61) and the uniformly intrinsic differentiability of ¢ at Ay, the vectors (y'7 —z7)
and (D?¢(A7) — D?$(Ay)) are linearly dependent for i = 1,...,m; and consequently

Idas (A7) B) | = | D°6(47) — DP6(Ao) g — 4],

Moreover by (2.58) and (2.60), we have that ||d¢ 45 ((A7) "1 B7)|| > 38||¢p(A7) (A7)t BIg(AY)].
Then using also (2.61), we obtain

16(B7) = (A7) — dda (A) "B

[6(A) () BIsA)] ~ | -
|D26(A%) = Do (Ao)llg" — 2] _ [|6(B7) = 6(A7) — doras (A7)~ BY)|

— [lo(A)THAY) T BIg(AT) | [¢(A7) =1 (A7) Big(AT)|
1,7 _ .19
3|5y|31/,j J_ a:gf,jr| —0220

which contradicts (2.59).



Chapter 3

Intrinsic Regular Surfaces in Carnot
groups

In this chapter we give some equivalent conditions in order that the intrinsic graph are locally
regular surfaces. All the results contained here have been obtained in [32] in collaboration
with R. Serapioni.

First we study the Carnot groups of step x. More specifically, in Theorem 3.1.1 we cha-
racterize G-regular intrinsic graphs as graphs of uniformly intrinsic differentiable functions
¢: 0 CW — H where W, H are complementary subgroups of G, with H horizontal. This
result generalizes Theorem 1.2 in [7] proved in Heisenberg groups (see also [105]).

More precisely, we show that the uniform intrinsic differentiability is the additional con-
dition to obtain locally

graph (¢) is a G-regular surface =~ <= ¢ is uniformly intrinsic differentiable map

A crucial role in proof of Theorem 3.1.1 is played by the matrix that represents the
intrinsic differential of ¢ (Proposition 2.6.3) and which we call intrinsic gradient D?¢ of ¢.
This is the correct intrinsic replacement of Euclidean gradient for C! surfaces. For instance,
we remark that intrinsic regular parametrizations have continuous intrinsic gradient (see
condition 3. of Proposition 2.6.11), exactly like parametrizations of regular C!' surfaces have
continuous gradient.

Moreover we stress that the class of uniform intrinsic differentiable functions is a large
class of functions. It actually includes the class of C! functions (see Theorem 3.1.5).

In Section 3.2 we consider a more restrictive class of surfaces: the G-regular hypersurfaces
in groups of class B.

Here we consider a continuous map ¢ : O C W — H, where H is one dimensional
subgroup of G (and consequently horizontal). Therefore, we can identify ¢ with a real
valued map (see Remark 3.2.1).
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Table 3.1: C! surfaces in Euclidean spaces and corresponding definitions in Carnot groups

’ Euclidean spaces \ Carnot groups ‘
S={P: F(P)=0}CcR"Y S={P:FP)=0}cCcG
F € CY(RM,R¥) F € CL(G,R")
VF has rank k V¢ F has rank k
S — graph(9) — {(A,6(A) : A€ W] | 5 — graph(o) — (A 6(A): A€ W}
oW —H ¢o:W—H
H=RFand W =RN* H and W are
H and W are complementary complementary homogeneous
linear subspaces subgroups
¢ and V¢ are continuous ¢ and D®¢ are continuous

If we consider ¢ a real valued continuous function defined on a one codimensional homo-
geneous subgroup of Heisenberg groups, then it is known, after the results in [7], [15], that
the intrinsic differentiability of ¢ is equivalent to the existence and continuity of suitable
‘derivatives’ qub of ¢. The non linear first order differential operators Dj) were introduced
by Serra Cassano et al. in the context of Heisenberg groups (see [95] and the references
therein). Following the notations in [95], the operators D}z’ are denoted as intrinsic deriva-
tives of ¢ and, as we said, from an intrinsic point of view, the operator D?¢ is the gradient of
¢. Moreover, in the first Heisenberg group H! the intrinsic derivative D?¢ is to the classical
Burgers’ equation.

In [7], [13], [15] (see also [12], [14]) the authors study the suitable notions of weak solution
for the non-linear first order PDEs’ system

(3.1) D¢ =w inw,

being w a prescribed continuous function and w C RY~!. In particular in [7], [15] the authors
solve this problem in H* when ¢ and w are continuous functions; while in [13] w is only a
bounded measurable function (see also [1], [2]).

In particular in [7] it was introduced the concept of broad™ solution of the system (3.1) (see
Definition 3.2.2). In H' this notion extends the classical notion of broad solution for Burger’s
equation through characteristic curves provided ¢ and w are locally Lipschitz continuous. In
our case ¢ and w are supposed to be only continuous, so the classical theory breaks down.
On the other hand broad* solution of the system (3.1) can be constructed with a continuous
datum w.

In Section 3.2.2 we define the appropriate notion of intrinsic derivative in a group of
class B and we extend Theorem 1.3 and Theorem 5.7 in [7] proved in H*. More precisely, in
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Theorem 3.2.7 we prove that the intrinsic graph of a real valued function ¢ defined on a one
codimensional homogeneous subgroup of a group of class B is a regular surface if and only if
¢ is broad* solution of (3.1) and it is 1/2-little Hélder continuous (see Definition 2.6.5). We
also show that these assumptions are equivalent to the fact that ¢ and its intrinsic gradient
can be uniformly approximated by C! functions.

Finally, if the vertical layer is 1 dimensional, we can omit the little Holder continuity of
¢ because each assumption implies it (see Theorem 3.2.8).

3.1 An characterization of G-regular surfaces

In this section we study the relation between the following facts: the intrinsic graph of
¢: 0O CW — His a G-regular intrinsic graphs and ¢ is uniformly intrinsic differentiable in
O. If H is a horizontal subgroup we have the following theorem:

Theorem 3.1.1. Let G be a Carnot group, W and H complementary subgroups, with H

horizontal and k dimensional. Let X1, ..., X} be left invariant horizontal vector fields in g
such that H = exp(span{ Xy, ..., Xx}). Finally, let O be open in W, ¢ : O C W — H and
S := graph (¢).

Then the following are equivalent:

1. there are U open in G and F = (Fy,..., Fy) € CL(U;R¥) such that

S={PeU:F(P)=0}
det (X;Fj) (Q) # 0, forallQ e U.

2. ¢ is uniformly intrinsic differentiable in O.

Proof. Let us begin with the proof of the implication (1) = (2). Denote Vg f = (M | My)
where

Xifi. . Xph
M= |: s My = : .. :
Xifw Xifw Xit1fie - - X Jr
Fix A€ O, let P = Ap(A) := ®(A) and r > 0 be such that I,(A) := B(A,r)nW C O.
Let B, B’ € I,(A) then

Xk—l—lfl o -Xm1f1

Vo (2(B)(2(B) (5|
(3.2) = |f(®(B") ~ f(2(B)) + Ve ((B)(2(B) ' #(B) |
1(8,) 12(B) (1)
1(0,) (I9(B) = $(B)|| + ()" B B'o(B)])
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where C} is given by Lemma 2.3.7 and
0) = {lIVaf() = Vel (P)llexwpaar.ry : P € ©(I5(A))}.
Observe that (®(B)'®(B'))" = (¢(B') — ¢(B), (B~'B)!) and so
(3.3)  Vef(®(B)(®(B)"'®(B)) = My(®(B))(6(B) — 6(B)) + Ma(®(B)) (B~ B')".
Now we would like to prove that there is a constant C' > 0 such that
(3.4) lp(B") — &(B)|| < Cllo(B)~' B~ B'o(B)].
Because Vg f is uniformly continuous we deduce that

(3.5) lim p(d,) = 0.

Using (3.2) and (3.3) we get

|6(B) = 6(B) + M (@(B) Mu(2(B)) (B B!
= [Mi @B (Mi@B) (0(B) - 6(B)) + Ma(@(B)) (BB
= | M (@(B) Ve f(@(B))(®(B)o(B) |
< Cip(d,) [ M (@(B))] (||¢<B’> o(B)|+ lo(B)" B B'o(B)| )

for every B, B' € 15 (A). Now by (3.5) we can take

(3.6)

N | —

Cup(3:) | M7 (@(B)) | <
for a certain 7 € (0,70/4), and so
lo(B) = o(B)]| < |[6(B) — 6(B) + M; (@(B) Ma(@(B)) (B~ B!
+|M@B)Ma(e(B)) (B~ B)!
(I6(B") = 6(B)|| + |6(B) " B B'o(B)|) + Col(B~' B
(I6(B") = 6(B)|| + |6(B)" B B'6(B)|) + Cllo(B) " B~ B'o(B)|

_1
=3
_1
=3
)-

for any B, B’ € I5,(A). This inequality imply that (3.4) holds.
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Now we are able to show the thesis, i.e. ¢ is uniformly intrinsic differentiable at A. First,
using (3.6) and (3.4) we remark that there exists a constant C3 > 0 for which

|6(B) = 6(B) + M (@(B)Ma(@(B)) (BB | < Can(0,)10(B) " B B'o(B)].

Consequently,
(3.7)
1

l6(B)~'B~'B'¢(B

)l H¢ (B) + M (®(A)Ma(B(A)) (B~'B')!

< Cap(3,) + sup [ M@0 Ma(@() = My (B Ma( ()

for any B, B’ € I5,(A) with r < 7. Finally (2.57) follows from (3.5), (3.7) and the fact that
f is of class C}. That is ¢ is uniformly intrinsic differentiable at A and moreover

(3.8) D?$(A) = =M (R(A) Ma(D(A)).

So the implication (1) = (2) is complete.
Now we want to show the converse, i.e. (2) = (1).
Let f: S — RFand g: S — My, be given by

f@Q) =0,  g(@Q) :=(I| D¢(27(Q)))

for all Q € S, where D?¢(®~ (Q)) is the unique k& x m; matrix associated to intrinsic
differential dgg-1(gy) of ¢ at @~1(Q).
For any IC compaet in S let

-1\ 1
oe(6) = sup { 9O Q). ) v e k0 < Q@ < 5} |
1Q~1Q||
Observe that
(3.9) lim pic(6) = 0.

Indeed because [|¢(B) "' B~'B'¢(B)|| < L||®(B)'®(B')||, we have that
9(@@QTQVY _ 1 [16(B) — ¢(B) — D*¢(B)(B~'B)'||
Q7' ~ l6(B)~' B~ B'¢(B)
when B = &~1(Q) and B’ = ®~(Q’). Moreover by the u.i.d. of ¢ in O, for all B € ®71(K)

{ I¢(B") — (B) — D°¢(B)(B~'B)'|
l6(B)~1B~1B'¢(B)]

sup

. B e d 1K), 0< ||¢(B)"'B'B'¢(B)| < 5} —0
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as 0 — 0 and so by compactness of K we conclude that

o { UB) - 9B) - Dol 5 B |
[6(B) "B Bo(B)]

: B,B' € ®1(K), 0 < ||¢(B)'B'B'¢(B)| < 5} =0

as 0 — 0. Hence (3.9) holds.
By Whitney’s extension Theorem (see Theorem 2.3.8) there is a function f € CL(G,R*)
such that X
f=f=0 in S

Vef(Q) =9(Q) = (I | D°6(d1(Q))) forallQe S
and so rankVg f (Q) =k for all Q € S. Consequently the proof is complete. n

Remark 3.1.2. Tt follows from Theorem 3.1.1 and from Proposition 2.6.11 that if S =
graph (¢) is G-regular then the intrinsic gradient of ¢ is continuous.

Remark 3.1.3. Under the same assumptions of Theorem 3.1.1 with the additional condition
that H is a 1-dimensional subgroup of G, the intrinsic gradient of ¢ defined in (3.8) is

(3.10) DPo(A) = — (ﬁjjz L )igff) (B(A))

We denote the horizontal normal to S at P € S, the unit vector vg(P) defined as

Ve f(P)
Ve f(P)]

Consequently, the horizontal normal to S at ®(A) € S is

1 D?¢(A) m
i¢1+|D¢¢<A>r2’¢1+\D¢¢<A>\2>€R '

From Theorem 3.1.1, Proposition 2.6.11 it follows that

vs(P) =

vs(e() = (

Corollary 3.1.4. Under the same assumptions of Theorem 3.1.1, if S = graph(¢) is a
G-regular surface then

¢ € h/F(0).

loc

Finally we show that C! functions are uniformly intrinsic differentiable too.

Theorem 3.1.5. Under the same assumptions of Theorem 3.1.1 with the additional condition
that ¢ € C'(O,H). Then ¢ is u.i.d. in O.
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Proof. Let f: G — R* defined as for all P = Py - exp(Zf:1 t,X;) €G

f(P)=(ti — o1(Pw), - -t — Ou(Pw))-

It is clear that f(P) = 0, for all P € graph(¢), and that f € CYG,R*). Hence f €
CL(G,R*) and rank V¢ f = k. Indeed

d =
X, f;(P) = Efj(Pexp(SXl))lszo - { (1): 1?; # g

Now using Theorem 3.1.1, we obtain that ¢ is u.i.d. in O. O]

3.2 1-Codimensional Intrinsic graphs

In this section we characterize uniformly intrinsic differentiable maps ¢ : w C W — V,
when V is one dimensional and horizontal, in terms of existence and continuity of suitable
intrinsic derivatives of ¢. Intrinsic derivatives are first order non linear differential operators
depending on the structure of the ambient space G and on the choice of two complementary
subgroups W and V.

In order to do this we have to restrict the ambient space G under consideration to a
subclass of Carnot groups of step two. These groups, denoted here as groups of class B, are
described in the Section 1.4 where we follow the notations of Chapter 3 of [17].

3.2.1 The intrinsic gradient

Let G = (R™"" - §,) be a group of class B as in Definition 1.4.1 and W, V be complementary
subgroups in G with V horizontal and one dimensional.
We are going to characterize uniformly intrinsic differentiable functions ¢ : W — V (see
Definitions 2.6.2 and 2.6.4) in terms of existence and continuity of intrinsic derivatives of ¢.
These intrinsic derivatives are non linear first order differential operators that can be
explicitly written in terms only of the matrices B().

Remark 3.2.1. To keep notations simpler, through all this section we assume, without loss
of generality, that the complementary subgroups W, V are

(3.11) Vo= {(21,0...,0)}, W= {(0, 29, Zmin) )}

This amount simply to a linear change of variables in the first layer of the algebra g. If
we denote M a non singular m X m matrix, the linear change is

(z,y) = (§y) = (Maz,y)
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The new composition law x in R™*" obtained by writing - in the new coordinates, is
1 -
(67 y) * (6/7 ?/) = (5 + ’5/7 Y+ y/ + §<B€7 £/>>7

where B := (BW, . ,B(™) and B = (M DTBEOM ! for s = 1,...,n. It is easy to check
that the matrices B, ... B™ are skew-symmetric and that (R™*", x,dy) is a Carnot group
of class B isomorphic to G = (R"™", - 4,).

When V and W are defined as in (3.11) we identify (0, xa, ..., Tpmin) € W with (29, ..., Tpin) €
R™*"=1 and we use the same symbol w for an open set in R™*"~! and an open set in W.
Moreover we identify ¢ : w C W — V with the real valued 9 : w C R™™~! — R defined as

(3.12) 60,29, ..., Tpmin) == (V(T2, ..., Tmin), 0,...,0).

Proposition 3.2.2. If ¢ : w C W — V is continuous then, for all A = (z,y), B = (2',y') €
w, the “graph distance” pys:w X w — [0,400), defined in Definition 2.6.3, takes the form

(3.13)
|
1

ps(A, B) = %max {|x' — x|, €
y—y + (Bl — '), ((B),0,...,0)) - ; (Ba',) )}

N

y —y+ (Bl — ), (1(A),0,...,0)) — % (Bz, ')

1 :
—|—§max |z — 2|, €

where € € (0,1] is given by (1.30).

Proof. By direct computation it can be checked

H(A)TATIBo(A) = (a:’ —x,y —y+ (B —z),(¥(A),0)) — % (B, x’})
(3.14)
oB) B A0(8) = (2= 'y =/ + (Ble — o), (G(B)O) — § (B2

for all A = (z,y),B = (2/,y) € w.
]

It is clear from (3.14) that pys(A, B) defined as (3.13) is the symmetrized version of
|6(A) LA B@(A)||. Then we have

Proposition 3.2.3. Let W and V be complementary subgroups of G with 'V horizontal. Let
¢:w CW —V withw open in W. Then ¢ is u.i.d. in Ay € w if and only if ¢ is intrinsic
differentiable in Ay and if

{ [6(B) — ¢(A) — dga,(A'B)| .
p¢(A,B) .

lim sup
r—0+

14%BJM?AH<ﬁHA?BH<r}=0
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Proof. The proposition follows from Proposition 2.6.8; indeed there is C' > 0 such that
Cps(A, B) < ||¢(A)T AT BH(A)|| < 2p4(A, B)
for all A, B € w such that [|[A™!B|| <r (for r > 0). O

We show here that (3.10) can be written as a combination of left invariant vector fields
defined as restrictions of the vector fields X, Y; in (1.29) which are a basis of the Lie algebra

g of G. More precisely, we recall that if B¢ = (b)) _,  then

ij Jig=1)

1 n m 5
Xj(2,y) = 0u; + 5 > (Z 55)90) Oy, Yilz,y) = 0,
s=1 \:=1

foryj=1,....m,and s=1,... n.

Proposition 3.2.4. With the notations of Definition 1.4.1, let G := (R™*" . §,) be a Carnot
group of class B, V and W the complementary subgroups defined in (3.11). Let Q be open in
G and f € C;(Q) with X1 f > 0.

(i) Let S :== {P € Q : f(P) = 0} and assume that S # 0. Then there are w open in
W and ¢ : w C W — V such that S = graph (¢). Moreover ¢ is uniformly intrinsic
differentiable in w and, for all A = (x,y) € w, the intrinsic gradient D?¢H(A) =

<D§¢(A), e Di’lgb(A)) takes the following form

(3.15) DYO(A) = X0(A) + 4 (A) Y b Y (4)
s=1
for j =2 ..., m, where the equality (3.15) has to be meant in distributional sense.

(i) Let E := {P € Q : f(P) < 0}. Then E has locally finite G-perimeter in Q and its
G-perimeter measure |OF|g has the integral representation

(3.16) \8E[G(}"):/ VIt DU demtn!
>-1(F)

for every Borel set F C ).

Proof. The existence of ¢ : w C W — V such that S = graph (¢) follows from Implicit
Function Theorem. Moreover ¢ is uniformly intrinsic differentiable in w by Theorem 3.1.1.
Let ¢ : w C R™™~!1 — R be the real valued continuous function associated to ¢ as in (3.12).

By a standard approximation argument (see Theorem 2.1 in [45]) for any U € 2 and
0 < € < 1, there are functions f. : U — R such that f. € CY(U), X1 f. > 0 on U,

(3.17) fe— f and Xife—= X;f forj=1,....m
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uniformly on U as e — 0.
Because f. € C'(U), by the standard implicit function theorem, there is w’ C w and
functions ¢, : W' C W — V such that f.(A- ¢.(A)) =0 for all A € W', and

(3.18) Pe = ¢

uniformly on «’ for € — 07.

Finally, we denote as v, : w’ C R™™~! — R the functions associated to ¢, : W' C W — V
as in (3.12) and as @, : w' — G the graph map of ¢. given by A — O (A) := A - ¢.(A).
Clearly, ¢, € C'(w') and . — ¢ uniformly on w’ for € — 0.

Differentiating the equality f. (A . gbe(A)) =0, for A= (0,29,...,Zm,Y1,--.,Yn) €W, we
get

1 nops)
0 () = O Bl A) — e A S WD SRl A)

0, (6.(A) X1 fe(Pc(A))
ays¢e(A) = —ma
and consequently, using also the skew symmetry of the matrices B
X f(®(A))
X1 fe(De(A))
O Fo @A) + T (B + S ) 9, F(2(4)
X1fe(Dc(A))
Dy J(Pe(A)) = $00e(A) T, b7y, fo(@(A4))
lee(qk(A))
Sy (A + T b)) 9, f(@.(4)
X1 fe(De(A))

= 9,,0(A +Z (we AW + - Zazbs)> 0,0 (A).

Then, from (3.10)

D ¢(A) = 05,0 (A Z( 0+ = leb“)aysw A)

Letting € — 07 and using (3.17) and (3.18), (3.15) holds as an equality of distributions.
Finally using again Implicit Function Theorem in [45], we know that

omen) - [ Sl acma



3.2 1-Codimensional Intrinsic graphs 123

and, consequently, the integral representation (3.16) is true because D;-/’w = —i((i ; o ® for all

Jj=2,...,m (see Remark 3.1.3). This completes the proof. H

From this proposition and Remark 3.1.3, we have that if graph (¢) is a G-regular hyper-
surfaces then the intrinsic gradient of ¢ (where 1 is the function associated to ¢ as in (3.12))
takes the explicit form as in (3.15). This fact motivates the following definition of intrinsic
gradient operator.

Definition 3.2.1. Let w be open in R™™ ! and ¢ : w € R™™~! — R be continuous.
The intrinsic horizontal gradient DY associated with ¢ is the family of (m — 1) first order
differential operators, or continuous vector fields,

DY .= (DY,...,D%)
v - © I~ o _ ~ (5)
DY =0, + ) <zpbﬂ +5 > will; ) Oy = Xy + 00 Y b5 Ve
s=1 1=2 s=1

for j=2,...,m.

(3.19)

The following Proposition gives a further geometric characterization of the vector field
D¥1). Indeed, at least for regular maps, each intrinsic derivative D;”@/) is the derivative of ¢

along the integral curves of the vector field D}/’.

Proposition 3.2.5. Let w be an open subset of R™*"~1 and let ¥ : w — R be intrinsic
differentiable in w. Assume that, for j =2,....,m and § >0, 79 : [=§,0] = w be an integral
curve of the vector field D;-D such that

t (v (1))
is of class C*([—4,0]). Then we have

(3.20) 1 07 0) —9((0))

t—0 t

= Dj(v'(0)).
Proof. Fix j = 2,...,m. Let A = (z,y) € w such that 7/(0) = A. We know that +/(t) =
(), -, Vmsn(t)) is given by

o h=2....m, h#j
(3.21) V() =< Tntt h=j
yh+%tzgzxib§?)+b§’f) fotl/f(Wj(T))dT h=m+1,.... m+n

Now we would like to show that

(3.22) ps(Y (), A) < Clt]
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for a certain C' > 1. First we observe that

ps(7/(t),77(0)) = %maX{\tl }

+§max{|t| b<5/¢ ) dr — 500 (y <t>>f}
=: %max{]ﬂ, ,EZ}AS(QF} + §max{\t], ’ei’@s(t)}é}

So it is sufficient to show that |A,(t)]< Ct? and |©,(t)|< Ct* for all s = 1,...,n and for a

certain C' > 0; indeed for h=m +1,...,m + n, we have that the map ¢ — fny(t) is of class
C? (because of (3.21) and the hypothesis that ¢ + 1(77(¢)) is C') and we also note that

S, ;b is a finite sum of real numbers for each s = 1,...,n.

b </w ) dr — tib(v(A >>>=0<t2>

U/w )y dr — 546 (+7(0))

Then for s=1,...,n

and

) dr — tib(y! (t)))

( ww) dr = (v (1)) - wum))

o(t).
As a consequence, (3.22) holds with C' := max{1, \/5} Finally from (3.22) we get
)

[0 (77 (1) =0 (¥ (0)) =D} (A } NP7 ) —¥(A) — dpa(ATY (1))
t :0¢(’Vj (t)7 A)
where di4 is the intrinsic differential of ¢ at A. By letting ¢ — 0 and using the intrinsic
differentiable of ¢ at A, we obtain the thesis (3.20). ]

3.2.2 Broad* solutions and DY-exponential maps
In this section we introduce a generalized notion of solution of the equation
D% =w

in an open set w C W and we study its relations with the notion of uniform intrinsic
differentiability.
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Definition 3.2.2. Let w C R™™™ ! be an open set and w : w — R™! be a continuous
function. For any ¢ € C(w), let D¥ be the differential operators defined in (3.19). We say
that ¢ € C(w) is a broad™ solution in w of the system

D%Z):w

if for every A € w and j = 2,...,m there are 0 < d5 < d; and m — 1 maps, called the
exponential maps of DY,

expa(-D))() 1 [0, 8] X I, (A) = I, (A)
(t, B) > exp,,(tDY)(B)
such that if y5(t) := epr(tD;.p)(B),
1. 7} € CY([—02, 62))
5 { i =D} ovp
75(0) = B

3. W(v(t) = ¥(75(0) = [y w;(vh(r))dr  for all B € I5,(A).
Remark 3.2.6. If the exponential maps of DY at A exist, then the map

[—09,09] Dt +— @U(eXpA(tD;p)(B))

is of class C! for every j = 2,...,m and for each B € I,(A).
See also Theorems 1.2 and 1.3 of [7] when G is an Heisenberg group.

Theorem 3.2.7. Let G = W -V be a group of class B with V one dimensional and let
¢ :w —V be a continuous function, where w is a relatively open subset of W and ¢ : w — R
is the map associated to ¢ as in (3.12). Then the following conditions are equivalent:

1. S := graph (¢) is a G-regular hypersurface.
2. ¢ is uw.i.d. inw.
3. there exists w € C°(w, R™™1) such that, in distributional sense,
D% =w in w
and there is a family (1)eso C CH(w) such that, for any open W' € w,

Y. = and DY —w  uniformly on ', as e — 0F.
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4. Y € hl/Z(w) and 1 is a broad* solution of DY = w in w.

loc

Proof. We split the proof in several steps.

(1) <= (2) see Theorem 3.1.1.

(2) = (3) We begin proving that for all A € w there are § = §(A) > 0 with [5(A4) € w
and a family (¢c)eso € C'(I5(A)) such that

(3.23) e = ¢ and D%4p, — D% uniformly on I5(A), as ¢ — 0.

Fix A € w. Let P := ®(A) where ® is the graph map of ¢ defined as (2.20). Because
S := graph (¢) is a G-regular hypersurface we know that there are » > 0, 6 > 0 and
f € CL(U(P,r)) such that fo® =0 in I;(A).

Now we use some results proved in Implicit Function Theorem in [45] (see Theorem 2.1

in [45]). Arguing as in Step 1 of this theorem we can prove the existence of 0 < r’ < r and
of a family (f.)eso € CH(U(P,r")) such that

fe— f and Vgf. — Vgf uniformly on U(P,r’), as ¢ — 0.

Moreover as in Step 3 of Implicit Function Theorem in [45] there is (¢)cs0 C C'(I5(A))
satisfying

Vel Vef
od, — —
lee le

where ﬂ;f = (Xof,..., X,nf) and @, are the graph map of ¢. = (1,0, ...,0) defined as
O (A)=A- ¢ (A). Hence f.o P, =0.

Moreover, the set S, :={Q € U(P,r") : f(Q) =0} D ®.(I5(A)) is an Euclidean C' surface.
Hence, because f. € CH(U(P,r")) C CE(U(P,r")) (see Remark 2.3.6) and because of Theorem
3.1.1 we have that ¢, (i.e. the parametrization of S,) is uniformly intrinsic differentiable and
by Remark 3.1.3 we get

e — 1 and — o® = D¥) uniformly on I5(A), as e — 0

Vel

DY .=
2/} lee

© (I)ea

completing the proof of (3.23).

From what proved up to now we know that for all B € w there is 6 = 6(B) > 0 such that
Is(B) € w and there is family A = A(B) of C! functions defined as A := {¢. 5 : I5(B) —
R}o<e<1 such that (3.23) holds.

Now let F := {Int(I5(B)) : B € w} be open covering of w. Then there exists a locally
finite covering F of F and {6}, : w — R|h € N} a partition of the unity subordinate to F.

Let ¢, : In — R, with ¢, p, € A. We consider 1, := ¥ g, : R"™" 1 — R where from
now on, if necessary, we use the convention of extending functions by letting them vanish
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outside their domain. Let ¢ := Y 7 | 651, 5; by construction ¢, € C'(w) and

D¥epe =" (we,theeh + ehD%we,h) on w
h=1

Because the partition is locally finite, there are only a finite number of hq, ..., h; such that
W'N spthy,, # 0 for each 7=1,...,l and o’ C Uszlspté’hT. Then

l l
e =) Ontepn, and = 6, 1) on &
T=1 T=1

l
Dd)ewe = Z ((be,hTDwe’h" 9}17 + (ghTDwe‘h"wﬁhT) on J

T=1

Putting together the last equalities and (3.23) we get
!
Y. = and DY), — Z(@ZJDthT + QhTDwi/)>:: w  uniformly on w’, as e — 0
T=1
Note that for j =2,...,m

N
[D¥05,); = Ou,On, + D> P;s(1)0s,0n,
s=m+1

where P;4(1) are polynomials depending only on ¢, Q% ..., Q. Using (3.23) we can see
that Zi—:l DY, = 0 and so finally w = D% € C%(w, R™~1). This completes the proof of
the implication (2) = (3).

3) = ()

The proof of ¢ € hllo/f (w) is the content of Theorem 3.2.8.

To prove that v is a broad* solution we have to show that for each A € w there ex-

ist 01,09 > 0 with d; > Jy such that for j = 2,...,m there is the exponential maps
eXpA(tD;-p)(B) € I, (A) € w for all (t, B) € [—0d2, 2] x I5,(A); moreover,

d
wi(B) = S o(expatD})(B)),
for all B € I;,(A).
Fix j =2,...,m. For e > 0 we consider the Cauchy problem
() = Dy (73, (1))

75.(0) =B



3.2 1-Codimensional Intrinsic graphs 128

which has a solution . : [=0a(€), d2(€)] X Isye)a) — Is5,(A). By Peano’s estimate on the
existence time for solutions of ordinary differential equations we get that do(€) is greater
than C/||D¥4c|| o< (1,, ., (), With C depending only on §;. So it is sufficient to take d, >
0 such that dy < da(€) for all e. Because 7. are uniformly continuous on the compact
[—d2,02] X I5,(A), by Ascoli-Arzeld Theorem, we have a sequence (€,);, such that e, — 0 as
h — oo and 7., — 7 uniformly on [—ds, d2] X I5,(A). Obviously,

¢
. ’[l]e .
7537% (t)=B +/ D; h(vaM (r))dr
0

b (Vo (1)) = o (1 (0)) = / DY (vl (7)) dr

and for h — oo using that all the involved convergences are uniform we conclude

=B+ | Dy dr

SOb(0) b ) = [ DYve) i
i.e. the conditions of the Definition 3.2.2 are satisfied.
(4) = (2).
Let us fix A = (z,7y) € w and set
w(A) == (DYy,...,Dup)(A) € R™L,

First let B = (z,y), B’ = (2/,y') € Is5(A) for a sufficiently small § > 0.
Here we can not integrate along the vector field D;-/’; however this obstacle can be solved
using the exponential maps, more precisely by posing

B; == exp(D;)(B;i-1) fori=2,....,m
where D := (Ds,...,D,,) is the family of vector fields given by D; = (2 — xj)D;-p for
j€{2,...,m}. A computation gives that
Bj = (w, ..., 2}, x40, .. T, yP7)

with
!

J T~
yBi =y, +Z<—b$)/0 @b(eXpA(TDf(Bl_ﬁ)) dr + ;( - xl)(Zx; it Z ziby) ))
=2

=2 i=l+1

=yBi-r bg‘;) /Oxj_xjw(epr(rD (B, ))> dr—l— ZB -z, <szb§‘: + Z $Zb§f)>

i=j+1
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for s =1,...,n. Observe that B,, ..., B, are well defined for a sufficiently small §. Because
1 is of class C! (see Remark 3.2.6) we have

m

W(B') = (B) = [$(B') = ¥(Bm)] + Y _[¢(B) = (Bi1)]

= [0(B') = (Bl + Y (Dio(Bia) + of|2; — )

=2

Notice that in the last equality we used the fact

> (0180 () = 3 ( / (Du)expa(rD) (Bis) dr)

=2 =2

Z Dyp(By—4 +0(|371_55l|))
1=2

Now since = _
lim leg Dl’lvD(Bl—l) — DQZJ(A)

5—0 |z’ — z|

=0

we have
(B') = (B) = ¢(B') = ¢(By) + Dp(A (Z Dy(By-1) DlWU) +o(|z" — z)
=(B) = ¢(Bn) + (w(A), 2" — x) + (Z Dyp(Bi—y) — D@D(A)) + o(py(B, B')).

Consequently, it is sufficient to show that ¢(B’) — ¢(B,,) = o(ps(B, B')). First we observe
that

05D 0B ¢, 5 = 112
B8] =)
with
A — A"
(324) Clll((s) = Sup{‘wTA)lA;(ﬁgﬂ >| A #A”’ A/,AH c LS(A)}

We know also that lims_,o Cy(0) = 0 because ¢ is C' (see Remark 3.2.6). So it is evident
that remains to prove |y’ — me|1 2 / p¢(B B’) is bounded in a proper neighborhood of A.
If we put BM:maX{b li,j=1,...,m,s=1,...,n} then
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Wyt < ([ e (ewanf ) i
— () — <beh + Z :L*,bl(f ))‘
i=l+1
< Z

o= et 5 W(B) +H(B) Y (af — )b — L (BV,a' — a)

l

—2
—— () — x; (be iwz ll) —(B¥z, 2 — )
=l+1

1 ) . x;—x
—§< )+ 0B Y (e — ) + 3 / ¥ (expa(rDf (Bi-v) ) dr
=2

=2

1

—%(w(B) SN Yot + 0 [ o expar Dl (B dr

=2

where € is given by (3.13). Note that we have used

l m
1 1 s s
oo (S 35 i)
; i=l+1
:_— 1 — T <beh + bel(f szbl(f)>
i=l+1 1=2
1 T
< inBM|:L‘ — x|

Finally, the last term

m m x; -1
NG — e + o0 [ o (espaDp (B dn
=2

1=2
< Ri(B,B')+ Ry(B, B') + R3(B, B')
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where

(B, B') ni
—1 =2

Ry(B,B') := %Z

s=1

R3(B,B') := Z

s=1

;b )<¢(Bl 1)-1-?/1(31))( — 1)

o [ et B i -

i b\ () — ) (?ﬂ(Blfl) - w(B)> ’

=2

> ) (1(8) — 0(2)

=2

We would show that there exist C, Cy, C3 > 0 such that

(3.25) R\(B,B) < Cy|z’ — z|?

(3.26) Ry(B,B') < Cola’ — x|

for all B, B' € I5(A), and that for all r there is a §, € (0,0] such that for all 6y € (0, 9,]
1
(3.27) R3(B,B') < Cs3]a’ — x> + 7Bur(m = Drly’ — yPm|

These estimates are sufficient to conclude; in fact, choosing r := —L—— and using
n(m—1)Br

(3.25), (3.26) and (3.27) we deduce that
1 1 1
|y1_me| S 6_210¢(B’ B')2+§nBM|$'—x|2+Cl|x’—x|2—|—C'2|x'—x|2+C’3p¢(B,B')2+Z|y'—me|
Hence there is Cy > 0 such that
ly' — Z/B’"\% < Cypy(B,B’)

which is the thesis.
We start to consider Ry(B, B’). Fix [ =2,...,m. For t € [0, ] we define

)= SO0 ([ vt B ar = St (6(B) + o (expaeD))(B)))

s=1

working as in Proposition 3.2.5 we show the existence of C; > 0 such that
lg(t)| < Cit?, Yt € [=6,0]

So set t = x] — x; we get
(@) — 2)| < Ci(z) — @)?
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and consequently (3.25) follows from

Z]gl( — )| <ZC’l f— ) < Oyl -z
1=2

Now we consider Ry(B, B’). Observe that

1 n
52

s=1

S - a0 (4B - 0(8) < b fj o — il |0(Bior) = (B)|

=2

m -1
< 5B Y lst —al (S [0(B) — v(Bi))
R S )
< 5nBu Yl —al (2] [ (D) espatrDi(B)) av)
=3 =2
m -1
< gnBu Y lat il (3| — ) (DF(B) + o))
=3 =2
% By Clz' — z|?

Then (3.26) follows with C5 := $nB8yC. Finally we have
Ry(B, B) < snbas . laf — wl [(B) — (B
1=2
m m—1
< gt D= (1t (1008 vt + 168 - 31
1 /
< ETLBM Z(m — < Z ‘ / Di11h)(exp (r D1 (B dr‘ + [(Bm) —¥(B )|))

LB Cl — a4 2nBr 3 ot — a0 B) — ()

=2

N

| /\

Moreover, we define Cy, as in (3.24), then we observe that Cy(5) — 0 for 6 — 0 since ® is
C!'. Fix [ = 2,...,m and note that

|6(Byn) — (B[} — | < = @@@ﬂ'y%ﬁM—mD

< (Cw(5)2|3/ —yPm| + |2 — 901|2>

DN — DN
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Then for all 7 > 0 there is a ¢, > 0 such that for all d, € (0, 6,] we have Cy(dp)* < r and
R3(B,B') < 1nBMC’\x’ —z)* + 1nBM Zm: <r|y' —yPr| + |2 — xl]2)
’ -2 4 P

1
< Csla’ — o’ + By (m — 1)rly’ — y™|

where Cs := tnBy/(2C + 1). So the inequality (3.27) is true and the (4) = (2) is proved.
O]

We prove now that the solutions of the system D%y = w when w € C%(w,R™™ 1) are
Holder continuous.

Theorem 3.2.8. Let v € C(w) where w is open in R™"1. Assume that there exists
w = (W, ..., wy) € COw,R™Y) such that, in distributional sense,

D% =w in w
and there is a family (1)eso C CH(w) such that, for any open W' € w,
Ve = and DY = w  uniformly on W', as e — 0T

Then, for w' € W’ € w there exists a : (0,+00) — [0,+00) depending only on w”,

19| coorys [PV ooy, on BY, ... B™ and on the modulus of continuity of w on w"
such that
(3.28) lima(r) =0
r—0
and
A) — (A
(3.29) sup{ |w|(A)— Al’ﬁg/Q ) A A e, 0< A=A < T}S a(r).

Proof. Tt is sufficient to prove the theorem for 1) € C'(w). Indeed from the uniform conver-
gence of 1. and D¥<1),, we can estimate ||[{e|| zoo (), on || DYt £ () uniformly in € for any
w' € w. Moreover the uniform convergence of D¥<1), allows the choice of a modulus of conti-
nuity for Dfs e which is indipendent of € for all j. Therefore there is « : (0, +00) — [0, +00),
not depending on ¢, such that (3.28) and (3.29) follow.

We are going to prove that for each point of w’ there are sufficiently small rectangular
neighborhoods I € I’ € w and a function « : (0,400) — [0, +00) such that lim, ,oa(r) =0
and

A) — (A
(3.30) sup{ W|(A)— A%ﬂ ) cAA el 0<|A- A< r}§ a(r).
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By a standard covering argument the general statement follows.
Precisely we are going to prove (3.43) with « defined as

3(1+h)

(3.31) a(r) = By

a(r) + Npl/2

where if we put

K := sup Z|x2 M = |||l goo(rry, N = ||wa‘|£oo(1/)

A=(zy)el’
and [ : (0, +00) — [0, 400), increasing, such that lim, .o+ 8(r) = 0 and
lw(A) —w(A")] < B(|A— A forall A, A" eI’
then h == (nBy (K 4+ M))'/?, By = max{bgls) ci,l=1,...,mand s=1,...,n} and
5(r) = max{r% (ByB(Br/4)1/2}.

Here E > 0 is a constant such that |y — /| + By (K +2M)|y — '|'/* < Ely — y/|'/4.

We split the proof in several steps.

Step 1. By standard considerations on ordinary differential equations, we know that for
each point of w’ there are ry > 0 and rectangular neighborhoods I € I’ € w such that for all
A = (x,y) € I there is a unique solution v/, € C*([z; — 7o, z; + 7], I') of the Cauchy problem

1) = wi(7h(1) = X0 (v4 (1) + v (v4(8) Sy b Ve (v (1)
’YA( ) A

More precisely,
Y (t) = (2o, ... i1, 6 Ty, ,xm,y{’A(t), . ,yf'lyA(t)) , where

(3.32) , 1 SN AP
Yealt) = ys + 5t —5) > bl + b§-1)/ b(va(r))dr,  fors=1,...,n.
i=2 zj

Moreover observe that
G (), (i
(3.33) it = 2[5 le O+ BT n) | = o wi ().
Step 2. Assume A, B € [ with A = (x,y) and B = (x,y’). We prove that

[(A) —v(B)| _
(3.34) g S BM(S
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where § := 6(|y — ¢/|). Suppose on the contrary that (3.34) is not true, i.e.

WA —v(B) _ 3
ly — ?J'|l/2 BM

Let bﬁ) # 0 for some s € {1,...,n} and j = 2,...,m and let 7, and v} with

PY]A(t) = ($27 s 7xj*17t>a:j+1> o 7xm>y1(t)7 B ayn(t))

and '

Yu(t) = (T2, o @1, 6 T ooy Ty Y1 (B)s oo Y (1))
Suppose that ys > y. (for the other case it is sufficient to exchange the roles of A and B).
By (3.32) and (3.33), for ¢t € [x; — 10, x; + 7o) we have

Ys(t) — v (t) — (ys — ¥s)

— 1) / V) = V() dr

-/ | [ys@]) () + / ") — i >>dr] a’

Wt — 1) (0(A) — 0(B)) + b / / Wy () — wy (1)) drdr’.

Now using the following facts

mﬁlst( )| —max‘—ZxZ i —|—b]11p( I (r )| <BM(;K+M>

M ) 0 S PAe) — (] + I aglma g, + max )
< |A = B + |t = x| (max [, (r)| + max |g(r)])
<y =y + |t — 2[Bu (K +2M)

we obtain

Ys(t) — yi(t) — (ys — ¥)
(3.35) < b (6= 2)((A) —w(B)) + b I( = 5)* sup (|74 (r) — b (r) )

<Ot — ) (W(A) — (B)) + 51t — 2,)2B (ly — o] + |t — 25 Bas (K + 2M))
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So if bﬁ)(w(A)—l/}(B)) > 0 put t := x; —W in (3.35) and ¢ := :@+W otherwise.
Observe that in both cases we conclude that

(3.36) — B[ (A) — »(B)| < —3dly —y'[V?

Now if |y — ¢/| is “sufficiently small” %J;l and 7]]_;; are well defined (it is sufficient to take
ro > ly—y'|Y* > ly—y/|*?/6 = |t — x| ) and using (3.35), (3.36) and the definition of 3 we
obtain in both cases

12~ |U(A) = ¢(B))]

ys(t)—y;(t)Sys—y;+|b§i’\ly—y’! st
(s) |y_y’1/2
|b ly =18 Iy =yl + Bus (K +2M) =
(3.37)
s 6 E|y_y/|1/4
Sys—y;—3|y—y’|1/2\y—y’l”2+|b§1)||y—y’!( 5 )
1
< ==l o+ Bu (= o=/l = —ly =y <0
M

This leads to a contradiction, indeed if y; > y., then ys(-) and y.(-) are solutions of the
same Cauchy problem
(3. 38)

m

(5
§ b $27"'7xj—1)raxj+17"‘7‘7;m7y1""7y8—17y5(r>7y8+17"'7y71)
=2

with initial data ys(x;) = y, and y, respectively, but two such solutions cannot meet, while
ys(xj) —yi(x;) > 0 and ys(t) —y.(t) < 0 for a certain t € (z; —ro, x; +1o) with ry sufficiently
large.

On the other hand if y, = v/, by (3.37) we conclude that ys(t) # y.(¢) for t = z; + W
ort=ux; — =" " Then we have the contradiction because ys(+) and y.(-) are solutions
of the same Cauchy problem (3.38) with initial data ys(t) and y.(¢) but two such solutions
cannot meet, while y; = y..

Hence (3.34) follows.

Step 3. Now let A, A", B € I with A = (z,y), A’ = (2/,y') and B = (x,y’). We want to
show that

|1/J( ) (A’)| 1 3ho

where 0 = §(]A — A’|). We suppose on the contrary that

[Y(B) — (A nij2 , 3ho
(3.40) oo > NA- A
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Set ‘
Dj:=np, (z;) forj=2,....m

with Dy := A’. A computation gives that

D; = (;1:2,...,xj,x;H,...,a:;n,yDj)

with

i o A

y3=%+Z(W/aM%juyw+xﬁ@(2k$+§jwiﬁ

1=2 2 i=l+1
for s =1,...,n and consequently, recalling that h = (nBy (K + M))l/2
(3.41) |y —yPm| < nBy (M + K) |z — 2| = h?|z — 2|
Moreover we have

IECMEIENED oy RO BRI
J=2 |7%;

Then for 2/ —x sufﬁ(nently small (and precisely when N|z —2'|'/? < |z —2'|'/* < §) by (3.40)
and (3.41) we get

[(B) = 9 (Dy)| > [(B) = p(A)| = > [(Di-1) — (D))
=2
> (N|A—A’|1/2+ﬁé—N\x—x’P”) |z — ! |1/?
Bar
3h "y
>E5|J} ‘12

3
>_6 I Dy (1/2
>3- ly' —y~m|

so that we are in the first case again (see (3.34) with the couple B = (z,%/), D,,, = (z,y"7)
instead A, B respectively) which we have seen is not possible. Hence (3.39) holds.
Step 4. Using Step 2. and Step 3. we deduce that

[$(A) = ¥(A)] _ [9(A4) —¢(B)| | [¥(B) — (A
D Ve T e
1

SR 504~ a)) + N|A— 42
Bu

—a(jA— 4))
for all A= (z,y), A" = (2/,y'), B = (x,y’) € I. Then according to (3.43) and (3.31) we have
that lim,_,o a(r) = 0 and we are able to control o with only K, M, N, By, and S.

<

]
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3.2.3 The casen=1

Let G be a group of class B as above but we also assume that the vertical layer is 1 dimen-
sional, i.e. n = 1. We prove a Holder regularity result for broad® solutions of the system
DY) = w in w.

Theorem 3.2.9. Let G = R™ x R be a group of class B with a one dimensional vertical
layer. Let W and V be complementary subgroups with V horizontal and one dimensional.
Let w be an open subset of W, ¢ : w — R and w : w — R™™ be continuous functions. We
assume that 1 is a broad* solution of the system D%V = w in w.

Then, for w' € W’ € w there exists a : (0,400) — [0,+00) depending only on w”,
19| 2oy, | DY ooy, on the matriz BY and on the modulus of continuity of w on w"
such that lim,_o a(r) = 0 and

A) — (A
(3.42) sup{ W}](A)— Al’/)|5/2 ) cAA el 0< A=A <r }S a(r)

Proof. We are going to show that for each point of w’ there are sufficiently small rectangular
neighborhoods I € I’ € w and a function « : (0, +00) — [0, +00) such that lim, o a(r) =0
and

(3.43)

e

A AP  AA el 0< |A- A §r}§ a(r).

By a standard covering argument the general statement follows.
Fix Ay = (z0,40) € w'. Then since 9 is a broad* solution of D¥% = w in w, there exist
0 <79 <11 and a family of exponential maps at Ag

exp a, (-DY)(+) : [=r2,72] X I, (Ag) = I, (Ap)

for j = 2,...,m, such that the conditions of the Definition 3.2.2 are satisfied.

Denote
I:=1,(4A), I''=1I,(Ay), K:= sup |z|, M:=|Y|gew), N :=|wlce
A=(z,y)el’
and By = max{bgll) 24,0 =1,...,m}. Let also 8 be the modulus of continuity of w on I’.
We are going to prove (3.42) with a defined as
3(1+h
(344) a(r) = w&@g + N?”l/2
By

where h := (B (K + M))"* and
§(r) = max{r'/4; (B B(Er/4)) /2.
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Here E > 0 is a constant such that |y—y/|+Ba (K +2M)|y—y/'|'/* < E|y—vy/|'/*. Henceforth
we denote b; = bﬁ} ),

Step1. Let A = (z,y) € I and let us denote by 7/ (t) := eprO(tD;Z’)(A) if t € [—02, ).
More precisely

fy%(t) = (g, .., 1,2+, Tjr, . oo T, Y(1)), where
] &« b
y(t) =y + ?Z%% + bjl/ Y(va(r))dr
i=2 0

and consequently ¢ — y(t) is a solution of the Cauchy problem:

,

Sy(t) = %[% > io Tibji + bjﬂﬁ(”ﬂx(t))] = bhw;(V4(t),  t €[00
y(0) =y,

| 4y(0) = 3300, wibji + bjn(A)

Moreover observe that

eXpAO(-D}ﬁ)(-) Doy X I =T
provided

™

3.45 < .
(3.45) " S 9T IKBy + MBy

Indeed if (t, A) € [—rq,re] x I then by definition of broad* solution

yf;(t) — Ap = (wa — (z0)ay -y xj +t — (20)jy .oy T — (T0)m, y(t) —vo) €I

provided (3.45) follows.
Step 2. Assume A, B € [ with A = (z,y), B = (z,y’) and A # B. We prove that

w4 —(B) _ 3,
ly—y'*? T By

(3.46)

where 6 = §(|y — /|). Suppose on the contrary that (3.46) is not true, i.e.

[W(A) —(B)] 3
ly — /|2 " Bt

Let bj; # 0 for some j = 2,...,m and let v/, and 3 with

711(25) = (g, ., i1, %+, Tjr1, - ooy Ty Y(1))
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and '
VJB(t) = (.1'2, sy L1, T +1, Ljt1ly- - Tms y/(t))

As in Step 2 of Theorem 3.2.8, if y > ¢/ (for the other case it is sufficient to exchange the
roles of A and B), we obtain the existence of ¢ € [—dq, ds] such that

y(t) —y'(t) <0.

More specifically, if b;1 (¢(A) —¢p(B)) > 0 we have ¢ := —W and t := M otherwise.
On the other hand in both cases we conclude that

(3.47) —[bjll(A) = (B)| < =3d(y —y')""*.
Now if ¢ = L= Jeg
t* == sup{t € [0,0] : y(t) —y'(t) > 0}

where the set {t € [0,d2] : y(t) —y/'(t) > 0} is not empty because y(0) — 3/ (0) =y —y' > 0.
Moreover 0 < t* < t < d and

(3.48) y(t") =y'(t")

and so
(3.49)
1/1<I'2, sy L1, Ty + t*7xj+17 <oy Ty y(t*)> = ¢(I2, sy Tj1, T + t*7‘rj+17 <oy Ty, y/(t*>)

/)1/2

On the other hand if t = —(y+ we can assume t* :=inf{t € [—0,,0] : y(t) — ¢'(¢t) > 0}.
Then t* satisfies (3.48) and (3.49) and —dy <t < t* < 0.
Let us prove now that

V() # P (rp(t)
and so by (3.49) we have a contradiction.
First we notice that
Va(r) = ()] < [74(0) = 75(0)] + |rl(max [5(r)| + max |3/ (r)])
<y = [+ [t"[Bu (K +2M)

for all |r| < [t*]. Now if bj;(¢(A) — ¢(B)) < 0 using the last inequality, (3.47) and the
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definition of # we deduce
b (G(A (7)) — ()
2 (0(A) — $(B)) + by / (w; (F4()) — w; (v (7)) dr

=3(y — y)26 + b ||t7] B (174 (r) — v (r)])
=3(y — )25 + b ||t B8 (Jy — | + Bar (K + 2M)[t))

I
o>

IA A

< _3 n1/2 / |y—y’|1/2
< =3(y—y)"70 +Bult| B ( |y — ¢| + Bu(K +2M)~——F—

5
) ) ﬁ Ey—y’ 1/4
< =3(y —y)"*6 + Buly — /)"/%0 ( <52 )

< (=3+1)(y — y')1/25 <0,

ie. Y(v4 (1) # (vh(t*)). In a similar way, if b1 (6(A) — ¢(B)) < 0 we obtain the contra-
diction. Therefore (3.46) follows.

Step3. Now let A, A", B € I with A = (z,y), A’ = (2/,y') and B = (x,y’). We want to
prove that
3h

< NJA - A2 4 B
M

[¥(B) — ¢(A)]

’w_x/’1/2

(3.50)

S(|A = A')).

To show this inequality we follow the arguments in Step 3 of Theorem 3.2.8. Observe
that, differently from Step 3 of Theorem 3.2.8, here 9 is not a C! function, hence we cannot
integrate along the vector field D;-Z’, i.e. we cannot define intermediate points B; := ﬁgj_l ()
as in Theorem 3.2.8. We use the properties of the exponential maps, defining

B; = expy, ((x] - J:;)D;p) (Bj—1) forj=2,...,m

with Bl = A
Then using (3.46) and (3.50) we conclude that

[9(A) = ¥(A)] _ [b(A4) —v(B)] | [¥(B) — (A

A_ Az = — I1/2 T — /|12
| | ly — | | |
1
<3UEM s0a— a1 NjA— A2
B
=a(|lA-4Y)

for all A = (z,y), A" = (2/,y),B = (z,y') € I'. Hence according to (3.42) and (3.44) we
have that lim,_,q a(r) = 0 and we are able to control a with only K, M, N, By, and .
O
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This last theorem shows that the assumption ¢ € h./ ’(w) in Theorem 3.2.7 can be

loc
omitted if we are inside a group of class B with one dimensional vertical layer.
See also Theorems 1.2 of [15] when G is an Heisenberg group.

Corollary 3.2.10. Under the same assumptions of Theorem 3.2.7, if the vertical layer is 1
dimensional then the following conditions are equivalent:

1. S := graph (¢) is a G-regular hypersurface.
2. ¢ is u.i.d. inw.
3. there exists w € C(w, R™™1) such that, in distributional sense,
DY) =w in w
and there is a family (Y¢)eso C CH(w) such that, for any open w' € w, we get

Ve =1 and DV, — w  uniformly on ', as € — 0.

4. 1 is a broad* solution of DY = w in w.
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