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Introduction

The rectifiability properties of sets is a classical theme of Real Analysis and
Geometric Measure Theory. It has been widely studied in the Euclidean case
and one of the most important results is De Giorgi’s rectifiability theorem,
which says that, given a set of locally finite perimeter in R", at any point of
its reduced boundary the tangent set is unique and is a half-space (see [2],
Theorem 3.59). Roughly speaking, we can imagine to take a domain with a
nice boundary and zoom in around any point of the boundary; at the limit,
we expect to see “something straight” (the tangent hyperplane). As often
happens in Mathematical Analysis, given a result in the Euclidean case, the
next question is whether the same result holds in a more general space. This
is exactly the purpose of this thesis, that is to understand if De Giorgi’s
rectifiability theorem still holds in Carnot groups. This is a natural question
for this ambient space because there is a notion of dilation on it, so a way
of zooming. More precisely, we present the proof of the following theorem
about the structure of tangent sets to a set of locally finite perimeter in
Carnot groups and proved by L. Ambrosio, B. Kleiner and E. Le Donne in
3]

Theorem. Let G be a Carnot group and E C G a set of locally finite perime-
ter. Then at |Dxgl|-a.e. x € O*E there exists a tangent set which is a half-
space.

In simple terms, if we zoom in around almost every point of the reduced
boundary we could see different objects at the limit, but at least one of them
is a hyperplane.

In [13] B. Franchi, R. Serapioni and F. Serra Cassano proved that an analo-
gous theorem to De Giorgi’s one holds if the Carnot group has step 2. This
fact leads to a complete classification of tangent sets and has relevant con-
sequences, as in the classical theory, on the representation of the perimeter
in terms of the (spherical) Hausdorff measure and on the rectifiability, in a
suitable intrinsic sense, of the measure-theoretic boundary (see [13] for more
precise information). However, they also provided a counterexample show-
ing that in a Carnot group of step 3, called Engel group, there is a set of
locally finite perimeter with a point in the reduced boundary at which the
tangent set is a cone, but not a half-space. Actually, one expects that a
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similar result holds for a general Carnot group (up to consider almost every
point of the reduced boundary and not all) because vectors of the horizontal
layer generate the whole Lie algebra, but what is still missing is some mono-
tonicity /stability argument that singles out half-spaces as the only possible
tangent sets, making this question completely open.
The result of this work is a text divided into five chapters. In the first one, we
review some basic notions and facts from Differential Geometry. Above all,
we recall everything we need about vector fields, which play a fundamental
role in our arguments, and examine them also as operators on non-smooth
functions.
The second chapter is devoted to introduce the ambient space of the thesis,
that is Carnot groups. In particular, we show that they can be identified
with some R" endowed with a suitable group law and a geometry different
from the Euclidean one, induced by an intrinsic notion of dilation. Fur-
thermore, we define a specific distance (the Carnot-Carathéodory distance)
which derives from the fact that Carnot groups are special examples of sub-
Riemannian manifolds.
The third chapter begins with the classical measure theory in metric spaces;
we define Radon and Hausdorff measures (other essential concepts for this
work) and recall the main related results. Then we introduce Haar measures,
which are a natural type of measure to consider when one deals with a group
structure, and see how all these notions can be specialized to Carnot groups.
In the fourth chapter, the geometric objects involved in our discussions are
presented, above all sets of locally finite perimeter and half-spaces. More-
over, we take a decisive intermediate step towards the announced theorem
by proving that if we iterate sufficiently many times the tangent sets to a
set of locally finite perimeter we obtain a half-space.
Finally, in the fifth chapter we provide the conclusion of the proof by show-
ing that iterated tangent sets are tangent sets to the initial set. After this,
we review the counterexample in [13] of the cone in the Engel group. This
chapter is also the occasion to highlight the differences between the step 2
case and the general one.
Here we give a sketch of the proof: let us call regular directions of E the
vector fields Z in the Lie algebra g such that Zyg is representable by a
Radon measure and invariant directions those for which the measure is 0.
As in the proof of De Giorgi’s rectifiability theorem, the crucial step is the
study of the blow-up of E at any point Z of the reduced boundary 9*FE, i.e.
the limits

lim 61 (z7'E),

1—00 T
where {r; };cn is a sequence of positive real numbers which decreases to 0 and
{dx}a>0 are the intrinsic dilations of G. Proceeding as in the proof in [13] for
the step 2 case, we can prove that any scaling sequence leads to a tangent set
E' (which depends on the sequence) with constant horizontal normal equal
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to the horizontal normal vg(Z) to E at z. Given now an orthonormal basis
X1,..., X, of the horizontal layer and the direction

m
X = Z l/Eyi(i‘)Xi,
=1

we look at the vector space spanned by Adexpy)(X) as Y varies among the
invariant directions of E, since the adjoint operator Adeyp(y) : 9 — g has
the property of mapping regular directions into regular directions whenever
Y is an invariant direction. This fact allows to find a new regular direction Z
with the property of having no components in the horizontal layer. We can
then consider the last component of Z and it turns out to be an invariant
direction of a tangent set E2 to E' at a suitable point in 0* E'. Having gained
this new direction, this procedure can be restarted: the adjoint operator can
be used to generate a new regular direction, so that a new tangent set with
an invariant direction appears, and so on. What is then proved is that after
a finite number k of iterations (with & depending only on the stratification
of g) we have that E¥ is a half-space. At this point, it only remains to prove
that this half-space is tangent to F at Z. The proof of this fact is inspired
by a similar result in the context of tangent measures in R™ which appears
in [25]; adapting its proof to the setting of Carnot groups, we achieve our
goal.

1Y



Contents

1 Vector fields and related notions
1.1 Vectorfields . . . . . . . . . . ... .. ... .. ...
1.2 Flows and Lie derivatives . . . . . .. .. ... ... .....
1.3 Divergence and X-distributional derivative . . . . . . . . . ..

2 Carnot groups
2.1 Lie groups and algebras . . . . .. ... ... ... ... ...
2.2 Carnot groups . . . . . . ...
2.3 Exponential and graded coordinates . . . .. ... ... ...
2.4 Heisenberg and Engel groups . . . . . ... . ... ... ...
2.5 Left-invariant vector fields . . . . . . .. ... ... ... ...
2.6 Carnot groups as Carnot-Carathéodory spaces . . . . . . . ..

3 Analysis in Carnot groups
3.1 Measures in metric spaces . . . . . . . . .. ...
3.2 Differentiation of measures . . . . . . .. ... ... .. .. ..
3.3 Hausdorff measures . . . . . .. ... .. ... ... ......
3.4 Haar measures . . . . . .. ... ... .. ... ...
3.5 Measures in Carnot groups . . . . . . ... ... ...
3.6 Group convolutions . . . . . ... ... oL

4 Geometric measure theory in Carnot groups
4.1 Regular directions and vertical half-spaces . . . . . . .. . ..
4.2 Sets of locally finite perimeter . . . . . . . .. ... ... ...
4.3 Tangentsets. . . . . . . . . ...

5 The problem of rectifiability
5.1 Rectifiability in step 2 Carnot groups . . . . . . . . .. .. ..
5.2 Existence of a tangent half-space . . . . . .. ... ... ...
5.3 A conein the Engel group . . . . ... ... ... ... ...
5.4 Some sets with constant normal . . . . . . .. ... ... ...

Bibliography

10
10
16
18
19
23
27

32
32
36
39
42
44
46

49
49
54
56

60
60
62
69
72

74



Chapter 1

Vector fields and related
notions

The aim of this chapter is to review some facts regarding vector fields, intro-
duce some related definitions that will be needed and fix the notation which
will be used. In the first two sections we will not provide all the details
to avoid discussions that are too long and far from our purposes: refer, for
example, to [20] to see them.

1.1 Vector fields

From now on, whenever we say “smooth” we mean “of class C'°*°”. Fur-
thermore, we point out that we will only consider real manifolds (without
boundary) of finite dimension.

Definition 1.1. Let M be a smooth manifold. A tangent vector v at a point
x € M is amap v: C*°(M) — R which is a derivation, i.e. it is linear and
satisfies the Leibniz rule

v(fg) = v(f)g(x) + f(x)v(g)

for every f,g € C°°(M). The tangent space T, M is the set of all tangent
vectors at x.

Clearly the tangent space has the natural structure of vector space. More-
over, it turns out that it has the same dimension of the manifold and a basis
is given by partial derivative operators. Precisely, if n is the dimension of
the manifold M and (z1,...,x,) is a system of local coordinates around a
point £ € M, {Bim‘i}izl,...,n is a basis of Tz M. Sometimes we will simplify
the notation with the symbol 9,, or 0;.



Definition 1.2. Let F': M — N be a smooth map between two smooth
manifolds M, N and let x € M. The differential of F' at x is the map
dFy : TyM — Tp)N that assigns to any v € T, M the tangent vector
dF,(v) that acts as follows:

dF,(v)(g) =v(go F) for every g € C*°(N).

It is easy to observe that the differential is a linear map and satisfies the
chain rule: given two smooth maps FF': M — N, G : N — P between
manifolds,

d(GoF)y =dGp(y) o dFy for every z € M. (1.1)

Given a smooth manifold M, the tangent bundle T M of M is the disjoint
union
T™ = | | T,M
zeM
endowed with the natural projection 7 : TM — M, 7(v) =xifv e T,M. It
can be shown that 7'M can be equipped with a structure of smooth manifold,
so the following definition is well posed.

Definition 1.3. A (smooth) vector field is a smooth section of T'M, i.e. a
smooth map X : M — TM such that m o X = idy,.

We denote by X(M) the set of all vector fields on M and, clearly, it is a
vector space.

Vector fields can be used as operators that act on smooth functions. Pre-
cisely, given a vector field X € X(M), let us indicate by X, the value X (z)
of X at x € M; for any f € C*(M), we set

Xf(x) = X.(f)-

Then, by definition of tangent vector, every vector field X induces a linear
map X : C®°(M) — C°°(M) which satisfies

X(fg) = (Xflg+ f(Xg). (1.2)

Suppose that v : I — M is a smooth curve on the manifold M (I C R
is an interval). For any ¢y € I, we denote by 5(to) == d’y(%}to) the tangent
vector to « at the point vy(ty), so that 7 is the tangent vector field along ~
(sometimes we will indicate it by %fy). If F: M — N is a smooth map, by
the chain rule (1.1) we have

d

o F o)) = dEy) (3(2))- (1.3)



In particular, we can make explicit the action of the differential of a smooth
function f € C°°(M) on a vector field X € X(M):

df:(X) = X.(f) for every xz € M.

Let us remember that a map between two smooth manifolds is a diffeomor-
phism if it is smooth, invertible and its inverse is smooth.

Definition 1.4. Given two smooth manifolds M, N and a diffeomorphism
F : M — N, the pushforward of a vector field X € X(M) by F is the
vector field Fi, X € X(INV) defined by the identity

(FeX)p(e) = dF(Xy) for every x € M
or, equivalently,
(F,.X)g=X(goF)oF! for every g € C*°(N).

The pullback of a vector field Y € X(N) by F is the vector field F*Y € X(M)
defined as the pushforward of Y by F~! ie. F*Y = (F~1).Y.

Now let us define an important binary operation on X(M):

Definition 1.5. The Lie bracket of two vector fields X, Y € X(M) is the
vector field [ X, Y] := XY —Y X, i.e. the vector field that acts in the following
way: [X,Y]|f=X(Yf)—-Y(X[) for every f € C(M).

Proposition 1.6. For any XY ,Z € X(M) the Lie bracket satisfies the
following properties:

(1) [ X+Y,Z)=[X,Z]+ Y, 7],
(i) [X,Y] = [V, X],
(i) [X,[Y, Z]] + [V, [Z, X]] + [Z, [X, Y]] = 0.

Proof. (i) and (ii) are direct consequences of the definition. (i) is also a
simple consequence of the definition (just expand the left-hand side and all
terms simplify). O

The next proposition describes the pushforward of Lie bracket, indeed it says
that pushforward and Lie bracket commute.

Proposition 1.7. If F : M — N is a diffeomorphism, then for any X,
Y € X(M) we have
F.[X,Y] = [F. X, F.Y].



1.2 Flows and Lie derivatives

Given a smooth manifold M and a vector field X € X(M), we can consider
the Cauchy problem

d
anX(x,t) = X(®X(x,t))

®X(z,0) =z,

for x € M and t € R. X is smooth, so the classical theory of ODEs ensures
local existence, uniqueness and smoothness of the solution ®X : M xI — M
(for some open interval I C R containing 0). The map ®% is called flow of
the vector field X. If the solution exists globally (I = R), X and ®¥ are
said to be complete. For the sake of simplicity, let us assume from now on
that any considered vector field is complete (however, this is a property we
will have from some point on).

Setting @ff = ®x(+,t), we have @8( = ids and the semigroup property

X, =0 o) for every s,t € R. (1.4)

In particular, (®;X)~! = ®%X, and ®;X : M — M is a diffeomorphism.
Suppose f € C°(M) and X € X(M). By definition, X is the tangent vector
field along its flow, hence if we consider the curve ®X(z,-) : R — M, for
some fixed z € M, we get from (1.3) the following formula:

d

@(foi’X)(x,t) = X f(@* (x,1)). (1.5)
Remark 1.8. (1.5) says that applying a vector field to a smooth function
means to differentiate the function along it (or its flow). As a consequence,
if Xf =0, then f is constant along the flow of X, that is f = f o ® for
every (fixed) t € R.

The next result provides a useful formula for the flow of the pushforward of
a vector field.

Proposition 1.9. Let F': M — N be a diffeomorphism and X € X(M).
Then
N —FodX ot (1.6)

The flow allows to differentiate differential forms along a vector field. Let
us denote by F*w the pullback by a diffeomorphism £ : M — N of a
differential form w on N.

Definition 1.10. Let X € X(M) be a vector field and w € Q¥(M) a k-form
on a smooth manifold M (for some integer k > 0). The Lie derivative of w
along X is the k-form Lxw defined by

(®:5)*w(x) for every x € M.



If we indicate by A the wedge product between differential forms, from the
definition it can be easily shown that the operator Lx enjoys the property

LX(w1 VAN wg) = (Lle) N wo + w1 A (waQ)

for every couple of differential forms wy, wo; in particular, for any w € QF(M)
and f € C®°(M) = Q°(M) we have

Lx(fw) = (Xf)w+ fLxw. (1.7)
Furthermore, it follows almost immediately from the definition
d
%(Cbtx)*w = ()" Lyw. (1.8)

In practice the definition of Lie derivative can be difficult to deal with,
but the next theorem provides a very practical formula. Let us denote
by d : QF(M) — QFFY(M) the exterior derivative operator and by iy :
QF (M) — QF~1(M) the interior multiplication by a vector field X € X(M),
which is defined by (ixw)(Y1,...,Yr—1) = w(X,Y7,...,Ys_1) for every
Yi,..., Y1 € %(M)

Theorem 1.11 (Cartan’s magic formula). Let M be a smooth manifold and
X € X(M). For any integer k > 0 and k-form w € QF(M)

Lxw= d(in) + ix(dw). (1.9)

1.3 Divergence and X-distributional derivative

On the way to our goal we will almost always have to deal with functions
that are not smooth in general. In the previous sections we saw how a vector
field acts on smooth functions, so now our aim is to expand this action on
locally integrable ones.

Let M be an n-dimensional smooth manifold which is orientable, so that we
can fix a volume form volys, namely a never vanishing top-degree form (in
this case, an n-form).

Definition 1.12. The divergence of a vector field X € X(M) is the function
divX € C*°(M) such that

/ Xudvoly = —/ udivX dvolys for every uw € C2°(M).  (1.10)
M M

X is said to be divergence-free if divX = 0.

Remark 1.13. If (M, g) is a Riemannian manifold and voly, the volume form
induced by the metric g, one can find an explicit expression for div.X in terms
of the components of X and recognize that (1.10) is the divergence theorem
on manifolds. Anyhow, we will not need a Riemannian structure and we will
take (1.10) as the definition of divergence. Notice that it depends only on
the volume form.



Let us immediately state and prove a useful characterization for the diver-
gence of a vector field, which is usually the definition used in Differential
Geometry:

Proposition 1.14. Given a vector field X € X(M), a function f € C*°(M)
is equal to divX if and only if Lx (volyr) = fvolas.

Proof. For any u € C°(M) we know by (1.7)
Lx (uvolyr) = (Xu) volpysr + uLx (volpy). (1.11)

Integrating both sides on M and using (1.10) we get

/ Lx (uvolyy) ——/ udiVXdV01M+/ uLx (volyr).
M M M

The integral on the left-hand side is 0 by Cartan’s formula (1.9), the fact
that the exterior derivative of a top-degree form is 0, Stokes’ theorem and
the fact that the boundary of a manifold is empty:

/MLX(uvolM) _ /M dix (wvolyr)) = / i (wvolar) = 0.

oM

Therefore we have
/ udivX dvolyr = / u Lx (volpy) for every u € C°(M)
M M

and this implies Lx (volys) = (divX)volys by the fundamental lemma of cal-
culus of variations. Viceversa, using the hypothesis on (1.11) and integrating

/LX(uvolM):/ XudvolM+/ fudvolyy.
M M M

As observed before, the integral on the left-hand side is 0 and so f satisfies
(1.10). O

we have

Suppose now that X € X(M) is divergence-free. Combining (1.2) and (1.10)
we deduce

/ fXgdvoly = —/ gX f dvolyy for every f,g € C°(M). (1.12)
M M

This motivates the next definition.

Definition 1.15. Let f € L (M) and X € X(M) be divergence-free. The

X -distributional derivative of f is the distribution

(X f,u) = — /M FXudvoly,  weCP(M).

If g € Liy (M), we write Xf = g if (Xf,u) = [}, gudvoly for all u €
C°(M). If pis a Radon measure (see Definition 3.1) on M, we write X f = p
if (X f,u) = [}, udp for all u e CX(M).



This definition is reasonable: if f € C*(M), by (1.12) (which is still valid) we
obtain that the X-distributional derivative of f coincides with the classical
action of X on f defined in Section 1.1 (actually, in Section 1.1 we defined
the action of a vector field on smooth functions in such a way that the result
is still a smooth function, but in order to be well defined only C'-regularity
is needed).

Example 1.16. Let us compute the X-distributional derivative of the char-
acteristic function of a “nice” domain in R". Let £ C R™ be the sub-level
set of a Cl-function, i.e. there exist f € C!(R") and ¢ € R such that
E={zeR": f(x) <c} and Vf(z) # 0 for every z € OF. Let X € X(R")
be divergence-free. If we denote by (-,-) the Euclidean scalar product, we
have for any u € C°(R")

div(uX) = (X, Vu) + udivX = Xu,

so by the divergence theorem

/Xud:c:/ w(X, v dH" L,
E oF

where v is the unit outer normal to . This proves
Xxp = —(X, v Mg -
But from our hypothesis we know v{'(z) = Vf(z)/|V f(x)], so

Vf (X, V) Xf
X, vy = (X, = =
V) = o) = T T e
and substituting we finally get
Xf .
X =———H" . 1.13

An important property of divergence-free vector fields is the fact that their
flows are volume-preserving:

Proposition 1.17. Let X € X(M). The flow ® is voly-measure preserv-
ing (i.e. for anyt € R and A C M Borel set volp((®X)71(A)) = voly(A))
if and only if X is divergence-free.

Proof. If u € C2°(M), the measure preserving property implies

/ udvoly = / U o <I>tX dvol s for every t € R.
M M

Differentiating both sides with respect to ¢, moving the derivative inside the
integral sign (which can be done because the integrand is smooth) and using
(1.5), we have

0= /M %U@X(:ﬂ, 1)) dvol oy () = /M Xu(@ (2, 1)) dvoly ().
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Then, again by the measure preserving property and (1.10),

0—/ XudvolM——/ udivX dvolys
M M

for all u € C°(M), which implies divX = 0. For the converse implication,
let us observe that

volp (B (A)) = /DX(A) dvolys :/A(q)g()*(volM),

therefore by (1.8) and Proposition 1.14

d

Sl (@ (4)) = [ Z@)*(volar)

= / ((I)zx)*Lx(VOlM)
A

= / divX dvoly; =0
% (4)

This yields that voly; (@ (A)) does not depend on ¢ and so we have the
thesis. ]

In Remark 1.8 we saw that if the derivative of a smooth function along a
vector field is 0 then the function is constant along the flow. Let us prove
now that this result holds even for X-distributional derivatives.

Proposition 1.18. Let f € L (M) and X € X(M) be divergence-free. If
Xf = 0 in the sense of distributions, then, for any t € R, f = fo ®F
volps-a.e. in M.

Proof. Thanks to the fundamental lemma of calculus of variations, it is
enough to show that for any u € C£°(M) the quantity [, (f o ®;*)udvoly is
independent of t. For any s,t € R, from Proposition 1.17 and the semigroup
property (1.4) we get

/(focpgis)udvolM—/ (f 0 ®X)udvoly,
M M
:/ f(uo@th)dvolM—/ f(uo ®X,) dvoly,
M M
:/ f(uocb)_(tofb)_(s)dvolM—/ f(uo ®X,) dvolyy.
M M

A Taylor expansion around s = 0, combined with (1.5), ensures

(uo <I>)ft o (I)ifs)(a:) = (uo Cb)ft o <I>X)(ac, —s)

= (uo ®%})(z) — sX (uo ®X))(x) + o(s),

8



so substituting

/ (f 0 ® )udvolys —/ (f 0 ®; )udvoly,
M M
= —S/ fX(U ¢} Q)_(t) dVOlM —+ O(S) — 0(3)7
M

where the last equality holds by virtue of the hypothesis X f = 0 in the sense
of distributions. This concludes the proof. O



Chapter 2

Carnot groups

Carnot groups are the ambient space in which we place ourselves for this
thesis, so in this chapter we introduce them with properties that we will
need.

2.1 Lie groups and algebras

Definition 2.1. A group G is said to be a Lie group if it is also a smooth
manifold in which the group operations of multiplication and inversion, i.e.
the maps

p:GxG—G, ul(g,h)=gh,
t:G—G, ug)=9g ",
are smooth.
Let us denote by e the identity element of the group.

Definition 2.2. A vector space g is a Lie algebra if it is equipped with an
operation [-,-] : g X ¢ — g which is bilinear, skew-symmetric and satisfies
the Jacobi identity

(X, [Y,Z]]+ [V, [Z,X]]+ [Z,[X,Y]] =0  forevery X,Y,Z € g.

By Proposition 1.6, an example of Lie algebra is the set X(M) of vector fields
on a smooth manifold M endowed with the Lie brackets [X,Y] = XY -Y X.
Let G be a Lie group. For any g € G, let us denote by L, the left translation
by g, that is the map

Ly:G—G, Ly(h)=gh.

It is the composition of the smooth maps h — (g, h) and p and clearly its

inverse is L;l = Ly-1, so it is a diffeomorphism. The same thing applies if

we consider the right translation by g

Ry:G — G, Ry(h)=hyg.
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Definition 2.3. A vector field X € X(G) is left-invariant if for any g € G
(Lg)«X = X, ie.

d(Lg)n(Xn) = Xgn for every h € G.

Remark 2.4. Actually, it is equivalent to say that the property only holds
for h = e, that is Xy = d(Lgy)c(X.) for every g € G. Indeed, if this is true
we have by the chain rule (1.1)

d(Lg)n(Xn) = d(Lg)nd(Lp)e(Xe)
= d(Lg o Lp)e(Xe)
= d(Lgn)e(Xe) = Xgn,
for all h € G. In other words, left-invariant vector fields are characterized
by their value at one point, for example the identity.

In differential terms, X is left-invariant if

X(f o Lg)(z) = Xf(Ly(x)) (2.1)

for every z,g € G, f € C*®°(G). Let us denote by X1(G) the linear subspace
of X(G) of left-invariant vector fields. Thanks to Proposition 1.7, it is im-
mediate to see that the Lie bracket of two left-invariant vector fields is still
left-invariant, so X,(G) is a Lie subalgebra of X(G). Moreover, Remark 2.4
says that it is isomorphic to T.G by the Lie algebra isomorphism

%L(G) — T.G
X — X..

In particular, if dimG = n, X (G) is an n-dimensional subspace of X(G).
We will often identify X7,(G) and 7.G and indicate them by g. g is called
the Lie algebra of G.

Remark 2.5. Analogously we can introduce right-invariant vector fields Xg(G)
and show that they can be identified with T,G. It is a convention to choose
left-invariant ones as the Lie algebra of a Lie group. We just stress the
fact that in general a right-invariant vector field is not left-invariant and
viceversa.

Proposition 2.6. For any left-invariant vector field X € g the following
properties hold:

(i) ®X(g) = g®(e) for every g € G, t € R. In other words, ¥ = Ryx ()
(ii) BX,(e) = BX ()37 (c) = B (€)X (¢) for every s,t € R.

Proof. By left-invariance of X, we have from (1.6) ®X o L, = L, o ®;.
Evaluating this equality at e gives (7). Using the semigroup property (1.4)
and (i) we get ®%,,(c) = OX (DX (€)) = X ()0 (¢) and exchanging the
order of s and t we also have the other equality of (ii). O
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Another important property of left-invariant vector fields is that they are
complete (see [20], Theorem 9.18), therefore from now on the assumption
of completeness will no longer be necessary. Furthermore, for this reason
we can set exp(X)(g) == @ (g), for g € G and X € g, and the following
definition is well posed.

Definition 2.7. The ezponential map exp : g — G is defined by exp(X) =
exp(X)(e).

In this way we have exp(tX) = ®{X(e) = ®;X(e) for every t € R. Moreover,
exp(X)(g) = gexp(X) by Proposition 2.6, so for any X, Y € g

exp(Y')(exp(X)) = exp(X) exp(Y). (2.2)

We can further make explicit (2.2) by the so-called Baker-Campbell-Hausdorff
formula: for two multi-indices o = (o, ...,a) € N¥ and 8 = (B1,...,8k) €
N* such that oy + 85 > 1 and two vector fields X and Y, let us define

dx)® (ady )Pt ... (adx)* (ady )P~y if B, > 1
Cos(X,Y) = (adx)**(ady)™ ... (adx)**(ady) if B =
(adx)® (ady)? ... (adx)®~1X if B =0,
where (adx)"Y = [X,[X,[...[X,Y]]...] and (adx)?Y := Y. Then, setting
N— ——
la] = a1+ ...+ a; and a! == a;!...a;!, the following formula holds (see

[27], Section 2.15):

Theorem 2.8 (Baker-Campbell-Hausdorff formula). Given two vector fields
X,Y € X(G), the vector field

— ZOO (=D 3 !

CX.Y) = T r mcaﬁ()(a Y) (2.3)
k=1 o,BENF

i+ >1Vi

is such that exp(X)exp(Y) = exp(C(X,Y)) when the series on the right-
hand side is converging.

Remark 2.9. The series in (2.3) is not convergent in general, but it can be
treated as a formal series and substituted in (2.2). In any case, we will work
with the hypothesis that the group is nilpotent (see below) which reduces
the series to a finite sum, so we will not have to worry about this.

In what follows, given two linear subspaces V and W of a Lie algebra, we
set [V, W] =span{[X,Y]: X € VY € W}. Let g be a Lie algebra. Let us
define gy := g and by induction g; 11 = [g, gi].

Definition 2.10. We say that g is s-step nilpotent if gs # {0} and gsy1 =
{0}. We say that G is s-step nilpotent if its Lie algebra is.

12



The following result is fundamental for the sequel (see [27]|, Theorem 3.6.2):

Theorem 2.11. Let G be a connected, simply connected and nilpotent Lie
group. Then the exponential map exp : g — G is a diffeomorphism.

For a Lie group G and k € G, let us denote by C = Rj-10L; the conjugation
map
Cr:G—G, Cilg) =kgk L

Clearly it is a diffeomorphism, thus we can set Ad(X) := (C)«X for every
X € g and so Ady is an invertible linear map and

Adp(X)f =X (f o Ck) o Cp (2.4)

for every f € C*°(G). Moreover, Ady(X) is left-invariant by (2.1):

Then the following definition is well posed.

Definition 2.12. The adjoint operator is the map Ad : G — GL(g),
Ad(k) = Ady.

Let us denote by L(g) the set of all linear maps from g to itself and remember
that, for X € g, adx : g — L(g) indicates the operator adxY = [X,Y].
Then we have a useful expression for the composition of the adjoint operator
and the exponential map (see [17]|, Proposition 1.91):

Adexp(X) = eadx’ (25)

where e = 3"° A'/il € L(g) for every A € L(g).
Let us prove a characterization of the vector space spanned by Adecpy)(X)
for Y varying in a Lie subalgebra:

Proposition 2.13. Let G be an s-step nilpotent Lie group, ¢ C g a Lie
subalgebra and X € g. Then

span{Ade,v)(X) : Y e g’} = X + [¢/, X] + [¢', [0, X]] + ...

+1g5 o[- 1o/, XT]. ).
s—1
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Proof. Let us denote by S the space span{Ade,y)(X) : Y € g’'}. Obviously
S contains X (just take Y = 0) and all vector fields Adeyp(ry) (X) with r € R
and Y € g’. Moreover, we get from (2.5)

Aduyr)(X) = X + [V, X] 4 V[V X]] 4 ..

1 (2.6)
+ — '[Y,[Y,[...[Y,X]]...].
If v is the dimension of g’ and Y7,...,Y, a basis of g, taking into account

(2.6) we define for any Y =37, 7;¥; € g’ the function ¥ : R” — 5,

U(ry, ..o ry) = Adepisy_, vy (X) = X

s—1 1 1 k
-5 (S )
k=1 j=1
s—1 1 v
— y Z le...T'jk(adyjl...adyjk)X.
k:l ’ j1,~~~,jk:1

Since this polynomial takes its values in S, choosing r;, = ... =7 =1 and
r; = 0 for i # j1,...,jr we deduce that all its coefficients belong to S. In
particular,

ady,; X € §  and (ady,ady; + ady,ady;) X € S.

By the Jacobi identity we have adpyy) = advadw + adwady for every
V,W e X(G), so

(adyiadyj + adyjain)X = 2ady].adin + ad[y],yz]X

This implies ady,ady; X € S, so X + [¢/, X] +[¢/, [¢', X]] € S. By induction,
let us suppose that for some k& > 3

=X+ ¢, X+ (o [0, X+ + [ [0 [ [0, X]]... ] € S,
k—1

We know
> (ady, . ...ady, )X €S, (2.7)

€Sk

where Sy is the set of all permutations of k elements. Applying the Jacobi

identity on (ady, W ady;, " )X sufficiently many times, one can show that

we can exchange two indices and fix the other ones up to terms that belong
to ug_1. More precisely, we have

dy. ...ady. X — (ady. ...ady. X € up_
(a Yie(n) aYJa(k)) (a Yina) ayfnm) € U1

14



for every o,n € Sj such that ¢~ o7 is a transposition. Hence for any
o € S we can iterate transpositions and write (ady;,

o) adea(k))
(adyjl ...adyjk)X + W, for a suitable W, € ug_y. In particular W, € S
by inductive hypothesis, so from (2.7) we get (ady; ...ady; )X € S and
therefore also (adYJ};(l) "'adng(k))X € S. This proves u; C S and so the
inclusion

span{Adepv)(X) : Y e g’} D X + [¢', X] + ¢/, [0, X]] + ...

+ 1o [¢, [ 1o, XT] -]
s—1

since u; = ug for every k > s. The opposite inclusion is trivial thanks to

(2.6). 0

We conclude the section with a result which will be decisive in addressing
our problem.

Proposition 2.14. Let G be a connected, simply connected, nilpotent Lie
group and g’ be a Lie subalgebra of g such that dimg’ + 2 < dimg. Assume
that there exists X ¢ ¢’ such that W = g’ @ {RX} generates the whole Lie
algebra g. Then there exists k € exp(g’) such that Adx(X) ¢ W.

Proof. The exponential map exp is a diffeomorphism by Theorem 2.11 and
g’ is strictly contained in g, so K := exp(g’) is a closed proper Lie subgroup of
G and we can consider the left coset space G/K, i.e. the set of all equivalence
classes induced by the relation

T~y = z lyek.

Let 7 : G — G/K, m(x) = zK, be the quotient map. By Theorem 21.17 of
[20], G/K is a topological manifold of dimension dim G/K = dim G—dimK =
dim g—dim g’ > 2 and it can be endowed with a structure of smooth manifold
such that 7 is a (smooth) submersion. In particular, if we call m the subspace
of g such that g = g’ @ m, by the rank theorem for manifolds dm(X) # 0
because the projection of X on m is nonzero.

By the way of contradiction, assume that the statement is false, so that
Adg(X) € W for every k € K. Since Adg(g') = ¢’, we have Adx,(W) C W,
which is equivalent to

(Rp)«(Lp-1)Y e W for every Y € W, k e K.

But vector fields in W are left-invariant, so (L,-1)+Y =Y and W is K-right-
invariant:

d(RE),(Wy) C Wy for every z € G, k € K.

Now let us consider the subspaces dm,(W,) of Tr(;)G/K: they are all 1-
dimensional (because dim W = dim g’ + 1 and dn(X) # 0) and they depend
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only on m(x) = zK (and not on z) thanks to the identity = o R = m, the
chain rule (1.1) and K-right-invariance of W:

drg(Yz) = drgk(d(Ry)2(Yz)) € dmgr(War)

for all Y € W and k£ € K. Hence we can define a smooth 1-dimensional
distribution W/K in G/K by (W/K), = dm,(W,), where  is any element of
7 1(y). Any smooth 1-dimensional distribution is involutive and therefore
integrable by Frobenius’ theorem, so W/K is an integrable distribution, i.e.
there exists a 1-dimensional foliation F of G/K such that W/K is tangent
to F. Furthermore, F has at least codimension 1 since G/K has at least
dimension 2. 7 is a submersion, so we can consider the pullback F' = n*F
of F by m, which is a foliation of same codimension as F, so at least 1, whose
leaves are the inverse images via 7 of leaves of F (see 6], Theorem 3.2.2). If
L' = 7=Y(L) is a leaf of F/, for some leaf L of F, we have

T.L' = Ty(m (L))
= (dmy)  (Trw) L)

= (dmg) " (W/K) r ()

= (dmy) M (dm,(W,)) D W,

for all x € L'. However, the fact that F and F' have same codimension
implies dim L' = dim g’+dim L = dim g’+1 = dim W. Therefore, T,L = W,
for all x € L', which means that W is tangent to the leaves of F’, namely W
is an integrable distribution. By Frobenius’ theorem, this implies that W is
a Lie subalgebra of g, so W = g because W generates g by hypothesis and
this is a contradiction: g has codimension 0 and cannot be tangent to the
foliation F’, which has at least codimension 1. O

2.2 Carnot groups

Definition 2.15. A Lie algebra g is said to be stratified if it admits a
stratification, i.e. there exist nontrivial linear subspaces Vi,...,V; of g such
that

g=Vid...a Vs,

Vie1 = [V1, Vi] fori=1,...,5s—1,

[V1,Vs] = {0}.
Setting Vi, = {0} if & > s, it is easy to see that Jacobi identity implies
Vi, Vj] C Viy; for every i # j.

A stratification of a Lie algebra is unique up to automorphisms. More pre-
cisely, it can be proved the following result (see [19], Proposition 6.2.10):
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Theorem 2.16 (Uniqueness of stratifications). Let g be a stratifiable Lie
algebra with two stratifications,

Vie...eVi=g=Wia...6W,,.
Then
(i) s=m
(i) Vid...eaVi=W;@...0 Wy for every j =1,...,s,

(1ii) there exists a Lie algebra automorphism A : g — g such that A(V;) =
W; for everyi=1,...,s

A Lie group G is said to be stratified if its Lie algebra is. Clearly a stratified
Lie group G is s-step nilpotent, where s is the number of needed subspaces
for the stratification.

A stratification V1, ..., Vy allows to define a one-parameter group of inhomo-
geneous dilations on a Lie algebra g: for any A > 0, let us define SAX = \'X
if X € V; and extend it by linearity on the whole algebra. It is easy to prove
that these dilations enjoy the following properties:

i g,\u = g)\ ° gm
o \([X,Y]) =[5 X,0,Y],
o 5\(C(X,Y)) = C(6xX,6,Y) (where C(X,Y) is defined in (2.3)).

Definition 2.17. A Carnot group G is a connected, simply connected and
stratified Lie group.

If G is a Carnot group and g its Lie algebra, by Theorem 2.11 the exponential
map exp : g — G is a diffeomorphism, so it induces a one-parameter group
of intrinsic dilations on G: for any A > 0 and g € G let

dx(g) = exp(dr(exp~(g))).

The following properties of {d)}r>¢ derive from those of dilations on a Lie
algebra:

® 0y, = 0y 006,, indeed
Oru(9) = exp(xu(exp™(9)))
= exp((dx 0 0,.) (exp~ " (9)))
= exp((0x 0 exp ") (exp(du(exp~ " (9)))))
= exp((dx 0 exp ) (3u(9)))
°6u)(9),
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® 0x(gh) = dx(g)0r(h), indeed

Ix(gh) = exp(dx(exp~!(gh)))

= exp(0x(C(exp~'(g), exp~ ' (h))))

= exp(C(0x(exp(g)), ox(exp ™~ (h))))
XP(5A(GXP 1(9))) exp(dx(exp ™t (h)))

ox(9)ox(h).

|
o)

Il
o

We have a useful relation between dilations on G and dilations on g:

Proposition 2.18. For any X € g, (J))«X = HX, namely

X(f 003)(9) = (02X)f(0(9)) (238)
for every f € C*(G), g € G.
Proof. Since exp(tX) = ®;(e), the thesis follows from (1.5), Proposition 2.6

and properties of dilations:

X(fom) = 5| (ob)(gexp(tx)

= —|  f(0r(9)dxr(exp(tX)))

t=0

= di|,_ F0) e (8:)

= (3,X) f(5x(9))- O

2.3 Exponential and graded coordinates

Let G be a Carnot group of dimension n and g its Lie algebra. We want
to show that G is diffeomorphic to R™ equipped with a suitable operation.
Let Xi,...,X,, be a basis of left-invariant vector fields of g, so that all
X,Y € g can be expressed as X = > ' 4, X;, Y = >, y; X, for some
x=(21,...,2n), y= (Y1,---,yn) € R™.

Definition 2.19. The system of exponential coordinates associated with the
basis X1,..., X, is the map

E:R" —G

T —> exp (i xiX,-) .

i=1
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We can equip R” with a group law, denoted by -, which makes E a group
isomorphism:

n
x-y=z <= exp(X)exp(Y)=exp (Z zl-Xi> ,
i=1

which is equivalent to require C'(X,Y) = > | z;X;. This equality tells us
that in general this group law can be written as

where P = (Py,...,P,) and Q = (Q1,...,Qn) are polynomial functions
which can be derived from (2.3). Moreover, one can easily see that the
identity element is e = 0 and the inverse element of € R" is 7! = —x.
With this product, R” is a Lie group and its Lie algebra is isomorphic to g, so
in particular it is nilpotent. Since it is also connected and simply connected,
by Theorem 2.11 R™ is diffeomorphic to g, just like G, therefore G and (R", -)
are diffeomorphic.

In the previous argument we never exploited the existence of a stratification
for G, so let us show now that, thanks to it, we can make a “privileged”
choice of the basis Xi,..., X, which permits to express the dilations in a
very intuitive way. Let g = V1®...®V; be a stratification and set n; := dim V;
and m; :=n1+...+n; forevery i = 1,...,s. Furthermore, let mg := 0. We
say that a basis X1,..., X, of g is adapted to the stratification Vi, ..., Vs if
for any ¢ =1,...,s the n; vectors X, ,41,...,Xm, form a basis for V;.

Definition 2.20. A system of exponential coordinates is said to be a system
of graded coordinates if it is associated with an adapted basis to a stratifica-
tion.

We will call the degree of the coordinate x; the unique natural number d; such
that mg,—1 <i < mg,. If E:R" — G is a system of graded coordinates,

let {(5A,\} A>0 be the one-parameter group of dilations induced by E on R", i.e.
5y = E 10§y 0FE. Then we have

(5)\ :R® — R"
2 2
T (AT1, o s Ay, A Ty 41y - -y A Ty e o s My 1415 -+ -, ATp).

Observe that, if we set Q ==Y _7_, in;, A9 is the Jacobian of ;5\)\.
In what follows, we will identify the dilations d) on G with their expression
in coordinates &) and we will denote them simply by dj.

2.4 Heisenberg and Engel groups

Heisenberg and Engel groups are the most classic and studied examples of
Carnot groups, so in this section we present them.
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Definition 2.21. A Lie algebra b, with a basis X4,...,X,,Y1,...,Y,, T
such that the only non vanishing commutations between elements in the
basis are

[X;, Y] = —4T fori=1,...,n

is called a Heisenberg algebra.

A Heisenberg algebra §,, can be stratified as h, = Vi & V5, where V} =
span{Xy,..., X, Y1,...,Y,} and V5, = span{T'} = [V, Vi]. In particular,
b, is 2-step nilpotent.

Definition 2.22. The Heisenberg group H™ is the Carnot group associated
with b,.

This definition is well posed thanks to Lie’s third theorem, which says that
there exists a connected and simply connected Lie group associated with ev-
ery finite-dimensional real Lie algebra. Let us compute what the Heisenberg
group looks like in graded coordinates. Since b, is 2-step nilpotent, by the
Baker-Campbell-Hausdorff formula (2.3)

1
CX,)Y)=X+Y + §[X’ Y]
If X and Y are expressed as
X =Y wXi+ Y yVi +1T,
i=1 i=1

n n
Y =) wiXi+ > yVi+tT
=1 =1

for some (z,v,t), (2,9, ') € R*"*! we have
[X7 Y] = 4(<.%", y> - <x7 y/>)T7

so that

n

CX,Y) = (mi+a)Xi+ > (i +y))Vi+ (t+t + 20, y) — 2(x,y)T.
=1 =1

Therefore, H” is isomorphic to R?"*1 = R™ x R” x R with group law

T x’ x+
y y | = y+y
t t t+t +2((2,y) — (z,y))

In this structure, the identity element is 0 and the inverse of an element
(z,y,t)is —(x,y,t) = (—x, —y, —t). Furthermore, for any A > 0 the intrinsic
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dilations are 6y(x,y,t) = (Az, Ay, A%t).

Let us find explicitly a basis of left-invariant vector fields: every left-invariant
vector field X is characterized by X (g) = d(Lg)e(Xe) for every element g of
the group (Remark 2.4). In our case, the differential of the left traslation
L(zy in 0 is given by the (2n + 1) x (2n + 1)-matrix

I 0 0
d(Lzyp)o=10 I 0],
29 —2z 1
where I is the identity n x n-matrix. Hence, if 0y,,...,04,,0y,,...,0y,,0¢

is the canonical basis of R?"*1  a basis of left-invariant vector fields is given
by
Xi(xa Y, t) = d(L(m,y,t))O(aa:i) = 8901 + 2y;0%,
Yi(xv Y, t) = d(L(:c,y,t))O(ayi) = ayi - 2371'815,
T(:Ea Y, t) = d(L(ac,y,t))O(at) = 0.
Definition 2.23. A 4-dimensional Lie algebra ¢ with a basis X1, Xo, X3, X4
such that the only non vanishing commutations between elements in the

basis are

(X1, Xo] = — X3, [X1, X5] = — X4
is called an Engel algebra.
An Engel algebra ¢ can be stratified as ¢ = V; & Vo, & V3, where Vi =
span{ Xy, Xo}, Vo = span{ X3} = [V1, V3] and V3 = span{X4} = [V}, V5]. In
particular, ¢ is 3-step nilpotent. Again Lie’s third theorem ensures that we
can give the next definition.

Definition 2.24. The Engel group E is the Carnot group associated with e.

As we did for the Heisenberg group, let us find an explicit representation of
the Engel group in graded coordinates. Since ¢ is 3-step nilpotent, by the
Baker-Campbell-Hausdorff formula (2.3)

1 1 1

COGLY) =X +Y + S[X Y]+ S[X [X, Y]] 4+ [V [ X,

If
4 4
X = inXi and Y = Zl‘;XZ
i=1 i=1

for some z, 2’ € R*, we obtain

[X,Y] = (2125 — 202 [ X1, Xo] + (2125 — 2327 [ X1, X3]
= —(z17h — 127)) X3 — (2125 — w37)) X4,
(X, [X,Y]] = —z1 (212 — 202)) [ X1, X3] = 21 (212h — 207)) X4,
[Y,[Y, X]] = o) (z12) — xea!)) [ X1, X3] = —) (z12}, — z22]) X4
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Therefore, E is isomorphic to R* with group law

x1 @ x1 + )
To x xo +
’ rl T / 1 / /
x3 xh r3 + 15 — (2175 — T27))
/ / 1 / / 1 / / /
T4 xy Ty +wy — 5(v123 — 237)) + 75(21 — 7)) (2105 — W22Y)

Again, the identity element is 0, the inverse of an element (z1,x2,x3,24)
is —(x1,x9,x3,14) = (—x1, —2, —x3, —24) and for any X\ > 0 the intrinsic
dilations are 0y (1, 22,73, 74) = (A2, Azo, \223, \324). The differential of
the left traslation L, in 0 is given by the matrix

1 0 0 O
d(L) 0 1 0 O
0— )
' % -5 1 0
3 may T _m 1
2 12 12 2

80, if Oy, Opy, Oy, O, is the canonical basis of R?, a basis of left-invariant
vector fields is given by

X X X1
Xi(2) = d(La)o(0n,) = Ou, + 200, + (23 o 2?)%,

Xo(2) = d(Ly)o(Dsy) = Ony — L, Ly
2)0(0a,) = Ony = 75 Oy + 7500,

Xa() = d(La)o(Os) = Doy — -

Xy(z) = d(Lz)o(0r,) = Ouy-

Now we provide another basis for e, which is simpler than the one before.
Let us consider a different coordinate system associated with X7, Xo, X3, X4

on E, which is called strong Malcev coordinates (or canonical coordinates of
the second kind):

R' —E
y — exp(yaXy) exp(yz3 X3) exp(y2X2) exp(y1 X1).
Using the Baker-Campbell-Hausdorff formula (2.3) we have
exp(y4X4) exp(y3 X3) exp(y2 X2) exp(y1.X1)

1 1 1
= exp <y1X1 + y2 Xo + <2y1y2 + y3> X3+ (129%3/2 + SY1Y3 + y4> X4>7

hence setting it equal to exp(z1 X1 + 22 X2 + 3 X3+ x4X4) we get y in terms
of x and so the map to pass from graded coordinates to strong Malcev ones,
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that is

H:R* — R?
— 12 1‘%.272 13
T T1,T9,L3 — —, T - — .
1, 42,43 2 s L4 6 2
Its differential is
1 0 0 0
J 0 1 0 0
il B S
Tz w3 Tz 1
3 2 6 2

so taking the image of X1, Xs, X3, X4 we obtain a new basis Y7, Y2, Y3, Y4 of
left-invariant (with respect to the group law - transformed by the diffeomor-
phism H) vector fields for e:

Yl( )_ dH, (Xl(m)) 6&717

Yo(x) = dH,(X2(x)) = Opy — 1044 + 562%63;4,
Y3(x) = dHy(X3(x)) = Oy — 10,

Yi(z) = dH,(Xy(x)) = Oy,

2.5 Left-invariant vector fields

Let G be a Carnot group of dimension n and E : R” — G a system of
graded coordinates associated with an adapted basis Xi,..., X, of g. Our
aim is to find an explicit formula for left-invariant vector fields.

Definition 2.25. A function P : G — R is called a polynomial on G if the
composition P o E is a polynomial on R".

This definition is well posed: if F' is another system of graded coordinates,
the map E~! o F is a change of basis for R”, so it is linear and therefore
Po E is a polynomial if and only if Po FF = (Po E)o (E~!1oF) is.

Let p; : R — R be the canonical projection on the i-th coordinate and
7 i=p; 0o E71: G — R. For a multi-index o € N” let us define

*:G—R
g— [ (mi(9)"
i=1

Clearly any such 7% is a polynomial on G and one can observe that any
polynomial on G can be written as a finite linear combination of suitable 7’s.
We will call the homogeneous degree of m® the natural number degy (%) =

Z?:l diai.
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Definition 2.26. The homogeneous degree of a polynomial P = )  com®
is the natural number

degy (P) = max{degy (7%) : co # 0}.

As one might expect, the homogenous degree of a polynomial does not change
if the system of graded coordinates changes:

Proposition 2.27. The homogeneous degree of a polynomial P is indepen-
dent of the system of graded coordinates.

Proof. Let E : R — G and F' : R} — G be two system of graded
coordinates associated respectively with the basis X1,..., X, and Y1,....,Y,
adapted to the stratification g = Vi @ ... @ V,. IfY; = Z?:l Ai; X; is the
expression of the vector field Y; in the basis X1,..., X, , forany 1 <j <n,

we have
(B~ o F)(y) = (Z Arjyjs - ZAnjw)
j=1 J=1

Since the two basis are adapted, A;; # 0 if and only if mg,—1 <@ < my,, so
the matrix A = (A;;) is block diagonal, i.e. of the form

A 0 0
A= 0 AQ 0 ,

S 0

0 0 --- A

where Ay, is an ny X ng-matrix.

In order to get the thesis, it suffices to prove that for any @ € N the map
m@ o F : R — R has the same homogeneous degree of the polynomial
(m% o E)(z) = x7* ... x5". We have

(WaoF)(y):(WaoE)((E_loF)(y))=H< Aijyj> :
7j=1

i=1

This polynomial is not identically 0 because A is invertible, which means
that none of its columns is null and so for any 1 < ¢ < n there is an index j;
such that A;;, # 0. Since A;; = 0 if d; # d;, this implies

degH<<Z Aijy]) ) = diai.
7j=1
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Observing that the homogeneous degree of a product of polynomials is the
sum of the homogeneous degrees, we finally have

deg(m® o E) Zd Q; = zn:degH<<zn:Aijyj> )
i—1 j=1

=degy (o F). O

Example 2.28. The polynomial P(z,y,t) = xy — t? on the first Heisenberg
group H! has homogeneous degree degy (P) = 4 because the coordinate t
has degree 2 and power 2.

Definition 2.29. A polynomial P is said to be homogeneous of degree d > 0
if P(6x(g)) = A\?P(g) for every g € G and X > 0.

It is not difficult to check that a polynomial P is homogeneous of degree d if
and only if it is a linear combination of polynomials 7% with degy (7®) = d.

Example 2.30. The polynomial P(x,y,t) = xy>+t? on the first Heisenberg
group H' is homogeneous of degree 4:

Pz, Ay, \2t) = Az 3y® + A2
= M(zy® + %)
= \P(z,y,1).

We know from (2.9) that in graded coordinates (identifying G with (R",-))
the left translation L, by an element x € R™ can be written as

Lx(y) = E_l(E(x) ’ E(y)) = (P1($,y), K 7Pn(x7y))7 (2'10)

where P;(z,y) are polynomials which can be derived from the Baker-Campbell-
Hausdorff formula (2.3). They are homogeneous of degree d;:

A Py(,y) =

We are ready to prove how Xi,..., X,, (and therefore all left-invariant vector
fields) are represented in graded coordinates:
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Proposition 2.31. Let G be a Carnot group identified with R™ through a
system of graded coordinates associated with an adapted basis X1, ..., Xn; let
{0;}i=1,....n be the canonical basis of R™ and X;(z) = > 1" aij(x)d;. Then

D () — OP;(z,y)
() ale) = 20

is a homogeneous polynomial of degree d; — d;,
y=0

{Zdl>d]} i=mgqg.+1
(iii) ai; depends only on the coordinates x, with d, < d;.
In particular, a;j(x) = a;j(z1,...,zi-1).

Proof. By (2.1) and the fact that X;(0) = 0;, we have for any f € C*(G)

X]f(l‘) = X](f © Lx)(())

= 0;(f o Ls)(0)
=2 L(0)0if (),
i=1
where L% denotes the i-th component of L,, and so from (2.10) we deduce
: OFi(x,y)
a;j(x) = 0;L5(0) = ———
@) =50 = S50

By the homogeneity of P; we get

)\di CLij (1:) =A

83/] y=0 a 6y] y=0
:)\djapz(é)\(x)7y) :)\dja”((s/\(x)),
ayj y=0

that is the a;;’s are homogeneous polynomials of degree d; —d;. This implies
a;; = 0 if d; > d;; moreover, since a 0-homogeneous polynomial is constant,

Xj@)= Y e+ Y ay(2)d

{i:di:dj} {i:di>dj}

we have

for suitable constants ¢;; € R. We obtain ¢;; = d;; thanks to the fact that
X;(0) = 0;, so

n

Xj(x) =0+ Y ay(2)d

i:mdj —+1
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Since each a;; is homogeneous of degree d; — d;, the coordinates x, with
d, > d; — d; cannot appear in the polynomial structure of a;;, therefore a;;
cannot depend on the coordinates x, with d, > d;, namely

aij(v) = aij(@1, ... Ty )

and, in particular, a;;(z) = a;j(x1,. .., zi—1). O

2.6 Carnot groups as Carnot-Carathéodory spaces

Let © C R™ be an open connected set and X = {X1,...,X,;,} a family of
locally Lipschitz vector fields on €2, say

Xj(x) =Y aij(2)d;
=1

with a;; € Lip,.(2), j =1,...,m and i = 1,...,n. The subspace of R" =
T, generated by X(z),..., X, (z) is called the horizontal subspace at the
point z, it will be denoted by H,{2 and its elements are called horizontal
vectors. Let us consider the n x m-matrix A whose j-column is made of the
components of X;, i.e.

air(z) ... aim(x)
Ax) = :

anp1(z) ... apm(x)

Definition 2.32. A Lipschitz curve v : [0, 7] — Q, T > 0, is X -admissible
if there exists a measurable function h = (h1,...,hy) @ [0,7] — R™ such
that

(1) A1) = A(y()h(t) = 250, hyi ()X ((8)) for ace. t € [0,T],
(ii) |h| € L*>(0,T).
The curve 7 is X -subunit if it is X-admissible and ||hl|s < 1.

In other words, an X-admissible curve is a Lipschitz curve such that its tan-
gent vector field is a.e. horizontal (and indeed they are also called horizontal
curves).

Definition 2.33. The Carnot-Carathéodory (C-C) distance between two
points x,y € Q is defined as

d(z,y) == inf{T > 0 : there exists an X-subunit curve v :[0,7] — Q
such that v(0) = z and v(T') = y},

setting d(z,y) = +o0 if d(z,y) = inf (.

27



Let us prove that if all points of €2 can be connected via an X-subunit curve
then d is a distance:

Proposition 2.34. If d(z,y) < 400 for every x,y € Q, then (,d) is a
metric space.

Proof. Obviously d(xz,x) = 0, whereas the symmetry property d(x,y) =
d(y, z) follows from the easy observation that if v : [0, 7] — €2 is X-subunit
then 7(t) == v(T —t) is X-subunit too. Furthermore, if v; : [0,71] —
and 72 : [0, T3] — Q are X-subunit curves such that v1(0) = z, 1 (T1) = z,
v2(0) = z and ~2(T2) = y then clearly

(1) = M(t) if t € [0, T1]
vo(Ty —t) ift € [Ty, Ty + T

is an X-subunit curve such that v(0) = z and 71 (71 + T2) = y, so passing
to the infimum we get the triangle inequality d(z,y) < d(z, z) + d(z,y).

It remains to prove d(z,y) > 0 if x # y and we will do it by showing that
for any K € ) there exists Cx > 0 such that d(x,y) > Ck|x — y| for every
xz,y € K: let € > 0 be sufficiently small so that

K. = {zEQ:min\z—w\<€}@Q
weK

and set M = supg_||A| (||-|| indicates the natural matrix norm), r :=
min{e, |x — y|}. Let us consider an X-subunit curve v : [0,7] — € such
that v(0) = z and v(T") = y and set

=inf{t € [0,7]: |y(t) — x| > r}.

Since |z — y| > r, the definition of 7 is well posed, 7 < T" and by continuity
|v(7) — x| = r. Hence

r=(r) = 1(0)] =

A(s) ds
0

/ [AG($)Ih(s)| ds < Mr < MT.
Then T' > r/M and we have two cases:
(1) ifr=e, T>—>—\x y|, where D :== sup |z — y|;

- M~ MD zycK

1
(2) ifr:!w—y!,TZM\af—y\-
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e 1
Therefore it i h k ‘= min ——, — lude.
erefore it is enough to take Cx mm{ VD’ M} to conclude O
The metric space (€2,d) is called Carnot-Carathéodory space.
The C-C distance could be defined in a different way: let v : [0,1] —  be
an X-admissible curve with coordinates h = (hq,...,hy) € L>(0,1). For
1<p<oolet

£,(7) = [l = (Al‘h“)’pdt>p if1<p<oo

esssup |h(t)] if p=oo
t€(0,1]

and

dp(z,y) = inf{ly(y) : v : [0,1] — Q is an X-admissible curve
such that v(0) =z and v(1) = y},

setting dp(z,y) == 400 if dp(x,y) = inf@. Then it turns out that the C-C
distance d is equal to d, for every 1 < p < oo. Precisely, the following
theorem holds (see [23|, Theorem 1.1.6, or 28], Proposition 4.2):

Theorem 2.35. For any z,y € Q and 1 < p < oo, d(z,y) = dp(z,y).

Now we want to give a sufficient condition for connectivity via horizon-
tal curves. Let Xi,..., X, € X(Q) be smooth vector fields on Q and
£(X1,...,Xm)(x) the Lie algebra generated by them at the point x € Q.
We say that X1, ..., X,, satisfy the Chow-Hdrmander condition if, for any
x € Q, £(X1,...,X;)(x) has maximum rank, namely

rank £(X1,...,Xn)(x) =n for every z € Q. (2.11)

Then we have the following result, whose proof can be found in [7], [23]
(Chapter 1, Section 5) or [28] (Theorem 4.2).

Theorem 2.36 (Chow’s theorem). If the vector fields Xy, ..., X, satisfy
the Chow-Hdérmander condition (2.11), then the C-C distance d is finite. In
particular, there is always a subunit curve connecting any two points x,y € )
and the topology induced by d coincides with the Fuclidean one.

Let us turn back to Carnot groups and see how they can be seen as Carnot-
Carathéodory spaces. Let G be a Carnot group and let us identify it with
(R™, -) through a system of graded coordinates associated with a basis adapted
to the stratification g = V1 @ ... d Vs, Let m := ny = dimV; and X =
{X1,..., X;n} be the adapted basis of V;. By definition of stratification,
X generates the whole Lie algebra g, so it satisfies the Chow-H6rmander
condition (2.11) and therefore Theorem 2.36 says that X induces the C-C
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distance d on G. Moreover, (V}), takes the role of H,G and for this reason
we will refer to it as the horizontal layer.

The distance d “performs well” with respect to left translations and dilations
in the sense of the next proposition.

Proposition 2.37. For any xz,y,z € R" and A >0
(i) d(z -z, z-y) =d(z,y),

(ii) d(6x(x),0x(y)) = Ad(z,y).
Proof. (i) is a consequence of the fact that a curve «y : [0,7] — R" from x
to y is X-subunit if and only if the curve ¥ := L, oy from z -z to z - y is
X-subunit. Indeed, if ¥(t) = > 1, h;(t)X;(v(?)) for a.e. t € [0,T], we have
by (1.3) (which can be used because actually it only requires differentiability
of the curve) and left-invariance of X;’s

F(t) = d(L. )y (3(2) = d(L2) (Z h;(t) )

j=1

for a.e. t € [0,T].

Instead, (4i) follows from the fact that a curve 7 : [0,7] — R” from x to y
is X-subunit if and only if the curve ) : [0, AT] — R™, vy = i\ (y(t/N)),
from d)(x) to dx(y) is X-subunit. In fact, if for a.e. t € [0, T

J(t) =D hi(0)X;(v(1) = (Z hj(t)ai; ('y(t))> 0;,
j=1 i=1

since d; = 1 for every j = 1,...,m, by Proposition 2.31 the appearing a;;’s
are (d; — 1)-homogeneous polynomials and so

w035 ((5) =5 (S (R () )

;(ih (5)a w(ﬂ)) o,

) j=1

>y (§) i)

=1

.
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for a.e. t € [0, \T]. O

A metric on a Carnot group which enjoys properties of Proposition 2.37 is
called homogeneous distance. We denote by

B.(z) ={y € E:d(z,y) <r}
the C-C open ball of radius » > 0 and center x € E.

Corollary 2.38. For any xz,y € R™ and r,A > 0 we have Ly(B(x)) =
B,(Ly(x)) and 65(By(x)) = Bay (5 (x)).

Proof. 1t is an easy consequence of Proposition 2.37. 0

We lastly state an important theorem which says how C-C balls behave in
Carnot groups. Set for any z € R™ and A > 0

Box(z,A) = {z -z € R" : || < X\%,1 <i<n}.

Theorem 2.39 (Ball-box theorem for Carnot groups). There exists a con-
stant C' > 1 such that for all x € R™ and r > 0

Box (x, 2’) C B,(x) C Box(z,C'r).

See [19] (Theorem 8.2.8) for the proof.

Remark 2.40. Observe that Theorem 2.36 and Theorem 2.39 imply that C-C
closed balls are compact in Carnot groups.
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Chapter 3

Analysis in Carnot groups

In Section 2.6 we saw that Carnot groups can be equipped with a distance.
This fact motivates the presence of this chapter, in which we first introduce
some notions and results of measure theory and then we specialize them to
Carnot groups. Furthermore, we dedicate the last section to the extension
of the concept of mollification to the case of Carnot groups.

3.1 Measures in metric spaces

We point out right away that when we use the expressions “nonnegative”,
“real” or “vector” referring to set functions (therefore also to measures) we
mean that they have codomain in [0,4o00], R and R™ with m > 1 respec-
tively.

Definition 3.1. Let E be a locally compact and separable (LCS) metric
space, B(F) its Borel o-algebra and consider the measurable space (E, B(E)).

(i) A (nonnegative) Borel measure which is finite on compact sets is called
a nonnegative Radon measure.

(ii) A real or vector set function which is defined on relatively compact
Borel subsets of E that is a measure on (K, B(K)) for every compact
set K C F is called a real or vector Radon measure. If jy : B(E) — R™
is a vector measure, we say that it is a finite Radon measure.

We will denote by M (E) = [Mioc(E)|™ (resp. M™(E) = [M(E)]™) the
set of R™-valued Radon (resp. finite R™-valued Radon) measures on E.
Moreover, if d is the distance on F, B,(z) == {y € E : d(x,y) < r} indicates
the open ball of radius r > 0 and center = € FE.

Remark 3.2. In locally compact Hausdorff spaces nonnegative Radon mea-
sures are defined with the additional condition to be regular, i.e. outer and
inner regular on all Borel sets, but in a LCS metric space it is a consequence
of our definition (see [2], Proposition 1.43).
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Let us recall that, given an R™-valued measure p on a measurable space
(E, &), the total variation of p is the set function |u| : € — [0, +o0],

(o9} (o9}
|p|(B) = SUP{ZW(BM : B; € £ pairwise disjoint, B = U Bl}
=0 =0

and it turns out to be a nonnegative finite measure (see 2|, Theorem 1.6).
Moreover, if E is a LCS metric space and p € M (E), |it| can be extended
to a nonnegative Radon measure in the following way: taken an increasing
sequence {F;};ecn of relatively compact open subsets of E such that F =
U2, Ei, for any B € B(E) set

ul(B) = lim |u](B N E).
1— 00

Lemma 3.3. For any R™-valued measure p on a measurable space (E,€E)
there exists a unique S™ -valued function f € L*(E,|u|;R™) such that p =

flul.

Proof. p is absolutely continuous with respect to |u|, so by Radon-Nikodym
theorem there exists a unique function f € L'(E, |u|; R™) such that p = f|u|
and, thanks to the identity |fu| = |f||u|, | f(z)| =1 for |ul-ae. z € E. O

Radon measures can be described in a “functional” way. The fundamental
result for doing this is the Riesz representation theorem. Let us denote by
Co(E;R™) the space of continuous functions on F with values in R™ which
vanish at infinity.

Theorem 3.4 (Riesz representation theorem). Suppose E is a LCS metric
space and L : Co(FE;R™) — R a linear and continuous operator, i.e.

IL|| == sup{L(u) : u € Co(E;R™), ||u|lec <1} < 0.

Then there exists a unique R™-valued finite Radon measure p on E such that
m
L(u) = Z/ u; dp; for every u € Co(E;R™).
i=17E

Moreover, |L|| = |u|(E).

The proof of this result can be found in [26] (Theorem 6.19). Actually, in
[26] it is proved in a more general setting and for an operator on Cy(E), but
arguing componentwise we can find the measure p of the statement, whereas
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the last part is a consequence of Lemma 3.3 and Lusin’s theorem:

IL|| = sup{Z/ widp; :u € Co(E;R™), ||Julloo < 1}
=17
= sup{Z/ uifidlpl :u € Co(E;R™), ||ulloo < 1}
i=17E

= sup{/E<u,f> dlp| :u € Co(E;R™), |lu)loo < 1}

- / . £ dlp| = |ul(B).
E

The next result is a local version of Riesz representation theorem and follows
directly from it. Let us remember that C.(F;R™) is the space of continuous
functions with compact support on £ with values in R™.

Corollary 3.5. Suppose E is a LCS metric space and L : C.(E;R™) — R
a linear operator which is continuous in the following sense: for any compact
K C E there exists Cig > 0 such that

sup{L(u) : u € C.(E;R™), ||lullooc <1, suppu C K} < Ck.

Then there exists a unique R™-valued Radon measure i on E such that

L(u) = Z/Euz dp; for every u € C.(E;R™).
i=1

Remark 3.6. We can restate Theorem 3.4 by saying that M™(FE) can be
identified with the dual space of (Co(E;R™),|||loc) and the dual norm is
||(E), so in particular it is a Banach space. Corollary 3.5 says a similar
thing about M;” (E), but we have to be careful: we made the choice to give
the notion of continuity by hiding the topology on C.(E;R™) from which it
derives. To see how this fact is better formalized, refer to [2| (Remark 1.44).
However, aware of this omission, we say that M (E) identifies with the
dual space of C.(E;R™).

Accordingly with Remark 3.6, we have two different notions of weak™® con-
vergence for Radon measures:

Definition 3.7. Let E be a LCS metric space, {j;}ien © M.(F) and
p € MP(E); we say that {p;}ien locally weakly™ converges to p, and we

write p; — p, if

lim [ wdp; = / wdp for every u € C.(E).
E

1—00 E

If u;’s and p are finite, we say that {u; }ien weakly® converges to p if

lim [ wdyp; = / udp for every u € Co(E).
E

1—00 E
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Remark 3.8. In general, a dual norm is lower semicontinuous with respect to
the weak™ convergence, so by Theorem 3.4 the map pu —— |u|(E) is weak*
lower semicontinuous, that is

[ul(E) < liminflyu|(E)

whenever {u; }ieny weakly® converges to p.

The next proposition provides an equivalence between these two types of
convergence.

we M (E), then the following statements are equivalent:

loc

Proposition 3.9. If E is a LCS metric space, {pi}ien € M2.(E) and

(i) pi = p and sup;ey || (E) < 0o;
(i1) {pitien € M™(E), p € M™(E) and {u;}ien weakly™ converges to p.

Proof. Let us first assume (ii). Clearly weak™ convergence implies local
weak™ convergence, whereas the sequence {|u;|(E)};en is bounded thanks to
Banach-Steinhaus theorem, so we have (7). Viceversa, since sup;ey |1il(E)
is finite, each u; belongs to M™(E) and by Banach-Alaoglu theorem there
exist a subsequence {1, }reny and g € M™(E) such that {u;, }ren weakly™
converges to ji. If L, and L are the operators corresponding to p and fi, by
hypothesis L, (u) = Lg(u) for every u € C.(E;R™), but since C.(E;R™) is
dense in (Co(E;R™),||-||cc) we have p = i and the whole sequence {; }ien
weakly* converges to p. O

Let us see now some important properties of local weak* convergence related
to the total variation.

Proposition 3.10. Let E be a LCS metric space, {;}ien € M2.(E) and
1€ M (E). Suppose pi; — p. Then we have

(i) for any U C E open

Bl(U) < liminf [15](U): (3.1)

(ii) for any K C E compact

sup |pi| (K) < oo. (3.2)
€N

Proof. (i). Consider an increasing sequence {F;};en of relatively compact
open subsets of E such that E' = [J;2, Ej. Since Co(U N Ej) C Ce(E), by
hypothesis {1 }ien weakly™ converges to p in M™(U N Ej;) for every j € N,
so by Remark 3.8

|e|(U) = lim |p|(U N Ej) < liminf liminf |4,;[(U N E;) < liminf |4, |(U).
Jj—00 J—00 1—00 1—00
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(ii). Let U be a relatively compact open subset of E such that K C U. Since
Co(U) C C.(F), by hypothesis {u;}ieny weakly™ converges to p in M™(U),
hence by Proposition 3.9

sup || (K) < sup || (U) < oo. O
ieN ieN

Definition 3.11. Let p be a nonnegative measure on a LCS metric space
E. The support of p supp p is the closure of the set of all points € E
such that u(U) > 0 for every neighborhood U of z. If i is a real or vector
measure, the support of u supp p is the support of |u|.

For a measure p on a measurable space (E, ), we say that u is concentrated
on S C Eif S €& and |p|(E\S)=0. Therefore, if E is a LCS metric space,
supp p is the smallest closed set where p is concentrated. Moreover, it is not
difficult to prove

suppp = {x € E: u(Br(z)) >0 Vr > 0}.

We conclude the section recalling a useful notion which allows to “carry” a
measure from a measurable space to another.

Definition 3.12. Let (E, &), (F, F) be measurable spacesand f : E — F a
measurable function. The pushforward (or image) measure of a nonnegative,
real or vector measure p on (F, &) is the measure fyp on (F, F) defined by

fin(A) == pu(f1(A)) for every A € F.

Using the classical standard machine argument, one can easily prove that,
for any function uw € LY(F, F, fyp), wo f € LY (E,&, p) and the change of
variables formula

/Fudfﬁ,u = /Euofdu (3.3)
holds.

3.2 Differentiation of measures

In this section we want to review some results of Lebesgue differentiation
theory in metric spaces with hypothesis different from standard ones.

Definition 3.13. Let E be a metric space. A locally finite Borel measure
w is said to be doubling if there exists M > 0 such that

w(Ba(z)) < Mu(By(x)) for every z € E, r > 0.

w is called asymptotically doubling if
p(Bay(x))

limsup ————5 < o© for p-a.e. x € supp p.
o (B ()
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Obviously a doubling measure is also asymptotically doubling. Furthermore,
it is clear by definition that if u is doubling then every ball has finite measure
and if there exists a ball B such that u(B) = 0 then pu = 0.

Lemma 3.14. If E is a metric space and pu a Borel measure, then for any
r > 0 the map x — u(B,(x)) is lower semicontinuous.

Proof. Consider any sequence {y;}ieny € E which converges to z € E and
set fi == XB.(y;)> | = XB,(x)- Then

f < liminf f;
1—00

and so by Fatou’s lemma

[ pdws< [ paus [ tmint g
B, (z) B, (z) B (z) YT

<twmint [ fdn
71— 00 Bgr(x)

that is (for ¢ large enough)

H(By(z)) < liminf u(By (). =

1—00

We want to present the previously announced results for asymptotically dou-
bling measures, but we mention that one way of proving them is to show them
by initially assuming that the measure p is doubling and then cover supp u
with Borel sets in each of which u satisfies a doubling condition. Precisely,
if we set for any j,k € N

1
Ej = {:c € supp i : u(Bar(z)) < ju(Br(x)) for every 0 < r < k:}’

then supp u = U;j;q:l Ej 1 and all Ejy’s are Borel because
Ejr= () A{zesuppp:p(Ba(@)) < ju(Br(z))}
reQn ] 0,% [
and each set involved in the intersection is Borel by Lemma 3.14.

Theorem 3.15 (Lebesgue’s differentiation theorem). Let E be a separa-
ble metric space, p an asymptotically doubling measure and f € Llloc(E,,u).
Then p-a.e. x € E is a Lebesgue point of f, that is

lim |f(y) — f(x)|du(y) =0 for p-a.e. x € E.
\,0 By (z)

The proof of the previous theorem can be found in [15] (pages 77-81 and
Remark 3.4.29) or [4] (Theorem 5.2.6) for the doubling case.
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Theorem 3.16 (Lebesgue’s density theorem). Suppose E is a separable
metric space and p an asymptotically doubling measure. For any Borel set
ACEFE, pu-a.e. x € A is a density point, i.e.

iy AN By (2))

= 1.
R0 u(Br ()

1
loc

Proof. The characteristic function x4 € L; (F, 1) because A is Borel, so by

Theorem 3.15 we have for p-a.e. x € A

lim xadu=xa(z)=1
i (x)
and the equality
(AN By(x))
Xadp=————-"
]ir(x) w(By(x))
concludes the proof. ]

Remark 3.17. Theorem 3.16 still holds if we replace u by its associated outer
measure p*, which is defined for any A C E by

w*(A) = inf{u(B) : B Borel, B D A}.

Indeed, let {B;}icn be a minimizing sequence and B := (.2, B;; then B
is a Borel set and p*(A) = w(B). Furthermore, for all Borel sets C' we
have p*(ANC) = (BN C) (if not, adding p*(ANC) < u(BNC) to
w(A\C) < u(B\ C) we would get u*(A) < p(B) since p* is subadditive
and p additive). Hence we can take a density point z of B and C = B,(x)
to deduce from Theorem 3.16

i K ANB (@) . BN B(z)

RO W (Br(@) i u(B,(@))
In particular, this proves that the set of points of A that are not density
points is contained in a p-negligible Borel set.

Theorem 3.18 (Radon-Nikodym theorem). Let E be a separable metric
space, w an asymptotically doubling measure and v a locally finite Borel reg-
ular measure and assume that v is absolutely continuous with respect to p.
Then the limit B

f(z) = lim v(Br(z))

P50 (B, (@)

exists and is finite for p-a.e. x € suppu. Moreover, f € Llloc(E,u) and
v=fu.

The proof can be found in [10] (Section 2.9) in a much more general situation
or [15] (pages 82-86).
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3.3 Hausdorff measures

Hausdorff measures will be very important for our purposes, so we want
briefly to recall them. We refer to [4] for all the details and proofs not
provided. Throughout this section we assume that (F,d) is a metric space.

Definition 3.19. Let £ > 0 and set

[MIE

T
Wk =
r(1+%)
where I'(t) == [z~ 'e""dz (t > 0) is the Euler’'s Gamma function. For

any 6 > 0 and A C F let
HE(A) = % inf{Z(diamAi)k tAC | A, diam A; < 5}.
=0 =0

The k-dimensional Hausdorff measure of A is

HF(A) = lim HE(A) = sup HE(A).
N0 5>0

The k-dimensional spherical Hausdorff measure S¥(A) of A is defined in the
same way, but with the constraint that the A;’s can only be balls.

From the definition one can easily check that H#* and S* satisfy

HE < Sk < 2Fyk. (3.4)
The next proposition lists some basic properties of Hausdorff measures.
Proposition 3.20. For any k > 0 and § > 0 we have

(i) HY and H* are outer measures. Moreover, H¥ (restricted to B(E)) is
a Borel measure;

(is) HF is Borel regular;

(iii) if A C E is such that H*(A) > 0, then H¥ (A) = +oo for every
kE>k >0.

Hausdorff measures allow to define a fundamental notion of dimension:

Definition 3.21. For any A C F we define the Hausdorff dimension of A
as

dimy (A) == inf{k > 0: H*(A) = 0}.

Remark 3.22. It is trivial by Proposition 3.20 that if & > dimy(A) then
H*(A) = 0 and if k < dimy(A) then H*(A) = +o0, but nothing can be said
in general when k& = dimy(A).
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Theorem 3.23. Let i be a Borel measure on E and assume that there exist
Q>0,C>1and R >0 such that

1
5TQ < u(By(z)) < Cr9 for every x € E, r €10, R].

Then for any x € E
(i) H?(Br()) €10,00],
(it) dimy(Br(z)) = Q

and, if in addition E admits a countable cover of balls of radius R, then

Proof. (i). We first show H?(Bg(z)) < oo. Fixr €]0, R[and 0 < § < R—r.
Let us notice that if 21, ...,z € B,(x) are a certain quantity of points such
that d(z;,x;) > d for all 4,5 = 1,...,k, i # j, then the balls Bs/(x;) are
disjoint and contained in Bgr(x), so

Therefore k cannot be infinite and we can consider the maximal natural
number N with the property that there exist x1,...,xx € B,(x) such that
d(zi,xj) > d foralli,j=1,...,N, i # j. This maximality implies

N
=1

hence



By letting § N\, 0 we get
HO(B,()) < 2°woCu(Br(x))
for every r € ]0, R[, therefore
Q — @ — 1 Q
H(Ba(x)) = H (Li Br<z>> liny HO(B ()

< 290oCu(Br(x)) < oo.

We now prove H9(Bg(x)) > 0. Fix § € ]0, R[. Since H?(Bg(x)) is finite,
for any € > 0 we can take countably many subsets {4;};en of E such that
Br(z) € U2y Ai, diam A; < § and

HQ(BR —8 Z (diam A;)
=0

Let z; € A;, so that A; C Bgjam 4, (7). Hence we obtain

Hi (Br(z) > 35 & ;u(BdiamAi(x@-)) —e

o0

wQ

a0t LJOBdiamAi(xi)> —€
1=

sagH(Br(x)) — ¢

Z 5qc2ft -

Finally, by the arbitrariness of £ and letting 0\, 0 we get

v

| \/

H?(Br(z)) > o2 R? > 0.

- 2Q02
(1) and the last part of the statement are immediate consequences of (7). [

We recall the following useful relation between Hausdorff measures and mea-
sures on metric spaces.

Theorem 3.24. Let p be a locally finite Borel measure on E2 and B C E a
Borel set.

(i) If there exist k > 0 and t > 0 such that

lim sup M

>t for every x € B,
™\ 0 WgT

then
w(B) > tS*(B) > tH*(B).
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(ii) If there exist k > 0 and t > 0 such that
t for every x € B,

then
uw(B) < 28tHF(B).

Corollary 3.25. If E is LCS and p a nonnegative Radon measure, then for
any k > 0 the set

{ZE‘ eFE: limsupu(Lk(x)) > 0}
r™\0 r

is o-finite with respect to S*.

Proof. Consider an increasing sequence {E;};cn of relatively compact open
subsets of E such that E = J;2, E;. Moreover, for any j € N set

B, 1

™\ 0 r J
The map
B
x — lim sup Mk@))
r

r™\0
is Borel measurable by virtue of Lemma 3.14, so each B; is a Borel set.
Therefore, if we let U; ; .= E; N Bj, U; ; is a Borel set,

{x ck: limsupM > 0} = [j Uij

k
r\0 r ij=1
and thanks to Theorem 3.24
J
KU ) < =—p(E;) < oo
W
for every (fixed) i,j € N. O

3.4 Haar measures

Let G be a locally compact group. We continue to denote by L, and R, the
left and right translations by an element g € G.

Definition 3.26. A Borel measure y on G is said to be left-invariant if for
any g € G (Lg)gp = p, i.e. u(gB) = pu(B) for every B € B(G). Similarly, p
is said to be right-invariant if for any g € G (Rg)sp = p, i.e. u(Bg) = p(B)
for every B € B(G).
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Any locally compact group (and in particular any Lie group) has a natural
class of measures which we define now (keeping in mind Remark 3.2).

Definition 3.27. Let G be a locally compact group. A left (resp. right)
Haar measure is a nonzero left (resp. right)-invariant Radon measure on G.
If a measure is both a left Haar measure and a right Haar measure, it is
called Haar measure.

We want to state an existence and uniqueness theorem for Haar measures.
Actually, we will do it for left Haar measures, but the same result holds for
right ones by virtue of the following easy observation: let u be a Radon
measure on a locally compact group and define the Radon measure pi(B) =
wu(B~1Y); then p is a left Haar measure if and only if 7 is a right Haar measure.
The proof of this result can be found in [11] (Theorem 2.10 and Theorem
2.20).

Theorem 3.28. Any locally compact group G possesses a left Haar measure.
Moreover, if p and v are two left Haar measures on G, then there exists ¢ > 0
such that v = cu.

An important consequence of the existence of a right Haar measure is the
following result.

Proposition 3.29. Let G be a Lie group, g its Lie algebra and volg a right
Haar measure on G. Then any X € g is divergence-free. Moreover, if
f € LL.(G) then Xf = 0 (in the sense of distributions) if and only if

J o Rexpex) = [ volg-a.e. for every t € R.

Proof. Since ®;X = Rexp(ex) by Proposition 2.6, we have (®;%)4volg = volg
and so X is divergence-free by Proposition 1.17.

If Xf =0, we immediately get f o Reypix) = f volg-a.e. by Proposition
1.18. Conversely, from the proof of Proposition 1.18 we deduce

d
L (F 0 RupxJudvolg = — /G FX (16 Rep(sx)) dvolg

dt
for every u € C°(G). The left-hand side is 0 by hypothesis, so choosing
t = 0 we obtain

(Xf,u>:—/ngudvol<g:0. O

In general it is not true that left Haar measures are also right Haar measures
(and viceversa); a locally compact group which satisfies such property is
called unimodular. However, the next theorem says that nilpotency is a
sufficient condition for a locally compact group to be unimodular. The proof
derives from Corollary of Proposition I1.25 of [24], the “algebraic” definition
of nilpotent group (which is equivalent to ours, see Theorem XII.3.1 of [16])
and the fact that abelian groups are unimodular.
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Theorem 3.30. Let G be a locally compact group and suppose that G is
nilpotent. Then G is unimodular.

In Section 2.3 we defined exponential coordinates for connected, simply con-
nected and nilpotent Lie groups. Let us prove now that these coordinates
take the Lebesgue measure to a Haar measure.

Lemma 3.31. Suppose G is an n-dimensional connected, simply connected
and nilpotent Lie group. Then, for any g € G, Ly and R, have Jacobian
identically equal to 1 in exponential coordinates.

Proof. We will prove the thesis only for left translations because the case of
right ones is completely analogous. In exponential coordinates the group law
becomes of the form (2.9) and L,(y) =z + y + Q(z,y) for every z,y € R™.
Using the Baker-Campbell-Hausdorff formula (2.3) one can compute @ and
check that the differential of L, is a lower triangular matrix with entries
on the diagonal equal to 1 (see also [23|, Lemma 1.7.2), hence the proof is
concluded. O

Theorem 3.32. Let G be an n-dimensional connected, simply connected and
nilpotent Lie group. Any system of exponential coordinates pushes forward
Lebesgue measure on R™ to a Haar measure on G.

Proof. Consider a system of exponential coordinates F. Since F is a diffeo-
morphism and £" a nonzero Radon measure on R", EyL" is also a nonzero
Radon measure on G, therefore we only need to show that it is left and
right-invariant. This is true thanks to Lemma 3.31: for any B € B(G) and
g€G,

EyL"(gB) = LB~ (Ly(B)

_ ~—

= L"(Lp-14)(E™(B)))
= Jac(Lg-1(5))L"(E~(B))
= EyL"(B)
and analogously EyL"(Bg) = E4yL™(B). O

3.5 Measures in Carnot groups

From now on, whenever we will talk about a Carnot group, we will implicitly
identify it with some (R",-) via a system of graded coordinates E.

Consider a Carnot group G endowed with the C-C distance d. By virtue
of Theorem 2.36, (G, d) is a LCS metric space, therefore Corollary 3.5 en-
sures that each volume form volg on G defines a nonzero Radon measure,
in particular a left or right Haar measure if volg is respectively left or right-
invariant. But since G is nilpotent, by Theorem 3.30 it is unimodular, so left
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and right-invariant volume forms coincide and define Haar measures, which
are positively proportional by Theorem 3.28. Henceforth we will identify
volume forms with the associated Haar measures.

Definition 3.33. Let G be a Carnot group with stratification of its Lie
algebra g =V, & ... & V;. The homogeneous dimension of G is the natural
number

Q= iidim V.
i=1

Let us show a useful relation between Haar measures and dilations:

Proposition 3.34. If G is a Carnot group of homogeneous dimension Q)
and volg a Haar measure, then

volg (6)(B)) = A?volg(B) (3.5)
for every B € B(G), A > 0.

Proof. From Theorem 3.32 and Theorem 3.28 we know that there exists
¢ > 0 such that for any A € B(G)

volg(A) = cL™(E71(A)).
Therefore, recalling that Jac(dy) = A?, we obtain
volg (0x(B)) = cL™(E™(0\(B)))
= cL™(0\(E7H(B)))
= ALY (E7Y(B))
= \9olg(B). O

As one might expect from the previous proposition, @) is the Hausdorff di-
mension of G with respect to the C-C distance. This is a well known result
in a more general context (see 22|, Theorem 2), but in our setting we can
prove it:

Theorem 3.35. Let G be a Carnot group of homogeneous dimension ().
Then dimy (G) = Q.

Proof. Let us take a Haar measure volg (which exists by Theorem 3.28).
Corollary 2.38 gives for any x € G and A > 0

Ly-1(Bx(2)) = Ba(e) = dx(Bu(e)),
hence by Lemma 3.31 and (3.5)
volg(Bx(x)) = volg (Ly-1 (Ba())) = volg (dx(Bi(e))) = A9volg(Bi(e)).

Therefore the proof is concluded by Theorem 3.23. O
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With this fact in mind, let us prove that on a Carnot group there are few
natural choices of measures (Haar, Hausdorff, Lebesgue) and, actually, they
are the same up to a positive factor.

Proposition 3.36. Let G be a Carnot group of homogeneous dimension Q.
Then the Q-dimensional Hausdorff measure and the Q-dimensional spherical
Hausdorff measure (induced by the C-C distance) are Haar measures on G.
In particular, they coincide with the Lebesgue measure up to a positive factor.

Proof. The C-C distance d is homogeneous (Proposition 2.37), so observing
that forany AC Gand x € G

diam(A) = sup d(y,z) = sup d(z-y,x - z) = diam(z - A),
y,2€G y,2€G

we have for any B € B(G)

namely H% and S? are left-invariant. Analogously, they are right-invariant.
Furthermore, since any compact set is contained in a ball, by Theorem 3.23
(which can be applied as observed in the proof of Theorem 3.35) and (3.4)
H? and S? are finite on compact sets, so they are Haar measures. The last
part of the statement follows from the fact that £™ is a Haar measure on
(R™, ) (easy consequence of Lemma 3.31) and Theorem 3.28. O

3.6 Group convolutions

Let us fix for this section an n-dimensional Carnot group G with its Lie
algebra g, homogeneous dimension ) and equipped with a homogeneous
distance.

Definition 3.37. Given two Borel functions f and g on G, their convolution
f * g is defined by

:/Gf(y)g z) dL™(y /fw v Hg(y) dL™ (y)

for every x € G, provided that the integrals converge.

We want to prove that, as in the Euclidean case, if we convolve a function
with nice functions we get nice approximations. Consider a function p €
C2°(G) such that

0<p<l, /pdﬁ”zl and suppp C Bj(e)
G
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and set for any € > 0

pe(z) = 6%;)(5% (a:)), z €.
The functions {p.}e>o are called mollifiers.
Theorem 3.38. The following statements hold:
(i) if X € g and g € CX(G), then X(f * g) = f = (Xg);

(ii) if f € C(G), then f * p. — f uniformly as € \, 0 on compact subsets
of G;

(iir) if f € Li.(G), then f % p. € C®(G) for everye >0 and f * p. — f
in L .(G) as e \, 0.

Proof. (i). Differentiating under the integral sign (it can be done because g
is compactly supported and f is integrable on supp g) and using (2.1) we get

X(f +g)(x (/f z)dL"(y >>

:/X(f(y)g(y_ ) dL"(y)

/ F)(Xg) (" - z) dL™ (y)
« (Xg)(x)

for every =z € G.
(ii). Let K C G be compact; f is uniformly continuous on K, so for any
€ > 0 there exists § > 0 such that for any z € K

\f(x-y_l)—f(x)\ <& for every y € Bjs(e).
Observing that
@) = £@) [ o ae") = | f@p-)ac” ).
we have

% pe(e) — f()] < / @y — F(@)]pe(y) dL™(w).

We can choose € < § so that supp p. C Bj(e) and we obtain

1 % pela) — ()] < / @y — F(@)lpe(y) dL™(y)

Bs(e)
/ pe(y) dL" (y) = €.
Bs(e)
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(111). From (i) we know f * p. € C°(G). If K C G is compact, by the
density of C(K) in L'(K) for any & > 0 there exists g € C(K) such that
|.f — gzl L1 () < €. From (ii) we know that ge* p. — gz uniformly as e \, 0
on K, so in particular in L!(K). Therefore we finally have for £ > 0 small
enough

If * pe = fllzrry < N = g2) * pellpr iy + 19z * pe — gell (k)
+ llge = fllzrx)
<|f = gellprry +E+E< 32 0
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Chapter 4

(Geometric measure theory in
Carnot groups

This chapter is devoted to introduce the main object of investigation of this
thesis, that is sets of locally finite perimeter, but it is also an opportunity
to see some geometric notions and results which will be fundamental in the
sequel.

We continue to denote by G an n-dimensional Carnot group endowed with
the C-C distance d, g its Lie algebra with stratification g = V1 ®...® V; and
@ its homogeneous dimension. Moreover, we fix a Haar measure volg on G.
We also point out that for our purposes it will be important to have a notion
of orthogonality on the horizontal layer, so we fix a scalar product (-,-), on
(V1)z that makes its adapted basis X;(x),..., X, (x) an orthonormal basis
for every x € G. More precisely, if v = >, v; Xi(x) = (v1,...,vn) and
w=y" wXi(x) = (wi,...,wny)arein (V1)g, we set (v,w); ==Y i viw;.

4.1 Regular directions and vertical half-spaces

Recall that any X € g is divergence-free (Proposition 3.29), so the next
definition is well posed.

Definition 4.1. Let f € LL (G). A regular direction of f is a vector X € g
such that X f is representable by a Radon measure. An invariant direction
of f is a regular direction X € g of f such that X f = 0.

We will denote by Reg(f) the linear subspace of g made of the regular direc-
tions of f and by Inv(f) the linear subspace of Reg(f) made of the invariant
directions of f. Moreover, we will denote by Invg(f) the subset of Inv(f)
made of the homogeneous directions of f, i.e.

s

Invo(f) = Inv(f) N | Vi

i=1
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Notice that by Proposition 3.29 we have
foRepux)=f for every t € R, X € Inv(f). (4.1)

If f = xg for some E C G, we set

Reg(E) :== Reg(xr), Inv(E) = Inv(xg), Invy(E) :== Invo(xg).
Let us prove the basic properties of regular and invariant directions:

Proposition 4.2. Let f € L] (G). Then Reg(f), Inv(f) and Invo(f) are
invariant under left translations and Invy(f) is invariant under intrinsic
dilations. Moreover:

(i) Inv(f) is a Lie subalgebra of g and [Invo(f),Invo(f)] C Inve(f);
(i) if X € Inv(f) and k = exp(X), then
Adp(Y)f = (Rp—1)4(Y f) for every Y € Reg(f), (4.2)

namely Adg maps Reg(f) into Reg(f) and Inv(f) into Inv(f).

Proof. Clearly Reg(f), Inv(f) and Invo(f) are invariant under left transla-
tions because their elements are left-invariant. Furthermore, the invariance

under intrinsic dilations of Invy(f) easily follows from Proposition 2.18.
(i). Observe that for any X,Y € Inv(f) and u € C°(G) we have

(X, Y]f,w) /fX Y]udvolg

/fX (Yu) dvolG+/ fY (Xu)dvolg
= (Xf,Yu) — (Y f, Xu) =0,

therefore [X, Y] € Inv(f) and Inv(f) is a Lie subalgebra of g. Moreover, this
fact and the property [Vi,V;] C Viy; for every i,j = 1,...,s, i # j, imply
[Ivo(f), Invo(f)] € Invo(f).

(ii). Let Y € Reg(f) and Z = Adg(Y). For any u € C°(G) we have by
(2.4) and (2.1)

Zu(x)

Y(uo Cp)(Cp1(2))
(wo Ry—1)((Lk 0 Cp-1)(2))
(uo Ry-1)(Ri(x))

Y
Y

for every x € G, thus Zu o Ry-1 = Y (u o R;-1). Therefore by a change of
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variables, (4.1) and the regularity of Y we obtain
(Zf,u)y = —/ fZudvolg
G
E— / (f o Rk_1)Z’LL o Rk.—l dvolg
G
= _/ fY(uo Ry—1)dvolg
G
= / uo Rp—1d(Yf)
G
= [ wdlBe Y 1) = (Rl )0 =

Remark 4.3. Let X € Reg(f) and assume that X f > 0; for any ¢ € R and
Y € Inv(f) we know from (2.6)

s—1 ,;

£
Adexp(tY) (X) =Xf+ Z ﬁad%/(X)fa
i=1

hence by (4.2) we get
s—1 ti ‘
Xf+> ady (X)f > 0.
i=1

Since t € R is arbitrary, this implies
ady H(X)f >0

for every Y € Inv(f). In particular, if s is even, by applying the same
inequality with —Y" in place of Y we obtain adj-!(X)f = 0, namely

ady 1 (X) € Inv(f). (4.3)
Let us also see how regular directions behave with respect to dilations.
Proposition 4.4. Let f € Li. (G) and X € Reg(f). Then for allr > 0 the
identity

5.X(f00,) = (5) (XP) (4.4)

holds.
Proof. Set X, = gl/TX; from (2.8) we have for any v € C°(G)

X, (uody) =Xuod,,
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therefore by (3.5) we obtain
(Xp(fody),u) = —/(fo 0r) Xru dvolg
G

1
= _TQ/Gf(XTu) 05% dvolg

:—7n162/(ng<uo5i) dvolg
:_rleguodid(Xf)
_ 1 ud((éi)ﬁ(Xf))=<T1Q<51)u(Xf)aU>- O

TQ G ™
We can now naturally define half-spaces by requiring invariance along a
codimension 1 space of directions and monotonicity along the remaining
direction; if this direction is horizontal, we call these sets vertical half-spaces.
Precisely, we have the following definition.

Definition 4.5. A Borel set H C G is a vertical half-space if Invo(H) D
Uf:z Vi, Vi NInvg(H) is a codimension 1 subspace of V; and there exists
X € Vq such that Xxg > 0 and Xxg # 0.

We can equivalently say that H is a vertical half-space if span(Invg(H)) is a
codimension 1 subspace of g, V1N span(Invy(H)) is a codimension 1 subspace
of Vi and Xxpg >0, Xxg # 0, for some X € V;: indeed, since

S

span(Invo(H)) = @ (Vi N Inv(H)),
=1

requiring that V; N span(Invg(H)) has codimension 1 and there is a direction
X € Vi which is not invariant implies that V; N Invo(H) = V; for every
1 =2,...,8.

Remark 4.6. In the previous definition, X can be chosen to be orthogonal
to Vi NInvg(H). Indeed, if X were not, it would be a linear combination of
invariant directions and an orthogonal one X and it would be enough to
replace X by X .

The next result provides a characterization of vertical half-spaces and says
that they are exactly the images of “half-spaces” in g via the exponential
map. Recall that in our notation m = dim V;.

Proposition 4.7. A subset H C G is a vertical half-space if and only if
there exist c € R and v € S™ 1 such that H = H., a.e., where

m S m
H., = eXp({ZaiXi + Zvi cv; €V, aeR™, Zaiyi > c})
i=1 i=2 i=1
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Proof. Let us work in the graded coordinates associated with the adapted
basis X1,..., X, of g. In these coordinates the sets H,, are the usual half-
spaces in R™ with normal vector in R™ x {0}"~™ so it is easy to realize
that they are vertical half-spaces and we only need to prove that H has that
form. Let us denote by v € S™~! the unique vector such that the vector
X = ZZL v; X; is orthogonal to all invariant directions of H in V; and
Xxmg > 0; let H also be the expression of H in graded coordinates. If we set
n; =dimV;, mp=0and m; ==n1+...+n; forevery : =1,...,s, we have
to show

m
H = {(a,m,...,vs) eR":v; e R, a € R™, Zaiui > c}

i=1
for some ¢ € R. By Proposition 2.31 we know X; = 0, for every ms_; +1 <
j < mgs = n, therefore by Proposition 1.18 and the hypothesis that V; is
contained in Invo(H) we have that x 5 does not depend on xy,, 11, ., Zn.
Now, if ms_2+1 < j < my_1, again by Proposition 2.31 the vector fields X;—
am]. are given by the sum of polynomials multiplied by 0., with mgs_1+1 <7 <
ms. As a consequence, by the previous observation and the hypothesis that
Vi1 is contained in Invg(H) we get d;;x7 = 0 and again by Proposition
1.18 xz does not depend on Ty, _,41,---,ZTm,_, either. By iterating this
argument we obtain that x5z depends only on z1,..., 2y, Furthermore, by
our choice of v we have

D &ilaxg =0 &L,
=1

> &Glnxp =0 ifE=v.

i=1

If instead of x 7 there were a smooth function v € C°°(G) under the previ-
ous conditions, it would be easy to check that u depends only on (z,v) =
Yo, vix; and is increasing with respect to it. However, after mollifying
Xj; and applying Theorem 3.38, we find that xj satisfies the same prop-
erty, namely there exists an increasing function v : R — [0, 1] such that
Xg(*) = v({z,v)) for a.e. z € G. Since xz € {0,1}, this implies that
is (equivalent to) a characteristic function xr, for some L C R. Actually, L
must be (equivalent to) a half-line because 7 is increasing and L cannot be
() or R by virtue of the hypothesis Xy g # 0, so there exists ¢ € R such that
L = [¢,00[. This is what we wanted to prove. O

Remark 4.8. Notice that a function f € L{ (G) is equivalent to a constant if
and only if Inv(f) = g. Indeed, if f is equivalent to a constant, then X f =0
for every X € g because X is divergence-free. Conversely, a computation in
graded coordinates similar to that in the previous proof shows that f does
not depend on any x;, 1 < i < n, so it must be equivalent to a constant.
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Up to modifications on negligible sets, from now on we will identify vertical
half-spaces with those of the form H.,.

4.2 Sets of locally finite perimeter

Regular directions allow to define the class of sets of locally finite perimeter.

Definition 4.9. A Borel set F C G is said to be of locally finite perimeter
if Xxg is a Radon measure for every X € V.

If X1,...,X,, is the adapted basis of Vi, for any f € Li (G) such that

loc

X1,...,Xm € Reg(f) we can define the horizontal gradient as the R™-valued
Radon measure

Df = (X1f, ..., Xmf).

If E C G is a set of locally finite perimeter, we call the perimeter of E the
measure |Dxgl|; thanks to (4.4), it is homogeneous of degree @ — 1 with
respect to intrinsic dilations, that is

DXy ()| = A7 (82)g| Dxel.
Similarly to the Euclidean case, the horizontal gradient enjoys the following
property:
Proposition 4.10. If Df =0, then f is (equivalent to) a constant.

Proof. We have Inv(f) = g by Proposition 4.2 because X1, ..., X,, generates
the whole Lie algebra g, so the proof concludes by Remark 4.8. 0

Now we just state an important result which will be used later; its proof can
be found in [14] (Theorem 1.28).

Theorem 4.11. Let {f;}ien € LL _(G) be such that

sup/ | fi] dvolg + |DfI(K) < oo for every K € G.
€N J K

Then {fi}ien is relatively compact in Li (G).

loc

Sets of locally finite perimeter could be very bad, so they are accompained
by a new concept of boundary which plays the same role as the topological
boundary for smooth sets.

Definition 4.12. Let £ C G be a set of locally finite perimeter. The reduced
boundary of E is the set 0* F made of the points = € supp | Dy g| such that

. .. — (v T v ) = imMeXiSS
() the limit vip(2) = (v1(2), ., visn(2) = i o5 2 s exists,
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(ii) [ve(z)| = 1.
The vector vg is called horizontal normal.

By Lemma 3.14 it is easily checked that the reduced boundary is a Borel set.
Furthermore, it satisfies the following invariance property:

Proposition 4.13. If E C G is a set of locally finite perimeter, then 0*E
is invariant under left translations, i.e. y € O*FE if and only if L,(y) €

0" (Le(E)) and vi(y) = vi,5)(La(y))-
Proof. For any 1 <i <m and u € C°(G) we have by (2.1)

(XiXL.(B),u) = —/

X;udvolg = — / Xi(u o Ly) dvolg
Le(E) E

= /Gud((Lx)ﬁ(XzXE)) = <(Lx)ﬁ(XiXE)7u>7

thus
Dxr,g) = (Lz)sDXxE-
From this equality the thesis easily follows. O

We now present two results that are satisfied by sets of locally finite perimeter
in Carnot groups, analogous to well known results in the Euclidean context.
The proofs can be found respectively in [14] (Theorem 1.18) and [13] (Lemma
2.31).

Theorem 4.14 (Relative isoperimetric inequality). Let E C G be a set of
locally finite perimeter. Then there exists a constant ¢ > 0 such that for all
r€e€Gandr >0

min{£"(E N B,(x)), £"(E° N By(2))} @ < &|Dxs|(By(x)).  (4.5)

Lemma 4.15 (Density estimates). Let E C G be a set of locally finite
perimeter and x € O*E. Then there exist three constants ¢; = ¢;(G) > 0,
i=1,2, and ro = ro(x) > 0 such that

IDxg|(Br(z)) < ar®™',  0<r <, (4.6)

and
LYE N B (2)) > o9, 0<r <. (4.7)

The next theorem is a consequence of these results and states a fundamental
property of the perimeter.

Theorem 4.16. If E C G is a set of locally finite perimeter, then there exist
three constants ¢; = ¢;(G) > 0, i = 1,2, and 7o = 7o(x) > 0 such that for
any x € O*FE

ar® ™t < |Dygp|(By(z)) < E&r97, 0<r<To. (4.8)
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Proof. The second inequality is exactly (4.6) with é; = ¢ and 7y = rg. For
the first one, let us observe that, since Dxg = —Dxge, we have |Dxg| =
|Dxge| and 0*E = 0*(E°), so we can apply Lemma 4.15 with E¢ in place of
FE and we get

L"(E°N By(z)) > cor@, 0<r<ry="rp.

Therefore we deduce from (4.5) and (4.7)

1 Q-1
[Dxpl(Br(z)) 2 - min{L"(E N By(x)), L"(E°N By(x))} @
c
Q-1
_ Q
s L)% B 0
c c
Q-1
for every 0 < r < 7o, which is the first inequality with ¢; = ¢,© /é. O

Corollary 4.17. If E C G is a set of locally finite perimeter, then |Dxg| is
asymptotically doubling and concentrated on 0*E.

Proof. We have that |Dyg| is asymptotically doubling directly from (4.8).
Moreover, this implies by Theorem 3.18 that vg(z) exists and belongs to
R™ for |Dxgl|-a.e. z € G and is the function such that Dxg = vg |[Dxg|. In
particular, |vg| =1 |Dxgl|-a.e., thus

IDXE|(C\ 9" E) =0. =

Combining Theorem 3.24, (4.8) and (3.4), we also have that the perimeter
|Dxg| can be bounded from above and below by the spherical Hausdorff
measure S®~1, namely
A SOYBNO*E) < |Dxp|(B) <2012 SeYBNoE)  (4.9)
WQ_l WQ_l

for every Borel set B C G, and similar inequalities hold with ¢~

4.3 Tangent sets

Studying the rectifiability of a set of locally finite perimeter means to under-
stand the structure of tangent sets, so let us define them. Recall that in a
general measure space (E, B(E), 1) a sequence of Borel sets {B; };en C B(E)
locally converges in measure to a Borel set B € B(E) if

w(KN(B;AB)) —— 0 for every K C E compact.

1—00

This is equivalent to say that {xp, }ien converges to xp in Li (E).

loc
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Definition 4.18. Let ¥ C G be a set of locally finite perimeter and x € 0*E.
We denote by Tan(E, z) all limit points, in the topology of local convergence
in measure, of the sets {6/, (7 E)},50 as 7\, 0. If F € Tan(E,z) we say
that F'is tangent to E at x.

We denote by
Tan(FE) = U Tan(FE, x)
r€0*E
the set of all tangent sets to . We also define the iterated tangent sets to
in the following way: for any = € *E we set Tan!(E, z) := Tan(FE, z) and

Tan**!(E,z) = | J{Tan(F) : F € Tan"(E, x)}.

We want to prove that if we iterate sufficiently many times the tangent
operator we get a vertical half-space. To do this, we start by stating a result
obtained in [13] (Claim 3.3, Claim 3.4 and beginning of Claim 3.5).

Proposition 4.19. If E C G is a set of locally finite perimeter, then for
any T € O*FE the following properties hold:

(i) Tan(E, 7) # 0;
(i) each F € Tan(E,Z) is a set of locally finite perimeter and

vr(z) = vE(Z) for |Dxrl|-a.e. x € G;

(111) Vi NInvg(F) coincides with the codimension 1 subspace of Vi

{i a; X : i aiVEﬂ'(i’) = 0}
=1 =1

and, setting X = >, vpi(Z)X; € Vi, X € Reg(F) \ Inv(F) and
Xxr = 0.

Furthermore, we have e € supp |Dxr|: indeed, by the way of contradiction,
if e ¢ supp |[Dxr| there would be some p > 0 such that |[Dxr|(B,(e)) = 0;
thus, setting Ez, = 51/T(E*1E), we would have by (4.5) (possibly taking a
smaller p > 0)

L"(FNBye)) =0 or LY'F°NB,(e)) =0.

If L"(F N By(e)) = 0, by the fact that {xg,,. }ien converges to xr in

LY(B,(e)) along a suitable sequence 7; N\, 0 and (4.7)

0=L"(FNB,(e) = lim L"(Ez,, N Bp(e))

1—00

= lim £"(52 (¢ B0 By (@)

n(m—1
LM EN B, ()

3

>co >0,

o7



which is a contradiction. If instead L£"(F°N By(e)) = 0, a similar argument
leads to another contradiction.

We also need two crucial lemmas. The first one shows that if X € Reg(F)
belongs to €B;_, Vi, then the tangent sets to E at [Dxgl|-a.e. x € *E are
invariant under the “higher degree component” of X. The underlying reason
for this fact is that the intrinsic dilations behave quite differently in the
X-direction and in the horizontal directions.

Lemma 4.20. Let E C G be a set of locally finite perimeter, X € Reg(E)
and assume that X = 2512 v; with v; € V; and ¢ < s. Then, for |Dxgl|-a.e.
x € O*FE, vy € Invo(F) for all F € Tan(E, x).

Proof. Let u € Mjo.(G) be the Radon measure such that p = Xyg. If
@ =1, then s = 1 and there is nothing to prove, so we can assume ) > 2.
From Corollary 3.25 we know that the set N of points € G such that

|1l (By(x))

o >0

lim sup

™\0

is o-finite with respect to S92, in particular S~ !-negligible and by (4.9)
|Dx E|-negligible. We will prove that the statement holds for every z €
O*E \ N and actually, by virtue of Proposition 4.13, we can assume x = e
up to a left translation. Given any u € C°(G), let R > 0 be such that
suppu C Bg(e); (4.4) with f = xp gives

1
/(}X(S%(E)XTUdVOIG = W/guoéi d,

where X, = T‘Zgl/rX, so that X, tends to vy as r N\, 0. We can bound the
right-hand side with

sup |ul
r@=*

|ul(Brr(e) = O(r)o(r?"?) = o(1),

where the last equality holds because £ > 2, so passing to the limit as r \, 0
along a suitable sequence and moving the limit inside the integral sign on
the left-hand side (it can be done by the dominated convergence theorem
since X,u € C°(G)) we get vpxr = 0 for every F' € Tan(E, e). O

The invariance of Invg under left translations and scaling shows that Invg(F)
contains Invo(F) for all F' € Tan(E). Moreover, we know that the codimen-
sion of span(Invo(E)) in g is at least 1 (because it has codimension 1 in V; by
Proposition 4.19) and is exactly 1 if F is a vertical half-space by Proposition
4.7. In this setting, the second lemma says that if this codimension is at
least 2 then a double tangent strictly increases the set Inv(E) at |Dxgl|-a.e.
point.
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Lemma 4.21. Let E C G be a set of locally finite perimeter and assume
that
dim(span(Invy(E))) < n — 2.

Then, for any x € O*E, Invo(L) 2 Invo(E) for some L € Tan?(E, x).

Proof. Let g’ = span(Invo(E)) and X = >"", vg(x)X;. We first show the
existence of Z € g\ (¢’ + V1) such that Z € Reg(F) for every F' € Tan(FE, x).
Observe that g’ is a Lie subalgebra of g by Proposition 4.2 and X ¢ g’ by
Proposition 4.19, so we can apply Proposition 2.14: there exists Y € g’ such
that

Z = Adexp(Y)(X) §Z g/ S5 {RX} = g/ + Vi

In particular, since Invy(E) C Invy(F') for every F' € Tan(E,z), Y € Inv(F)
and so Z € Reg(F) for every F € Tan(F,x) by Proposition 4.2.

Now, let us fix F' € Tan(E, z) and consider p € M),.(G) the Radon measure
such that 4 = Zxp. Possibly removing from Z its horizontal component
(which can be done because F' has locally finite perimeter by Proposition
4.19), we can write Z = vy, +...+v;, with i; > 2 and v;; € V;;\ {0} for every
j=1,....4. Then v;, ¢ Invo(E) for at least one k € {1,...,¢}, so let us
choose the largest one with this property. Hence, setting Z' = v;, +...+v;,,
since v;; € Invg(E) C Invo(F) for all k < j < ¢, we still have Z'xp = p.
Therefore by Lemma 4.20 we can find L € Tan(F') such that v;, € Invo(L);
this concludes the proof because v;, ¢ Invo(E). O

We are now ready to prove the previously announced result. Recall again
that m = dim V.

Theorem 4.22. Let E C G be a set of locally finite perimeter. Then, for
any x € O*E, there exists a natural number k < 2(n —m) + 1 such that
Hyypz) € Tan®(E, z).

Proof. Let us define
i, = max{dim(span(Invo(F))) : F € Tan*(E, z)}.

Thanks to Proposition 4.19, we know that sets in Tan(E,z) are invariant
in at least m — 1 directions, so that i1 > m — 1. Furthermore, we proved
in Lemma 4.21 that ix49 > i as long as there exists F' € Tank(E,a:) with
dim(span(Invy(F'))) < n—2, hence, up to apply the tangent operator at most
2(n—m) times, we find for some natural number k£ < 2(n—m)+1 an iterated
tangent set F € Tan®(E,z) with dim(span(Invo(F))) > n — 1. Moreover,
from Proposition 4.19 we know that V4 N Invo(F) has codimension 1 in V;
and Y ;" vpi(z)X;xF > 0, so F is a half-space. Therefore, by Proposition
4.7 and since e € supp |[Dxr| we have ' = Hy ,, (2)- O
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Chapter 5

The problem of rectifiability

We have all the tools to present the proof of the main result currently known
about rectifiability of sets of finite perimeter in Carnot groups, which is the
following theorem.

Theorem 5.1. Let G be a Carnot group and E C G a set of locally finite
perimeter. Then for |Dxg|-a.e. x € O*E there exists a vertical half-space H
such that H € Tan(E, x).

Moreover, we will provide a counterexample showing that the expression
“|Dxgl-a.e.” cannot be avoided and that in general this theorem cannot
hold in any point of the reduced boundary 9*F. All these results can also
be found in [3]. We will continue to use the notation introduced at the
beginning of Chapter 4.

5.1 Rectifiability in step 2 Carnot groups

In [13] the following theorem is proved:

Theorem 5.2. Let G be a step 2 Carnot group. If E C G is a set of locally
finite perimeter, then for any x € 0*E we have

Tan(FE,z) = {HO,VE(fE) }-

In other words, in step 2 Carnot groups the analogue of De Giorgi’s rectifia-
bility theorem holds and at any point of the reduced boundary the tangent
set exists, is unique and is a vertical half-space. Observe that Theorem 5.1 is
very different from it because it does not hold at every point of the reduced
boundary and it does not say anything about uniqueness of the tangent
half-space. In this section we explain the idea regarding why there is this
big difference.

The proof of Theorem 5.2 proceeds in this way: the starting point is Propo-
sition 4.19, whose proof shows that the blow-up along any scaling sequence

60



r; \¢ 0 leads to a tangent set F' with constant horizontal normal. If the step
of G is 2, this is equivalent to say that F' is a vertical half-space. This fact
is proved in [13]| (Lemma 3.6), but here we provide a different proof, based
on Remark 4.3.

Proposition 5.3. Let G be a step 2 Carnot group. If E C G is a set of
locally finite perimeter such that vy is (equivalent to) a constant, then E is
a vertical half-space.

Proof. Let £ € R™ be the constant value of vg and set X = >"", §X;. By
Proposition 4.19 Xxg > 0 and Inv(E) contains all vectors Y = " n; X;
with 1 perpendicular to . Then, since s = 2, from (4.3) we get [X,Y]|xg =
0 for every Y € Inv(E) N Vi; but these commutators, together with the
commutators {[Y1,Y2] : ¥; € Inv(E) N V1}, span the whole V5, hence the
proof is achieved. ]

Here is the discrepancy with the general case because this result does not
hold in a Carnot group of step larger than 2 (see Section 5.3 and Section
5.4 for some counterexamples) and this is the difficulty to bypass in order to
prove Theorem 5.1.

Remark 5.4. The sign condition X f > 0 of Remark 4.3 is essential for the
validity of Proposition 5.3. For example, consider the first Heisenberg group
H! with the representation in graded coordinates (x,y,t) € R3 presented
in Section 2.4, so that the vectors of the basis of the horizontal layer are
X =0, +2y0; and Y = 0y — 220;; take a smooth function g € C°°(H') and
define the function

f(@,y,t) = g(t + 2zy).

We have X f = 4yg¢'(t + 2zy) and Y f = 0, therefore for any ¢ € R the
sets B, = {f < ¢} are Y-invariant, but they are not half-spaces if g is
not constant and, in fact, Xxpg, changes sign because X f does so and by
(1.13). Furthermore, the same example shows that there is no local version
of Proposition 5.3 because the sets E. locally may satisfy Xxg, > 0 or
Xxg, <0 (depending on the sign of ¢’ and y), but, choosing a suitable g,
they are not locally half-spaces.

In our proof of Proposition 5.3 the non-locality appears when we use formula
(4.3): indeed, its proof depends on the sign condition Adegpy)(X)xe =0
with t arbitrarily large and by (4.2) this is the right translation of X xg by
exp(tY’). Instead, the proof given in [13] relies on the possibility of joining
two different points in H' by following integral lines of Y in both directions
and integral lines of X in just one direction. This is proved by showing
that both initial and final points can be joined with the identity element. In
particular, this fact reveals that these paths cannot be confined to a bounded
region, even if the points are confined within a small region.
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5.2 Existence of a tangent half-space

In this section we prove Theorem 5.1. Thanks to Theorem 4.22, we only need
to show that iterated tangent sets are tangent sets. Precisely, the following
result holds.

Theorem 5.5. Let E C G be a set of locally finite perimeter. Then, for
|Dxg|-a.e. v € O*E we have

o0
U Tan®(E, z) C Tan(E, z).
k=2

In turn, this theorem is a consequence of an analogous one involving tangent
measures, proved in [25] (Theorem 2.12) in the Euclidean case. We will
adapt it to our setting after defining what tangent measures are.

From now on, for any x € G and r > 0 we will set

I, =010L,1.

Recall that, for a general LCS metric space £ and ¢ > 0, a measure pu €
™ (F) is asymptotically g-regular if

loc
B, . B, o
M < llm Sup M < 0 fOr |'LL|—a.e. T e .

0 < liminf
r™\0 rd AN rd

In particular, any asymptotically g-regular measure is asymptotically dou-

bling. Moreover, if £ C G is a set of locally finite perimeter, then the

perimeter measure |Dxg| is asymptotically (Q — 1)-regular thanks to (4.8).

Definition 5.6. Let u € Mj?.(G) be asymptotically ¢-regular and z € G.
We denote by Tan(u, z) the set of all local weak* limit points of the family
of measures {r~9(Iy,)spt}r>0 as v N\, 0. If v € Tan(u,z) we say that v is
tangent to p at x.

Theorem 5.7. Let p € Mi2.(G) be asymptotically q-reqular. Then for |pu|-
a.e. x € G we have

Tan(v,y) C Tan(u, z) for every v € Tan(u, ), y € supp |v|.

The connection between Theorem 5.5 and Theorem 5.7 rests on the following
proposition:

Proposition 5.8. Let E C G be a set of locally finite perimeter and x € O*E.
Then F € Tan(E, z) if and only if Dxr € Tan(Dxg,z) \ {0}.

Proof. Since F € Tan(E, x), there exists a sequence {r; };en such that r; N\, 0
and

F = lim 61 (z7'E)).

i—0o0 T,
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For any 1 < j <m and u € C>°(G) we have by (2.1), (2.8) and (3.5)
/ wd((Ipr,)(XiXE)) = —/ X; (u 0d1 o Lx_1> dvolg
G E i

__ / X; (u ° @) dvolg
L, 1(E)
1
—— Xjuod1 dvolg
T szl(E) T
= —rl.Q_l/ Xjudvolg,
Lo, (E)

thus by the dominated convergence theorem

1
Ql/ wd((Ipr,)3(XjxE)) —— — | Xjudvolg = / wd(X;xr).
r; G im0 F G
If now u € C.(G), by the density of C>°(G) in C.(G) (Theorem 3.38) for any
e > 0 there exists u. € C°(G) such that ||u — uc||o < €, hence by setting
Eyr, = I;,,(E) and (4.6) we have for some R > 0 large enough

’ / ud(Dxg,,,) — [ wd(Dxr)
G G

1
<gi [ Ju-uldDl
r BR'ri(x)

)

_l’_

/u€ d(DXEmi)—/us d(Dxr)
G G

+/ (= ue| d| D]
Br(e)

< (e1 + 1+ |Dxr|(Br(e)))e,

namely {ril_Q(Ix,Ti)ﬁDXE}ieN locally weak™ converges to Dxp. Finally,
Dxr # 0 because e € supp |Dxr| (remember the observation after Proposi-
tion 4.19).

Conversely, up to a left translation, we can assume x = e thanks to Proposi-
tion 4.13. Let {r;}ien be such that r; \, 0 and Dxp is the local weak* limit
of {ril_Q(Iem)ﬁDXE}ieN; moreover, set E; = d;,,(E), so that by the same
computation as before we have

DxE, = %([e,m)ﬁDXE-
T
Thanks to (3.2) and Theorem 4.11, without loss of generality we can as-
sume that {E;};en locally converges in measure to some F' C G, so that
F’ € Tan(FE,e) and by a density argument analogous to the previous one
{DxE, }ien locally weak™ converges to Dxpr. It follows Dxr = Dxpr, there-
fore by Proposition 4.10 xr — xp must be (equivalent to) a constant; this
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can happen only when either F' = F' or F = G \ F’, but the second possi-
bility is ruled out because it would imply Dxr = —Dxp and so Dxg = 0.
This proves F = F’ € Tan(FE, e). O

Proof of Theorem 5.5. At any point x € 9*F where the property stated in
Theorem 5.7 holds with 4 = Dyg we can consider any F' € Tan(F,x)
and L € Tan(F,y) for some y € 9*F; then, by Proposition 5.8 we know
Dxr € Tan(Dxg,z) and Dy € Tan(Dxr,y) \ {0}. As a consequence,
Theorem 5.7 gives Dy, € Tan(Dxg, ) \ {0}, hence Proposition 5.8 again
yields L € Tan(E,z). This proves Tan?(E,z) C Tan(E,z) and therefore
also Tan®(E, z) C Tan?(E, ) and so on. O

It only remains to prove Theorem 5.7. We will follow the proof given in [21]
(Theorem 14.16) with some adaptations. We start with a lemma.

Lemma 5.9. Let A C G, p be a vector measure on G and a € A be a density
point for A relative to |u|*, i.e.

(B0 )
A HB@)

If for some r; \, 0 and \; > 0 the measures \i(Iq ., )spe locally weak™ converge
to v, then

i a0, (). 4)

1—00 T

=0 for every y € supp |v|.

Proof. Let 7 := d(y,e) and let us argue by contradiction. If the statement
were false, 7 would be positive (otherwise y = e and the limit would be
equal to 0) and there would exist € € |0, 7[ such that d(ad,,(y),A) > er;
for infinitely many values of i. Possibly extracting a subsequence, we can
assume without loss of generality that this happens for every ¢ € N, so that

Bur (a8, (4)) € G\ A.

Furthermore, since ¢ < 7 and d is homogeneous (Proposition 2.37) we have
By, (adr,(y)) € Brry(adr,(y)) € Barr,(a).

Thus combining these two pieces of information with (3.1) we get

|1l (Barr (@) N A) |14l (Barr; (@) \ Ber;(adr, ()))

L= e B (a)) = msup [1](Barr, (@)
 tmsup 1212 (@) — 1nl(Ber, 081, (1))

i—00 |M|(B27T¢(a))
— 1 —1limin 1| (Ber, (adr;(y))) — 1 —1limin (Ia,ri)ﬁ’M’(Bé(y))
= L B0 R (B (e))

B lim inf; 00| Ni (Lo, st (Be(y))
lim sup; o0 | Ai (La,r; )ppt| (Bar(€))
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v[(Be(y))
lim SUpP; 00 ’)\z (Ia,m )ﬁ,u" (BZT(e)) '

<1l-

However, |v|(B:(y)) > 0 because y € supp |v| and the denominator is finite
by (3.2), so this is a contradiction. O

We will also need a specific distance on MJ" (G), which now we present. For
any R > 0 set

Diy = {u € Co(@) : suppu C Br(e), sup fu] < 1 and [u(z) — u(y)| < d(z.y)
for every z,y € G}

/ud,u—/udl/
G G

It is easy to see that dp is a distance on the linear subspace of MJ”.(G) made
of Radon measures with support contained in Bg(e). Moreover, di induces
the local weak* convergence in all bounded sets (with respect to the total
variation) of such subspace:

and for any p,v € M2 (G)

A v) = sup{

:uEDR}.

Lemma 5.10. Let {y;}ien € M{2.(G) be such that supp p; C Br(e) and
sup;en |1i|(Br(e)) < oo. Then p; = p in M. (Bg(e)) if and only if
lim; 00 dR (i, 1) = 0.

Proof. By the way of contradiction, suppose that {dr(u;, 1) }ien does not
converge to 0. Then we can find a sequence {u;};ey € Dg and € > 0 such

that
‘/Uz’dﬂi_/uidﬂ
G G

On the other hand, possibly extracting a subsequence, by Ascoli-Arzela the-
orem we have that {u;};en converges uniformly to some u € Dp; since by
hypothesis sup;cy || (Br(e)) is finite, we get

> E.

lim | w;dy; = / wdp = lim | w; dy,
G

=00 S =0 i

which gives a contradiction.
Viceversa, it is easily observed that dg(u;, p) — 0 implies
1—00

/ wdp; — | udy
G 1—00 G

for every u € Lip(G) with suppu C Bpg(e) (just multiply and divide by
Lip(u) sup |ul). If now u € C.(G) with suppu C Bpg(e), there exists £ > 0
such that suppu C Br-z(e); take a family of mollifiers {pc }.)o s and observe
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that u. :== u * p. is a Lipschitz function and supp u. C Bpg(e). Therefore by
Theorem 3.38 we obtain (for any ¢ > 0 small enough)

‘/udui—/udu‘ </ \u—u5|dlui|+‘/uedui—/ugdu‘
G G Brl(e) G G

+/ ot — ue] ]
Br(e)

< (suplial(Ba(e)) + 1+ ul(Ba(e) )2
€N

namely j; — p in MJ? (Bg(e)). O
We also observe that dg is separable:

Lemma 5.11. There is a countable dense set Q of Radon measures on G
with respect to dg, that is for any p € M{2.(G) and e > 0 we can findv € Q
for which dr(p,v) < e.

Proof. Without loss of generality, we can assume m = 1 (otherwise just argue
componentwise) and that p is a nonnegative measure (otherwise consider its
positive and negative parts put == (|u| + p)/2, p= = (|u| — p)/2). Let us
work in graded coordinates; for any i € N, let Q; 1, ..., Qi m, be the half-open
dyadic cubes of side-length 27¢, i.e. cubes of the form

{xER”:ka_inj<(k‘j—|-1)2_i, kieZ,j=1,...,n},

which have nonempty intersection with Bgr(e). Denote by x; ; the center of
Q;,; and consider the Radon measures

m;
pi =Y pQij)0a,
=1

where 0, is the Dirac measure concentrated at x. Then for any u € C.(G)
with suppu C Bg(e) we have by the dominated convergence theorem

m;
dp; = ii)XQ, ; dp —— d
/Gu i /(};U(l’z,])XQz,g e /Gu .

hence lim;_,oc dr(pi, #) = 0 by Lemma 5.10. This implies that the family of
Radon measures

Q= {Z i 0z, gij € Qi € N}

j=1

satisfies the thesis. O
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If now we define for any pu,v € MJ?.(G)

oo

A, v) = Y g minfl, dn(n )},
R=1

we have that d is a distance on M[" (G) and by virtue of Lemma 5.10 and
Lemma 5.11 it inherits the properties of d, namely d induces the local weak™*
convergence in all bounded subsets of M]" (G) made of Radon measures with
support contained in some bounded subset of G and is separable.

Proof of Theorem 5.7. Let x € G be such that
B
0, = limsup ABr@)
™\ rd

First of all, we check that for any sequence {r;};cn such that r; N\, 0 we have
ry (L)t — v <= lim d(v,r; Y (Ip,)sp) = 0. (5.1)
1—00

The first implication is a direct consequence of Lemma 5.10 because d-
convergence is equivalent to dr-convergence for all R > 0 and by (3.2) the
sequence {r; /(I )s/t}ien is bounded in total variation on every ball. The
converse one is also a consequence of Lemma 5.10, but we have to deduce
the boundedness in total variation by our choice of x:

Sup (e, )l (Br(€) = sup 1l B, ()

S\ ieN 1y

1
< max s {5l B (o) ot 1} < o,
L

1<i<N
where N € N is such that 7, /|u|(Bpgy, (z)) < £y + 1 for every i > N.
Let us suppose that the following statement holds:

(A) for any v € Tan(u,x), y € supp |v| and r > 0 we have r~9(I,, ) €
Tan(p, x).

With this assumption, the thesis follows by a diagonal argument: let

n = lim r; (I, ,,)sv € Tan(v,y);

1—+00

thanks to (5.1), for each k € N we can choose i, € N such that
- 1

d(rikq(Iy,mk)ﬁVa n) < s

Furthermore, by (A) we know T;kq(ly,nk)tiy € Tan(p,x), so that again by
(5.1) there exists a sequence {si}ren such that sx 0 and

T =

d(r;, "Iy, )gvs 53" (Tas J2ht) <
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This gives limy_o0 d(s;. /(Iz,s, )sit.n) = 0, namely n € Tan(u, z) once again
by (5.1).

It only remains to prove (A); however, since I, = I oI, and the operator
n +—— 17 9(I. )yn is readily seen to map Tan(u, x) into Tan(u, ), we just need
to show the following property:

(B) for |ul-a.e. x € G we have (Iy,1)sv € Tan(u,x) for every v € Tan(u,x)
and y € supp |v|.

Let us consider the set S of points where (B) fails: for any x € S there exist
v € Tan(p,x) and y € supp |v| such that (I,1)sv ¢ Tan(p,x). Thanks to
(5.1), this implies that there exist two integers k, z > 1 such that

1
d((Ly)gvsr™ WL )gp) > for every r € ]0, 2 [

1
k
If we set

Ay, = {z € G : there exist v € Tan(u, x) and y € supp |v| such that

d((Iya)gv, (I )gp) > 1/k for every r € 10,1/2[},

we have that .S is contained in the union of these sets, so it suffices to show
|pu|*(Ag,2) = 0 for every integers k,z > 1.
Suppose by contradiction |pu|*(Ag ) # 0 for some integers k, 2z > 1. Since d
is separable, we can cover M (G) with a countable family of sets { By}sen
satisfying

d(n,n') < i for every n,n' € By. (5.2)

Let us now consider the sets

Ap .0 ={x € G : there exist v € Tan(u, ) and y € supp |v| such that

(Iy1)sv € By, d((Iya)gv, ™ U(Ipr)gp) > 1/k for every r € 10,1/z[}.

Since A, € UjZoAk,e and |p|* is countably subadditive, at least one
of these sets satisfies |u|*(Ag . ¢) > 0; let us fix £ with this property and
set A = Ay .. Since |u[*(A) > 0 and |p| is asymptotically doubling, by
Remark 3.17 we can find @ € A which is a density point of A relative to |u|*;
moreover, by definition of A we have a measure v, € Tan(u,a) and a point
Ya € supp |v,| associated with a such that (I, 1)sv, € By and

1
d((Lyy,1)4Vas T~ (Lay)gpe) > for every r € }O, " [

==

In particular, y, # e; we can also write v, = lim;_, r;q(Ia’m)W for suitable
r; \¢ 0. Now, let us take a; € A such that

d(a(sn' (Ya), ai) < d(a(sri (Ya), A) + %
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for every i € N; Lemma 5.9 ensures d(ady,(ya),a;) = o(ri) as i — 00, so
81 /r, (@™ ay) " Yar Since Is,, (a-ta1 © Loy, = la,r;, this gives

dim 77 (Lo g = Hmor(Is, ) a1a),1)8Tar s
= lim (Iélm(a—lai),l)ﬁ(r;q(la,m)ﬁﬂ) = (Iya,l)ﬁya'

i—00

Therefore, by (5.1) we can fix i sufficiently large such that r; < 1/z and

A7 T o), (y)zv) < 5 (5.9

On the other hand, since a; € A = Ay, , ¢, we can find some v/ € Tan(u, a;)
and y' € supp [V/| with (I 1)4v" € By such that

- 1
d((ri qui,h‘)ﬁH)» (Iy/,l)ﬁyl) > %S

thus by applying the triangle inequality and combining (5.2) and (5.3) we
finally obtain

1 - - 1 1
b < A T )y (T Jpv) + ALy v, ()t < o + 5
This contradiction concludes the proof. O

5.3 A cone in the Engel group

In this section we provide a counterexample showing that Theorem 5.2 does
not hold if the Carnot group has step greater than 2. More precisely, we
will find a set of locally finite perimeter in the Engel group with a tangent
set which is a cone, but not a half-space, and explain what does not work
in the proof of Theorem 5.1 in this case. From now on, H* denotes the
k-dimensional Hausdorff measure induced by the Euclidean distance.

Let us consider the Engel group E with the representation in strong Malcev
coordinates (r1, 2,3, 74) € R* presented in Section 2.4, so that the vectors
of the basis of the horizontal layer are

Xl = 8z17
o
X2 - 8&?2 - xlaxg + ?85045

X3 = 0y — 1104,
Xy = Oy,

Recall that E is a Carnot group of step s = 3 with dimension of the horizontal
layer m = 2; moreover, it has homogeneous dimension

Q=2-1+1-24+1-3="T.
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For any a > 0, let P = P, : R* — R be the polynomial
P(z) = az3 + 214,
whose gradient is
VP(z) = (0,3az3,0,2).

In particular, all level sets {P = ¢}, ¢ € R, of P are obviously graphs of
smooth functions depending on (x1, z2,x3). Notice that

9
|VP(z)| = /4 + 90228 = 2 + Za%g +O(|z]).

We also have
X 1P(z) = Oy, (azd 4+ 224) = 0,
XoP(x) = [am — 2103, + Jjam} (o + 2z4) (5.4)
= 3aa3 + 21 > 0.

We define
C:={zecR": P(z) <0},

whose boundary is the set 0C' = {P = 0}. Observe that the polynomial P
is homogeneous of degree 3: for any A > 0

P(0x(x)) = P(Axy, Aog, N2x3, N32g) = aX323 + 2X\324 = N3P (2);

this implies §,C' = C' for every A > 0, namely C' is a cone.
From (1.13) we know

ZP

v p| e for every Z € ¢;

Zxc =—

hence by (5.4) we have that C is a set of locally finite perimeter and

3ax3 + x?

VP (0, 1)H25c -

Dxc = (X1xc, Xoxc) = (0,1) Xoxc = —

It follows

3ax? + z?
Dyo| = 50T + 27,3
| XC’ ‘VP(CL')’ LoC

and so that the horizontal normal

DXC’(BT(x))

M Dl By~ &Y

vo(z) =

is constant. Therefore all points of supp |Dx¢| belong to 9*C, in particular
0 € 0*C; thus by the invariance of C under intrinsic dilations we have
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Tan(C,0) = {C}, but clearly C' is not a half-space.

Going through the proof of Theorem 5.1 again, one may realize that the
step that cannot hold in this case is when we use Lemma 4.20 to prove
Lemma 4.21. It says that non-horizontal regular directions Z for E give
rise, after blow-up, to invariant directions, at least at points & € 0*E where
|ZxE|(Br())/r?? is infinitesimal as r \, 0. In our case, C' is self-similar
under blow-up at 7 = 0, so it must happen that |Zxc|(B,(0))/r92 is not
infinitesimal as r \, 0 for every non-horizontal regular direction Z (actually,
all directions are regular for C'). Let us show explicitly this fact for the
direction Z = Adeyp(x,)(X2): by (2.6) and the commutator relations in E

we get
1
Z = Xo + [X1, Xo] + 5[X1, (X1, Xo]]
1
=Xo— Xz + §X4
2
x7 1
= 6,;2 — 1'183;3 + ?8354 — 8333 -+ 1'183;4 + 58m4
x1 4+ 1)32
=00y (a4 1) + DI,
so that
(z1 4 1)*

ZP(x) = |0gy — (21 +1)0z, + Oy | (a3 + 224)

2
=3azi + (1 + 1) = 1+ O(|z]).
According to Theorem 2.39, balls B,(0) are comparable to the boxes

Qr = Box(0,7) = [—r,7]* x [=r?, 7% x [-r3, 7],

so we can consider them in place of balls for our computations. We want to
investigate the order of |Zx¢|(Qr) as r ~\ 0; for the sake of simplicity, let us
assume « € |0, 2], so that the function

g(xlaanxfi) = 5T,

2

whose graph is dC, has absolute value less or equal than 73 if (z1, 29, 23) €

[—r,7]? x [-r2,r%]. Hence Q,NAC is the graph of g on the “basis” [—r, r]? x

[—72,72] of the box @, and this fact, together with Vg(0) = 0, gives
Hoac(@) =@ n0C) = |

V1+|Vg2dc?
[—r,r]2x[—72,r2]

~ / 1dL? = £3([=r,r]? x [=r2,72]) = 8¢,
[=rr]2x[—r2,r2]
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This implies

2xcl(Q) = (5 +00al") ) Hoac(@) = ar' + 01
which finally gives
[Zxcl(@r)

rd

=0 as 7\ 0.

5.4 Some sets with constant normal

As mentioned in Section 5.1, in contrast with the Euclidean and step 2
Carnot groups cases, it is not true that in a general Carnot group sets with
constant horizontal normal must be vertical half-spaces. We want to provide
another couple of examples of this fact. We will consider again the Engel
group E 2 (R*, ) in strong Malcev coordinates with the notation introduced
in the previous section.

Example 5.12. For a,b € R, let P =P, : R* — R be the polynomial
Pa’b(ﬂj) = 2axy — bxs + x9.

Set E. = {P < c} for every ¢ € R; since VP # 0, by the regular level set
theorem all level sets 0E. = {P = c} of P are smooth embedded submani-
folds. Note that when both a and b are zero, the E.’s are vertical half-spaces.
The derivatives along the vector fields of the horizontal layer are

X1P(z) =0,
XoP(x) = ax? + bay + 1,

hence XoP(z) > 0 for every (a,b) in a suitable neighborhood U C R? of
(1,0). Then we have by (1.13)

azr? +bry + 1

3
|VP(JJ)| (O? 1)H|_6Ec

Dxg, = —
and so for any (a,b) € U the horizontal normal vg, = (0,—1) is constant.
However, these sets are not cones, except when they are vertical half-spaces.

Example 5.13. Consider the smooth function f : R* — R defined by
f(x) = x9 + arctan(x4) and set

E:={zcR: f(z) >0}
We have by (1.13)
Xixe =0,

1 2
XoxE = 1+ 1 H3, >0,
2XE Vf<x>< 2<1+xi)> OB =
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so that the horizontal normal vg = (0, 1) is constant, but clearly E is not a
vertical half-space.

Example 5.13 is important because it gives a negative answer to the asymp-
totic stability of half-spaces. More precisely, let E C G be a set with constant
horizontal normal and H the vertical half-space with the same horizontal
normal; if
L inf volg((F A H) N Bg(e))
R—+o00 Vol((;(BR(e))

:0’

one might ask if F is a vertical half-space to get an idea to prove uniqueness
for Theorem 5.1. However, the example says that this is not true: the set
satisfies the inclusions

T U
>—3»CFEC > ——

so that, if we set H = {zo > 0}, EAH C {—7/2 < z < 0} and by
Theorem 2.39 (for R sufficiently large)

(EAH)NBg(e) S [-CR, CR]x [—;T o] x[-(CR)%(CR)*|x[-(CR)*(CR)?.
Therefore volg((E A H) N Br(e)) < c¢RY for a suitable ¢ > 0. On the other

hand, volg(Bg(e)) = O(R") thanks to (3.5), hence we finally get

| vols((E A H) N Br(e))

=0.
R—+o00 VO]E(BR(e))

In other words, F is asymptotic at infinity to the half-space H = {x2 > 0},
but we have already observed that E is not a half-space.
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