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1. INTRODUCTION

In the last few years there have been a fairly large amount of work
dedicated to the study of intrinsic submanifolds - of various dimension
and codimension - inside the Heisenberg groups H" or more general
Carnot groups. For example intrinsically C! surfaces, rectifiable sets,
finite perimeter sets, various notions of convex surfaces have been stud-
ied. Here and in what follows, intrinsic will denote properties defined
only in terms of the group structure of H" or, equivalently, of its Lie
algebra b.

We postpone complete definitions of H" to the next section. Here
we remind that H"™, with group operation -, is a (connected and simply
connected) Lie group identified through exponential coordinates with
R2%*L If h denotes the Lie algebra of all left invariant vector fields on
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H"™, then h admits the stratification h = by & ho; by is called horizontal
layer. The horizontal layer defines, by left translation, the horizontal
fiber bundle HH". Since HH" depends only on the stratification of b,
we call ‘intrinsic’ any notion depending only on HH". The stratification
of b induces, through the exponential map, a family of anisotropic
dilations 6, for A > 0. We refer to 9, as intrinsic dilations. A privileged
role in the geometry of H" is played by horizontal curves, i.e. curves
tangent at any point to the fiber of HH" at that point.

We recall the notions of Carnot-Carathéodory distance and Haus-
dorff measures in H". Once a scalar product is defined in b, each
fiber of the horizontal bundle over a generic point p is consequently
endowed with a scalar product (-, -),. We denote also by | - |, the as-
sociated norm. Thus, we can define the (sub-Riemannian) length of a
horizontal curve 7 : [0,7] — H" as fOT 1Y (t) |y dt. Given p,q € H",
their Carnot-Carathéodory distance d.(p,q) is the minimal length of
horizontal curves connecting p and gq.

Intrinsic s-dimensional Hausdorff measures ‘H: and &7, s > 0, are
obtained from d., following Carathéodory construction as in Federer’s

book [6]. The intrinsic metric (or Hausdorff) dimension dimg(S) of a

set S is the number dimg(S) = inf{s >0 : H*(S) =0}.

Heisenberg groups provide the simplest non-trivial examples of nilpo-
tent stratified, connected and simply connected Lie groups (Carnot
groups in most of the recent literature).

We begin to recall some of the main definitions of intrinsic sub-
manifolds: H-regular submanifolds, H-rectifiable submanifolds, finite
perimeter sets.

Intrinsic C' surfaces - or H-regular surfaces - were first defined for
codimension one, in [8] and later, for general dimensions and codimen-
sions in [11]. The definition is the following one, if 1 <k <n,

k-dimensional H-reqular surfaces of H™ are images of continuously
Pansu differentiable functions V — H", V open in R*, with differentials
of maximal rank, hence injective;

k-codimensional H-regular surfaces of H" are level sets of continuosly
Pansu differentiable functions &/ — R*, U open in H", with Pansu
differential of maximal rank, hence surjective.

Notice that no nontrivial geometric object falls under the scope of
both definitions. Indeed, for k& > n, there is no k-dimensional subgroup
of the horizontal fibre; hence surfaces having as a tangent space a
subgroup of the horizontal fibre are limited to have dimension < n
and, dually, the ones with an horizontal normal space are limited to
have codimension < n.

The two families of low dimensional and low codimensional H-regular
surfaces contain very different objects. We recall here some of their
properties as proved in [11].



k-dimensional H-regular surfaces are Euclidean submanifolds of H"” =
R2"*+1 For k = 1, they are horizontal curves and for k& < n they are
submanifolds of Legendrian manifolds. They have topological dimen-
sion = metric dimension = Euclidean dimension = k. Locally they
have finite S* measure. Their intrinsic tangent k-planes coincide with
their Euclidean tangent k-planes (both are cosets of subgroups of H™
contained in the horizontal fibre).

Low codimensional H-regular surfaces, on the contrary, can be very
irregular and in general these surfaces are not Euclidean C' subman-
ifolds, not even locally (see [15]). Nevertheless it can be proved that
they have metric dimension = 2n + 2 — k, and topological dimension
= 2n+1— k. Locally they have finite S>*™2~* measure. At each point
there is a, continuosly varying, intrinsic tangent (2n+ 1— k)-plane that
is a coset of a subgroup of H".

Intrinsic rectifiable sets are defined as countable unions of compact
subsets of H-regular surfaces (see [8] and [11]). Precisely, if 1 < k < n,
we say that M is a k-dimensional H-rectifiable set if S¥(M) < oo and
Sk almost all of M is contained in the countable union of k-dimensional
H-regular surfaces. Analogously, we say that M is a k-codimensional
H-rectifiable set - or a (2n 4+ 2 — k)-dimensional H-rectifiable set - if
STk (M) < oo and 8?"27F almost all of M is contained in the
countable union of k-codimensional H-regular surfaces.

Sets with locally finite H-perimeter or - following De Giorgi - H-
Caccioppoli sets were first defined in [13]. Notice that there are several
ways of defining intrinsic bounded variation functions and finite perime-
ter sets in H"” or in much more general settings. These definitions have
been proposed independently by different authors (see [3], [13], [7]) and
are in fact equivalent, see [7]).

We say, following [13], that £ C H" has locally finite H-perimeter if
for any bounded open set 2 C H"

|8E|H(Q) 1= sup {/EZXqu(p) + }/qu(p) dﬁ;n—H} < 00,
j=1

where the supremum is taken over all ¢ € Cj(, HH"), such that
|6(p)|, < 1. In such a way, |0E|g is a Radon measure in H".

Riesz’ representation theorem yields the existence of a |0 E|g-measur-
able section vg of HH", the generalized inward normal. Then, following
De Giorgi (see [5]), we define the H-reduced boundary 0, F saying that
p € 0. E if |0E|g(B(p,r)) > 0 for any metric ball B(p,r) and if

1
lim / ved|OFE
T OB (B.1)) oy V= OE e

One of the main results in [8] (see also [10]) states that the reduced

boundary of finite perimeter sets is a l-codimensional H-rectifiable
3
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set. This theorem, beyond extending the classical result to Heisen-
berg groups setting, is a strong support in favour of the previously
given definitions of H-regular surfaces and of H-rectifiable sets.

Finally we particularly want to stress two important features:

(1): all these classes of sets and surfaces are invariant with respect
to group translations or group dilations of H™. Precisely , if S is - say -
the boundary of a finite perimeter set E, then also any left translated
surface 7,5 is again the boundary of a finite perimeter. The same
can be said if S is a H-regular surfaces and, consequently, if S is a
H-rectifiable sets .

(ii): the implicit function theorems proved in [8] and [11] yield that
H-regular surfaces are, locally, intrinsic graphs. By this we mean - see
Definition 2.4 - that there are subgroups V and W of H" such that
VAW =¢e H*" = W .V - in short H"” is the semidirect product of
V and W - and there is ¢ : W — V such that S = graph(y), that is
S={w-pw): weECW}

Then, it is a natural problem to try to understand the classes of func-
tions, acting between subgroups of a given Carnot group such that their
graphs are H-regular surfaces or H-rectifiable surfaces. This problem
has been addressed for the first time in [1] where the authors charac-
terize real valued functions on 1-codimensional subgroups of H" such
that their intrinsic graphs are H-regular 1-codimensional surfaces.

Notice that, following from (i), the defining properties of these classes
of functions have to be invariant when the graphs of the functions are
group translated or dilated. This fact gives origin - quite naturally - to
apparently strange definitions of intrinsically Lipschitz functions or of
intrinsically differentiable functions, in our notation H-Lipschitz func-
tions or H-differentiable functions - see Definition 3.1 and Definition
4.4. These notions are different from the usual ones and can be seen
to reduce to the usual ones only in some very special situations.

We limit ourselves in this note to study H-Lipschitz functions acting
between subgroups of H". One of our aims is convincing the reader that
they are very natural objects inside H", enjoying a number of very nat-
ural properties: they can be defined equivalently by metric properties,
boundedness of intrinsic difference quotients or existence of parallel
cones non intersecting their graphs; their graphs have locally finite in-
trinsic Hausdorff measure and finally when they are 1-codimensional
they are boundary of sets with locally finite H-perimeter.

2. NOTATIONS AND DEFINITIONS

2.1. Heisenberg groups. For a general review on Heisenberg groups
and their properties we refer to [21], [14] and to [22]. We limit ourselves
to fix some notations.

H" is the n-dimensional Heisenberg group, identified with R*7*!

through exponential coordinates. A point p € H" is denoted p =
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(P1,- -+ P2ns Pons1) = (P, Pany1), With p’ € R*" and Pans1 € R. If p and
q € H", the group operation is defined as

1
p-q= " +d Pwms1 + Gons1 — §<Jp’, q/>]R2”)

0 I,
-1, 0
p~ti= (=p', —pans1) the inverse of p and as e the identity of H".
For any fixed ¢ € H" and for any r > 0 left translations 7, : H" — H"
and non isotropic dilations 9, : H* — H" are automorphisms of the
group defined as

where J = { } is the 2n x 2n symplectic matrix. We denote as

(p) =q-p and as  &,p := (rp/, 7*pans1).
We denote as § the Lie algebra of H". The standard basis of b is
given, fort =1,...,n, by

1 1
X, =0; — §(Jp,)i82n+1> Y = Oipn + §(Jp,)i+na2n+1> T := Ogpi1.

The horizontal subspace by is the subspace of b spanned by Xy,..., X,
and Yi,...,Y,. Denoting by by the linear span of T', the 2-step strati-
fication of b is expressed by

h =51 &b
If p € H" we indicate

Pl = doo(p, €) := max{[[(pr, - -, 2n) | 52n » [P2nsa|"}
and
doo(p,q) = doo(q™" - pe) =g " p]|-
It is well known that d., is equivalent with the Carnot-Caratheodory
distance of H", moreover

doo(z "L, 2 y) = doo(x>y) doo((S)\.T, 5)\?/) = )\doo(x>y)

for z,y,z € H" and A > 0. We denote by U(p,r) and by B(p,r) the
open and the closed ball associated with d.

Definition 2.1. H" is the semidirect product of the homogeneous sub-
groups W and V and we wright

H*=W.V
if W:=expto, V:=expv, tv and v are homogeneous subalgebras of §
(see [21] 5.2.4) such that
(1) h=waduy;
(17): W D by or, equivalently, 1w is an ideal in b;

Clearly WN'V = {e}, moreover (ii) is equivalent to saying that W
is a normal subgroup of H".
Notice also that v C by, indeed T" ¢ v because T € to, moreover if

T +V € v for some V € v, then both AT+ AV € v and AV + \?T € v
5



yielding that T" € v. Because v is a subalgebra of h; it follows that
the linear dimension of v is < n, that v is a commutative algebra and
consequently that V ~ R¥ if k = dim v.

Each element p € H" can be written in a (unique) way as p = pw - pv,
with pw € W and py € V.

Proposition 2.2. [fH" =WV, each ¢ € H" has unique ‘components’
gw € W, qv €V, such that g = qw - qy. The maps
q— qv and ¢ — qw

are continuous and there is a constant ¢ = ¢(V, W) > 0 such that

(1) ¢ (lgvll + llgwl) < llgll < (llgvll + llgwll) -

Moreover,

1

) (@ v=(w)" and (¢ Hw=q" " (aw)" - av
(p-q)v=pv-qv and (p-q)w=Dpw v qw Py

The norm and distance in W or in V are the restrictions to W and
to Vof ||| and dwo.

Remark 2.3. The component map
H'—W:  pepy
is not a Lipschitz map with respect to the previously indicated norms.

If H* = W -V, we denote system of coordinate planes the double
family Ly and Lw of cosets of V and W, that is

Ly(p):=p-V, ¥VpeW and Lw(q):=q¢- W, VgeV.

Each p € H" belongs exactly to one leaf in Ly and to one in Ly;
the leaves in Ly (or in Lw) are invariant by translations, that is z €
Ly(p) = 1Lv(p) = Lv(p).

For a nonnegative integer k, £* denotes the k-dimensional Lebesgue
measure. £2"*1 is the bi-invariant Haar measure of H", hence, if £ C
R?" ! is measurable, then £2"*!(7,(F)) = L£*"*1(F) for all p € H".
Moreover, if A > 0 then £L*71(5,(F)) = A?" 2 L2 1(E). We explicitly
observe that, Vp € H" and Vr > 0,

£2n+1(B(p, 7”)) — 7’2n+2£2n+1(B(p, 1)) — 7’2n+2£2n+1(B(0, 1))

Notice also that, if wy is the £F measure of the unit Euclidean ball in
R*, then L2 (B(e,r)) = 2w9,r*"2 and, if k := dimv < n,
3 LF(B(e,r)NV) = wpr®;
£2n+1—k’ (B(€, T) N W) — 2W2n—kr2n+2_k-
Related with the distance d.,, Hausdorff measures are obtained fol-
lowing Carathédory’s construction as in [6] Section 2.10.2. For m > 0,

we denote by H™ the m-dimensional Hausdorff measures in H", ob-

tained from the distances d. Analogously, 8™ denotes the spherical
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Hausdorff measure. We have to be more precise about the constants
appearing in the definitions. Since explicit computations will be car-
ried out only for m a positive integer, we limit ourselves to this case.

For each A C H" and ¢§ > 0, H™(A) := lims_o HJ'(A), where

H'(A) = inf {Z((C’Z) :AC UO"’ C; closed, diam(C;) < (5}

and the evaluation function ( is

w2 "diam(C)™ if 1 <m <n,
(4) C(C) =< wp27™ M diam(C)™ it m=n+1,
W92 ™ diam(C)™ if n+2 < m.

We notice that, due to the lack of an optimal isodiametric inequality
in H", it is not known if, in general, H™(E) = S™(E) even for ‘nice’
subsets of H" and for m = (). Related to this point see the recent
paper [19] by Severine Rigot.

Translation invariance and homogeneity under dilations of Hausdorff
measures follow as usual from (2.1) and we have

(5) H™(r,A) = H™(A) and  H™(5,A) = r™H™(A),

for ACH", p € H" and m,r € [0, 00).

Because the topologies induced by d., and by the Euclidean distance
coincide, the topological dimension of H" is 2n + 1. On the contrary
the metric dimension (or Hausdorff dimension) of H", with respect to
do 18 2n + 2.

If H* = W -V as in Definition 2.1, then if k, 1 < k < n, is the linear
dimension of v then the metric dimension of V is k while the metric
dimension of W is 2n + 2 — k. Hence

dimH" = dimV + dim W.

2.2. Graphs. We assume that H" = W - V is the semidirect product
of W and V.

Definition 2.4. We say that a set S C H" is a graph over W along V
if, for each £ € W, SN Ly(&) contains at most one point. Equivalently
if there is a function ¢ : F C W — V such that

S={w-pw):wekFE}

and we say that S is the graph of v, S = graph(p). Graphs over V along
W are defined symmetrically, S = graph(¢), with ¢ : F C V — W, if

S={v-¢@):veF}

Observe that the notions of intrinsic graph and of euclidean graph

are different ones.
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Example 2.5. Let H' = W -V, with V = {z = (21,0,0)} and W =
{w = (0, wq,w3)}. For 1/2 < aw < 1let ¢ : W — V be defined as

90(07 wa, ’(,Ug) - (|w3‘a7 07 0)
Then

groph) = (o () 0 € W) = { (Jual* v Guala®) |

It is easy to convince oneself, looking at the sections of graph(y) in
Figure 2, that graph(e) is not an Euclidean graph in any neighborhood
of the origin.

FIGURE 1. The surface graph(yp) C H' of Example 2.5
when oo = 2/3

0.1 0.1 0.1
0.075 0.075 0.075
0.05 0.05 0.05
0.025 0.025 0.025

.,
0.0250.050.075 0.10.1250.150. 75+ 2 .150.1750.2

-0.025 -0.025
-0.05 -0.05
-0.075 -0.075
=0.1 =0.1 -0.1

0.0750.10.1250.150.175 0.2

-0.025
-0.05
-0.075

FIGURE 2. Sections of graph(yp) for x = —.2, = 0 and
x=.2

Notice that the bounds on « yield that graph(yp) is a H-regular sur-

face of H'. For a proof of this fact see Corollary 5.11 of [1].
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On the other side, no relatively open neighborhood of the origin
in S := {(z,9,0) : x,y € R} C H' is an intrinsic graph while it is
an Euclidean graph. More generally no C? Euclidean hypersurface of
R2"*+! = H" is an intrinsic graph in any relatively open neighborhood
of a characteristic point of the hypersurface.

A trivial but key feature of so defined graphs is their invariance with
respect to dilations and translations. That is, if S is a graph (say from
W to V) then also 6,5 and 7,5 are graphs from W to V - obviously of
different functions - and it is possible to write explicitly the analytic
form of these new functions.

Proposition 2.6. Let S = {£ - p(§)} with o : E CW — V. Then the
dilated set 0,S is the graph of ) : 0 E C W — V| precisely

oS = graph(py) with ¢y :=3dy0podyy :0\E — V.

The same statement holds interchanging V. and W.

Proof. Trivial: 5,5 = 6\(€ - (§)) = & - oa(p(§)) = 0rxE - va(0,€). O

Notice that in the preceding proposition, there is no assumption on
W and V. On the contrary, for translations of graphs, we have to
distinguish between graphs on W and graphs on V. Precisely we have

Proposition 2.7. Let S = {£-0(€)} be a graph and let ¢ = qw-qv € H".
Then the translated set 7,5 is again a graph. Precisely
(i) If S is a graph over W, that is ¢ : E C W — V| then 7,5 =
{n-wsn): neE =q - E-(qv)"' C W}, where
wom) =av-olay’ aw n-av), g B =V
(ii) If S is a graph over V, that is p : F CV — W, then 7,5 =
{n-wsn): neF =qy-F CV} where
pam)=n"qw-n-elay' -n), g F—W.
Proof. First case: because W is a normal subgroup of G then E' =
gw - qv- E-q;' CW. Then 7,8 = {q-&- (&) : £ € W} and
q-&- o) =qw-qv-& &) =aw-av-& g - av-o(E).
Observe that gy - qv - € - gy € W then set 1 := gw - qv - £ - ¢;;' that is
E=qy 1. q{vl -n - qv and the first part of the proposition follows.

Second case: 7,5 = {q-&- p(§) : £ € V}, then, recalling Proposition
2.2,

q-&p€)=aqvwq &0 =aqv-&-E wa & p(8);
here gy - € € Vand €71 wq- & p(€) € W, then setting 1 := gy - € and

observing that ' wq-E=n"t gy wa g n=n"qw-qv gt 0=
n~t. qw -7, we get also the second part of the Proposition.

g
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Notice that if ¢ € W then the formula in (i) of Proposition 2.7
becomes completely similar to euclidean ones

-1

o) =@ -n), T =V

Analogously if ¢ € V the formula in (i7) becomes

1

edm) =wla n),  @g:T =W,

Given that V and W are metric spaces, continuous functions W — V
or V— W are defined as usual. It is then easy to see that if g : £ C
W — V is a continuous function then also any translated function
gq + W — V is continuous. The same statement holds for a function
g:V—-W.

3. LIPSCHITZ FUNCTIONS AND GRAPHS

3.1. Lipschitz graphs. As we recalled in the introduction, the im-
plicit function theorem proved in [11] states that if S is a low codimen-
sional H-regular surface, that is if S is a non critical level set of a Pansu
differentiable function f : H® — R* 1 < k < n, then, given any p € S,
there are r > 0, a couple of subgroups V, W such that H" = W -V and
a function ¢ : W — V such that S N B(p,r) C graph(yp). Moreover if
p = e € S then there is L > 0 such that, V7 in a bounded neighborhood
of e,

(6) le(mll < Linll-

Notice that L depends only on the norm of the Pansu differential of f,
on the radius r and on the choice of the subgroups V and W.

Let p = w - ¢(w) be a point of an H-regular surface S, then, locally
near p, S = graph(y) and the H-regular translated surface 7,-1.5, near
e, is the graph of

pp-1(n) = (@)~ - p(@ - (@) -1 - p(@) ")
Hence (6) holds for ¢,-1 and, for any n in a neighborhood of e in W,
we have

lep-1 (Ml = [Je(@) ™" - (@ - p(@) - - (@) )| < L.
Changing variables, setting w = w - p(w) - n - p(w)~!, that is n =
e(w)™ - wt - w - p(w), it follows that, Yw, v € W,
[e(@) ™" - p(w)]| < L @)™ (@ - w) - p(@)]|.

This we use as a definition of intrinsically Lipschitz function:
Definition 3.1. We say that ¢ : W — V (or ¢ : V. — W) is H"-
Lipschitz, if there is L > 0 such that, Vp € graph(y),
(7) lop-1(x)|| < L ||z, Vx € domain of .

Equivalently, recalling Proposition 2.7, we have
10



(i) ¢ : W — V is H"-Lipschitz, if 3L > 0 such that Yw,w" € W,
o)™ - o] < L) w - (w)

(ii) ¢ :V— W is H"-Lipschitz, if 3L > 0 such that Vv, v € V,
v vpo) ot (V)| S LjvTh |

I

As usual the Lipschitz constant of ¢ is the infimum of the numbers L
such that (7) holds. As usual the definitions can be localized to subsets
of V or of W.

Notice that there are plenty of non trivial H"-Lipschitz functions in
H™. Indeed, as explained at the beginning of this section, it follows
from the implicit function theorem of [11] and the very definition of
H"-Lipschitz functions that all H-regular surfaces, of low codimension,
are locally graphs of H"™-Lipschitz functions.

Remark 3.2. Given that V and W are metric spaces, also the usual,
seemingly more natural, definition of Lipschitz function between metric
spaces is available: we say that f: W — V (or f:V — W) is Lipschitz
if there is L > 0 such that

(8) |f) - fD|| < Lot -], Yn,0' € W(or V).

The following example shows firstly that the two properties of being
Lipschitz or of being H"-Lipschitz are independent from each other and
secondly that (8) is not invariant with respect to group translation of
the graph of the function.

Example 3.3. Consider the subgroups V and W of H! = R? defined
as

V={r=(21,0,0)}, W= {x=(0,29,23)}.

Observe that W is a normal subgroup and that H' = W -V as in
Definition 2.1. Moreover, Yw = (0, wy, w3) € W and Yv = (v1,0,0) €
V. [Jw]| = max{|ws|, [ws]'/?} and [Jv]| = |vi.

Let f: W — V be defined as

F(0, w2, ws) = (1 + |ws|"/?,0,0) .
It is easy to check that (8) holds with L = 1. Indeed
Fw)™ - f(w') = (Jws* — |ws|'?,0,0)

and

£ ()™ F )| = [l = Jws]'2]

1/2

< fwg — w7 = lw™t |

On the contrary, f is not H"-Lipschitz. To see this we translate the
graph of f moving p := (1,0,0) € graph(f) to the origin e. Following
11



the argument in Proposition 2.7 we see that the translated set is the
graph of f,-1 : W — V and from (7) of Proposition 2.7 we have

fp1(w) = (\w2 + w3\1/2,0,0) .

Now observe that (7) should be equivalent to the inequality |we +
ws|Y? < Lmax{|wyl|, [ws|'/?} that is, in general, false. This shows also
that (8) is not invariant under graph translations.

On the contrary, the function ¢ : W — V defined as

P(w) = (14 |ws — wa|"?,0,0)
is H-Lipschitz but it is not Lipschitz in the sense of (8).

We will indicate in this note that H"-Lipschitz functions enjoy many
nice properties, i.e. properties that are typical of Lipschitz functions in
Euclidean spaces. Most of these properties cannot be stated in terms
of usual regularity properties as the previous example suggests. We
only state the following mild regularity theorem

Proposition 3.4. H"-Lipschitz functions are %—Holder continuous with
respect to the Carnot Caratheodory or the dy, distance.

Hence, in particular, H"-Lipschitz functions are continuous func-
tions.

We give now a very natural equivalent definition of H"-Lipschitz
functions. As it is true for functions between Euclidean spaces, H"-
Lipschitz functions can be characterized in terms of existence of parallel
cones non intersecting their graphs. First we give a notion of closed
cone.

Definition 3.5. Assume that H" = B - A is the product of two sub-
groups B and A, with BN A = {e}. For ¢ € H", a > 0 we define the
closed cones Cp a(q, o) with axis A, base B, vertex q as

Cpa(q,a) :=q-Cpale a)
where
Coale, @) == {p: |psll < aflpall}-
Clearly, Cga(e,0) = A. Moreover
Uas0Caale, ) = H" \ BU {e}.

If S ={x-p(x)} is the graph of ¢ : W — V and ¢(e) = e then it is
trivial to observe that ||p(z)|| < L ||z|| if and only if Cwy(e,a) NS =
{e} for all o, 0 < o < 1/L. In general we have

Proposition 3.6. A function ¢ : W — V is H"-Lipschitz, with Lips-
chitz constant < L, if and only if Vq € graph(p) andVa : 0 < a < 1/L,

Cwy(q, a) Ngraph(e) = {q}.
12



Proof. Indeed, if ¢ € graph(y), Cwy(e, @) N graph(yp,-1) = {e}, hence
{a¢} = 74(Cw,y(e,a) Ngraph(ps-1)) = 74(Cw,v(e, a) N 7-1graph(p)) =
Cwv(g, @) N graph(p). m

See the following picture.

FIGURE 3. The graph of a H!-Lipschitz function W — V
and a cone Cy y(e, a)

3.2. Difference quotients and directional derivatives. Another
characterization of H"-Lipschitz functions can be given in terms of
boundedness of their difference quotients. Let us begin defining a no-
tion of translation invariant difference quotient.

Definition 3.7. Let H" = W - V. If f . W - V, w € W, p :=
w - f(w) € graph(f), the H"-difference quotient of f, at w along the
direction Y € 1o, is

Ay f(w;t) = Ay fp-1(e;t) = 01yt (fp-1(exptY)).
Simmetrically, if g : V — W and V € v, ¢ := v - g(v) the H"-difference
quotient is

Avg(v;it) = Avgg-1(e;t) = 81y (g1 (exptV)).
More explicitly, from Proposition 2.7 we obtain that, for f: W — V|
(9) Ay flwit) =0u (f(w) - flw- fw) - exptY - f(w) ™)),
and for g : V—>W
(10)  Avg(vit) =1y (exptV " g(v) ™" -exptV - g(v-exptV)).

Definition 3.8. Let H* = W - V. The directional derivative Dy f(x)
is defined as

(11) Dy f(x) := lim Ay f(z; 7).

13



Notice that f(x) = e implies Ay f(z;t) := 61 (f(z - exptY’)). Ob-
serve that if Dy f(z) exists then, VA > 0,
(

Dyy f(x) = 11_{% 01ty f(x3 1)
= (5)\ 12% (51/)\tAyf(x; )\t) = 5)\Dyf(££)

Clearly, directional derivatives are translation invariant; that is if p =
z- f(x),

(12) Dy f(x) = Dy f,-1(e).

Next Proposition gives a characterization of H"-Lipschitz functions in
terms of the boundedness of their difference quotients along horizontal
directions. We would like to stress that, notwithstanding the similarity
of this statement with, e.g. the one characterizing Lipschitz functions
H" — R in terms of the Lipschitzianity along horizontal directions of
H", this statement is a quite different one. Indeed in general W is
not a Carnot group because its Lie algebra is not generated by the
horizontal layer. Think, once more to the example of H! = W -V,
with W = {(0,29,23)} and V = {(21,0,0)}. Then wnNh; - i.e. the
horizontal subspace of the Lie algebra to of W - is 1-dimensional and
it is generated by the vector field Y} = 0,, + %(9%3 only. We state
that, for f: W — V, the boundedness just of Ay, f ensures that f is
H-Lipschitz. For a proof see [12].

Proposition 3.9. Let H" =W - V.
(i) If f: W — V is H"-Lipschitz with Lipschitz constant L then,

|Ay f(z; )] < Llexp Y, VY €.

The analogous statement holds if f:V — W, with Y € v.
(i) Iff:W—YV and

[Ay f(z; )] < Lllexp Y|, VY € b1 Mo,
then f is H"-Lipschitz with Lipschitz constant C' = C(L,V,W).

3.3. Surface measure of Lipschitz graphs. In this section we prove
that the graph of a H"-Lipschitz function f has the same metric di-
mension as the domain of f and that, if s is this metric dimension,
H* (graph(f) NU) < oo, for any bounded U C H".

An interesting, non trivial, corollary of the previous estimate is that
1-codimensional H"-Lipschitz graphs are boundaries of sets of locally
finite H"-perimeter.

Remember that upper and lower bounds on the Hausdorff measure
of a Lipschitz graph are trivially true in Fuclidean spaces. Indeed
if f:RF — R"* is Lipschitz then the map ® : R¥ — R" defined as
®(z) := (z, f(x)) is a Lipschitz parametrization of the Euclidean graph
of f and this gives the upper bound; on the other side the projection
R" = R* x R** — RF is 1 Lipschitz yielding the lower bound.

14



Such a proof cannot work here because, from one side, projections
H" — W, sending p +— pw, are not Lipschitz continuous; on the other
side, even if f : W — V is very regular — see Example 3.10 — the
‘natural’ parametrization of graph(f) given by

®: W — graph(f) Cc H", O(w) =w- f(w)
is not a Lipschitz map between metric spaces..

Example 3.10. Consider once more the subgroups V and W of H! =
R3 defined as

V=A{r=(21,0,0)}, W= {x=(0,29,23)}

and let f: W — V be the constant map f(w) = (1,0,0) € V. Then
graph(f) is a vertical plane in R3 parallel to W. The parametrization
® acts as

1
CI)(’UJ) = (1,11)2,11)3 + 511)2)

Then ®(e) = (1,0,0) and, if w = (0,£,0) € W, ®(w) = (1,¢,5). Itis
easy to check that ||®(e)~! - ®(w)|| is comparable with /2
is comparable with ¢.

while |@]

Remark 3.11. The situation is completely different for maps V — W.
Indeed, when f:V — W is H"-Lipschitz, the map

¢V —H", vi— O(v) :=wv- f(v),

is a Lipschitz map between the metric spaces V and H". Indeed, if
v,v € V, using (ii) of Definition 3.1, we have

Hf(v)_1 TR f(@)H = Hv_l - tews flo) oo f(@)“
Hv_l @H + HT)_l v-flo)ytouto- f(T))H

(1+L)|[o™" 2.

Remark 3.12. It is a, certainly non trivial, open problem to understand
if a different Lipschitz continuous parameterization exists. About this,
in [18] it has been proved that, if the surface S is somehow more reg-
ular than just Lipschitz, then such a parametrization exists. On the
contrary, D.Vittone has provided us an example (see [2]) showing that
in general bilipschitz parametrizations may not exist.

IN A

Theorem 3.13. Assume that H* = W -V as in Definition 2.1, and
let k, 1 < k < n, be the dimension of V. If f - W — V is a H"-
Lipschitz function with Lipschitz constant L, then graph(f) has metric
dimension 2n+2—k and there is a geometric constant ¢ = ¢(V, W) > 0
such that

(13) " (graph(f) N B(p, B)) < el + L2 kR
15



Simmetrically, if f :V — W then graph(f) has metric dimension k
and

(14) H" (graph(f) N B(p, R)) < (1 + L)*RF.

Proof. The proof follows the same pattern as the Euclidean one when
dealing with functions f : V — W. Indeed, as observed in Example
3.10 in this case the natural parametrization ® of graph(f) is Lipschitz
and also the projection H" — V is a Lipschitz map.
We consider now the only interesting case, that of functions W — V.
The lower bound for H?" 2% (graph(f)) is a consequence of the fol-
lowing Lemma proved in [20]

Lemma 3.14. There is C' = C(V,W) > 0 such that, VA C H"
£2n+1_k(H(A)) — H2n+2—k(H(A)) < S2n+2_k(A),

where 1T : H* — W is the ‘projection on the first component’ i.e. if
p = pw - pv then IIp := py.

To get the upper bound, fix p € graph(f) and R > 0, it is enough
to prove that it is possible to cover graph(f) N B(p, R) with less than
N :=c (%)zn”_k metric balls of radius less than . Here ¢ will depend
on R, W,V and L.

Without loss of generality, we can assume that p = e. Let E := {w €
W:w- f(w) € B(e,R)}. From (1), it follows E C {w : ||w| < R/c}.

Fix e, 0 < e < 1. Using a Vitali covering argument choose a covering
of graph(f) N B(e, R) with metric balls B(p;, 5¢), p; = w; - f(w;) €
graph(f), such that the concentric smaller balls B; := B(p;,¢) are
pairwise disjointed. We estimate the number N of balls B; in this
Vitali covering.

Define E; C F as E; :={w € W : w- f(w) € graph(f)N B;}. Clearly
the sets E; are pairwise disjointed. To get the necessary estimate of N
we get an estimate from below of £>"T1=F(E;).

For each E; consider the group translation Tyt that moves the point

pi to the origin e. Let E; := {w : w- f,-1(w) € B(e,e)}. Remember that
f,-1 is H"-Lipschitz with the same constant L of f, that f, —1(6) =e

hence pr_,l(w)HgLHwn and Hw-fp H (14 L) |Jw]. Hence

€
B — E;
W N (6,1+L) C E;,

and, from (3) , it follows
£2n+l—k(E~vi>

> LR (WNnB|e c = 2w _c e
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Recalling (i) of Proposition 2.7, we have that E; = p; '+ E; - f(w;), that
is

It is easy to check, by a straightforward computation, that any map
y W =Rk W = R?*71-F given by

w— x(w)=v""w w0,

has Jacobian determinant equal to 1. Hence
e 2n+2—k
£2n+1—k Ez :£2n+l—k EZ > 9 - )
(5) (B) 2 2om s (g

Since all the E; are disjointed and contained in B(e, (R+1)/c) we get

2n+2—k 2n+2—k
1
N < ((1 + L) %) (g) .

When dealing with f : V — W the thesis follows from well known
results on the scaling of Hausdorff measures under Lipschitz maps (see

e.g.([6]) or ([16])). U

Assume now that H* = W -V with dimV = 1. Notice that it follows
the existence of Y € By such that V = {exptY : ¢t € R}. Hence it is
defined a real valued function ¢ : H®* — R such that

p=pw-exp (t(p)Y), Vp € H".

Then, given f : W — V it is possible to define the subgraph of f as
the set E(f) such that

E(f) :={peH" : t(p) < t(f(pw))}.
Then the following theorem holds

Theorem 3.15. Assume H* = W -V with dimV = 1. If f : W — V s
H"-Lipschitz and E(f) C H" is the subgraph of f then E(f) is a set
with locally finite perimeter.

Proof. The graph of f is the essential boundary of the subgraph. The
result then follows from Theorem 3.13 and the characterization of finite
perimeter sets proved in [20]. O

3.4. Rectifiable sets. We recall the definition of H-rectifiable sets
given in [11].

Definition 3.16. Let 1 < k < n and assume that M C H" is such
that

M c MyU (T]‘;Sj)
]:

We say that M is
k-dimensional H-rectifiable if S¥(M N U) < oo for any bounded

U C H", §%¥(My) =0 and S; are k-dimensional H-regular surfaces;
17



k-codimensional H-rectifiable if S*>~*(MNU) < oo for any bounded
U C H", §*"**F(M,) =0, S; are k-codimensional H-regular surfaces.

We can give a, possibly, more general definition using the notion of
H-Lipschitz graphs.

Definition 3.17. Let 1 < k < n and assume that £ C H" is such that
ECEyU <0_le graph(fi)) )

We say that F is
k-dimensional H-rectifiable if H*(ENU) < oo for any bounded U C
H", H*(Ey) =0, f; : A; C V; — W, are H-Lipschitz and dim(V;) = k;
k-codimensional H-rectifiable if H*">~*(ENU) < oo for any bounded
U C Hn, H2n+2_k(E0) = O, fz . Az - WZ — Vl are H—LipSChitZ,

Since H-regular surfaces are locally graphs of H-Lipschitz functions
it follows that the scope of the second definition is larger than the
first one. The equivalence of the two definitions should depend on a
Rademacher type theorem in the context of H-Lipschitz functions.

4. INTRINSIC DIFFERENTIABLE F'UNCTIONS

Assume that H* = W - V as in Definition 2.1. We suggest here a
possible definition of intrinsic differentiability for functions f: W — V
(or f:V — W). We look for a definition that is invariant with
respect to translations and dilations of graph(f) in H", that is strictly
related with the notion of H-Lipschitz functions and that mimics Pansu
definition of P-differentiability for functions between Carnot groups.

We recall the definition of P-differentiability: let f : G; — Go, with
Gy and Gy Carnot groups. We say that f is P-differentiable in g € G,
if there is an H-linear map L : G; — Gy, such that, V¢’ € Gy,

[Lg™ g F) - F(@)lg, = ollg™ - o)

where o(t)/t — 0 ast — 0%,

We first need a substitute notion for H-linear maps: these will be
maps such that their graph is a homogeneous subgroup of H" and such
that the map from the domain to the graph is an homomorphism in an
appropriate sense.

Definition 4.1. We say that

(i): L :V — W is a H"-linear map when, Yv,v' € V and VYA > 0,
L(é,\v) = (5)\([/1))

Lv-v)= @) Lv-v - Lv.
18



(ii):  L:W — Vis a H"linear map when Yw,w € W and VA > 0,
L(w-w') = L(w) - L(w").

Notice that H"-linear maps W — V are precisely H-linear maps

W — V. On the contrary the two notions are different for maps V —
W.

Example 4.2. Consider the subgroups of H': V = {(21,0,0)} and
W = {(0, 22, x3) }; the map

L:V—-W defined as: L(z,0,0) := (0,2,0)

is an H-linear map V. — W but it is not H"-linear because graph(L) =
{(x,z,2%/2)} is not a subgroup. Conversely, the map

L:V—W defined as: L(z,0,0) := (0,z, —2%/2)
is H™-linear but it is not H-linear.

Proposition 4.3. Assume H" =W -V as in Definition 2.1.

(i): If L : V. — W is H"-linear then graph(L) is a homogeneous
subgroup of H" and the map ®5 defined as ®p(v) = v - L(v) is a
homogeneous homomorphism (i.e. a H-linear map) V — graph(L).

(ii): If L : W — V 4s H"-linear then graph(L) is a homogeneous
subgroup of H"™ and the map ®1, : W — graph(L) defined as ®r(w) :=
w - L(w) satisfies

DL (0rw) = oA (Pr(w))
Op(w-w') =0p(w)  ®p((Lw) ™ -w'- Lw).

Now if f acts between subgroups of H", we define differentiability
of f in the usual way in the points where f vanishes and we extend
the definition everywhere making it invariant by graph translation.
Precisely, if f : W — V (or f : V — W) is such that f(e) = e

we say that f is H"-differentiable in e when there is a H"-linear map
df. : W — V| such that

[dfe(&) - £ = o(lIEl) as [I€] — O,

and, setting p := w - f(w), we say that f is H"-differentiable in w € W
if f,-1 is H"-differentiable in e, that is, if there is a H"-linear map
df, : W — V, such that

|dfu(€) 7" £ (€)]] = o(llEll) as €]l — 0.

Finally, writing explicitly the expression of f,-1, we give the definition
as follows

Definition 4.4. Assume H" = W -V as in definition 2.1.
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(i): let f: W — V; we say that f is H-differentiable in w € W if
there is a H-linear map df,, : W — V such that

(15) dfu(€) - flw) ™ fw- flw) € flw) )] = oll[])

as [|€]] — 0.
(ii): let f: V — W; we say that f is H-differentiable in v € V if
there is a H-linear map df, : V. — W such that

(16) [dfo(m)™ =" f()™ - flu-n)|| = ollnll)
as [[nfl — 0.

We limit ourselves now in quoting a couple of elementary properties
of H-differentials.

Definition 4.5. Assume that S := {z - f(z) : € A}, where A is an
open neighborhood of e in W. We say that a subgroup T of H" is the
reqular tangent group of S at e if there is another subgroup N, such
that TAN = {e} and H" = T - N, and if, for all @« > 0, there is A > 0
such that

C’]I‘,N(€, Oé) NS N B(e, 1) = {6}

More generally we say that T is the reqular tangent group of S at p € S
if T is the regular tangent plane of 7,-15 at e.

Proposition 4.6. If f : W — V is H"-differentiable in x with differ-
ential df,, then T := graph(df,) is the regular tangent group of S at

p=ux-f(x).

Proposition 4.7. Let f : W — V. Assume that f is H"-differentiable
and Y € w N by, then the directional derivative Dy f(x) exists and

(17) Dy f(z) = dfa(expY’).
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