BESICOVITCH COVERING PROPERTY ON GRADED GROUPS AND

APPLICATIONS TO MEASURE DIFFERENTIATION

ENRICO LE DONNE AND SEVERINE RIGOT

ABSTRACT. We give a complete answer to which homogeneous groups admit homogeneous
distances for which the Besicovitch Covering Property (BCP) holds. In particular, we
prove that a stratified group admits homogeneous distances for which BCP holds if and
only if the group has step 1 or 2. These results are obtained as consequences of a more
general study of homogeneous quasi-distances on graded groups. Namely, we prove that
a positively graded group admits continuous homogeneous quasi-distances satisfying BCP
if and only if any two different layers of the associated positive grading of its Lie algebra
commute. The validity of BCP has several consequences. Its connections with the theory
of differentiation of measures is one of the main motivations of the present paper. As a
consequence of our results, we get for instance that a stratified group can be equipped
with some homogeneous distance so that the differentiation theorem holds for each locally
finite Borel measure if and only if the group has step 1 or 2. The techniques developed
in this paper allow also us to prove that sub-Riemannian distances on stratified groups of
step 2 or higher never satisfy BCP. Using blow-up techniques this is shown to imply that
on a sub-Riemannian manifold the differentiation theorem does not hold for some locally
finite Borel measure.
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1. INTRODUCTION

Covering theorems are known to be among the fundamental tools in analysis and geom-
etry. They reflect, in a certain sense, the geometry of the space and are commonly used to
establish connections between local and global properties. All covering theorems are based
on the same principle: from an arbitrary cover of a set, one tries to extract a subcover that
is as disjointed as possible. Among classical covering theorems, the Besicovitch Covering
Property (BCP), in which we are interested in the present paper, originates from works
of A. Besicovitch in connection with the theory of differentiation of measures in Euclidean

spaces ([Besd5)], [Bes4€], see also [Fed69, 2.8], [Pre83] and Section [6).

The development of analysis and geometry on abstract metric spaces leads naturally to
the question of the validity of suitable covering theorems on non-Euclidean spaces. Graded
groups provide a natural framework for many developments. A graded group is a Lie group
equipped with an appropriate family of dilations. A homogeneous quasi-distance on a
graded group is a left-invariant quasi-distance that is one-homogeneous with respect to the
family of dilations. Graded groups equipped with homogeneous quasi-distances naturally
generalize finite dimensional normed vector spaces. Due to the presence of translations
and dilations, they provide a setting where many aspects of classical analysis and geometry
can be carried out. Beyond such a priori considerations, these spaces form an important
framework because of their occurrences in many settings. There is a characterization of
positively graduable Lie groups as connected locally compact groups admitting contractive
automorphisms ([Sie86], see also Theorem [2.8)). The interest of E. Siebert for groups ad-
mitting contractive automorphisms was motivated by phenomenon appearing in probability
theory on groups. Such groups have more generally been considered by various authors. In
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particular, homogeneous groups equipped with homogeneous quasi-distances as considered
in [FS82] (see also Definition fit within this framework. They have been considered
mainly in connection with their applications in harmonic analysis, complex analysis of sev-
eral variables, and study of some non-elliptic differential operators. We refer to [FS82] and
the references therein for a detailed presentation of these aspects. A class of homogeneous
groups equipped with homogeneous distances of particular interest are stratified groups
equipped with sub-Riemannian distances. They are also known as Carnot groups according
to a terminology due to P. Pansu. See Section [7] where we use the more explicit terminology
sub-Riemannian Carnot groups. One of their occurrences is as metric tangent spaces to
sub-Riemannian manifolds where they play in some sense the role Euclidean spaces play
in Riemannian geometry (see e.g. [Mit85], [Bel96]). These structures have also connections
with optimal control theory (see e.g. [Mon02], [AS04]).

In the present paper, we give a complete answer to which graded groups admit continuous
homogeneous quasi-distances for which BCP holds, see Theorem [I.2] Characterizations of
homogeneous and stratified groups admitting homogeneous distances satisfying BCP follow
as particular cases of our results on graded groups, see Corollary and Corollary We
also complete previous results about the non-validity of BCP for sub-Riemannian distances
on stratified groups of step > 2, see Theorem Finally, we give applications to mea-
sure differentiation which is one of the main motivations for this paper, see Theorem [L.5

Theorem Corollary and Theorem [1.10]

To explain these results, we first recall the Besicovitch Covering Property (BCP) in the
general quasi-metric setting. We refer to Section [3]for a more detailed discussion about this
covering property. See also Section [2.5] for our conventions about quasi-metric spaces, which
are the classical ones. A quasi-metric space (X, d) satisfies BCP if there exists a constant
N > 1 such that the following holds. For any bounded set A C X and any family B of
balls such that each point of A is the center of some ball of B, there is a finite or countable
subfamily F C B such that the balls in F cover A, and every point in X belongs to at most
N balls in F.

We briefly recall now the definitions of graded groups and homogeneous quasi-distances.
We refer to Section [2| for a complete presentation. A graded group is a simply connected
Lie group G whose Lie algebra g is endowed with a positive grading g = @ (0,400) V¢ Where
[Vs, Vi] C Visyy for all s,t > 0. At the level of the Lie algebra, the associated dilation of
factor A is defined as the unique linear map ) : g — g such that §,(X) = XX for all
X € V;. Denoting also by ) the unique Lie group homomorphism induced by this Lie
algebra homomorphism, a quasi-distance d on G is said to be homogeneous if it is left-
invariant and one-homogeneous with respect to the associated family of dilations (where
the latter means d(0x(p),0x(q)) = Ad(p, q) for all p, ¢ € G and all X > 0).

To state the main results of this paper and for later convenience, we introduce the follow-
ing definition that will be shown to algebraically characterize the validity of BCP for some
homogeneous quasi-distances.

Definition 1.1 (Graded groups with commuting different layers). Let G be a graded group
and let @B4~0V; be the associated positive grading of its Lie algebra. We say that G has
commuting different layers if [V;, Vs] = {0} for all ¢, s > 0 such that ¢t # s.
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Our main results read as follows.

Theorem 1.2. Let G be a graded group. There exist continuous homogeneous quasi-
distances on G for which BCP holds if and only if G has commuting different layers.

Homogeneous groups are those graded groups that can be equipped with homogeneous
distances, i.e., homogeneous quasi-distances that satisfy the triangle inequality. Equiva-
lently, all layers V3 with ¢ < 1 of the associated positive grading of their Lie algebra are
{0}, see Definition and Proposition For such groups, we prove that homogeneous
distances are continuous, see Corollary and we get the following corollary.

Corollary 1.3. Let G be a homogeneous group. There exist homogeneous distances on G
for which BCP holds if and only if G has commuting different layers.

An important class of homogeneous groups are stratified groups, which are those for
which the degree-one layer of the associated positive grading generates the Lie algebra, see
Definitions and A stratified group has commuting different layers if and only if it
has (nilpotency) step 1 or 2. For such groups, Corollary reads then as follows.

Corollary 1.4. Let G be a stratified group. There exist homogeneous distances on G for
which BCP holds if and only if G is of step < 2.

One of the main motivations for studying the validity of BCP on graded groups is its
connection with the theory of differentiation of measures. If p is a locally finite Borel
measure on a metric space (X, d), we say that the differentiation theorem holds on (X, d)
for p if

ri0+ p(Ba(p, 7))
for p-almost every p € X and all f € L. (). For homogeneous groups equipped with

loc
homogeneous distances, we prove the following characterization.

. 1
lim —— L /B oy J @@ = 1)

Theorem 1.5. Let G be a homogeneous group and let d be a homogeneous distance on G.
The differentiation theorem holds on (G,d) for all locally finite Borel measures if and only
if (G,d) satisfies BCP.

This characterization is a consequence of a characterization of the validity of the differ-
entiation theorem for all locally finite Borel measures on metric spaces due to D. Preiss,
taking the additional structure into account, namely, using left-translations and dilations,
see Section [6] Together with Corollary [I.3] and Corollary we get the following results.

Theorem 1.6. Let G be a homogeneous group. There exists some homogeneous distance d
on G such that the differentiation theorem holds on (G, d) for all locally finite Borel measures
if and only if G has commuting different layers.

Corollary 1.7. Let G be a stratified group. There exists some homogeneous distance d on
G such that the differentiation theorem holds on (G,d) for all locally finite Borel measures
if and only if G is of step < 2.
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To put our results in perspective, let us first recall that it is well-known since the works
of Besicovitch in the 40’s that BCP holds in Euclidean spaces, and more generally in finite
dimensional normed vector spaces. It is also known that the Riemannian distance on a Rie-
mannian manifold of class C? satisfies a property that generalizes BCP, see [Fed69, 2.8] and
Sections [6] and [7] On the contrary, it is also well-known that BCP does not hold on infinite
dimensional normed vector spaces. Until recently only few results were known for graded
groups equipped with homogeneous quasi-distances. It was proved independently and at
the same time in [SW92] and [KR95] that BCP does not hold on the Heisenberg groups
equipped with the Cygan-Korédnyi distance. Later on it was proved in [Rig04] that BCP also
fails for sub-Riemannian distances on stratified groups under some regularity assumptions
on the sub-Riemannian distance. After these negative answers about the validity of BCP, it
was commonly believed that there would probably not exist homogeneous quasi-distances
satisfying BCP on graded groups.

Let us now recall that any two homogeneous distances on a homogeneous group, and
more generally any two homogeneous quasi-distances on a graded group, are biLipschitz
equivalent. However, it turns out that the validity of BCP is not stable under a biLipschitz
change of quasi-distance.

Theorem 1.8 ([LR14a, Theorem 1.6]). Let (X,d) be a metric space. Assume that there
exists an accumulation point in (X,d). Then, for all 0 < ¢ < 1, there exists a distance d.
on X such that cd < d. < d and for which BCP does not hold.

See also [Pre83| Theorem 3] from which Theorem|L.§]is inspired. Notice that Theorem 1.8
can be extended to quasi-distances. As a consequence the non-validity of BCP for some
homogeneous quasi-distances cannot give any hint towards the existence or non-existence
of some other homogeneous quasi-distance satisfying BCP. Since for many purposes the
choice of a specific quasi-distance up to biLipschitz equivalence does not really matter, the
question of the existence of some homogeneous quasi-distance for which BCP holds on a
graded group remained meaningful.

The present paper follows two previous papers, [LR14a] and [LR15]. The existence of some
homogeneous distances that satisfy BCP on the Heisenberg groups is proved in [LRI4al.
On the contrary it is proved in [LRI15] that natural analogues of these distances on stratified
groups of step > 3 do not satisfy BCP. These two cases strongly suggested that the structure
of the dilations, which comes from the structure of the grading of the Lie algebra, plays a
crucial role. Theorem characterizes precisely in which sense the structure of the grading
plays a role for our purposes.

Let us now say few words about the proof of Theorem Among the simplest ex-
amples of positively graduable groups are the Abelian ones, the Heisenberg groups, and
free-nilpotent groups of step 2, see Example Example and Section They
play a key role in our proof of Theorem A first step is indeed the study of the valid-
ity or non-validity of BCP for homogeneous quasi-distances relatively to various possible
positive gradings on these groups.

To prove the existence of homogeneous quasi-distances satisfying BCP on graded groups
with commuting different layers, we first prove that Hebisch-Sikora’s quasi-distances satisfy
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BCP on stratified free-nilpotent groups of step 2, see Theorem Hebisch-Sikora’s quasi-
distances are those homogeneous quasi-distances whose unit ball centered at the identity is a
Euclidean ball, see Examples and Theorem [4.5| extends Theorem 1.14 in [LR14a]
to stratified free-nilpotent groups of step 2 and any rank r > 2. Theorem 1.14 in [LR14a]
gives indeed the conclusion for the stratified first Heisenberg group, i.e., the stratified free-
nilpotent group of step 2 and rank 2. The proof of Theorem is in spirit inspired by the
proof of this previous result but requires a slightly different approach.

To prove the non-existence of continuous homogeneous quasi-distances satisfying BCP
on graded groups for which there exists two different layers that do not commute, we
first consider the case of the non-standard Heisenberg groups, see Theorem A non-
standard Heisenberg group is the first Heisenberg group viewed as a graded group whose
Lie algebra is endowed with a positive grading that is not a stratification, see Example
As already mentioned, the fact that there does not exist continuous homogeneous quasi-
distances satisfying BCP on non-standard Heisenberg groups was suggested by Theorem 1.6
in [LR15]. However, we stress that the proof of Theorem [5.6]is not a technical modification
of the arguments in [LR15]. It requires indeed a completely new approach, see Section

In both cases, the general conclusion, see Theorems and follows using structure
properties about graded groups, using submetries, that plays a central role here, and using
some constructions on metric spaces that preserve the validity of BCP. These tools are given
in Sections 2 and [3

In Section [2] we establish preliminary results about graded groups. In Sections and
we fix the definitions and the terminology we shall use throughout the paper for graded and
stratified Lie algebras and Lie groups and for the associated families of dilations. Section [2.3
is devoted to various examples and to the description of some constructions on graded
groups for later use. In particular the Heisenberg groups and various positive gradings of
their Lie algebra to be used later in the paper are given in Example In Section we
prove some structure properties for graded groups. Proposition [2.15] gives a description of
graded groups with commuting different layers. Proposition [2.1§ explains how every graded
group with some different layers not commuting gives rise a non-standard Heisenberg group.
Section is devoted to homogeneous quasi-distances. The meaning of the terminology
homogeneous groups we use in this paper is in particular given in Definition 2.2I] We
stress that working with quasi-distances rather than with distances naturally occurs in ap-
plications but may lead to topological issues. In our setting, we prove that homogeneous
quasi-distances on graded groups induce the manifold topology, see Proposition As
a consequence, homogeneous distances on homogeneous groups are continuous, see Corol-
lary These results seem not to have been previously noticed in the literature and may
be of independent interest. On the contrary we stress that homogeneous quasi-distances
may or may not be continuous and Proposition characterizes continuous homogeneous
quasi-distances.

In Section [3| we first recall general facts about the Besicovitch Covering Property (BCP)
and one of its variants which we call the Weak Besicovitch Covering Property (WBCP). We
raise that these two variants are not equivalent in general metric spaces, see Example
However, in our setting, and more generally on doubling metric spaces, BCP and WBCP are
equivalent, see Proposition[3.7 It turns out that WBCP is for our purposes technically more
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convenient to work with. Next, we consider some constructions that preserve the validity
of (W)BCP. In particular products of metric spaces are considered in Theorem The
role of surjective morphisms of Lie algebra and submetries is given in Propositions [3.20)
and Results in this section will be used together with the structure properties proved
in Section to deduce Theorem from the particular cases mentioned above.

Sections [] and [5] are devoted to the proof of Theorem together with Corollaries
and In Section [4] we prove the existence of continuous homogeneous quasi-distances for
which BCP holds on graded groups with commuting different layers, following the scheme
already described above, see Theorem In Section [5| we consider more general quasi-
distances, called self-similar, which are only required to be one-homogeneous with respect
to some dilation, see Definition We prove that continuous self-similar quasi-distances
do not satisfy BCP on graded groups for which there exist two different layers of the
associated positive grading that do not commute, see Theorem[5.2] Self-similar, rather than
homogeneous, quasi-distances may occur naturally. We stress that in this case, additional
topological issues have to be taken into account, see Section [5.2]

In Section [6] we give applications to measure differentiation on graded groups and we
prove Theorem

In Section [7] we consider sub-Riemannian distances on stratified groups. We complete
the already known results of [Rig04] with the following general negative answer. We refer
to Definition for the definition of sub-Riemannian Carnot groups.

Theorem 1.9. Let (G,d) be a sub-Riemannian Carnot group of step > 2. Then BCP does
not hold on (G, d).

The proof of this result is independent of Theorem [I.2]but uses some techniques developed
in Section [3| in particular Proposition [3.21] Using the fact that sub-Riemannian Carnot
groups appear as metric tangent spaces to sub-Riemannian manifolds, we get the follow-
ing consequence about measure differentiation on sub-Riemannian manifolds. We refer to
Section for the definition of sub-Riemannian manifold.

Theorem 1.10. Let M be a sub-Riemannian manifold and let d be its sub-Riemannian
distance. Then there exists some locally finite Borel measure for which the differentiation
theorem on (M,d) does not hold.

2. PRELIMINARIES ON GRADED GROUPS

2.1. Graded and stratified Lie algebras and Lie groups. All Lie algebras considered
here are over R and finite-dimensional.

Definition 2.1 (Positively graduable Lie algebras). A positive grading of a Lie algebra g
is a family (V});e(0,4-00) Of vector subspaces of g, where all but finitely many of the V}’s are

{0}, such that
a= P v

te(0,+00)
and where [Vs, Vi] C Viqy for all s,¢ > 0. Here [V, W] :=span{[X,Y]; X € V, Y € W}. We
say that a Lie algebra is positively graduable if it admits a positive grading.
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A positively graduable Lie algebra may admit several positive gradings that are not
isomorphic, see for instance Example (and Definition for the definition of isomor-
phisms of graded Lie algebras). We will use the terminology “graded Lie algebra” when
considering a positively graduable Lie algebra equipped with a given positive grading as
stated in the following definition.

Definition 2.2 (Graded Lie algebras). We say that a Lie algebra is graded when it is
positively graduable and endowed with a given positive grading called the associated positive
grading.

Given a positive grading g = @;~0V; and given ¢t € (0, 4+00), the subspace V; is called the
degree-t layer of the grading.

Recall that, for a Lie algebra g, the lower central serie is defined inductively by gtV = g,
gkt = [g,g®)]. A Lie algebra g is called nilpotent if gtt1) = {0} for some integer s > 1.
We say that g is nilpotent of step s if g+t = {0} but g® # {0}. Positively graduable
Lie algebras are nilpotent ([Goo77], [FS82]). However, nilpotent Lie algebras that are not
positively graduable do exist ([Dye70]).

Definition 2.3 (Stratifiable Lie algebras). A stratification of step s of a Lie algebra g is a
direct-sum decomposition

g=Viehhed eV
for some integer s > 1 where Vy # {0}, [V1,V;] = Vj41 for all integers j € {1,...,s}, and
where we have set Vi1 := {0}. We say that a Lie algebra is stratifiable if it admits a
stratification.

Equivalently, a stratifiable Lie algebra g is a positively graduable Lie algebra that admits
a positive grading whose degree-one layer generates g as a Lie algebra. A stratification is
uniquely determined by its degree-one layer V;. Moreover, one has g = V; @ [g, g]. Recall
that the rank of a nilpotent Lie algebra is defined as dim g — dim[g, g]. For a stratified Lie
algebra it coincides with the dimension of the degree-one layer of any of its stratification.
However, we stress that an arbitrary vector space V' of a stratifiable Lie algebra g that is
in direct sum with [g, g], i.e., satisfies g = V @ [g, g], may not generate a stratification, see
Example Note also that a positive grading of a stratifiable Lie algebra may not be a
stratification, see Example

Any two stratifications of a Lie algebra are isomorphic, see [LD15]. In particular they have
equal step that we will call the step of the stratifiable Lie algebra. Note that a stratifiable
Lie algebra of step s is nilpotent of step s. When we fix a given stratification of a stratifiable
Lie algebra, we will use the terminology “stratified Lie algebra” as stated in the following
definition.

Definition 2.4 (Stratified Lie algebras). We say that a Lie algebra is stratified when it is
stratifiable and endowed with a given stratification called the associated stratification.

Definition 2.5 (Positively graduable, graded, stratifiable, stratified groups). We say that
a Lie group G is a positively graduable (respectively graded, stratifiable, stratified) group if
G is a connected and simply connected Lie group whose Lie algebra is positively graduable
(respectively graded, stratifiable, stratified).
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For the sake of completeness, we will give in Theorem below a characterization of
positively graduable groups in terms of existence of a contractive group automorphism.
This characterization is due to E. Siebert.

2.2. Dilations on graded algebras and graded groups.

Definition 2.6 (Dilations on graded Lie algebras). Let g be a graded Lie algebra with
associated positive grading g = ®¢~oV;. For A > 0, we define the associated dilation of
factor X as the unique linear map dy : g — g such that J,(X) = A X for all X € V;.

Dilations 6y : g — g are Lie algebra automorphisms. Moreover, the family of dilations
(0x)a>0 is a one-parameter group of Lie algebra automorphisms, i.e., dy o 6, = 0y, for all
A,m > 0.

Throughout this paper, given a Lie group homomorphism ¢ : G — H, we will denote
by @« : g — b the associated Lie algebra homomorphism. Recall that, if G is simply
connected, given a Lie algebra homomorphism ¢ : g — b, there exists a unique Lie group
homomorphism ¢ : G — H such that ¢, = ¢ (see [War83, Theorem 3.27]). This allows to
define dilations on graded groups as stated in the following definition.

Definition 2.7 (Dilations on graded groups). Let G be a graded group with Lie algebra
g. Let 0y : g — g be the associated dilation of factor A > 0. The associated dilation of
factor A on G is the unique Lie group automorphism, also denoted by d) : G — G, such
that ((5)\)* = 5)\.

For technical simplicity, we keep the same notation for both dilations on the Lie algebra
g and the group G. There will be no ambiguity here. Indeed, graded groups being nilpotent
and simply connected, the exponential map exp : g — G is a diffeomorphism (see [CGI0,
Theorem 1.2.1] or [F'S82, Proposition 1.2]) and one has 0y o exp = expody (see [War83,
Theorem 3.27]), hence dilations on g and dilations on G coincide in exponential coordinates.

For the sake of completeness, we give now a equivalent characterization of positively
graduable groups due to Siebert. If G is a topological group with identity e and 7 : G — G is
a group automorphism, we say that 7 is contractive if, for all g € G, one has limy_,o, 7%(g) =
e. We say that G is contractible if G admits a contractive automorphism.

For graded groups, associated dilations of factor A € (0, 1) are contractive automorphisms.
Hence positively graduable groups are contractible. Conversely, E. Siebert proved (see
Theorem below) that if G is a connected locally compact group and 7 : G — G is a
contractive automorphism then G is a connected and simply connected Lie group and 7
induces a positive grading on the Lie algebra g of G. Note however that 7 itself may not
be a dilation associated to the induced grading.

Theorem 2.8 ([Sie86, Corollary 2.4]). A topological group G is a positively graduable Lie
group if and only if G is a connected locally compact contractible group.

2.3. Examples. We first introduce the definition of basis adapted to a positive grading for
later use.
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Definition 2.9. Let g be a graded Lie algebra with associated positive grading given by
g =@>0Vs. Let n:=dimg and 0 < ¢; < --- < ¢; be such that V;, # {0} forall i =1,...,1
and V; = {0} for all t & {t1,...,t;}. We say that a basis (Xi,...,X,) of g is adapted to
the positive grading if (X, ,+1,...,Xm,) is a basis of V;, for all 1 < i <. Here mg =0
and m; — m;—; = dim V},.

Example 2.10 (Abelian Lie algebras and Lie groups). Abelian Lie algebras are stratifiable
Lie algebras of step 1 and any direct-sum decomposition is a positive grading.

In particular, if g is an Abelian n-dimensional Lie algebra, the trivial direct-sum decom-
position g = @0V, where Vi = g and V; = {0} for all ¢t # 1 gives the stratification. The
connected and simply connected Lie group with Lie algebra g can be identified with R™
equipped with the Abelian group law. Associated dilations are the usual multiplication by
a scalar positive real number given by x — Az for A > 0.

More generally, for any real numbers 0 < d; < --- < d,,, the maps
(X1, Tp) — (/\dlxl, ... ,)\dnxn) ,

define a family of dilations on the Abelian group R™ associated to some positive grading of
its Lie algebra.

Example 2.11 (Heisenberg Lie algebras and Lie groups). The n-th Heisenberg Lie algebra
b is the (2n 4+ 1)-dimensional Lie algebra that admits a basis (X1,...,X,,Y1,...,Y,,2)
where the only non-trivial bracket relations are [X;,Y;] = Z for all 1 < j < n. We call such
a basis a standard basis of b,,.

The n-th Heisenberg group H" is the connected and simply connected Lie group whose
Lie algebra is h,. Using exponential coordinates of the first kind, we write p € H" as
p = exp((X)= ;X5 +y;Y)) + 2Z) and we identify p with (z1,...,2Zn,y1,...,Yn, 2). Using
the Baker-Campbell-Hausdorff formula, the group law is given by

(xl,.--,l'n,yl,.--,yn7z)' (1‘37"'733;’7,’3//1”"’?/7/’1’2/)

1>
= (3014'53,1,7$n+$;ay1+yiv,yn+y;az+zl+52(l‘]y§ _yj$;)) .
=1

Heisenberg Lie algebras are stratifiable of step 2. Using a standard basis,
b =Vi@®Va where Vi :=span{X;,Y;; 1 <j<n}, Vo:=span”Z
is a stratification. Dilations associated to this stratification are given by
(Z1, e Ty YLy s Yy 2) = (AT s ATy AYL -+ s AUy A22)

Heisenberg Lie algebras also admit positive gradings that are not stratifications. We
will in particular consider in this paper such gradings on the first Heisenberg Lie algebra.
Namely, for o € (1,400), we call non-standard Heisenberg Lie algebra of exponent « the
first Heisenberg Lie algebra equipped with the following non-standard grading of exponent
@

bl = Wl ® Wa & Wa+1
where

Wi :=span{ X1}, W, :=span{Y1}, Wyy1 :=span{Z},
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and where (X1,Y7,7) is a standard basis of h;. Note that up to isomorphisms of graded
Lie algebras (see Definition and up to powers (see Example , these non-standard
gradings give all the possible positive gradings of h; that are not a stratification. Dilations
associated to the non-standard grading of exponent « are given by

r1,Y1, 2) — (Axy )\al)\a—klz .
(1, 91,2) = (Az1, A%y,

We will use the terminology non-standard Heisenberg group (of exponent o) when consid-
ering the first Heisenberg group as a graded group whose Lie algebra is endowed with the
non-standard grading (of exponent «).

Example 2.12. There are examples of stratifiable Lie algebras g for which one can find a
subspace V' in direct sum with [g, g] but that does not generate a stratification. One can
for instance consider the stratifiable Lie algebra g of step 3 generated by e, e and e3 and
with the relation [eg, e3] = 0. If V' := span{ey, ea + [e1,e2], €3}, one has g =V @ [g, g] but
V' does not generate a stratification of g, see [LD15].

Example 2.13 (Direct product of graded Lie groups). The direct product of graded groups
is positively graduable. If G and H are graded groups with associated positive grading of
their Lie algebras given by g = @;>0V; and h = @~oW; respectively, then @;~o(V; & Wy)
is a positive grading of the Lie algebra of G x H. This can be extended to the direct
product of finitely many graded groups in the obvious way. In the rest of this paper, we
will always consider the direct product of graded groups as graded groups with associated
positive grading given by the above mentioned grading.

Example 2.14 (Power of graded Lie algebras and of graded groups). Let g be a graded
Lie algebra with associated positive grading g = ®s>0V;s and let ¢ > 0 be a real positive
number. Then g = @s-0Ws where Wy, := V; is a positive grading of g, which we call the
t-power of the initial positive grading.

For A > 0, let d) denote the dilation of factor A associated to the initial positive grading
and ) denote the dilation of factor A associated to the grading of its t-power. In expo-
nential coordinates of the first kind associated to a basis adapted to these gradings, we
have 0\ (x1, ..., &) = (A1, ..., A2y,) and 0x(21, ..., 2n) = (A5, ..., A5a,) for some
0<s1 << sy

If G is a graded group, we call t-power of G the group G considered as the graded group
whose Lie algebra is endowed with the t-power of the initial positive grading.

2.4. Structure of graded algebras and graded groups. We give in this section some
results about the structure of graded algebras and groups to be used later in this paper.
They may be more generally of independent interest.

First, we consider graded groups with commuting different layers, see Definition [1.1
Notice that for such graded groups, a layer of the positive grading may not commute with
itself.

Proposition 2.15. Let G be a graded group with commuting different layers. Then G is
the direct product of powers of stratified groups of step < 2.
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See Example for the definition of powers of a graded group, Example for the
definition of direct product graded groups and Definition for the definition of stratified
groups.

Proof. Let g denote the Lie algebra of G. Let 0 < t; < --- < t,;, be such that V;, # {0} for
all k=1,...,mand V; = {0} for all t € {t1,...,t;}. Wehaveg=V;, &V, &...0 V.

If [Vi,, Vi,] = {0} then [V;,,g] = {0} since [V;,,Vs] = {0} for all s # ;. It follows that
h:=Vy, and b/ :=V,, ®... BV, are ideals of g. Hence (see [Pon60, p.388]) G is the direct
product of exp(h) and exp(h’). Moreover exp(h) is the t;-power of an Abelian stratified
group.

If [Vi,, Vi,] # {0}, we set b := Vi, @ [Vi,, Vi) € Vi, @ V. Then we consider Vi, any
complement of [V;, V] in Vo, ie., Vi, Vi, ® V5, = Vay,. We set VY, = {0}, V/ = V;
for t # t1,2t1 and b’ := B4=0V)/. We have g = h @ h/. We prove now that G is the direct
product of exp(h) and exp(h’). As before, to get the conclusion, we prove that both b and
b’ are ideals of g.

To show that b is an ideal, take X € h and Y € g. It is enough to consider the following
4 cases. First, assume X € V3, and Y € V;,. Then [X,Y] € h by definition of . Second,
assume X € Vi, and Y € Vi, with ¢ # ¢;. Then [X,Y] = 0 since G has commuting
different layers. Third, assume X = [X,, Xp] with X,, X}, € V;, and Y € Vy,. By Jacobi’s
identity and since 2t; # t; and G has commuting different layers, we get [[X,, X3],Y] =
[[Xa, Y], Xp] + [[Y, Xb], Xo] = 0. By bilinearity of the Lie bracket, it follows that [X,Y] =
0€hforal X € [Vy,V4] and Y € Vo,. Finally, assume X € [V;,,V;,] and Y € V; with
t # 2t;. Then [X,Y] = 0 since G has commuting different layers. All together it follows
that [X,Y] € b for all X € h and all Y € g hence h is an ideal.

To show that b’ is an ideal, we note that if X € V; with ¢t > t; and Y € V; for some s > t1,
we have t 4+ s > 2t; and hence [X,Y] € @50, Vi = @101, V) C B Since ' C @45y, Vi and
by bilinearity of the Lie bracket, it follows that [h’,g] C b’ hence b’ is an ideal. It follows
that G is the direct product of exp(h) and exp(h’). Moreover exp(h) is the t1-power of a
stratified group of step 2.

Finally, arguing by induction on the dimension of g, we get the conclusion. O

We will next consider the case where there exist two different layers of the positive
associated grading that do not commute. We first introduce the notions of morphisms of
graded Lie algebras and of graded subalgebras.

Definition 2.16 (Morphism of graded Lie algebras). Let g = @;~oV; and h = @;~oW; be
graded Lie algebras. We say that ¢ : g — b is a morphism (respectively isomorphism) of
graded Lie algebras if ¢ is a Lie algebra homomorphism (respectively isomorphism) such
that ¢(V;) C Wy for all ¢ > 0.

Let g = ®4>0V; be a graded Lie algebra with associated dilations (d))x~o. We say that
a Lie subalgebra g of g is homogeneous if 65(g) = g for all A > 0. If g is a homogeneous
Lie subalgebra of g, then @®;~0(V; N §) is a positive grading of g called the induced positive
grading and associated dilations are the restriction of §y to §.
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Definition 2.17 (Graded subalgebra). Let g be a graded Lie algebra. We say that g is a
graded subalgebra of the graded algebra g if § is a homogeneous Lie subalgebra of g endowed
with the induced positive grading.

Proposition 2.18. Let g = @>0V; be a graded Lie algebra. Assume that [V, V] # {0}
for some t < s. Then there exist a graded subalgebra § of g and a surjective morphism of
graded Lie algebras from g to h where § is the t-power of the non-standard Heisenberg Lie
algebra of exponent s/t.

See Example for the definition of non-standard Heisenberg Lie algebras and Exam-
ple for the definition of the t-power of a graded Lie algebra.

Proof. Let X; € V; and X3 € V5 be such that [X7, X3] # 0. Let g denote the Lie subalgebra
of g generated by X; and X2. We have 6,(g) = g for all A > 0 where J, are the associated
dilations on g. Hence g is homogeneous. We endow it with the induced positive grading
d = Dus0oVi where V, := V,, N § to make it a graded subalgebra of g. We have

g = V;f 5> VS @ ‘/t—i-s S (@u>t+svu)

with V, = span{ X1 }, V, = span{Xs} and Vies = span{ X3} where X3 := [X;, Xs]. Let
n:=dimg and (Xy,...,X,) be a basis of @u>t+5ffu such that (Xi,...,X,) is a basis of §
adapted to its positive grading (see Definition .

Let h:=W, & Wy & Wyiy be the t-power of the non-standard Heisenberg Lie algebra of
exponent s/t (see Example [2.11] and Example 2.14). Let Y; # 0 € Wy, Ya # 0 € W, and
set Y3 := [Y7,Ys]. Then WsH = span{Y3}.

Let ¢ : g — b be the linear map defined by ¢(X;) :=Y; for i = 1,2,3 and ¢(X;) := 0 for
1 > 4. It can easily be checked that ¢ is a Lie algebra homomorphism. It can also easily be
checked that ¢(V;) = W, for all u > 0. Here we set W, := {0} for u & {t,s, s+ t}. Hence
¢ is a surjective morphism of graded Lie algebras. ([l

Remark 2.19. To conclude this section, let us mention the following general fact. For
any graded Lie algebra g, there exist a positive grading of a free-nilpotent Lie algebra f
and a surjective morphism ¢ : f — g of graded Lie algebras. We shall use this fact in
the simple case of stratified Lie algebras of step 2 where all what we need can be eas-
ily constructed by hand, see the proof of Theorem We refer to [Bou98, Chapter
I1], [Jac79], [Ser06], [Reu93|, [DK11] for more details on the subject.

2.5. Homogeneous quasi-distances. Given a nonempty set X, we say that d : X x X —
[0, +00) is a quasi-distance on X if it is symmetric, d(p,q) = 0 if and only if p = ¢, and
there exists a constant C' > 1 such that d(p,q) < C(d(p,p’) + d(p',q)) for all p, p’, ¢ € X
(quasi-triangle inequality with multiplicative constant C'). We call (X, d) a quasi-metric
space. When speaking of a ball B in (X, d), it will be understood that B is a set of the form
B = By(p,r) for some p € X and some r > 0 where By(p,7) := {q € X; d(¢q,p) <r}. When
d satisfies the triangle inequality, i.e., the quasi-triangle inequality with a multiplicative
constant C' = 1, then d is a distance on X.

Definition 2.20 (Homogeneous quasi-distances on graded groups). Let G be a graded
group with associated dilations (d))x>0. We say that a quasi-distance d on G is homogeneous
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if d is left-invariant, i.e., d(p- ¢,p- ¢') = d(q,q’) for all p, ¢, ¢ € G, and one-homogeneous
with respect to all dilations (d))x>0, i-€., d(dr(p),0x(q)) = Ad(p, q) for all p, ¢ € G and all
A>0.

Note that, in this definition, we do not require any topological property, and in particular
any continuity property, of a homogeneous quasi-distance with respect to the manifold
topology on the group. We will discuss these topological issues below, see Proposition [2.26
Corollary and Proposition Let us stress that we will consider in Section
a more general class of quasi-distances, called self-similar quasi-distances in the present
paper. Additional topological issues occur for self-similar quasi-distances. For the sake
of clarity, we devote the present section to homogeneous quasi-distances. We postpone
the discussion about topological properties of self-similar quasi-distances to Section [5| see
especially Section [5.2

Homogeneous quasi-distances on arbitrary graded groups do exist. One can for instance
follow the arguments in [FS82, Chapter 1]. Note however that our terminology is slightly
different from the terminology adopted for graded groups in [FS82]. See also Example
below for another construction of homogeneous quasi-distances on arbitrary graded groups.

On the other hand, homogeneous distances do exist if and only if, for all ¢ < 1, degree-t
layers of the associated positive grading are {0}. These groups are called homogeneous
in [FS82] and we will follow here this terminology.

Definition 2.21 (Homogeneous groups). We say that G is a homogeneous group if G is
a graded group whose associated positive grading @®soV; of its Lie algebra is such that
Vi = {0} for all t € (0,1).

As already mentioned, we have the following proposition.

Proposition 2.22. Let G be a graded group. There exists a homogeneous distance on G if
and only if G is a homogeneous group.

Proof. If some degree-t layer of the positive grading is non-trivial for some ¢ < 1, a map d :
GxG — [0, +00) that is left-invariant and one-homogeneous with respect to some non-trivial
associated dilation cannot satisfy the triangle inequality (i.e., the quasi-triangle inequality
with a multiplicative constant C' = 1). On the other hand, W. Hebisch and A. Sikora proved
in [HS90] the existence of homogeneous distances on homogeneous groups. O

Homogeneous distances considered by Hebisch and Sikora play a central role in Section []
and we describe them below.

Example 2.23 (Hebisch-Sikora’s homogeneous distances on homogeneous groups). Let G
be a homogeneous group with identity e, associated positive grading of its Lie algebra given
by g = ®>0V; and associated dilations (d))xsg. Let n := dimg and let (X1,...,X,) be a
basis of g adapted to the positive grading (see Deﬁnition. Using exponential coordinates
of the first kind, we identify p € G with (p1,...,p,) where p = exp(p1 X1 + -+ + pnXn).

For R > 0, we set
Ap = {p €G; Y pi < R2}

=1
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and
dr(p,q) =inf {A>0; ;/5(p™" - q) € Ar} .

Hebisch and Sikora proved in [HS90] that there exists R* > 0 such that for all 0 < R < R*,
dpr defines a homogeneous distance on G.

Example 2.24 (Homogeneous quasi-distances on powers of graded groups). If G is a graded
group, d a homogeneous quasi-distance on G and t € (0,+0c) then dYt is a homoge-
neous quasi-distance on its t-power (see Example for the definition of powers of graded
groups). Notice that when G is a homogeneous group, d a homogeneous distance and ¢ > 1,
then (G,d"?) is a snowflake of (G, d).

Example 2.25 (Existence of homogeneous quasi-distances on graded groups). Let G be
a graded group with associated positive grading ®,-oV; of its Lie algebra. All t-powers
of G where tmin{s > 0; V, # {0}} > 1 are homogeneous groups. If d is a homogeneous
distance on such a t-power of G, it follows from Example that d' is a homogeneous
quasi-distance on G.

A quasi-distance d on a set X induces a topology on X declaring a set O to be open if
and only if for all x € O there exists r > 0 such that By(z,r) C O. Equivalently a set F
is said to be closed if and only if for all sequences (zy) of points in F' such that d(xg,z)
converges to 0 for some x € X, we have x € F. In the following proposition, we prove that
on a graded group the topology induced by a homogeneous quasi-distance and the manifold
topology coincide.

Proposition 2.26. The topology induced by a homogeneous quasi-distance on a graded
group coincides with the manifold topology of the group. Moreover, a set is relatively compact
if and only if it is bounded with respect to the homogeneous quasi-distance.

Proof. Let G be a graded group with identity e, associated positive grading of its Lie
algebra given by g = @®¢-0V; and associated dilations (d))x>o. Let d be a homogeneous
quasi-distance satisfying the quasi-triangle inequality with multiplicative constant C'.

To prove that the topology 74 induced by d and the manifold topology 7, coincide, it is
enough to show that d(e,p) goes to 0 if and only if p converges to e. Here, and in the rest
of this proof, the latter convergence (and more generally the convergence of some sequence
of points) means convergence with respect to the manifold topology.

First, we show that the quasi-distance d(e, ) from e is continuous at e with respect to
Tm- Since graded groups are nilpotent and simply connected, we can consider exponential
coordinates of second kind with respect to a suitable choice of basis (Xi,...,X,) of g,
see [CGI0]. Namely, first for all ¢ = 1,...,n, there exists d; > 0 such that X; € Vg, and
consequently, 0y(X;) = A% X;. Second, there is a diffeomorphism p ~ (Py(p), ..., Pu(p))
from G onto R™ such that for all p € G,

p=exp(P1(p)X1) - ... exp(Pn(p)Xn) -
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In particular P;j(e) = 0 for all i = 1,...,n. Then, using the quasi-triangle inequality, the
left-invariance and the homogeneity of the quasi-distance, we get

d(e,p) = d(e,exp(P1(p)X1) - ... exp(Pn(p)Xn))

< i C" d(e, exp(P;(p) X))
i=1

IA
NE

o d(e, eXP(5|pi(p)\1/di (sgn(Pi(p))Xi))
1

~.
I

C" |Pi(p) Y% d(e, sgn(Pi(p)) exp(X;)),

Il
WE

1

<.
Il

where sgn(P;(p)) denotes the sign of P;(p). The last upper bound goes to 0 when p converges
to e and this proves the claim.

Second, we show that if (pg) is a sequence for which d(e, pr) goes to 0 then py converges
to e. We set

(2.27) ol =3 1P.0) -
=1

Arguing by contradiction, up to a subsequence, there would exist € > 0 such that ||pg| > €
for all k. Since the map A — ||dx(¢)|| is continuous with respect to 7, for all ¢ € G, we
get that, for all £, one can find A; € (0,1) such that ||y, (px)|| = €. By compactness with
respect to Ty, of {p € G; ||p|| = €}, up to a subsequence, we would get that ¢y, (px) converges
to some ¢ € G with ||g|| = €. In particular ¢ # e and hence d(e,q) > 0. However,

0<d(e,q) < C(d(e,dn, (pr)) + d(dx, (Pk); 9))
= C(\d(e,pg) +d(e,q " -0y, (pr)))
C(d(e,px) + d(e,q~" - 65, (pr))) -

By continuity of d(e,-) at e with respect to Ty, and since ¢! - 8y, (pr) converges to e, we
have that d(e, g™ - 6y, (px)) goes to 0. Hence the last upper bound in the above inequalities
goes to 0. This gives a contradiction and proves the claim. All together we get that both
topologies coincide.

IN

Relative compactness with respect to the manifold topology is equivalent to boundedness
with respect to || - ||. Hence, to show that relative compactness is equivalent to bounded-
ness with respect to the quasi-distance, we show that boundedness with respect to d and
boundedness with respect to || - || are equivalent. By contradiction, assume that one can
find a sequence (pg) such that, for some M > 0, d(e,pr) < M for all k, but ||px| goes
to +00. Arguing as above, one can find a positive sequence (\;) converging to 0 such
that ||y, (pr)|| = 1 for all k. On the other hand, since d(e, dy, (pr)) = Apd(e, pr) < M,
d(e, dx, (pr)) goes to 0. As shown before, this implies that 0y, (px) converges to e and gives
a contradiction. One shows in a similar way that boundedness with respect to || - || implies
boundedness with respect to the quasi-distance. ]

In the rest of this paper, when not specified, all topological properties on graded groups
will be understood as defined with respect to the manifold topology, or, equivalently in
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view of Proposition [2.26] with respect to the topology induced by any homogeneous quasi-
distance.

If d is a distance on a set X, then d is continuous on X x X with respect to the topology
it induces and subsets of the form {y € X; d(y,z) < r}, respectively {y € X; d(y,z) < r},
are open, respectively closed, with respect to the topology induced by d. In particular, in
view of Proposition [2.26] we have the following consequence.

Corollary 2.28. Every homogeneous distance on a homogeneous group G is continuous on
G x G with respect to the manifold topology.

On the contrary, we stress that, if d is a quasi-distance on a set X, subsets of the form
{y € X; d(y,z) < r}, respectively {y € X; d(y,z) < r}, may not be open, respectively
closed, for the topology induced by d. Moreover, even when one of these properties holds,
the quasi-distance may not be continuous on X x X with respect to the topology it induces,
see Remark [2.30] below. In particular, in view of Proposition [2.26] a homogeneous quasi-
distance on a graded group G may not be continuous on G' X G with respect to the manifold
topology. The first part of the proof of Proposition [2.26] only says that the quasi-distance
d(e,-) from e is continuous at e (or equivalently by left-invariance, the quasi-distance d(q, -)
from ¢ is continuous at ¢ for all ¢ € G). In other terms, it only says that a ball By(p, )
contains its center p in its interior. We show in the next proposition that a homogeneous
quasi-distance on a graded group G is continuous on G x G if and only if its spheres are
closed, or equivalently its unit sphere centered at e is closed .

Proposition 2.29 (Continuity of homogeneous quasi-distances). A homogeneous quasi-
distance d on a graded group G is continuous on G X G if and only if its unit sphere
centered at e is closed.

Proof. First, note that a homogeneous quasi-distance d : G x G — [0, 400) is continuous on
G x @G if and only if the quasi-distance d(e, -) from e is continuous on G. If d(e, -) is continuous
on G then its unit sphere Sy(e, 1) := {p € G; d(e,p) = 1} is obviously closed. Conversely
assume that Sy(e, 1) is closed. We already know from the proof of Proposition that
d(e, -) is continuous at e. To prove the continuity of d(e, -) at an arbitrary point p with p # e,
it is sufficient to show that for any sequence (p) such that d(pg, p) goes to 0, one can extract
a subsequence whose quasi-distance to e converges to d(e,p). Set A\p := d(e,pr). We have
A < C(d(e,p)+d(p, pr)) hence the sequence (M) is bounded. Up to a subsequence, one can
thus assume that \; converges to some A > 0. If A = 0, then A\ = d(e, px) goes to 0, hence
pr. converges to e (see Proposition and we would have p = e. Since we are considering
p # e, we thus have A > 0. Then ||6; /5, (pr) — d1/2(p)|| goes to 0 (remember for the
definition of || -]]), i.e., 61/, (px) converges to 61/x(p). Since 61y, (px) € Sa(e, 1) and Sy(e, 1)
is closed we get that d1/5(p) € Sa(e,1). Hence A = d(e, p) which concludes the proof. [

Remark 2.30. In view of Proposition [2.29] it is easy to construct examples of homogeneous
quasi-distances that are not continuous. In such a case, the unit ball centered at the
identity may or may not be closed. For instance, in R? equipped with its trivial abelian
stratification, consider the homogeneous quasi-distance d; whose unit ball centered at the
origin is the union of the Euclidean closed unit disk centered at the origin with the interval
[—2,2] x {0} (see Example below for a characterization of homogeneous quasi-distances



18 ENRICO LE DONNE AND SEVERINE RIGOT

on graded groups in terms of their unit ball). Its unit sphere at the origin is the union
of two points {(—2,0),(2,0)} with the set {(x,y) € R? 22 + 4% = 1} \ {(1,0),(-1,0)},
which is not closed. In this example, the unit ball (and hence any ball) is (are) closed
and sets of the form {p € R?; d1(0,p) < r} are not open. One can also consider the
homogeneous quasi-distance dy whose unit ball centered at the origin is the Euclidean
closed unit disk centered at the origin minus the segments [—1,—1/2) U (1/2, 1], which is
not closed. Its unit sphere at the origin is the union of two points {(—1/2,0), (1/2,0)} with
the set {(x,y) € R?; 22 +y? = 1} \ {(1,0),(—1,0)}, which is not closed as well. However
sets of the form {p € R?; da(0,p) < r} are open. In both examples, the quasi-distance from
the origin is not continuous at points p € R* x {0}.

We conclude this section with a characterization of homogeneous quasi-distances by means
of their unit ball. Together with Proposition 2:29] we get the existence of continuous
quasi-distances on graded groups. Finally, we also recall a characterization of homogeneous
distances by means of their unit ball.

Example 2.31 (Characterization of homogeneous quasi-distances by means of their unit
ball). Let G be a graded group with identity e and with associated dilations (dy)xso. Let
d be a homogeneous quasi-distance on GG. By Proposition e belongs to the interior of
By(e,1) and By(e, 1) is relatively compact. By left-invariance, By(e, 1) is symmetric, i.e.,
p € By(e,1) implies p~! € By(e,1). Finally, it follows from the homogeneity of d that, for
all p € G, the set {\ > 0; d;/\(p) € Ba(e,1)} is a closed subinterval of (0,+oc) (for the
relative topology on (0, +00)).

Conversely, assume that K is a subset of G that contains e in its interior, K is relatively
compact, symmetric, and such that the set {\ > 0; d;,5(p) € K} is a closed subinterval of
(0,400) for all p € G. Then

d(p,q) ==inf {A>0; §;5(p" - q) € K}

defines a homogeneous quasi-distance on G. It is the homogeneous quasi-distance whose
unit ball centered at e is the set K.

For the sake of completeness, we give below a detailed proof of this claim. Although the
general scheme of the proof is a classical one, we stress that some of the arguments use the
topological properties proved in Proposition [2.26] For p € G, we set

I(p) = {X\>0; 6y,:(p) € K}
and
p(p) := inf {)\ > 0; 01,2 (p) € K} .
Note that since K contains e in its interior and d;, A(p) converges to e when \ goes to +oo,
we have I(p) # () and p(p) < +oo for all p € G. Obviously, one has p(e) = 0. Conversely let
p € G with p # e. Then ||§;/,(p)|| goes to +00 when A goes to 0 (remember ({2.27)) for the
definition of || - ||). Since K is relatively compact, and hence bounded with respect to || - ||,

it follows that d,/(p) ¢ K for all A > 0 small enough. Hence p(p) # 0 and consequently,
we get that

(2.32) p(p) =0 ifand onlyif p=e.
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Next, since K is symmetric, we have I(p) = I(p~'). Hence

(2.33) p(p) = p(p~") .

Third, since 0y o d,, = dy, for all \,n > 0, one has I(dx(p)) = A (p) for all p € G and all
A > 0. Hence

(2.34) p(x(p)) = Ap(p) -

Finally, the fact p satisfies the quasi-triangle inequality, i.e., there exists some constant
C > 0 such that

(2.35) p(p-q) < C(p(p) + p(q))

for all p, ¢ € G, follows from the fact that p is bi-Lipschitz equivalent to any homoge-
neous quasi-norm on G. Indeed let dy be a homogeneous quasi-distance on G (remember
that homogeneous quasi-distances on graded groups do exist, see Example and set
po(p) := dop(e,p). Since the topology induced by dy and the manifold topology coincide
(see Proposition and since e belongs to the interior of K, there exists n > 0, such
that p € K as soon as pp(p) < 1. By homogeneity, it follows that 2pg(p)/n € I(p) for all
p # e. Hence p(p) < 2po(p)/n for all p € G. On the other hand, since K is relatively
compact, it is bounded with respect to pg by Proposition Hence one can find M > 0
such that po(p) < M for all p € K. It follows that for p # e, dopr/p0(p)(P) € K and hence
po(p)/2M & I(p). By assumption, I(p) is closed subinterval of (0,+00). Moreover, since
K contains e in its interior and d;,,(p) converges to e when A\ goes to +oco, I(p) is an
unbounded closed subinterval of (0, +00), i.e.,

I(p) = [p(p), +0)
for all p € G with p # e. It follows that po(p)/2M < p(p) for all p € G. All together we get
that one can find a constant L > 0 such that

L™ po(p) < p(p) < L po(p)

for all p € GG. Then the fact that py satisfies the quasi-triangle inequality implies that p
satisfies the quasi-triangle inequality as well. This proves ([2.35|).

All together (2.32)), (2.33)), (2.34) and (2.35)) imply that d is a homogeneous quasi-distance
on G. Finally, one has p(p) < 1 if and only if 1 € I(p), i.e., p € K, hence K = By(e, 1).

Example 2.36 (Existence of continuous homogeneous quasi-distances on graded groups).
The characterization given in Example [2.31] together with Proposition [2.:29) gives an effective
way to construct continuous homogeneous quasi-distances on arbitrary graded groups. In
particular, one can extend Hebisch and Sikora’s construction of Example Namely,
following the notations of Example we get that, for all R > 0, dr induces a homoge-
neous quasi-distance on an arbitrary graded group. It is the homogeneous quasi-distance
whose unit ball centered at the identity is a Euclidean ball of radius R, using exponential
coordinates of the first kind relative to some basis of the Lie algebra adapted to the positive
grading. Moreover, its unit sphere centered at the identity is a Euclidean sphere of radius
R hence is closed. It follows that dg is continuous.
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Example 2.37 (Characterization of homogeneous distances on homogeneous groups). We
recall here a characterization, already contained in a slightly different form in [HS90], of
homogeneous distances on homogeneous groups in terms of their unit ball. Let G be a
homogeneous group with associated dilations (dy)x~o and with identity element e. If d is a
homogeneous distance on G, then e belongs to the interior of By(e, 1), By(e, 1) is compact
and symmetric. Since d satisfies the quasi-triangle inequality with a multiplicative constant
C =1, we have 0)(p) - 61-1(q) € Bal(e,1) for all p, ¢ € By(e,1) and all A € [0, 1].
Conversely, assume that K is a subset of G that contains e in its interior, K is compact,
symmetric and such that d,(p) - 61-1(¢) € K for all p, ¢ € K and all A € [0,1]. Then

d(p,q) :=1inf {X > 0; 6;\(p"" - q) € K}

defines a homogeneous distance on G. It is the homogeneous distance whose unit ball
centered at e is the set K. We refer to [HS90] for the proof of the fact that d satisfies the
quasi-triangle inequality with a multiplicative constant C' = 1 and to Example for all
other properties that must be satisfied by a homogeneous distance.

3. BEsicoviTCH COVERING PROPERTY

3.1. BCP and WBCP. Recall from the introduction the definition of the Besicovitch
Covering Property in the general quasi-metric setting. See Section for the definition
and our conventions about quasi-metric spaces.

Definition 3.1 (Besicovitch Covering Property). Let (X, d) be a quasi-metric space. We
say that (X, d) satisfies the Besicovitch Covering Property (BCP) if there exists a constant
N > 1 such that the following holds. Let A be a bounded subset of X and B be a family
of balls such that each point of A is the center of some ball of B, then there is a finite or
countable subfamily F C B such that the balls in F cover A, and every point in X belongs
to at most N balls in F, that is,

I14< ) 1 <N,
BeF

where 14 denotes the characteristic function of the set A.

The Besicovitch Covering Property originates from works of Besicovitch in connection
with the theory of differentiation of measures in Euclidean spaces ([Bes45], [Bes46], see also
Section [6]). Finite dimensional normed vector spaces satisfy BCP (see [Fed69, Chapter 2.8])
whereas infinite dimensional normed vector spaces do not satisfy BCP.

Definition for BCP is a common and classical one, even though one can find various
variants in the literature. In the FEuclidean setting, these variants are equivalent. One of
them, called in the present paper the Weak Besicovitch Covering Property (WBCP), see
Definition turns out to be equivalent to BCP in our setting of graded groups equipped
with homogeneous quasi-distances, and more generally for doubling quasi-metric spaces, see
Proposition For our purposes, WBCP is actually technically more convenient to work
with.

For the sake of completeness, we discuss in more details in the rest of this section the
relationships between BCP and WBCP, first pointing out that BCP and WBCP may happen
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to be non equivalent for general quasi-metric spaces, see Example This might be of
independent interest, and, to our knowledge, cannot be found explicitly written in the
literature. We will next prove that for doubling quasi-metric spaces, and hence for graded
groups equipped with homogeneous quasi-distances, BCP and WBCP are equivalent. We
first introduce some convenient terminology.

Definition 3.2 (Family of Besicovitch balls). Let (X,d) be a quasi-metric space. We say
that a family B := {B = Bg(xp,rp)} of balls in (X,d) is a family of Besicovitch balls if B
is a finite family of balls such that, for all B, B’ € B with B # B’, one has g ¢ B’, and
for which Npeg B # 0.

Definition 3.3 (Weak BCP). Let (X,d) be a quasi-metric space. We say that (X,d)
satisfies the Weak Besicovitch Covering Property (WBCP) if there exists a constant @ > 1
such that Card B < @ for every family B of Besicovitch balls in (X, d).

If (X, d) satisfies BCP, then (X, d) satisfies WBCP. One can indeed take @ = N where N
is given by Definition Conversely, as already mentioned, WBCP is in general strictly
weaker than BCP, as the following example shows.

Example 3.4. Here is an example of a metric space that does not satisfy BCP and for
which CardB = 1 for every family B of Besicovitch balls. Let X = {z1,z2,...} be a
countable set of points. Let us define d : X x X — [0, +00) as follows. We set d(x;,z;) =0
for all 7 > 1 and
1

max(i, j)

We first check that d defines a distance on X. The fact that d(z,y) = 0 if and only if
x =y and d(z,y) = d(y, z) are obvious from the definition. To prove the triangle inequality,
let j < i and k > 1 be fixed. If & < i, we have

1 1 1

1 7

d(zi,zj) =1— fori#j.

m = d(xi, x) + d(xp, x5) .

If i <k, then k>3, hence i/(i+1) <1<k/2andso1l—1/i <2(1—1/k). It follows that

d(zi,zj) =1— 1 <2 (1 - %) = d(x;, x) + d(zg, x5) -
i

Hence d satisfies the triangle inequality.
We claim that BCP does not hold in (X, d). Indeed, set

1 4
riz=1-—- fori=12,...
(3

and let us consider A := {z;; ¢ > 2} and the family B := {Bg(x;,r); ¢ > 2}. Since
d(zj, ;) = r; for all j <i and d(xj,z;) =rj > r; for j > 4, we have

Bd(xi,ri) = {.%'1,... ,.TUZ'} for i = 2,3,....
It follows that for any subfamily F C B whose balls cover the set A, we have
Sup{i Z 27 Bd(fﬁi,?"i) € ‘F} = 400 )
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that is, Card F = +o0o. On the other hand, z1 € NpcrB. In particular x7 belongs to
infinitely many balls in F which shows that (X, d) does not satisfy BCP.

Let us now check that Card B = 1 for every family B of Besicovitch balls and hence (X, d)
satisfies WBCP. By contradiction, assume that {Bg(w;,, p;,)}F_, is a family of Besicovitch
balls with & > 2. Assume with no loss of generality that iy < is < -+ < ix. We have
d(xi;, x,) = 7y, and x;; & Ba(zi,, pi,) for all j =1,...,k —1, s0 r;, > p;. It follows that
d(zi,, ;) = max(ry,,r;) > 15, > pi, for all [ # iy and thus

k-1
j=1
which contradicts the fact that Nf_, B(w;,, p;,) # 0.

Remark 3.5. If (X, d) satisfies WBCP then it satisfies a weak form of BCP that can be
stated as follows. There is a constant N > 1 such that the following holds. Let A be a
bounded subset of X. Let B be a family of balls such that each point of A is the center of
some ball of B and such that either sup{rp; B € B} = +oo or B € B+ rp attains only
an isolated set of values in (0,4+00). Then there is a finite or countable subfamily F C B
such that the balls in F cover A, and every point in X belongs to at most N balls in F
(see [Pre83]). Note that in Example the number 1 is an accumulation point of the set
{ri; i > 2} in (0, 400).

As already mentioned, for doubling quasi-metric spaces, BCP and WBCP are equivalent.
Let us recall the definition of doubling quasi-metric spaces.

Definition 3.6 (Doubling quasi-metric space). A quasi-metric space (X, d) is said to be
doubling if there is a constant C' > 1 such that for each r» > 0, each ball in (X,d) with
radius 2r can be covered by a family of at most C' balls of radius r.

Proposition 3.7. Let (X,d) be a doubling quasi-metric space. Then (X,d) satisfies BCP
if and only if (X,d) satisfies WBCP.

As a classical fact, graded groups equipped with homogeneous quasi-distances are dou-
bling. The next corollary hence follows.

Corollary 3.8. Let G be a graded group and let d be a homogeneous quasi-distance on G.
Then (G, d) satisfies BCP if and only if (G,d) satisfies WBCP.

For the sake of completeness, we give below a proof of Proposition This proof follows
closely the arguments of the proof of Theorem 2.7 in [Mat95] about the validity of BCP in
Fuclidean spaces, using the following well-known property of doubling quasi-metric spaces
(see e.g. [LS98] for more details about doubling (quasi-)metric spaces).

Remark 3.9. If (X, d) be a doubling quasi-metric space, then there are constants ¢ > 1 and
s > 0 such that if x € X, » > 0 and A > 1, the cardinality of every set in By(z, A\r) whose
points are at least r apart is at most cA\®.

Proof of Proposition[3.7. Since any quasi-metric space satisfying BCP also satisfies WBCP,
we only need to prove that (X, d) satisfies BCP when (X, d) is a doubling quasi-metric space
satisfying WBCP.
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Let A be a bounded subset of X and B be a family of balls such that each point of A
is the center of some ball of B. For each x € A choose one ball By(z,r(z)) in B. As A is
bounded, we claim that we may assume that

M :=supr(z) < 400 .
€A
Indeed, otherwise pick some point  in A with r(z) > diam A. Then F := {By(z,r(x))} is
obviously a subfamily of B which shows that BCP holds in (X, d).

Choose z1 € A with r(x1) > M;/2 and then inductively

J
Tjt+1 € A\ U Bd(xi,r(mi)) with T(l’j+1) > M1/2
i=1
as long as possible. Since A is bounded and points z;’s are at least M7 /2 apart, it follows
from Remark that the process terminates and we get a finite sequence z1, ...,z .

Let

My = sup{r(z); z € A\ G Ba(zi,r(xi))}
i=1
and choose .
Tiy41 € A\ Lj Bi(xi,r(x;))  with r(zg,41) > Ma/2
i=1
and again inductively

J
xjp1 € A\ U Bi(zi,r(x;)) with r(zjpq) > Ma/2
=1
as long as possible.
Continuing this process we get a finite or infinite increasing sequence of integers 0 =
ko < k1 < ko < ---, a decreasing sequence of positive numbers M; with 2M; 1, < M;,

and a sequence of balls B; := Bg(z;,r(x;)) € B with the following properties. If I; :=
{kj,1+1,...,kj} for j=1,2,..., then

(3.10) M;/2 < r(z;) < M for i € I,
j
(3.11) zji1 € A\ | Bi for j=1,2,...,
i=1
(3.12) ze A\ |J U B for i € Iy.
m#k j€lm,

The first two properties (3.10) and (3.11]) follow from the construction. To prove (3.12]),
let m#k,ie€land j€ Iy If m <k, x; € B; by (3.11). If £ < m, then, by construction

r(x;) < r(x;), and x; € B; by (3.11), and so z; ¢ B;.
Let us now check that this subfamily of balls satisfies the conditions for BCP to hold. If
the sequence kg, k1, ... is finite, it follows immediately from the construction that the balls
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By’s cover A. If the sequence is infinite, then M; converges to 0, (3.10)) implies that r(x;)
converges to 0, and it follows as well from the construction that

“+oo
AC UBl

i=1

To verify the other property for the validity of BCP, assume that a point z € X belongs

to p balls By, ..., Bp,. Since WBCP holds in (X,d) we have by (3.12) that the indices
m; can belong to at most @ different blocks I, where @ is given by Definition [3.3] that is,

Card{j; I n{my,...,mp} #0} <Q .
To conclude, let us check that
Card(f; N {m1,...,mp}) <M forj=1,2,...

for some constant M depending only on the doubling constant of (X,d). Let j be fixed.
The points z;, [ € I; N {mq,...,mp}, are at least M;/2 apart by (3.10) and (3.11]) and are
.3.9

all contained in Bg(z, M;), and so the claim follows from Remark O

Remark 3.13. Note that the subfamily constructed in the previous proof satisfies the follow-
ing additional property: Bg(x;, r(x;)/4) N Ba(z;,r(z;)/4) = 0 for all i # j. Indeed let i < j.
Then r(z;) < 2r(x;) and z; & B; by (3.11)), hence d(xj, ;) > r(x;) > r(z;) /4 + r(x;)/4.

3.2. Preserving BCP. Let us first recall that the validity of (W)BCP is not stable under
a biLipschitz change of (quasi-)distance, see Theorem More generally, the validity of
(W)BCP might not be stable under natural operations on quasi-metric spaces. See for
instance the example before Theorem |3.16| about product of quasi-metric spaces. The fact
that (W)BCP holds on a quasi-metric space (X, d) depends indeed on the precise shape of
balls in (X, d). We give in this section cases where the validity of (W)BCP is preserved, to
be used later. This might be more generally of independent interest.

We begin with the following simple remark. If d; and ds are two quasi-distances on a
space X such that any ball with respect with ds is a ball with respect to d;, with the same
center but possibly with a different radius, then the validity of (W)BCP in (X, d;) implies
the validity of (W)BCP in (X, ds).

For instance if (W)BCP holds in (X, d), then, for any s > 0, d° defines a quasi-distance
on X and (W)BCP holds on (X, d*). Note that it is well-known that a metric space (X, d)
and its snowflakes (X, d®), 0 < s < 1, have for many over purposes significantly different
properties. For graded groups, we get the following proposition, to be used later.

Proposition 3.14. Let G be a graded group and let d be a homogeneous quasi-distance on
G. Lett > 0. If BCP holds on (G,d) then BCP holds on the t-power of G equipped with
the homogeneous quasi-distance d*/*.

See Example for the definition of the t-power of a graded group and Example
for homogeneous quasi-distances on t-powers.

Another simple remark is the fact that a subset of a quasi-metric space that satisfies
(W)BCP also satisfies (W)BCP when equipped with the restricted quasi-distance. We
state it below for later reference.



BCP ON GRADED GROUPS 25

Proposition 3.15. Let (X,dx) be a quasi-metric space. Let Y C X. If BCP (resp.
WBCP) holds on (X,dx) then BCP (resp. WBCP) holds on (Y,dy) where dy denotes the
quasi-distance dx restricted to Y .

Given two quasi-metric spaces (X, dx) and (Y, dy ), there are many ways to define quasi-
distances on X x Y. If (X, dx) and (Y, dy) both satisfy WBCP, then WBCP may fail for
classical choices of quasi-distances on X xY, as shows the following example. We know that,
for s > 1, R equipped with the snowflake distance dy(z,z’) := |2/ — x|'/* satisfies WBCP.
Let s > 1, r > 1, and let ds, be the distance on R x R given by ds,((z,y), (2/,v)) =
(dy(, ") +ds(y,y')")Y/". Then, if r € [1,5), WBCP does not hold on (R x R, d;,). Indeed,
dsr is a left-invariant distance on R x R (equipped with the Abelian group law) and is
one-homogeneous with respect to the dilations dy(z,y) := (Az, A%y). Its unit ball centered
at the origin is given by By, ,(0,1) = {(z,y) € Rx R; |2/ —z[" + |y — y["/* < 1}. It follows
from [LR15, Lemma 3.2] that if WBCP holds in (R x R, d; ), one would have r > s.

However, the following theorem, to be used later, shows that one can always find a quasi-
distance satisfying WBCP on a product of quasi-metric spaces that satisfy WBCP.

Theorem 3.16. Let (X,dx) and (Y,dy) be two metric spaces. Assume that WBCP holds
in (X,dx) and in (Y,dy). Then X XY equipped with the max distance

dXXY((x, y)» (:Ela Z//)) = ma’X(dX ('T? l’,), dY (y7 y,))
satisfies WBCP.

Proof. Let Q € N be such that Card F < @Q for any family F of Besicovitch balls in
(X,dx) or in (Y,dy). Let B := {By,,(pi,ri)}Y, be a family of Besicovitch balls in
(X X KdXXY)' Let ¢,j € {1> 7N}7 i ?é J and let p; := (xlayl) and pj = (x]7y]) By
definition of families of Besicovitch balls and by definition of dx xy, we have dx xy (pi, pj) =
max(dx (xi, x;),dy (yi,y;)) > max(ry,7;) hence dx(x;,x;) > max(ry,r;) or dy(yi,y;) >
max(r;,7;). In other terms, for any pair of indices (7, j) with ¢ # j, we have

(3.17) ZT; ¢ de (a:j,rj) and (Ej € BdX (xi,ri)
or
(3.18) Yi & Bay (yj,m5) and y; & Bay (yi,7i) -
Let us consider the graph I' with N vertices i = 1,--- , N and where 7 is connected to j

if and only if 7 # j and holds. Then, for any complete subgraph v of I (a complete
graph is a graph where any two vertices are connected), {Bg, (zi,7;)}iey is a family of
Besicovitch balls in (X, dyx). Let IV be the complementary graph of T', that is, the graph
with the same vertices as I' and where two vertices are connected in I if and only if they

are not connected in I'. Since (3.18]) holds whenever (3.17)) does not, {Bg, (¥i,7:)}icy is a
family of Besicovitch balls in (Y, dy) for any complete subgraph ' of T".

As a special case of Ramsey’s theorem stated in the language of graph theory, there exists
a function f(k,1) such that for any given graph I" with N > f(k,1) vertices, then either I'
contains a complete subgraph of order k or its complementary graph IV contains a complete
subgraph of order [ (the order of a complete graph is the number of its vertices). An upper
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bounded for f(k, k) for k > 3 has been proved by P. Erdos and G. Szekeres ([ES35]), namely
[k k) < 4F—1

Going back to the family of Besicovitch balls B, it follows that if the numbers N of
balls in B is larger than 4% (we may assume with no loss of generality that @ > 2), there
would exist either a family of Besicovitch balls in (X, dx) with cardinality @ + 1 or a family
of Besicovitch balls in (Y, dy) with cardinality ) + 1. This contradicts the fact that by

assumption any family of Besicovitch balls in (X, dx) or in (Y, dy) has cardinality at most
Q. Hence (X XY, dxxy) satisfies WBCP. d

Submetries, also known as metric submersions, will play a important role in our argu-
ments. They are indeed well adapted tools for our purposes. We first recall the definition.

Definition 3.19 (Submetry). Let (X, dx) and (Y, dy) be quasi-metric spaces. We say that
m: X — Y is a submetry if 7 is a surjective map such that 7(Bg, (p,7)) = Ba, (7(p),r) for
all p e X and all r > 0.

We recall the following property of submetries related to WBCP.

Proposition 3.20 ([LR15, Proposition 2.7]). Let (X,dx) and (Y,dy) be quasi-metric
spaces. Assume that there exists a submetry from (X,dx) onto (Y,dy). If (X,dx) sat-
isfies WBCP then (Y, dy) satisfies WBCP.

Proposition [3:20] will be used in the proof of our main results together with Proposi-
tion B.21] below.

Proposition 3.21. Let G and G be graded groups with graded Lie algebra g and g respec-
tively. Assume that there exists a surjective morphism of graded Lie algebras ¢ : g — g.
Let ¢ : G — G denote the unique Lie group homomorphism such that . = ¢ and let d be a
homogeneous distance, respectively a continuous homogeneous quasi-distance, on G. Then

d(p,q) = d(¢™ ({p}), ¢ '({a}))

defines a homogeneous distance, respectively a continuous homogeneous quasi-distance, on
G and ¢ : (G,d) — (G,d) is a submetry.

We stress that continuity of the quasi-distance d, which means global continuity on Gx@G,
is necessary in order to get that d is a quasi-distance on GG, which turns out to be continuous
on G x G as well, and also in order to get that ¢ : (G,d) — (G, d) is a submetry. Indeed,
consider the homogeneous quasi-distance do on R? given in Remark which is not
globally continuos. The projection of Bg,(0,1) onto the x-axis is the open segment I :=
(—1, ) If x € R*, we have {\ >0, /X € I} = (|z|, +00) which is not a closed subinterval
of (0,400). It follows from Example “ 2.31] that I is not the unit ball of some homogeneous
quasi- dlstance on R. However when d is a homogeneous distance, recall that d is continuous
on G x G (see Corollary [2.28).

Proof oji Proposition |3.21]. First, we prove that d defines a quasi-distance on G and that
¢ :(G,d) — (G,d) is a submetry. By [LR15L Proposition 2.8], it is sufficient to prove that
for all p, ¢ € G and all p € ¢~ 1({p}), one can find § € o~({q}) such that d(p,q) = d(p, q).
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Set K := Ker¢. We have o~ '({p}) = K - p and k- o~ ({q}) = ¢~ '({q}) for all k € K. By
left-invariance of d, it follows that
" ({a}) = d(k-p,k -7 ({g}) = d(k-p, o7 ({a})) -
In other words, the function §' € ¢ '({p}) — d(#, o *({¢})) is constant. Hence, by
definition of d, we get
d(p,q) = d(p, ¢ '({¢})) = _inf d(p,q)
Gep~'({a})
Bounded sets with respect to d are relatively compact (see Proposition , the set

¢ 1({q}) is closed and d is assumed to be continuous, hence one can find § € ¢~ ({g}) such
that a?(]ﬁ, q) = qu e ({a}) CZ(ﬁ, ¢') = d(p,q). This proves that d defines a quasi-distance on
G and that ¢ : (G,d) = (G,d) is a submetry.

Note that if d satisfies the quasi-triangle inequality with multiplicative constant C, then
d satisfies the quasi-triangle inequality with the same multiplicative constant (see the proof
of [LR15, Proposition 2.8]). In particular if d is a distance on G then d is a distance on G.

Next, one can easily check that d is homogeneous. This follows from the fact that d is
a homogeneous quasi-distance together with the fact that ¢ is a surjective morphism of
graded Lie algebra.

To conclude the proof, it remains to prove that d is globally continuous on G x G.
Since d is left-invariant, it is sufficient to prove that d(e,-) is globally continuous on G.
Here e denotes the identity in G and below é will denote the identity in G. Let p €
G and let (px) be a sequence converging to p. First, let pr. € ¢ 1({pr}) be such that
d(e,pr) = cZ(é Dk)- Slnce the sequence (py) is relatively compact, it is bounded with respect
to d (see Proposition Hence (pi) is bounded with respect to d and, once again by
Proposition [2.26 relatlvely compact. Up to a subsequence, one can thus assume that pg
converges to some p € o~ ({p}). Since d is continuous, it follows that d(&, pj) converges to
J(é,ﬁ) and one gets

d(e,p) < d(é,p) = lim d(é, pr) = GJm d(e,pi) -

Next, let o € ¢~ 1({p}) be such that d(e,p) = d(é,7). Since ¢ = expog o exp™! is an
open map (see [War83, p.104]), one can find a sequence p), € ¢~ ' ({px}) converging to p'.
Since d is assumed to be continuous, d(e P.) goes to d(e p'). On the other hand, we have

d(e, p) < d(é,p,). Hence

lim d(eapk) < d(é7ﬁ/) = d(evp) :
k—+o00

All together we finally get that limy_, 1 d(e, px) = d(e,p) which concludes the proof. [

4. GRADED GROUPS WITH COMMUTING DIFFERENT LAYERS

In this section we consider graded groups with commuting different layers, see Defini-
tion and we prove the following results.
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Theorem 4.1. Let G be a graded group with commuting different layers. There exist
continuous homogeneous quasi-distances on G for which BCP holds.

Corollary 4.2. Let G be a homogeneous group with commuting different layers. There
exist homogeneous distances on G for which BCP holds.

The proof of Theorem and Corollary is divided into three steps. First, we con-
sider stratified free-nilpotent Lie groups of step 2. We prove that for such groups, some
homogeneous (quasi-)distances that satisfy BCP are those whose unit ball centered at the
origin coincides with a Euclidean ball centered at the origin in exponential coordinates of
the first kind associated to a canonical choice of basis of the Lie algebra, see Theorem
Next, we prove the existence of homogeneous distances satisfying BCP for stratified groups
of step 2, see Theorem These homogeneous distances are induced by homogeneous
distances satisfying BCP on stratified free-nilpotent Lie groups of step 2 via submetries.
Finally, the general case follows from Theorem together with the structure property
given by Proposition and Theorem [3.16] see Section

4.1. Free-nilpotent groups of step 2. Let r > 2 be an integer. We denote by F,o the
stratified free-nilpotent Lie group of step 2 and rank r whose Lie algebra f.2 is endowed
with a given stratification f,o =V @& W where [V, V] = W and where

dimV =1, dimW:W;l).

We set n := dim fyo. We fix a basis (X1,...,X,) of V and we set X;; := [X;, X;]. Then
(Xij)i<i<j<r is a basis of W. Using exponential coordinates of the first kind associated to the
basis (X1,..., X, (Xij)1<i<j<r) adapted to the given stratification of f.o, we write p € F,o
as p =exp(Yi_ piXi + > 1<icj<r pijXij) and we identify p with (p1,...,pr, (Dij)i<i<j<r) =
[vp,wp] Where Up = (p1, v ,pr) and wp = (pij)1§i<j§r'

The group law is given by vp.q = vp + wy and wp.q = ((p - q)ij)1<i<j<r Where

1
(4.3) (P~ Q)ij = pij + @ij + i(pin — Gip;)
for 1 <17 < j <r. The identity element is the origin.

The associated dilations are given by

Ir(p) = (Aup, )\pr).

We denote by the same notations || - || and (-, -) the Euclidean norm and scalar product in
R”, R" and R"~" with respect to our choice of coordinates. Equivalently, we equip f,2 with a
Euclidean structure for which our chosen basis ((X1, ..., X,), (Xij)i1<i<j<r) is orthonormal
and we consider on V and W the induced Euclidean structures.

For R > 0, we consider the homogeneous quasi-distance d on F.o whose unit ball centered
at the origin is given by
(4.4) By(0,1) := {p € F,; |p|* < R?} .
Such a quasi-distance is well-defined and is continuous, see Example (we drop here

the index R for simplicity of notations). Recall also that it follows from [HS90] (see also
Example [2.23) that d is a distance whenever R < R* for some R* > 0.
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This section is devoted to the proof of the validity of BCP on F,o equipped with such a
quasi-distance.

Theorem 4.5. Let R > 0 be fized. Let d be the homogeneous quasi-distance on Fro whose
unit ball centered at the origin is given by (4.4). Then BCP holds on (Fye2,d).

From now on in this section, we let R > 0 be fixed and d denotes the homogeneous quasi-
distance on F,o whose unit ball centered at the origin is given by (4.4]). We set B := By(0,1).
We begin with a series of remarks for later use.

First, for p € F,o, we define the function A, : F,o — R by

1
(4.6) Ap(q) =gl =2,y + D (pij — i) (pigj — aipy) + Z(pin — gipj)*.
1<i<y<r

Lemma 4.7. Let p € 0B. Then q € By(p,1) if and only if A,(q) < 0.

Proof. Let p € 9B. We have ||p||? = ||vp||* + ||w,||* = R? and q € By(p,1) if and only if

P71 qll* = [lvp-1.4/1* + [lwy-1.4]|> < R%. Then the lemma follows from the specific form of
the group law given in ({4.3]). O

Next, we denote by Z(-,-) the (non-oriented) angle € [0, 7] between two vectors in a
Fuclidean space. In the proof of Theorem we are going to look at points p, ¢ for
which the angles Z(vp, vy) and Z(wp, w,) are small. These two angles are dilation invariant.
Namely, we have

(4.8) Z(Vs, (p)s Vsy(q) = L(Vp,vg)  and  Z(ws, (), Ws, (q)) = £(Wp, wy)

for all p, ¢ € F,2 and all A > 0. Note that, on the contrary, the angle Z(p, ¢) is not dilation
invariant.

Lemma 4.9. For all € > 0, there exists § > 0 such that, for all p, q € Fro, if ZL(vp,vq) <6
and Z(wp,wq) < 6, then

(4.10) 1pig; — aip;| < €llvpll[[vg
foralll <i<j<r,

(4.11) (vp,vg) = (1= €)[lvpll[[vgll
and

(4.12) (wp, wg) > (1 — €)||lwpl[[[wg -

Proof. To prove , note that |p;q; —¢;p;| represents the area of the planar quadrilateral
generated by the 2-dimensional vectors (p;, p;) and (g;, gj). For fixed length of these vectors,
this area goes to zero when the angle between the two vectors goes to zero. This angle is
smaller than Z(v,,v,), and the length of the two vectors is bounded by |[|v,| and |jvgl,
respectively. This implies . To prove and , note that if a and b are two
vectors in a Euclidean space such that Z(a,b) < 7/2, then (a, b) is positive and represents the
product between |la|| and the norm of the orthogonal projection of b onto a. In particular,
if Z(a,b) goes to 0, this product converges to ||al/|b]|. O
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Lemma 4.13. Let ¢ > 0 and p, ¢ € B be such that (4.10), (4.11) and (4.12)) hold. Let
Ap(q) be defined by (4.6). Then we have

(4.14)  Ap(q) < ogll* + llwgl* = 21 = ) llwpll vl — 2(1 = €)[wp|l[|wq]

2
.
+ 20 Rellolll[vgl| + R [l []og ]

(4.15) < gl + lwgll* = 2(1 = €)[[op | lvgll = 2(1 — )|y |l [|wg |
2
r
+ 27’2R26qu\| + ZE2R3quH )

Proof. By definition of Ay(q), we have

Ap(q) = quHQ + ||qu2 — 2(vp, vg) — 2{wp, wq)
1
+ > (pij — ai)(pigy — aips) + 7 Pids — ap;)° -
1<i<j<r

Then (4.14) and (4.15) follow from (4.10), (4.11) and (4.12) together with the following

simple observations. First, dim W < r#, which is used to bound the number of terms in the
sum. Second, since p, ¢ € B, we have |[vp]], [[wpll, lvgll, |wgl] < R, which is used to bound
some of the terms. 0

Next, we will consider in the proof of Theorem the following parabolic regions. For
a > 0, we set

Pa = {p € Fra; Rlwy|l > allvp|}.
These regions, as well as their complement, are invariant under dilations. Namely,
(4.16) (Py) =P, and 0x(PS) =Ps
for all @ > 0 and all A > 0.

Lemma 4.17. We have the following bounds.
(i) Let p € B. If p & P,, then

(4.18) Jw,|| < 25 (Vi+4a2-1).

a
(ii) Let p € OB. If p € P,, then

(4.19) Jw,|| > 25 (Vi+4a2-1).

a
(iii) Let p € OB. If p ¢ P,, then

R /V1+4a? -1
(4.20) lopll 2 =/

Proof of (i). From the assumptions, we have

R
lwpll? + = llwpll < || + flupl|* < B2
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Hence aljwp||? + R||wp|| — aR? < 0 and |lw,| > 0, which is equivalent to
R
0 < [hopll < o (=14 V1 +4a?)
and gives (4.18]). O

Proof of (ii). From the assumptions, we have
R
lwp||® + ~lwpll > lwpl® + [lvp|* = R
Hence allwp||? + R|jwp|| — aR? > 0 and |jw,| > 0, which is equivalent to
R
lwpll > 5 (=1 +v1+4a?)
and implies (4.19). O

Proof of (iii). From the assumptions, we have
a’ 4 2 2 2 2
zlvpll” + llvpll™ = llwpll” + llop[|” = R

Hence a?||vp||* + R?|v,|> — R* > 0, which is equivalent to
R2
25 7 (_ 2

gl 2 55 (14 VI+4a2)

and gives (4.20)). O
To prove Theorem [4.5 we are going to partition F,o into three disjointed regions,

F,.o =Py U (Pa \ Pa/) L 773 ,

for some suitable choice of 0 < a < d’.

The next three lemmas show that, for a suitable choice of 0 < a < d/, if p and ¢ are two
points for which the angles Z(v,,v,) and Z(wy,w,) are small and both belong to one of
these regions, then either ¢ € By(p,d(0,p)) or p € By(g,d(0,q)). We first consider the case
where p, q € P§.

Lemma 4.21. Let a = 0.9. There exists 0 > 0 such that, if p,q € P, are such that
4(%7”(}) < (5 and Z(wpqu) < 5; then q € Bd(pa d(o’p)) orp € Bd(q> d(O,Q))

Proof. The value a has been chosen in such a way that

V1+4a?2 -1 V1+4a?2 -1
1+++f21/+2—(;<0
a

Hence, we can fix some ¢ > 0 so that

V1+4a2 -1 V1+4a? -1

T A SR T TR VY e

2 2a?

Let p,q € PS. Assume that Z(vp,v,) < 0 and Z(wp, wy) < 6 where § > 0 is given by
Lemma i.e., is such that (4.10), (4.11)), and (4.12) hold for our choice of e. Using
dilations together with (4.8]) and (4.16)), and exchanging the role of p and ¢ if necessary, one

can assume with no loss of generality that p € 9B and g € B.

2
+ 2r°Re + %GQRQ <0.
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Then let us prove that ¢ € By(p,1). By Lemma this is equivalent to Ap,(q) < 0.

By (4.15]), we have

Ap(q) < Jlvgll? + llwgll* = 2(1 = €)Joplllvgll — 2(1 — €)[|wp |l [|wgll
2
r
+ 27‘2R2€||UqH + Z€2R3||vq|| .

To bound the 1st term, we use that ||vg|| < R since ¢ € B. To bound the 2nd one, we use
that ¢ ¢ P, both through (4.18) and the fact that |wg| < %quﬂ2 < allvg||. In the 3rd
term, we use that p ¢ P, through (4.20). Since the 4th term is non positive, we get

R R V14 4a? —
Ap(@) = Rlvg|l + 5 (V1+ 4a? — 1)aflvg|l - 2(1 - )\ —H Vgl

2
+ 2T2R26H11q|| + Z€2R3||UqH

V1+44a2 -1 V1+4a2 -1 2
Rl [ 1+ YT g /Y T 92pe D 2R?
2 2a? 4
<0
by the choice of e. O

Next, we consider the case where p,q € P,.

Lemma 4.22. Let o/ = 1.9. There exists § > 0 such that if p,q € Py are such that
Z(vp,vq) < 6 and ZL(wp, wq) < 0, then g € Bg(p,d(0,p)) or p € Ba(q,d(0,q)).

Proof. The value @’ has been chosen in such a way that

1 VIt da? -1
g+1—++<0~

Hence, we can fix some € > 0 so that

1 V1+4a? -1
g+1—(1—6)+a—?<0
and
7“22 2
—2(1—e)+2r2Re+ZeR <0.

Let p,q € P,. Assume that é(vp,vq) < ¢ and Z(wp,wq) < 0 where § > 0 is given by

Lemma i.e., is such that (| -, , and (| - ) hold for our choice of €. Arguing as

in the proof of Lemma one can assume with no loss of generality that p € OB and
qeB.

Let us prove that ¢ € By(p,1). By Lemmau 4.7, this is equivalent to 4,(q) < 0. By (4.14] -,
we have

Ap(a) < llvgl® + llwgl* = 2(1 = e)llvp | llvg]l = 2(1 — &) |wp|| [l

2
,
+ 2r Rel|vp [[[vg | + - €* R [[vp [[|vg | -
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To bound the 1st term, we use that ¢ € Py, i.e., ||lvg]* < quH To bound the 2nd one,

we use that ||w,| < R since ¢ € B. In the 4th term, we use that p € Py through (4.19).
This gives

R R
Ap(q) < Sllwgll + Rllwgll = 2(1 = e)lupllllvgll = 2(1 = €)5 7 (V1+4a —1) [lwgl

2
.
+ 272 Rel|vp ||[|vg || + 262R2va\lllqu
V1 +4a2 — 1)

/

—Rquu( (-0

a

2
T ool (—2(1 4 2PRet 26232)
<0
by the choice of e. 0

Finally, we consider the case where p, ¢ € P, \ Py-

Lemma 4.23. Let a = 0.9 and o’ = 1.9. There exists 6 > 0 such that if p,q € P, \ Py are
such that Z(vp,vq) < 0 and Z(wp, wy) < J, then g € By(p,d(0,p)) or p € By(g,d(0,q)).

Proof. The values of a and a’ have been chosen in such a way that

1 V1+4ad? -1 2 V14402 -1
-t —{/— <0
2 4 a’ 2
and
1 1 4a2
_i_f

20 2 a
Hence, we can fix some € > 0 so that

1 Vitda?— V11 4a?
5+ +4a \/ +“ —|—2T2Re+—6R2<O

<0.

and
1 1 Vida?2 +1 -1
Lo g IT g,
20 2 a

Let p,q € P, \ Py. Assume that Z(v,,vy) < 6 and Z(wp, wy) < 6 where 6 > 0 is given

by Lemma i.e., is such that (4.10f), (4.11]), and (4.12)) hold for our choice of €. Arguing
as in the proof of Lemma one can assume with no loss of generality that p € OB and

q€ B.

Let us prove that ¢ € By(p,1). By Lemmal[4.7] this is equivalent to A,(¢) < 0. By (4.15),
we have

1 1 1 1
Ap(@) < Sllvgll* + Sllvgll + 5 lwgll* + 5 llwgI* = 201 = e)upll 1wyl

2
,
= 2(1 = e)l[wp|l[lwqll + 2r* R ellugl| + € R |lvg| -
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R
To bound the 1st term, we use that g € Py, i.e., [|vy||*> < =|wgy|. To bound the 2nd term,
a
we use that ¢ € B, hence ||vy]| < R. To bound the 3rd term, we use that ¢ € P, through
/

both (4.18) and the fact that ||w,| < %quﬂz < d'||vg||. In the 4th one, we use that g € B,

hence [|wg|| < R. In the 5th term, we use that p ¢ P, through (4.20) and in the 6th one
we use that p € P, through (4.19)). This gives

R R R R
Ap(@) £ 5wl + 5 ol + 1o (VT 402 = 1o + 5 [

R [V1+4ad? -1 R
—2(1- 6);\/ f””q” -2(1- 6)%(\/ 4a? +1 — 1)[Jw,]|

2
T
+ 2r* RZe[|vg || + € R? vy |

1 V1+4d?2-1 1 [V1+4a? -1 2
= Rllu <2++ . A +zr2Re+gngz>

a 2

11 ViaZ 111
L (o) -
# Rl (5 +5 - (-9 L)
<0
by the choice of e. O

We are now going to conclude the proof of Theorem

Proof of Theorem[{.J Let a = 0.9, a’ = 1.9 and let § > 0 be small enough so that Lem-
mas [4.21] [4.22] and [4.23| hold. Let N be an upper bound of the maximum number of vectors
in a max(r, n —r)-dimensional Euclidean space that pairwise make an angle larger than §/2.
Such a bound exists and is finite by compactness of finite dimensional Euclidean spheres.

We are going to prove that a family of Besicovitch balls in (F,2,d) cannot have a cardi-
nality larger than 3N?2. This will imply that WBCP, and hence BCP by Corollary holds
in (Fro,d). Let {Bg(pi,:)}icr be a family of Besicovitch balls. Using left-translations and
shrinking balls if necessary, one can assume with no loss of generality that 0 € N;c;rBa(ps, 1)
and r; = d(0,p;) for all 4 € I. If CardI > 3N?, by the pigeonhole principle one can find
Iy C I with Card I} > Card I/N > 3N such that Z(vp,,vp;) < 6 for all 4,5 € I;. Then, once
again by the pigeonhole principle, one can find o C I} with Card Iy > Card I;/N > 3 such
that é(wpi,prj) < ¢ for all 4,5 € I5. Finally, there exists at least 2 distinct points p; and
p; with ¢, j € I that both belong either to Py, or Py \ Py or P.. Then Lemmas
and lead to a contradiction since by definition of a family of Besicovitch balls, we have

pi ¢ Ba(pj,rj) = Ba(p;,d(0,p;)) for all i # j € I. O

4.2. Stratified groups of step 2. This section is devoted to the proof of Corollary [£.2] in
the case of stratified groups of step 2 as restated below.

Theorem 4.24. Let G be a stratified group of step 2. There exist homogeneous distances
on G for which BCP holds.
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Proof. Let G be a stratified group of step 2 and rank r whose Lie algebra is endowed
with a given stratification g = V4 @ V5. Let (Y1,...,Y;) be a basis of V4. Let F,o be
the free-nilpotent Lie group of step 2 and rank r. With the conventions and notations of
Section let ¢ : ;2 — g denote the unique morphism of graded Lie algebras such that
o(X;) =Y; for i = 1,...,r, which is surjective. Let ¢ : F,o — G denote the unique Lie
group homomorphism such that ¢, = ¢. Let d be a homogeneous distance on F,, for which
BCP holds. Such distances exist by Theorem [4.5]and [HS90] (see also Example[2.23). Recall
also that homogeneous distances are continuous. It follows from Proposition that

(4.25) da(p.q) = d(p™ ({p}), ¢~ ({a})

defines a homogeneous distance on G and ¢ : (F,2,d) — (G, dg) is a submetry. To conclude
the proof, the fact that WBCP holds on (G, d¢) follows from Proposition Hence BCP
holds on (G, dg) by Corollary O

Remark 4.26. More generally, arguing as in the proof of Theorem [4.24] one gets that, if d
is a continuous homogeneous quasi-distance satisfying BCP on F,s, then defines a
continuous homogeneous quasi-distance for which BCP holds on the stratified group G of
step 2 and rank r. In particular all homogeneous quasi-distances on F,3 whose unit ball
centered at the origin are given by are continuous and hence induce on G continuous
homogeneous quasi-distances for which BCP holds.

Remark 4.27. It can be checked that if d is a homogeneous quasi-distance on F,o whose
unit ball centered at the origin is given by for some R > 0, then the unit ball centered
at the origin for the quasi-distance dg given by on the stratified group G of step 2
can be described as a Euclidean ball centered at the origin in exponential coordinates of
the first kind relative to a suitable choice of basis of g adapted to its stratification. More
precisely, one can find a basis (Z1,...,Z,) of V} and a basis (Z,41,...,Z,) of V5 such that,
in exponential coordinates of the first kind relative to the basis (Z1,...,Z,) of g, we have

n
Big(0,1) = {p € G; Y _pi < R} .

i=1
One can reasonably expect that for any choice of basis of g adapted to its stratification,
homogeneous quasi-distances on G whose unit ball centered at the origin is a FKuclidean
ball in exponential coordinates of the first kind relative to the chosen basis satisfy BCP.
This would require technical modifications of our arguments and we do not wish here to go
further about these technicalities.

4.3. Arbitrary groups with commuting different layers. We conclude in this section
the proof of Theorem 4.1 and Corollary [4.2]

Proof of Theorem and Corollary[{.3. Let G be a graded group with commuting different
layers. By Proposition G can be written as a direct product of powers of stratified
groups of step < 2.

For an Abelian Lie group with trivial associated positive grading (i.e., stratified of step 1),
the Euclidean distance (and more generally any distance induced by a norm) is a homoge-
neous distance that satisfies BCP. For a stratified group of step 2, we know by Theorem [.24]
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that there exist homogeneous distances that satisfy BCP. Next, if d is a homogeneous dis-
tance for which BCP holds on a graded group, then d*/! is a homogeneous quasi-distance
on its t-power (see Example that satisfies BCP by Proposition In addition,
since d is a distance, it is continuous (see Corollary , and hence d'/! is a continuous
quasi-distance.

Hence, on each factor of the decomposition of G, there exist continuous homogeneous
quasi-distances for which BCP, and hence WBCP, holds. Then Theorem follows from
Theorem [3.16]

Note that if G is a homogeneous group, all t-powers in its decomposition as a direct
product are t-powers with ¢ > 1. This implies the existence of homogeneous distances on
G for which BCP holds and proves Corollary [£.2] O

5. GRADED GROUPS WITH TWO DIFFERENT LAYERS NOT COMMUTING

In this section we consider graded groups for which there are two different layers of the
associated positive grading of their Lie algebra that do not commute, and we consider a
more general class of quasi-distances defined as follows.

Definition 5.1 (Self-similar quasi-distances on graded groups). Let G be a graded group
with associated dilations (d))x>o. We say that a quasi-distance d on G is self-similar if it is
left-invariant and one-homogeneous with respect to some non-trivial dilation, i.e., if there
exists A > 0, A # 1, such that d(dx(p),dx(q)) = Ad(p, q) for all p, q € G.

Note that d(6x(p),dx(q)) = Ad(p, ) implies d(5,x(p),d\e(q)) = A\Fd(p,q) for all k € Z. In
particular, the previous definition is equivalent to the existence of some 0 < A < 1 such
that d(6,x(p),d\e(q)) = A\Fd(p,q) for all p, ¢ € G and all k € Z.

We prove the following result.

Theorem 5.2. Let G be a graded group and let B4~oV; be the associated positive grading
of its Lie algebra. Assume that [Vi,Vy] # {0} for some t # s. Let d be a self-similar quasi-
distance on G that is continuous with respect to the manifold topology. Then WBCP, and
hence BCP, does not hold in (G, d).

Remark 5.3. Although we will not use it here, it can be noticed that self-similar quasi-
distances on graded groups are doubling, hence BCP and WBCP are equivalent in this
context (see Proposition (3.7)).

Since homogeneous quasi-distances are in particular self-similar, we get the following
corollary.

Corollary 5.4. Let G be a graded group whose associated positive grading of its Lie algebra
is given by @i=oV;. Assume that [V, Vs] # {0} for some t # s. Let d be a continuous
homogeneous quasi-distance on G. Then BCP does not hold in (G,d).

Homogeneous distances on homogeneous groups are continuous with respect to the man-
ifold topology, recall Corollary Hence, in such a case, one can drop the continuity
assumption and we get the following corollary.
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Corollary 5.5. Let G be a homogeneous group whose associated positive grading of its
Lie algebra is given by &¢>1V;. Assume that [Vi, Vs] # {0} for some t # s. Let d be a
homogeneous distance on G. Then BCP does not hold in (G, d).

The proof of Theorem is divided into two steps. First, we prove that there does not
exist continuous self-similar quasi-distances that satisfy WBCP on the non-standard Heisen-
berg groups, see Theorem Next, we deduce Theorem from Theorem together
with Proposition and the use of submetries via a generalization of Proposition to
continuous self-similar distances, see Proposition Let us stress that one of the main
differences between homogeneous and self-similar quasi-distances are topological issues that
we will explain in Section [5.3

5.1. Non-standard Heisenberg groups. This section is devoted to the proof of Theo-
rem below. To simplify notations, we denote here by b the first Heisenberg Lie algebra,
by (X,Y, Z) a standard basis of h, and by H the first Heisenberg group. Recall from Exam-
ple that for @ > 1, H is called the non-standard Heisenberg group of exponent o when
considered as a graded group whose Lie algebra is endowed with the non-standard grading
of exponent «, i.e., the grading given by h = Wy @& W, & Wy41 where Wi := span{X},
Wy = span{Y'}, Wy41 := span{Z}, and where the only non-trivial bracket relation is
[X,Y]=Z.

Theorem 5.6. Let o > 1. There does not exist continuous self-similar quasi-distances for
which WBCP holds on the non-standard Heisenberg group of exponent .

In this statement, continuity of self-similar quasi-distances means continuity with respect
to the manifold topology. We refer to Section [5.3] for the study of topological properties of
self-similar quasi-distances.

From now on in this section, we fix a > 1. Following Example we use exponential
coordinates of the first kind, we write p € H as p = exp(zX + yY + 2Z) and we identify p
with (z,y, z). Recall that dilations (J))x>0 relative to the non-standard grading of exponent
« are given by

(5.7) oy, 2) = Az, XY, A*Tlz)

To prove Theorem [5.6] we argue by contradiction. We let d be a self-similar quasi-distance
on the non-standard Heisenberg group of exponent .. Hence d is left-invariant and, for some
fixed 0 < p < 1, we have

(5.8) d(8,x(p), 6,+(q)) = p" d(p, q)
for all p, ¢ € H and all k£ € Z.

Next, we assume that d is continuous on H x H with respect to the manifold topology.
We set B := By(0,1). The continuity of d implies in particular that B is closed and that
its boundary 9B is given by 0B = {p € H; d(0,p) = 1}.

Finally, arguing by contradiction, we assume that WBCP holds on (H, d).

To get a contradiction, we first prove a series of lemmas, Lemma to Lemma
below. The final conclusion will follow from these lemmas and is given at the end of this
section.
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First, the assumption about the validity of WBCP has the following consequence.
Lemma 5.9. For allp € B and all X > 0, there exists 0 < A\ < X\ such that p-3)(p~!) € B.

Proof. We first prove that for all p € 0B, there exist arbitrarily large values of j such that
d(p,6,:(p)) < 1. By contradiction, assume that one can find p € 9B and k > 0 such that
d(p,d,i(p)) > 1 for all j > k. For [ > 0, set 7 := p’* and q; := 6,,(p). We have d(0,q,) =,
by hence 0 € M;>oBq(q,r1). We also have
d(gj, @) = d(6r;(p), 6r,(p)) = 15 d(p, 6 Ja-ix (p)) > rj = max(rj, )

for all 0 < j < I. Hence g; & Bg(q,m) for all j # [. It follows that for all finite set J C N,
{Ba(qj,7j)}jes is a family of Besicovitch balls, which contradicts the validity of WBCP in
(H., d).

To conclude the proof, let p € 9B. Then p~! € OB by left-invariance of d and it follows
that d(p~!, 8 i (p~1)) < 1 for arbitrarily large values of j. Hence, by left-invariance of d, we

get that p- d\(p~') € B for arbitrarily small values of A. If p belongs to the interior of B,
the claim follows from the continuity of the map A — p - 6x(p~1). O

As a consequence of Lemma [5.9) we prove in Lemma [5.10| a geometric property of the
unit ball B. Namely, starting at a point p € 0B with x, # 0, there is segment that is all
contained in B. This segment is a part of the flow line of the vector field —X starting at
p € 0B.

Lemma 5.10. For all p = (xp, yp, 2p) € OB with x, # 0, the segment
Gp 1= {((1 — 1) Tp, Yp, 2p + 1 %) ; telo, 1]}
s contained in B.

Proof. The segment &, is a part of the flow line of the vector field —X. For technical
convenience, we will thus use in this proof exponential coordinates of the second kind
in which X is a constant vector field. Namely, for p € H, we write p = exp(z3(p)Z) -
exp(z2(p)Y) -exp(z1(p)X) and we identify p with [z1(p), z2(p), x3(p)]. The relation between
exponential coordinates of the second kind [z1(p), z2(p), z3(p)] and exponential coordinates
of the first kind (zp,yp, 2p) when p is written as exp(xp X + ypY + 2,Z) (which are used
elsewhere in this section) is given by z1(p) = zp, z2(p) = yp and z3(p) = 2p + xpyp/2. In
exponential coordinates of the second kind, the group law is given by

z1(p-p') = x1(p) + z1(p')
z2(p - p') = z2(p) + 2(P')
z3(p - p') = z3(p) + 23(p") + 21(P) 22(P") |

the vector field X is the constant vector field X = 0,,, and the segment &, writes as
op = {[(1 = t)z1(p), w2(p), x3(p)]; t € [0,1]} .

Let 6 € (0,7/2) be fixed. For p = [z1(p), z2(p), z3(p)] with z1(p) > 0, we define Cpy
as the portion of the half-cone with vertex p, axis {exp(—z1X); x; > 0} and aperture 26
contained in the half space {1 > 0}. If p = [x1(p), z2(p), x3(p)] with z1(p) < 0, then Cp g is
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defined as the portion of the half-cone with vertex p, axis {exp(z1X);z; > 0} and aperture
260 contained in the half space {x; < 0}. Namely, if z1(p) > 0,

Cp.o = {[z1,22,23) € H; 0 <21 < 1(p) and

(w2 — 22(p))” + (w3 — 23(p))*)"/? < (w1(p) — 1) tan O}
and, if z1(p) < 0,

Cp.o = {[x1, 22,23 € H; 21(p) <1 <0 and

0
(w2 — 22(p)* + (w3 — 23(p)*)"/? < (21 — 21(p)) tanb} .
For p € H, we set
WA =p-8n(p7") .
Noting that, in exponential coordinates of the second kind, p~
z1(p) z2(p)], we have

r1(p(A)) = (1 = A) z1(p)
(5.11) 22(p(A)) = (1 =A%) 22(p)

23(1p(N) = (1= A1) z3(p) + (A =A%) 21(p) 22(p) -
If x1(p) # 0, we get

L= [—21(p), —x2(p), —x3(p) +

d

a%()\)\/\:o =-—r1(p) X

hence v,(A) € Cpp for all A > 0 small enough. Since Cy9 C Cpyg for all ¢ € Cpp with
z1(q) # 0, it follows that, for all ¢ € Cp g with z1(q) # 0,

(5.12) Yq(A) € Cpp for all X > 0 small enough.

For p € H with z1(p) # 0 and 6 € (0,7/2) fixed, one can find L,y > 0 such that all
curves (74(A))xepo,1 for ¢ € Cpg are Ly p-Lipschitz. This can be easily checked from the

explicit expression of v,4(\), see (5.11]).
For t € [0, 1], we define E, ¢(t) as the intersection of C), 9 with the two dimensional plane

{lz1, z2, 23] € Hyzy = (1 = )21 (p)},
Eyo(t) == Cpo N{[21,22,23) € H; 21 = (1 —t)x1(p)} -
Let p € 0B with x1(p) # 0, s € (0,1) and 0 € (0,7/2) be fixed. We first prove that
E,o(s)yNB#0 .
We set L := (1 —s)"'L,y and
I:={tel0,s]; 3v:[0,t] = Cpp L — Lipschitz, v(0) = p, v(t) € E, ¢(t) N B},
and we actually prove that s € I from which the claim follows.

First, 0 € I hence I is nonempty. Second, Cpg and E,¢(t) N B being closed, I is closed
by Ascoli-Arzela Theorem. Hence sup I € I. By contradiction, assume that ¢ := sup I < s.
Since t € I, one can find a L-Lipschitz curve v : [0,t] — C}¢ such that v(0) = p and
Y(t) € Epg(t) N B. Set g := 7(t). Since ¢ € Cpg with z1(q) # 0, it follows fro

that

that v4(X) € Cp g for all A > 0 small enough. Since g € B, it follows from Lemma
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v4(A) € B for arbitrarily small positive values of A\. Hence, one can find A > 0 such that
Yq(A) € Cpp for all 0 < A < X and v4(\) € B. It follows that one can find 7 > 0 such that
the curve ¢ defined on [0,t + 5] by

c(u) = y(u) if u € [0, 1]
=7

c(u) =4 (%) if u e [t,t+n]

satisfies ¢([0,t 4+ n]) C Cpp and c(t +1n) € B. Since 7, is L, p-Lipschitz, ¢ is (1 —¢) 'L, -
Lipschitz, and hence L-Lipschitz, on [t, ¢+ n]. Finally, by definition of 7, (recall (5.11])) and
since z1(q) = (1 — t)z1(p), we have

wilett+m) = (1= =) wala) = (1= (6 +n) 21(0)

and hence c(t +n) € E,¢(t + ). This shows that ¢ +n € I, which gives a contradiction.

Hence, for p € 0B with z1(p) # 0 and s € (0,1), we have E,(s) N B # 0 for all 6 €
(0,7/2). Letting 6 | 0 and since B is closed, it follows that [(1 — s)z1(p), z2(p), z3(p)] € B
for all s € (0,1). Using once again the fact that B is closed, we finally get that the closed
segment &, is contained in B as wanted. ([l

Lemma, to Lemma below are successive consequences of Lemma/5.10] In addition
to Lemma the only properties used to prove these lemmas are the left-invariance of
the quasi-distance d and topological properties of the unit ball B.

Lemma 5.13. For all p = (xp, yp, 2p) € OB with x, # 0, the segment

op 1= {((1 — 1) Tp, Yps 2p — t %) ; telo, 1]}

18 contained in B.

Proof. By left-invariance of d, we have ¢~! € B for all ¢ € B. Then it follows from
Lemma that for p € 9B with 2, # 0, 0, = (6,-1) " C B. O
Given p = (0,yp, 2p) € H and w > 0, we set
D(p,w) = {(—t,yp, zp —tw +u); t >0, u >0} .

It is the two dimensional region in the plane {y = y,} above the half-line starting at p with
direction (—1,0, —w).

Lemma 5.14. Let 5 > 0 be such that (0,7,z) € B for some z > 0. Set z := max(z >
0; (0,9,2) € B) and p := (0,7,%z). ThenD € OB and for all 0 < w < §/2, we have

(5.15) D(p,w) N B = {p} .
Proof. By contradiction, assume that there is some point ¢ € D(p, w)N B with g # p. Then,

by definition of D(p,w), we have ¢ = (—t,7,Z — tw + u) for some u,t > 0. Since ¢ # p
and by choice of Z, we have ¢ > 0 and hence z, = —t # 0. By Lemma it follows that
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o4 C B. In particular, the end point (0,7, %z — tw + u + t7/2) of o, belongs to B. By choice
of Z, we must then have —tw + u + t7/2 < 0, and hence

Y
t ( — —) >u>0.
w 5) = u >
This contradicts the assumption 0 < w < 7/2 and concludes the proof. ]

Given p = (0,yp, z,) € H with y,, 2, > 0 and v > 0, we set
S(p,v) :={(0,(1 = 8)yp,2p +sv+u); s e [0,1],u >0} .
It is the two dimensional region in the plane {x = 0} above the segment from the z-axis to
p with slope —v/y,.
Lemma 5.16. There exist p = (0, yp, 2p) € OB with yp, z, > 0 and v > 0 such that

S(p,v) N B = {p}
and such that, for all 0 <y <y, (0,y,2) € B for some z > 0.

Proof. The only property of the unit ball B used in this proof is the fact that B is a compact
neighborhood of the origin. Let py = (0, o, z0) with yo,20 > 0 be a point in the interior
of B such that (0,y,2) € B forall 0 <y <y and all 0 < z < 2. For ¢ = (0,4, 24) with
Yqr 2q > 0, let

I(q) = {(0,4,2¢); 0 <y <y}

denote the horizontal segment from the z-axis to g and let
I7(q) = {(0,y, 2 + u); 0 <y <ygu>0}
denote the two dimensional infinite rectangular strip strictly above I(g) in the plane {z = 0}.
Set
Z:=inf{z > 2z0; I7((0,90,2)) N B =0} .
Since B is bounded and pg belongs to the interior of B, we have 2y < Z < +o00. We set
7 := (0,0,%). We have I'"(g) N B = ) and, since B is closed, I(g) N B # 0.
If there is some point p = (0,yp,%) € I(q) N B with y, > 0, then, for any v > 0, we have
S(p,v) \ {p} € I'"(q) hence S(p,v) N B = {p}. Note that p € OB.
Otherwise I(g) N B = {(0,0,%)}. For ¢ = (0,0, 24) with 24 > 0, let
J(q) == {(0,(1 = t)yo, 2g + t(Z — 20); t € [0,1]}
denote the segment in the plane {x = 0} from the z-axis to ¢ with slope —(Z — 29)/yo and
let
JT(q) == {(0,(1 — t)yo, 24 + t(Z — 20) +u; t € [0,1], u > 0}
the two dimensional region strictly above J(g) in the plane {z = 0}. Set
2:=inf{z > 20; JT((0,90,2)) N B =0} .
Arguing as above, we have zo < 2 < z. We set ¢ := (0,90, 2). We have J7(§) N B = ) and
J(G) N B # 0. Since z — 29 > 0, J(§) meets the z-axis at (0,0,Z + 2 — z9) which belongs to
I'*(g). Hence it cannot belong to B and there is some point p = (0, y,, z,) € J(¢) N B with

yp > 0. Note that z, > 0 and that p belongs to 0B. Then for any v > (Z — 20)yp/v0, We
have S(p,v) \ {p} C J*(4) hence S(p,v) N B = {p}.
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Finally, in both cases, we have y, < yo. Then, for all 0 <y < y,, we have 0 <y < yo
and, by choice of pg, we get that (0,y,2) € B for all 0 < z < z9. In particular, (0,y,z) € B
for some z > 0, which concludes the proof. O

Lemma, below is a consequence of Lemma together with Lemma [5.16] Given
p = (0,yp, 2p) € H with y,, 2, > 0 and v > 0, we set

t(1—
R(p,v) := {(—t,(l—s)yp,zp+sv—(48)yp—l—u>; u,t >0, s € [O,l)} )

It is the three dimensional region obtained by the following union. For s € [0,1], let
ps := (0, (1—5)yp, 2p+sv). Note that {ps; s € [0, 1]} is the lower boundary of S(p,v). Then,
for s € [0,1), D(ps, (1 —s)yp/4) is the intersection of R(p,v) with the plane {y = (1 —s)y,}
and we have
R(p,v) = |J D(ps, (1~ s)yp/4) -
s€[0,1)

Lemma 5.17. There ezists a point p = (0,yp, zp) € 0B with y,, 2, > 0 and v > 0 such that
R(p,v) N B = {p}.

Proof. Let p = (0,yp,2p) € 0B with yp,2, > 0 and v > 0 be given by Lemma m
Since S(p,v) N B = {p}, we have z, = max{z > 0; (0,yp,2) € B}. Then it follows from
Lemma [5.14] that

(5.18) D(p,yp/4) N B = {p} .
Recall that D(p,y,/4) is the intersection of R(p,v) with the plane {y = y,}.

For s € (0,1), set gs := (0, (1 — s)yp, z5) where 2z, := max{z > 0; (0, (1 — s)yp, 2) € B}.
Note that z, is well defined since for all s € (0,1), we have (0,(1 — s)yp,2) € B for
some z > 0 by Lemma [5.16f We have ¢, € 0B and it follows from Lemma [5.14] that

D(qs, (1 —s)y,/4) N B = {¢s}. On the other hand, ¢; ¢ S(p,v) since S(p,v) N B = {p} and
hence z, < z, + sv. It follows that, for all s € (0,1),

D(p87 (1 - S)yp/4) NBC (D(QS7 (1 - S)yp/4> N B) \ {QS} )
where pg := (0, (1 — s)yp, 2p + sv). Hence,

(5.19) D(ps, (1 = 5)3p/4) VB =0
Recalling that D(ps, (1—s)y,/4) is the intersection of R(p,v) with the plane {y = (1—s)y,},
the lemma finally follows from (5.18]) and (5.19). O

Lemma 5.20. There ezists a point ¢ = (0, yq, 24) € OB with yq, zg < 0 and v > 0 such that
R(g,v) N Ba(g,1) = {0} where

. 3 —
(G21)  Rlgv) = {(ty+ 5~ s, +u) Cut20,s€, 1)} .

Proof. Let p = (0,yp, 2p) € 0B with y,,2, > 0 and v > 0 be given by Lemma and set
q := p~'. By left-invariance of d, we have

q- R(q_17 ’U) N Bd(q7 1) - p_l ’ (R(p7v) N B) - {0} :
Noting that ¢ - R(¢~*,v) = p~!- R(p,v) = R(q, v), we get the required conclusion. O
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The next lemma gives a geometric property of dilations of the region R(q7 v).

Lemma 5.22. Let ¢ = (0,yq,2,) € H with yg,24 < 0, v > 0 and let ]:Z(q,v) be given
by (5.21)). Then, for all § = (z4,vq, 24) with x4,ys < 0, there exists A > 0 such that, for all
A> A, G € 6\(R(q,v)).

Proof. Let ¢ = (x4,y5,25) with x4, y; < 0 be given. To prove that § € 5,\(R(Q,v)), we have
to find t > 0, w >0 and s € [0,1) such that

Zg = —1tA
(5.23) Yg = A"syq
t(3 —
2y = XM (sv + (48)yq +u) .
From the first equation, we get t = —2,/A > 0 since Z; < 0. From the second equation, we

get s = )\_O‘g}qu_l. We have s > 0 since g, < 0 and y, < 0. We also have s < 1 for all A > 0
large enough. The third equation gives

t(3 — 8)yq

e + )\_a_léq
LqlYq —alq —aYq —a—1z 3Zqyq 1 1
=2 (32 ) = A = - -).
4\ ( yq) yqv+ Zq 4 )\+0(>\)
It follows that u > 0 for A > 0 large enough. All together, we get that, for all A\ > 0 large
enough, one can find ¢t > 0, u > 0 and s € [0,1) such that (5.23)) holds as wanted. ]

We are now going to conclude the proof of Theorem

Proof of Theorem[5.6. Recall that we are arguing by contradiction. We consider a contin-
uous self-similar quasi-distance d on the non-standard Heisenberg group of exponent a and
we are assuming that d satisfies WBCP. To get a contradiction, we are going to construct
with the help of Lemma [5.20] and Lemma families of Besicovitch balls with arbitrarily
large cardinality.

Let us choose ¢ = (x1,y1,21) with 1,91 < 0 and set r; := d(0,q1). By induction
assume that ¢1 = (z1,y1,21)--+,9m = (Tm,Ym,2m) have already been chosen so that
xi,yi < 0 for all ¢ = 1,...,m and so that {Bg(g, i)}/, is a family of Besicovitch balls
where r; := d(0, g;).

Let ¢ = (0,4, 24) € OB with y,, 2z, < 0 and v > 0 be given by Lemma For all k > 1,
we have

8, (R(g,v)) N Ba(8,-x(0), p~*) = 6, (R(q,v) N Ba(g, 1)) = {0} .
On the other hand, it follows from Lemma that

~

Gi € 6,1 (£(g; v))

for all ¢+ = 1,...,m and all & > 1 large enough. Hence ¢; ¢ Bd(5p7k(q),p_k) for all
i=1,...,mand all k£ > 1 large enough.
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Next, by continuity of d with respect to the manifold topology, we have
lim d(d k(g =d
L d(0,4(gi),q) = d(0, )
foralli=1,...,m. It follows that
. ' — T —k ' _
i d(gi; 0p-(q)) = lim p="d(d,x(qi), q) = +00
for alli =1,...,m. Hence we can also choose k > 1 large enough so that

d(qi,épk(q)) > Ty
foralli=1,...,m.

All together, we have proved that we can find k > 1 large enough so that the balls
Bi(q1,71), -y Ba(gm,rm), Bd(dp—k(q),pik) form a family of Besicovitch balls. We have
0,-k(q) = (0, p~Fy,, p~Ret )2 ) with p~*oy, < 0, and p=* = d(0,0,-#(q)). Then, using
Remark below, we can choose ¢m+1 = (Tm41, Ym+1s Zmt1) With Zpp1, Yma1 < 0 close
enough to d,-(g) so that, setting 7,41 := d(0, gm+1), the family {Bg(q;, ri) Y s a family
of Besicovitch balls. O

Remark 5.24 (Being a family of Besicovitch balls is an open condition). Let {Bg(gi, i)}~
be a family of Besicovitch balls where r; := d(e, ¢;) in a graded group G with identity e
and equipped with a continuous self-similar quasi-distance d. One can find Uy, ..., U,, open
neighborhoods of ¢, ..., gn respectively, such that, for all (¢i,...,q,,) € U X -+ X Uy,
{Ba(g,,r})}™ is a family of Besicovitch balls. Here we have set r; := d(e, ¢}). Indeed we
have d(¢;, qj) — d(e,q;) > 0 for all i # j. By continuity of d on G x G' with respect to the
manifold topology, one can find Uy, ..., U, open neighborhoods of qi,..., ¢, respectively
such that, if (¢},...,q,) € U1 X -+ X U, then d(q;, q;) — d(e,q;) > 0 for all i # j. Hence
{Ba(q;,r})}™, is a family of Besicovitch balls.

5.2. Topological properties of self-similar distances. As already mentioned, one of the
main differences between self-similar and homogeneous quasi-distances are their topological
properties. One cannot extend Proposition [2.20] to self-similar quasi-distances. There are
indeed examples of self-similar distances on homogeneous groups such that the distance
from the identity e is not continuous at e with respect to the manifold topology. Hence
the topology induced by such self-similar distances does not coincide with the manifold
topology.

One such example is the following. We consider R equipped with the usual addition as
a group law and the dilations dy(z) := Az. We take (v;);er a basis of R viewed as a vector
space over QQ and we choose it in such a way that some sequence v;; converges to 0 as j goes
to +oo for the usual topology of R. For x € R, we write x = > x;v; where x; € Q and all
but finitely many of the x;’s are 0 and we consider the left-invariant distance d such that
d(0,2) = > |a;|. This distance is Q-homogeneous, i.e., d(4(x),dq(y)) = qd(z,y) for all z,
y € R and all ¢ € Q, and hence self-similar. We have d(0,v;) = 1 for all ¢ € I. In particular
d(0,v;;) = 1 for all j whereas v;; converges to 0 as j goes to +oco for the usual topology of
R. Hence d(0, -) is not continuous at 0 with respect to the manifold topology on R.

However, with the additional assumption of the continuity of d(e,-) at e with respect to
the manifold topology, one can extend Proposition [2.26] in the following way.
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Proposition 5.25. Let G be a graded group with identity e. Let d be a self-similar quasi-
distance on G. Assume that d(e,-) is continuous at e with respect to the manifold topology.
Then the topology induced by d coincides with the manifold topology. Moreover, a set is
relatively compact if and only if it is bounded with respect to d.

Proof. First, the fact that d(e,-) is assumed to be continuous at e with respect to the
manifold topology 7, implies that 75 C T, where T4 denotes the topology induced by d.

Then the proof can be completed with technical modifications of the proof of Proposi-
tion that we briefly sketch below. In the rest of this proof, the convergence of some
sequence of points means convergence with respect to the manifold topology.

Let 0 < A < 1 be such that d(dx(p),dxr(¢)) = Ad(p,q) for all p, ¢ € G. Let (pg) be
a sequence such that d(e,pg) goes to 0 and let us prove that py converges to e. Using
the conventions and notations introduced in the proof of Proposition [2.26] we argue by
contradiction and assume that, up to a subsequence, there exists € > 0 such that ||pg| > ¢
for all k (see for the definition of || - ||). For each fixed k, ||dy:(pr)|| converges to 0
when [ goes to +00. Hence one can find a sequence of integers [, > 1 such that, for all k,
183 (Il < = < 1331 (p)]l- Then

n

1631 (D)l = - A= Pip)| = X* Y- ABTDEBy(p)] = AT||6y1, 1 (o) | = eA”

i=1 i=1

where @ := maxi<;<y, d;. Hence eA™ < |81, (px)|| < € for all k. By compactness with respect
to the manifold topology of {p € G; e\® < |p|| < g}, we get that, up to a subsequence,
O, (P) converges to some p € G such that eA® < |p|| < e. In particular p # e and
d(e,p) > 0. On the other hand, we have

0<d(e,p) < C(d(e,dy, (k) + d(0y1, (Pr), D))
= C(Nkd(e,pr) +d(e,p" - Sy, (Pr)))
< C(d(e,pr) +d(e,p~" - 0y, (pr))) -

Since d(e, p) converges to 0 and since d(e, -) is assumed to be continuous at e with respect
to the manifold topology and p~!-§ \lx (D) converges to e, we get that the last upper bound
in the above inequalities goes to 0, which gives a contradiction. It follows 7,, C T4 and, all
together, we get that T, = Tg.

The proof that a set is relatively compact if and only if it is bounded with respect to
d can be achieved with similar technical modifications of the arguments of the proof of

Proposition [2.26] O

Proposition [5.25] implies the following generalization of Proposition to self-similar
quasi-distances. In the statement and the proof of Proposition [5.26] continuity means con-
tinuity with respect to the manifold topology.

Proposition 5.26. Let G and G be graded groups with graded Lie algebra § and g respec-
tively. Assume that there exists a surjective morphism of graded Lie algebras ¢ : g - g.
Let ¢ : G — G denote the unique Lie group homomorphism such that . = ¢ and let d be



46 ENRICO LE DONNE AND SEVERINE RIGOT

a continuous self-similar quasi-distance on G. Then

d(p,q) = d(~" ({p}), o' ({a})

defines a continuous self-similar quasi-distance on G and ¢ : (G, d) — (G, d) is a submetry.

Proof. One proves that d is a self-similar quasi-distance on G and that ¢ : (G, d) — (G, d)
is a submetry with the same arguments as in the proof of Proposition [3.21} To prove that
d is continuous on G x G, we first prove that d(e, -) is continuous at e. Here e denotes the
identity in G and below é will denote the identity in G. Let (pk) be a sequence converging to
e (with respect to the manifold topology). Since ¢ is an open map and since é € ¢~ ({e}),
one can find a sequence py, € o~ *({px}) converging to &. We have d(e,py) < a?(é,ﬁk). Since
d is assumed to be continuous, ci(é,ﬁk) converges to 0. It follows that d(e,py) converges
to 0 as well and hence d(e,-) is continuous at e. The proof can now be completed using
Proposition and following the arguments of the proof of Proposition [3.21 O

5.3. Arbitrary graded groups with two different layers not commuting. We con-
clude in this section the proof of Theorem

Proof of Theorem[5.3. Let G be a graded group with associated positive grading g = ®;~0V;
of its Lie algebra. Let ¢t < s be such that [V, V] # {0}. Let d be a continuous self-similar
quasi-distance on GG. We argue by contradiction and assume that WBCP holds on (G, d).

By Proposition 2.18] there exists a graded subalgebra g of g and a surjective morphism of
graded Lie algebras from g onto b, where b is the t-power of the non-standard Heisenberg
Lie algebra of exponent s/t.

We denote by G = exp(g) the graded group whose Lie algebra g is endowed with the
positive grading induced by the given positive grading of g. The restriction of d to G, still
denoted by d, is a continuous self-similar quasi-distance on G. Since we assume that WBCP
holds on (G, d), WBCP also holds on (G, d) by Proposition

Next, it follows from Proposition that there exists a continuous self-similar quasi-
distance dy on the t-power, denoted by H, of the non-standard Heisenberg group of expo-
nent s/t, and a submetry from (G, d) onto (H,dy). Since WBCP holds on (G, d), WBCP
holds on (H,dy) by Proposition Finally, we get that WBCP would hold for the con-
tinuous self-similar quasi-distance (dg )’ on the non-standard Heisenberg group of exponent
s/t. This contradicts Theorem and concludes the proof. O

6. DIFFERENTIATION OF MEASURES

In this section, we give applications to differentiation of measures and we prove Theo-
rem

Following the terminology of [Pre83|, if (X,d) is a metric space, we say that d is finite
dimensional on a subset Y C X if there exist C* € [1,400) and r* € (0,+o00] such that
Card B < C* for every family B = {B = By(xzp,rB)} of Besicovitch balls in (X,d) such
that zp € Y and rp < r* for all B € B (see Definition for the definition of families of
Besicovitch balls). If we need to specify the constants C* and r*, we say that d is finite
dimensional on Y with constants C* and r*. We say d is o-finite dimensional if X can be
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written as a countable union of subsets on which d is finite dimensional. Note that WBCP
holds on (X, d) if and only if d is finite dimensional on X for some constant C* € [1, +00)
and with r* = 4-o00.

For homogeneous distances on homogeneous groups, we first prove the following strongest
equivalence between o-finite dimensionality and validity of (W)BCP.

Proposition 6.1. Let G be a homogeneous group and let d be a homogeneous distance on
G. Then BCP holds on (G,d) if and only if d is o-finite dimensional.

Proof. If BCP holds on (G, d) then WBCP holds as well and it follows from the definitions
that d is finite dimensional on G. To prove the converse, let m denote the Hausdorff dimen-
sion of (G,d) and let p denote the m-dimensional Hausdorff measure on (G, d). It is well-
known that u is a Haar measure on G. Since the distance d from which this m-dimensional
Hausdorff measure is constructed is homogeneous, i is moreover m-homogeneous with re-
spect to the associated dilations (d))xso on G, i.e., u(dr(A)) = A" u(A) for all A C G and
all A > 0. In particular u is a doubling outer measure on (G,d). It follows that for every
subset A C G, p-a.e. point p € A is a p-density point for A, i.e.,

W(AN Ba(p,r))
rl0 p(Ba(p,r))

Assume that d is o-finite dimensional, i.e., G = UpecnG, where d is finite dimensional
on each G). Then one can find n € N such that u(Gp) > 0 and we set A := G,. Let
C* € [1,+00) and r* € (0, +0o0] be such that d is finite dimensional on A with constant C*
and r*. Since p(A) > 0, one can find a point p € A that is a p-density point for A. Up
to a translation, one can assume that p = e where e denotes the identity in G. Next, by
homogeneity, for every A > 1, d is finite dimensional on J§)(A) with constants C* and r*.

Let us prove that WBCP, and hence BCP by Corollary holds in (G, d). We consider
{Ba(ps,:)}_, a family of Besicovitch balls in (G,d). Up to a dilation, one can assume
with no loss of generality that r; < »* for all ¢ = 1,...,k. Up to a translation, one can
further assume that e € ﬂleBd(pi,ri). Shrinking balls if necessary, one can also assume
that r; = d(e,p;) for alli=1,... k.

By Remark recall that homogeneous distances on a homogeneous group are contin-
wous, see Corollary [2.28), one can find &* > 0 such that {By(q;,s;)}¥_; is a family of Besi-
covitch balls in (G, d) as soon as d(p;,q;) < &* for all i = 1,... k and where s; := d(e, ¢;).
Moreover one can choose ¢* small enough, namely £* < r* —max;<;<j r;, so that d(e, ¢) < r*
as soon as d(q,p;) < &* for some i € {1,...,k}.

Fix R > 1 such that R > 2max;<;<;r; and € > 0 such that ¢ < min(e*, maxj<;<j 7).
Let r < 1 be such that

w(AN By(e,r)) - <£>m
pu(Ba(e,r)) R/

Then we claim that By(p;,€)Ndp/r(A) # 0 foralli = 1,..., k. Indeed, arguing by contradic-

tion, assume that By(pi,e)N0g/,(A) = (). By choice of R and ¢, we have By(p;, ¢) C Ba(e, R).
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Using the left-invariance and the homogeneity of u, it follows that
- ( € )m _ w(AN By(e,r))  w(0rs(A) N Byle, R))
(

R M(Bd(evr)) B 2 Bd(67R))
(Ba(e, R) \ Ba(pi,e)) _ p(Ba(e, R)) — u(Ba(pi,€))
wu(By(e, R)) 1(Ba(e, R))

£ m
-1-(3)
which gives a contradiction.

Hence one can find ¢; € Bqg(pi,e) N g/ (A) for all i = 1,..., k. Since ¢ < &*, we
get that {Bg(g;,si)}l_, is a family of Besicovitch balls in (G,d) with ¢; € dg/(A) and
si:=d(e,q) <r*foralli=1,...,k. By choice of R and r, we have R/r > 1 and it follows
that £ < C*. Hence WBCP holds in (G, d). O

Recall now that if (X, d) is a metric space and p is a locally finite Borel measure on X,
we say that the differentiation theorem holds on (X, d) for the measure u if

1

i s /B oy J @@ = 1)

for p-almost every p € X and all f € LL _(u).
The connection between o-finite dimensionality and measure differentiation in the general
metric setting is given by the following result due to D. Preiss.

Theorem 6.2 ([Pre83)). Let (X,d) be a complete separable metric space. The differentia-
tion theorem holds on (X,d) for all locally finite Borel measures if and only if d is o-finite
dimensional.

The proof of Theorem [1.5] can now be completed using Theorem [6.2] and Proposition [6.1

7. SUB-RIEMANNIAN DISTANCES

In this section we consider sub-Riemannian distances on stratified groups, and more gen-
erally on sub-Riemannian manifolds. We prove Theorem [I.9]and Theorem The proofs
of these results are independent of the main result in this paper, namely independent of
Theorem [I.2] but use some of the techniques developed here, in particular Proposition

7.1. No BCP in sub-Riemannian Carnot groups. Let G be a stratified group with
associated stratification of its Lie algebra given by g = V43 & --- & V. We say that an
absolutely continuous curve v : I — G is horizontal if, for a.e. s € I, one has §(s) €
span{X (v(s)); X € V1 }. For a given scalar product inducing a norm || - || on the first layer
V1 of the stratification, we define the length, with respect to || - ||, of a horizontal curve v by

() = [ 1)l ds

We say that d is a sub-Riemannian distance on G if there exists a norm || - || induced by a
scalar product on V; such that

d(p,q) = inf {l||~H(7)§ ~ horizontal curve from p to q} .
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It is well-known that such a d defines a homogeneous distance on G.

Definition 7.1 (Sub-Riemannian Carnot groups). We say that (G, d) is a sub-Riemannian
Carnot group if G is a stratified group equipped with a sub-Riemannian distance d.

It is proved in [Rig04] that BCP does not hold on sub-Riemannian Carnot groups of
step > 2 under some assumptions on the regularity of length-minimizing curves and of
the sub-Riemannian distance (see [Rig04, Theorem 1]). This result applies in particular to
sub-Riemannian distances on the stratified first Heisenberg group as we recall now.

Theorem 7.2 ([Rig04]). Let d be a sub-Riemannian distance on the stratified first Heisen-
berg group H'. Then BCP does not hold on (H',d).

We extend in Theorem the results of [Rig04] to any sub-Riemannian Carnot group of
step > 2 without any further regularity assumptions.

Theorem 1.9 will be proved by showing that from any such sub-Riemannian Carnot group,
there exists a surjective morphism onto the stratified n-th Heisenberg group for some n € N*.
Moreover, the distance on the n-th Heisenberg group induced by this morphism is a sub-
Riemannian distance (see Proposition for the definition of this induced distance). Then
the conclusion will follow from Theorem and Lemma below. Lemma [7.4] gives the
existence of an isometric copy of a sub-Riemannian first Heisenberg group inside every sub-
Riemannian n-th Heisenberg group. We refer to Example for the definition of the n-th
Heisenberg Lie algebra §,, and the stratified n-th Heisenberg group H". We first prove the
following preliminary result.

Proposition 7.3. Let (G,d) be a step 2 sub-Riemannian Carnot group with associated
stratification of its Lie algebra given by g = V1 @ Va. Assume that dim Vo = 1 and that Va is
the center of g. Then g is the n-th Heisenberg Lie algebra by,,. Moreover there exist positive
real numbers ai,...,a, and a standard basis (X1,...,Xpn,Y1,...,Yn, Z) of by, such that d
1s the sub-Riemannian distance with respect to the norm induced by the scalar product on
Vi for which (a; X;, a;Y;)1<i<n is orthonormal.

Proof. Let Z € V5 be fixed so that Vo = RZ. Since V5 is the center of g, the Lie bracket
restricted to Vi x V; can be identified with a non degenerate skew-symmetric bilinear form
on Vi. Then the following facts follow from classical results of linear algebra. First, dim V; is
even, dim V] = 2n for some n € N*. Second, considering Vi equipped with the scalar product
with respect to which the sub-Riemannian d is defined, one can find an orthonormal basis
(X'l, e X Y, ,f’n) of V1 such that [X;,Y;] = d;ja;Z for some positive real numbers
a1,y We set X; = (o) ' X;. Then (Xi,...,X,,Y1,...,Y,, Z) is a basis of g
with the only non-trivial bracket relations [X;,Y;] = Z for 1 < ¢ < n. It follows that g
is the n-th Heisenberg Lie algebra b, and (Xi,...,X,,Y1,...,Y,, Z) is a standard basis

of h,,. Moreover, setting a; := /a;, we get that the sub-Riemannian distance d is the
sub-Riemannian distance for which (a;X;, a;Y;)1<i<n is orthonormal. ]

Lemma [7.4] below relies on classical results from sub-Riemannian geometry and more
specifically on a classical study of length-minimizing curves in the sub-Riemannian Heisen-
berg groups. In particular length-minimizing curves can be explicitly computed using Pon-
tryagin’s maximum principle and the fact that there are no strictly abnormal curves. Also
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each horizontal curve can be recovered from its projection on the first layer of the stratifi-
cation via the lift of the spanned area in each coordinate plane.

Lemma 7.4. Let (Xy,...,X,,Y1,...,Y,, Z) be a standard basis of b,. Let 0 < a3 <
... < ay be positive real numbers and let d denote the sub-Riemannian distance on H™ for
which (a;X;,a;Y;)1<i<n ts orthonormal. Then H := exp(span{X,,Y,, Z}) is geodesically
closed and the distance d restricted to H is the sub-Riemannian distance on H for which
(anXn,anYy) is orthonormal.

Proof. In the statement H is geodesically closed means that for any two points p, ¢ € H
there exists a length-minimizing curve, i.e., a horizontal curve « such that d(p, q) = Ij.;|(7),
joining p and ¢ and whose image is contained in H. Here || - | denotes the norm induced
by the scalar product for which (a;X;, a;Y;)1<i<pn is orthonormal. Then the fact that the
distance d restricted to H is the sub-Riemannian distance on H for which (a,X,,a,Y},) is
orthonormal follows immediately.

We use in this proof exponential coordinates (z1,...,Zn,Y1,...,Yn,2) of the first kind
with respect to the basis (a1 X1, ...,a,Xp,a1Y1,...,a,Yy, Z) and V; denotes the first layer
of the stratification, V4 = span{X;,Y;; 1 <i < n}. By left-invariance, it is enough to show
that given any point p € H, there exists a length-minimizing curve joining 0 to p whose
image is contained in H. As already said, the proof below relies on classical results from
sub-Riemannian geometry. We refer to e.g. [Mon00] or [LR14b] for more details.

Let us first consider p = exp(Z) = (0,...,0,1). Writing down the normal geodesic
equation, one can see that if v : I — H" is a length-minimizing curve from 0 to p with
v(8) = (x1(8)y- -y 2n(8),y1(8)s - -, yn(s), 2(s)) then its projections s — (z;(s),yi(s)) on
each (z;,y;)-plane is a circle passing through the origin. Moreover, if we denote by (v;, vp+i)
the center of each one of these circles, we have

2n 1/2
l”.H(")/) =27 (Z U?) .
i=1

On the other hand, since = is a horizontal curve, the last coordinate of its end point is equal
to Yo aZm(v? 4 v2,,). Hence we must have

n
> a2y = 1.
=1

Notice that the minimum of /> v? on the ellipsoid {31 a?m(vZ+v2, ;) = 1} is attained
on the smallest axis of the ellipsoid. It follows that the horizontal curve v contained in H
and whose projection on the (x,, y,)-plane is a circle passing through the origin and centered
at (1/an+/m,0) is a length-minimizing curve between 0 and p.

Next, from the above length-minimizing curve between 0 and exp(Z) and using dilations
and rotations in H around the z-axis, it can be seen that one can join the origin to any
point in H \ exp(V7) with a length-minimizing curve that stays in H.

Finally, it can be checked that for p € H Nexp(V}), the segment from 0 to p is the length
minimizing curve from 0 to p and that this segment stays obviously inside H. O
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We now conclude this section with the proof of the non-validity of BCP on sub-Riemannian
Carnot groups of step > 2.

Proof of Theorem[1.4 We argue by contradiction and we assume that (G,d) is a sub-
Riemannian Carnot group of step > 2 on which BCP hold. We prove that it is enough
to consider the case of a sub-Riemannian distance on the stratified first Heisenberg group.

To prove this claim, we will perform a series of quotients. At the level of the Lie algebras,
these quotients are surjective morphisms of stratified Lie algebras. Moreover, if we start
from a sub-Riemannian distance, the sub-Riemannian distance induced by each one of these
morphisms (as in Proposition , and for which BCP also holds by Propositions
and will still be a sub-Riemannian distance. Indeed, if the stratification of the source
Lie algebra is given by V; @ --- @ Vi, we will only consider morphisms of stratified Lie
algebras whose kernel is contained either in Vo @ - - - @ Vs or in the center of the source Lie
algebra.

By a first quotient we can assume that the step of G is exactly 2. Note that in view of
Corollary we could have skipped this first step. However this first quotient gives a proof
of Theorem that is independent of our other results about more general graded groups.
By a second quotient we can assume that the second layer of GG is one-dimensional. By a
third quotient we can assume that the center of the Lie algebra of G is the second layer of
its stratification.

By Proposition we know that the Lie algebra of G is the n-th Heisenberg Lie al-
gebra. We also know that there exist a standard basis (Xi,...,X,,Y1,...,Y,, Z) of b,
and positive real numbers a1, ..., a, such that d is the sub-Riemannian distance for which
(@i Xi,a;Yi)1<i<n is orthonormal. Up to reordering the a;’s, it follows from Lemma that
there is a stratified subgroup H of G isomorphic to the stratified first Heisenberg group
and such that the sub-Riemannian distance d restricted to H is a sub-Riemannian distance
on H. Since we started from a sub-Riemannian distance on GG for which BCP holds, it fol-
lows from Proposition that BCP should hold for some sub-Riemannian distance on the
stratified first Heisenberg group. This contradicts Theorem[7.2and concludes the proof. [

7.2. Differentiation of measures on sub-Riemannian manifolds. In this section we
prove that sub-Riemannian distances on sub-Riemannian manifolds are not o-finite dimen-
sional, see Theorem[7.5] Then Theorem I.10]follows from Theorem[7.5]and Theorem[6.2] We
refer to Section [6] for the definition of o-finite dimensionality and its connection with mea-
sure differentiation. The proof of Theorem follows from the fact that at regular points,
the metric tangent space to a sub-Riemannian manifold is isometric to a sub-Riemannian
Carnot group of step > 2 together with Theorem

To state our result, we first recall well-known facts about sub-Riemannian manifolds
(see e.g. [Mon02]). A sub-Riemannian manifold is a smooth Riemannian n-manifold (M, g)
equipped with a smooth distribution A of k-planes where k < n. We also assume that M is
connected and that the distribution satisfies Hormander’s condition. Namely, for all p € M,
we assume that, if X1,..., X} is a local basis of vector fields for the distribution near p,
these vector fields, along with all their commutators, span T,M. We denote by V;j(p) the
subspace of T, M spanned by all the commutators of the X;’s of order < i evaluated at p.
Then the distribution satisfies Hormander’s condition if, for all p € M, there is some 7 such
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that Vi(p) = T,M. Next, an absolutely continuous curve in M is said to be horizontal if
it is a.e. tangent to the distribution A. Then the sub-Riemannian distance d between two
points p, ¢ € M is defined by

d(p,q) := inf {lengthg(*y); ~ horizontal curve from p to q} .

We say that p € M is a regular point if, for each i, dim V;(p) remains constant near p.
Regular points form an open dense set in M.

Our main result in this section reads as follows.

Theorem 7.5. Let M be a sub-Riemannian manifold and let d be its sub-Riemannian
distance. Then d is not o-finite dimensional.

Notice that our definition of sub-Riemannian manifolds does not includes Riemannian
ones. We recall that it is known that the Riemannian distance on a Riemannian manifold
of class C? is o-finite dimensional (see[Fed69, 2.8]).

Sub-Riemannian manifolds equipped with their sub-Riemannian distance include sub-
Riemannian Carnot groups of step > 2. Besides, as said before, the following fact plays a
crucial role for our purposes.

Theorem 7.6 (|[Bel96, Theorem 7.36], [Mit85, Theorem 1}). A sub-Riemannian manifold
equipped with its sub-Riemannian distance admits a metric tangent space in Gromov’s sense
at every point. At reqular points, this space is isometric to a sub-Riemannian Carnot group
of step > 2.

A metric tangent space in Gromov’s sense at a point p in a metric space (X, d) is defined
as a Hausdorff limit of some sequence of pointed metric spaces (X, d/\;,p) with A; — 0 as
i — +o0. We refer to [Gro99] for more details about metric tangent spaces.

Proof of Theorem [7.5. We first prove that one only needs to consider the case where all
points in M are regular and moreover, for each i, dim V;(p) remains constant in M. Indeed,
since regular points form a nonempty open set, one can find an connected open set O in M
such that, for each 4, dim V;(p) remains constant in O. We equip O with the distribution
of k-planes which is the restriction to O of the given distribution on M, thus making O a
sub-Riemannian manifold. We denote by dp the associated sub-Riemannian distance on O.
By definition we have for all p, ¢ € O,

do(p,q) = inf {lengthg('y); ~ horizontal curve from p to ¢ in O} .

In particular, d(p, q) < do(p, q) for all p, ¢ € O, with possibly strict inequality. However it
can easily be checked that, for all p € O and all r < dist(p, M \ O)/3, one has By(p,r) =
By, (p,r). It follows that if d is o-finite dimensional on M, then dp is o-finite dimensional
on O as well. Indeed, assume that M can be written as M = UpenM,, where d is finite
dimensional on each M,, with constants C;; and r. Set Oy := {p € O; dist(p, M\O) > 1/k}.
Then By(p,r) = By, (p,r) for all p € Oy and all r < 1/3k. It follows that, for each k
and n, do is finite dimensional on Oy N M,, with constants C;; and min(r},1/3k). Since
O = U nen(Og N My,), this shows that do is o-finite dimensional on O.

Hence, from now on in this proof, let us assume that the distribution on M is such that,
for each i, dim V;(p) remains constant in M and let dim V; denote its constant value. Such
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distributions are called generic in [Mit85]. Arguing by contradiction we also assume that
the sub-Riemannian distance d on M is o-finite dimensional, M = U, cnM,, where d is finite
dimensional on each M,,.

We let m := Y, i(dim V; —dim V;_;) denote the Hausdorff dimension of (M, d) (see [Mit85,
Theorem 2]) and let o denote the m-dimensional Hausdorff measure in (M, d). It is proved
in [Mit85] that u is doubling on each compact set. This implies in particular that for any
subset A C M, p-a.e. point p € A is a p-density point for A. On the other hand since
(M) >0 and M = UpenM,, one can find n € N such that p(M,,) > 0, and hence one can
find some p-density point p € M,, for M,,. Then Proposition 3.1 in [LD11] and Theorem 7.6
imply that (M,,d) admits a metric tangent space in Gromov’s sense at p and this space
is isometric to a sub-Riemannian Carnot group (G,ds) of step > 2. In particular, by
definition of a metric tangent space, there exist a sequence (\;) with \; — 0 as i — 400
and maps ¢; : G — M, such that, for all p, ¢ € G,

LA(6p)6i0) o dlpia)

1——+00

Since d is finite dimensional on M,,, Lemmal7.7 below implies that do is a finite dimensional
sub-Riemannian distance on G. This contradicts Proposition and Theorem and
concludes the proof. O

Lemma 7.7. Let (X,d) and (X0, dso) be metric spaces. Assume that there exist a sequence
(\i) with \; = 0 as i — +o00 and maps ¢; : Xoo — X such that for all x, y € X,

i——+00

1
yd(éﬁi(i)v@(y)) — deo(T,Y) -
Assume that d is finite dimensional on X. Then d is finite dimensional on X .

Proof. Assume that d is finite dimensional on X with constant C* € [1,400) and r* €
[0,400]. Let {Bg,_(x1,71),...,Ba (zn,rN)}, N € N, be a family of Besicovitch balls in
(Xoo,doo) with rp < 7* foralll =1,...,N. Let zg € Mi<j<nBa..(z1,77). Let € > 0 be small
enough so that, for all [,k =1,..., N with | # k, doo (2, ;) > max(ry, 1) + 2¢ and so that
ri+e<r*foralll=1,...,N. Let i be large enough so that A\; < 1 and

(i), (o)) — ool )| < 2

forall [,k =0,...,N. Then for all [,k =1,..., N with [ # k, we have
1
i
and, foralll=1,..., N,

d(pi(x1), pi(zr)) > doo(xr, 1) — € > max(ry, 1) + €

%d(@(mo),(ﬁi(m)) < dso(wo, 1) +e <1 +€.

Hence {Bg(¢i(x1), Ai(r1+¢)),...,Ba(¢i(zn), \i(ry +¢))} is a family of Besicovitch balls in
(X,d) with radii < r*. It follows that N < C* which proves that d is finite dimensional
on X ]
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Remark 7.8. One can relax the hypothesis of constant rank for the distribution A and the
proof of Theorem can be generalized provided there exists a regular point p € M such
that dim A, < dim M.

8. FINAL REMARKS

8.1. Assouad’s embedding theorem and BCP. Assouad’s embedding Theorem for
snowflakes of doubling metric spaces has the following consequence in connection with the
Besicovitch Covering Property.

Proposition 8.1. Let (X,d) be a doubling metric space. Then there exists a continuous
quasi-distance p on X that is biLipschitz equivalent to d and such that (X, p) satisfies BCP.

Proof. By Assouad’s embedding theorem (see [Ass83]), the snowflaked metric space (X, d'/?)
admits a biLipschitz embedding F' : (X, dv/ 2) — R into some Euclidean space. Since
Euclidean spaces satisfy BCP, it follows that F'(X) equipped with the restriction of the
Euclidean distance satisfies BCP (see Proposition . Set p(x,y) := ||[F(z) — F(y)||* for
xz, y € X. This defines a continuous quasi-distance on X that satisfies BCP. Finally, if L
is the biLipschitz constant of the embedding F, then p is L?-biLipschitz equivalent to the
distance d. 0

In particular, if (G, d) is a homogeneous group equipped with a homogeneous distance,
Proposition [8.1] gives the existence of a continuous quasi-distance biLipschitz equivalent to d
and for which BCP holds. In case G is a homogenous group for which there are two different
layers of the grading that do not commute, it follows from Theorem that such a quasi-
distance cannot be homogeneous, i.e., cannot be both left-invariant and one-homogeneous
with respect to the associated dilations. What is not known is whether one can find one
such p with one of these properties. It is not known either whether one can find a distance,
rather than a quasi-distance, biLipschitz equivalent to d and for which BCP holds.

Notice that there are examples of non doubling metric spaces satisfying BCP. Hence the
doubling assumption in Proposition is not a necessary condition to get the existence of
biLipschitz equivalent (quasi-)distances satisfying BCP.

8.2. Metric spaces of negative type. For the stratified Heisenberg groups H", J. Lee
and A. Naor proved in [LNOG] that the homogeneous distance d such that
1/4

2 2
n n
d(0,p) = (Z x? + yf) - <Z 3 + yf) + 16 22
j=1 j=1

in exponential coordinates of the first kind relative to a standard basis of b, is of negative
type (see Example for the definition of standard basis of b,). Up to a multiplicative
constant, this distance turns out to coincide with the Hebisch-Sikora’s distance dr when
R = 2, namely, dy = 8 1/4d (see Example for the definition of dp).

Recall that a metric space (X, d) is said to be of negative type if (X, v/d) is isometric to a
subset of a Hilbert space. One could wonder whether the validity of BCP and the property
of being of negative type may have some connections. One can for instance wonder whether
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Corollary could give some hints towards the existence of homogeneous distances of
negative type on homogeneous groups with commuting different layers, such as stratified
groups of step 2. One can also wonder whether Corollary could give some hints towards
the non existence of homogeneous distances of negative type on a homogeneous group for
which there are two different layers of the grading that do not commute, such as stratified
groups of step 3 or higher. Unfortunately, it turns out that one can always find subsets in
a Hilbert space that, when equipped with the restriction of the Hilbert norm, are doubling
metric spaces for which BCP does not hold. Hence it is not clear whether one can easily
find connections between the validity of BCP and the property of being of negative type.

8.3. Open question. To our knowledge, there is no known example of metric spaces (X, d)
for which there is no distances biLipschitz equivalent to d for which BCP holds.
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