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AREA FORMULA IN HEISENBERG GROUPS

BRUNO FRANCHI, RAUL SERAPIONI, AND FRANCESCO SERRA CASSANO

ABSTRACT. We describe intrinsically regular submanifolds in Heisen-
berg groups H". Low dimensional and low codimensional submanifolds
turn out to be of a very different nature. The first ones are Legendrian
surfaces, while low codimensional ones are more general objects, possibly
non Euclidean rectifiable. Nevertheless we prove that they are graphs
in a natural group way, as well as that an area formula holds for the in-
trinsic Haudorff measure. Finally, they can be seen as Federer-Fleming
currents given a natural complex of differential forms on H".
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1. INTRODUCTION

Our aim is studying intrinsically reqular submanifolds of the Heisenberg
group H" = R?"*!. By that we mean submanifolds which, in the geometry
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of the Heisenberg group, have the same role as C! submanifolds have inside
Euclidean spaces. Here and in what follows, ‘intrinsic’ will denote properties
defined only in terms of the group structure of H", or, to be more precise,
of its Lie algebra .

We postpone complete definitions of H™ to the next section. Here we
remind that H", with group operation -, is a (connected and simply con-
nected) Lie group identified through exponential coordinates with R?"+1. If
h denotes the Lie algebra of all left invariant differential operators on H",
then § admits the stratification §h = by @ ha; 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 h induces, through
the exponential map, a family of anisotropic dilations dy for A > 0. We refer
to d) as intrinsic dilations. A privileged role in the geometry of H" is played
by the so-called horizontal curves, these are curves tangent at any point to
the fiber of HH" at that point (if we think H™ as the configuration space of
a non-holonomic mechanical system, horizontal curves describe admissible
trajectories of the system).

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

Let us start with some comments about possible notions of regular sub-
manifolds of a group.

It is barely worth to say that considering Euclidean regular submanifolds
of H", identified with the Euclidean space R?>"T! it is never a satisfactory
choice and for many reasons. Indeed, Euclidean regular submanifolds need
not to be group regular; this is absolutely obvious for low dimensional sub-
manifolds: the 1-dimensional, group regular, objects are horizontal curves
that are a small subclass of C! lines, but, also a low codimensional Eu-
clidean submanifold need not to be group regular due to the presence of the
so called characteristic points where no intrinsic notion of tangent space to
the surface exists (see [6], [18]). On the contrary in Carnot groups exist e.g.
1-codimensional surfaces, sometimes called H-regular or G-regular surfaces,
that can be highly irregular as Euclidean objects but that enjoy very nice
properties from the group point of view, so that it is very natural to think of
them as 1-codimensional regular submanifolds of the group, (see [12], [11],
15)).

What do we mean by ‘very nice properties’? The key words here are
intrinsic and reqular. We have already stated how intrinsic should be meant
here. Now, the most natural requirements (and we believe non negotiable
ones) to be made on a subset S C H" to be considered as an intrinsic regular
submanifold are

(i) S has, at each point, a tangent ‘plane’ and a normal ‘plane’ (or
better a ‘transverse plane’ );
(ii) tangent ‘planes’ depend continuously on the point;

the notion of ‘plane’ should be intrinsic to H", i.e. depending only on the

group structure and on the differential structure as given by the horizontal
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bundle. Since subgroups are the natural counterpart in groups of Euclidean
planes through the origin, it seems accordingly natural to ask that

(iii) both the tangent ‘plane’ and the transversal ‘plane’ are subgroups
(or better cosets of subgroups) of H"; H" is the direct product of
them (see later for a precise definition);

(iv) the tangent ‘plane’ to S in a point is the limit of group dilations of
S centered in that point (see Definition 3.4).

Notice that the distinction between normal and transversal planes turns out
to be a natural one. Indeed not necessarily at each point a natural nor-
mal subgroup exists, while always it does exist a (possibly not normal but)
transversal subgroup. Moreover, the explicit requirement of the existence of
both a tangent space and a transverse space is not pointless. Indeed there
are subgroups in H", as the T axis for example, without a (normal) comple-
mentary subgroup i.e a subgroup G of H"” such that H" = G-T'. Finally, the
transversal subgroups will appear naturally in the last section while dealing
with natural differential forms and currents in H".

We notice also that condition (iv) guarantees that the tangent plane has
the natural geometric meaning of ‘surface seen at infinite scale’, the scale
however being meant with respect to intrinsic dilations. This yields that — if
S is both an Euclidean smooth manifold and a group regular manifold — the
intrinsic tangent plane is usually different from the Euclidean one. On the
other hand, as already pointed out, there are sets, ‘bad’ from the Euclidean
point of view, that behave as regular sets with respect to group dilations.

Obviously, a natural check to be made in order to understand if require-
ments (i)—(iv) are reasonable ones is to see if they are met by the classes of
regular submanifolds of H" considered in the literature.

C! horizontal curves: they are Euclidean C! curves; their (Euclidean)
tangent space in a point is a 1-dimensional affine subspace contained
in the horizontal fiber through the point, hence it is also a coset of
a l-dimensional subgroup of H. The normal space is the comple-
mentary subspace of the tangent space, and it is again a subgroup.
Clearly both of them depend continuously on the point. It can also
be shown (see Theorem 3.5) that the Euclidean tangent lines are also
limits of group dilation of the curve, so that they are also tangent in
the group sense.

Legendre submanifolds: they are n-dimensional, hence maximal dimen-
sional, integral manifolds of the horizontal distribution (see [4]). The
tangent spaces are n-dimensional affine subspaces of the horizontal
fiber that are also cosets of subgroups of H". The complementary
affine subspaces are the normal subgroups. As before the tangent
spaces are limit of intrinsic dilations of the surface (see Theorem
3.5).

1-codimensional H-reqular surfaces: (see [10], [11]) we recall that, lo-
cally, they are given as level sets of CI%H(H”) functions from H" to R
(see Definition 2.12), with P-differential of maximal rank (the no-
tion of P-differential for maps between Carnot groups, introduced
by Pansu in [23], provides the intrinsic notion we use systematically
to be coherent with our purpose). It has been proved in ([11]) that
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H-regular surfaces have a natural normal space (i.e. the span of
the horizontal normal vector) at each point, hence it is a coset of a
1-dimensional subgroup contained in the horizontal fibre; that the
natural tangent space is a subgroup obtained as limit of intrinsic dila-
tions of the surface; and finally, notwithstanding that these surfaces
can be highly irregular as Euclidean surfaces, the intrinsic normal
subgroup and the intrinsic tangent subgroup depend continuously
on the point.

In conclusion, all the surfaces in these examples are intrinsically reqular
submanifolds in the sense that they satisfy requirements (i)—(iv). Notice
that C! horizontal curves have topological dimension 1, Legendre submani-
folds have topological dimension n, and 1-codimensional H-regular surfaces
have topological dimension 2n (the systematic specification ‘topological’ is
not pointless, because, as already noticed in [10], [11], other different di-
mensions play a role in the geometry of Carnot groups). Our aim is now to
fill the picture, finding other classes of intrinsically regular submanifolds of
arbitrary topological dimension.

Notice that, from the analytical point of view, horizontal curves and Le-
gendre surfaces are given locally as images in H" respectively of intervals
I C R or of open sets in R™ through P-differentiable maps with injective
differentials. On the contrary 1-codimensional H-regular surfaces are given
locally as level sets of P-differentiable functions with surjective differentials.

The first idea coming to the mind, and the one we take here, is to gen-
eralize both these approaches. Notice that, even if in the Euclidean setting
they are fully equivalent, this is no longer true in Heisenberg groups. Thus,
if1 <k<n,

from one side we look for k-dimensional integral surfaces of HH"™ and,
in Definition 3.1, we define them as images of continuously P-differentiable
functions YV — H"™, V open in R¥, with differentials of mazimal rank, hence
mjective;

on the other side, in Definition 3.2, we look for k-codimensional surfaces
as level sets of continuosly P-differentiable functions U — RF, U open in
H"™, with P-differential of maximal rank, hence surjective.

These two approaches are naturally different ones: indeed no nontrivial
geometric object falls under the scope of both definitions. The reason of
this, related with intrinsic properties of the geometry of H", is simply that,
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 (both phenomena depend
on the fact that we can find at most n linearly independent and commuting
elements of hy).

We will call the first ones low dimensional (or k-dimensional) H-regular
surfaces and the second ones low codimensional (or k-codimensional) H-
reqular surfaces. It is the object of part of this paper to prove that these so
defined H-regular surfaces enjoy properties (i)—(iv).

We recall the usual notions of Carnot-Carathéodory distance and Haus-

dorff measures H"”. Once a scalar product is defined in b, each fiber of the
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horizontal bundle over a generic point p is consequently endowed with a
scalar product (-,-),. We denote also by |- |, the associated norm. Thus, we
can define the (sub-Riemannian) length of a horizontal curve v : [0,7] — H"

as fOT V' (t)|y) dt. Given p,q € H", their Carnot-Carathéodory distance
d.(p,q) is the minimal length of horizontal curves connecting p and ¢. This
notion is equivalent to the definition given in the next section.

The Carnot-Carathéodory distance is not - strictly speaking - intrinsic
in our sense, because it does not depend only on the horizontal bundle,
but also on the scalar product we have chosen, that is somehow arbitrary.
Nevertheless, we still refer to Carnot-Carathéodory distance and to related
notions as intrinsic ones because different scalar products on the algebra
yield equivalent Carnot-Carathéodory distances.

From Carnot-Carathéodory distance, one gets the notions of intrinsic
Hausdorff measures ‘H: or SZ, s > 0, and of intrinsic Hausdorff dimen-
sion. The s-dimensional Hausdorff measures ‘H; and S; are obtained from
d., following classical Carathéodory construction as in Federer’s book [9],

Section 2.10.2. The intrinsic metric (or Hausdorff) dimension dimpy(S) of a

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

Let us come back to low dimensional and low codimensional H-regular
surfaces. These two families of surfaces contain very different objects. We
give here a first brief sketch of their basic properties; some of them are well
known while other ones are proved in this paper.

Proposition: k-dimensional H-reqular surfaces are Euclidean submani-
folds. For k =1, they are horizontal curves. For k = n, they are Legendrian
manifolds and for k < n they are submanifolds of Legendrian manifolds.
They have equal topological dimension, metric dimension and Euclidean di-
mension. Their intrinsic tangent k-planes coincide with their Euclidean tan-
gent 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 ir-
regular objects from an FEuclidean point of view. In general these surfaces
are not Euclidean C! submanifolds, not even locally (see [15] where it is
constructed a 1-codimensional H-regular surface in H' = R? that is a fractal
set with Euclidean dimension 2.5 ). Nevertheless we prove that

Proposition: k-codimensional H-regular surfaces have metric dimension
(2n + 2 — k), and topological dimension (2n + 1 — k). They admit at each
point an intrinsic tangent (2n + 1 — k)-plane and an intrinsic normal k-
plane contained in the horizontal fibre. Both the tangent and the normal are
(cosets of ) subgroups of H" and depend continuously on the point.

Besides (i)—(iv), H-regular surfaces also enjoy the following important
properties (precise statements are Theorem 3.5, Theorem 3.27, and Theorem
4.1):

Theorem 1: Any H-regular surface is locally a graph, provided we define
wntrinsically the notion of graph in H™.

Theorem 2: Any H-regular surface has locally finite intrinsic Hausdorff
measure. Precisely: k-dimensional H-regular surfaces have finite HY mea-

sure; k-codimensional H-reqular surfaces have finite H?"T27% measure and
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the (equivalent) spherical Hausdorff measure S22~k can be even explicitly
computed.

Let us comment both these Theorems.

It is possible to introduce an intrinsic and very operative notion of graph
inside H" (or more generally in Carnot groups) as follows: observe that H"
is (in many different ways) a direct product of subgroups; that is there are
couples of subgroups, let us call them Gy, and Gy, such that any p € H"
can be written in a unique way as p = Py * Po, With py € Gy and p, € Gy.
Simply split the algebra h as the direct sum, h = 1o @ v, of two subalgebras
tv and v and set Gy, := expto, G, := exp .

Hence H" is foliated by the family L£,(§) of cosets of (say) Gy, where
Lo(§) := &Gy for each £ € G; the subgroup Gy, is the ‘space of parameters’
of the foliation. Then we define

Definition: We say that a set S C H" is a graph along G, (or along v) if
for each & € Gy, SN Ly(§) contains at most one point. Equivalently if there
is a function ¢ : F C Gy — Gy such that

S={¢-»(§): £ € E}
and we say that S is the graph of ¢.

An interesting special case arises when the subgroup Gy, is a normal
subgroup of H" or, equivalently, the algebra 1o is an ideal in h. Indeed,
when Gy, is a normal subgroup, graphs over G, have some further useful
properties (see Proposition 3.11) and we speak, in this case, of regular graphs.

Going back to Theorem 1, it is easy to chek that low dimensional H-
regular surfaces are graphs because they are Euclidean C' submanifolds and
because low dimensional intrinsic graphs in H" turn out to be Euclidean
graphs.

On the contrary low codimensional H-regular surfaces need not to be
graphs in the Euclidean sense. An easy example is shown in Example 3.10.
One of the main result proved here (Theorem 3.27) states that any low
codimensional H-regular surface is, locally, a regular and orthogonal graph
of a continuous function ¢.

The proof follows from two results of independent interest. The first one
(Theorem 3.12) is an Implicit Function Theorem that essentially states that
if f:H" — RF, f e [CLHM)]® is locally a bijective map from each leaf of
a foliation as described above, than locally the level sets of f are intrinsic
graphs with respect to that foliation.

The second result (Propositions 3.24 and 3.25) states that if S is a low
codimensional H-regular surface, then a foliation of H" as required in the
hypotheses of the Implicit Function Theorem in fact exists. Notice that this
result is an algebraic one and that it has no counterpart in the Euclidean
theory.

A more precise statement of Theorem 2 is

Theorem: Let S be a k-codimensional H-regular surface, 1 < k < n.
Then, by definition, there are an open U C H" and f = (f1,...,fx) €
[CLUF such that SNU = {z € U : f(x) = 0}. We know that S is locally

a reqular graph, that is it is possible to choose two subalgebras v, o with
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h = v @ w, a relatively open subset V C Gpn and a continuous function
p:V — Gy such that

def

SnU={zcl: f(x) =0} ={2(§) =& »(§), €V}
Choose left invariant horizontal vector fields vy, ..., vy such that v = span{vy,...,vx},
[Vi,vj] =0 for 1 <i<j <k, |[vgA---ANuvg| =1 and
def
A(p) = |det [Uifj(p)hgz‘,jgk‘ #0 forpel.

Then there is an explicit constant ¢, such that

VafiN--AVafil
A

Here, for s > 0, 85 denotes the s-dimensional spherical Hausdorff measures,

equivalent with S7, associated with the left invariant distance do, defined
by doo (D, q) = doo (g™t - p,0), where, if p = (p/, pant1) € R?" x R! = H", then
doo(p, 0) = max{|p/[gzn, [p2nr1|"/?}. For a measure p, ®3u is the image mea-
sure of z1 ([21], Definition 1.17) and £2"*+1=* is the (2n + 1 — k)-dimensional
Lebesgue measure.

As we pointed out repeatedly, low dimensional H-regular surfaces are par-
ticular Euclidean C' surfaces, whereas low codimensional H-regular surfaces
are ‘more general’ objects than Euclidean submanifolds, given that they can
even be fractal sets. A further insight on this phenomenon is provided by
Rumin’s construction (see [26]) of a complex of differential forms in H" that
plays the role of the De Rham complex for Euclidean spaces.

We give here a brief sketch of Rumin’s construction, that indeed holds in
the more general setting of contact manifolds.

Let us denote by /\kh the vector space of the k-forms over h and let
0 = dxopt1 + 22?:1(33]'6[$n+j — Tpyjdxj) € /\1 h denote the contact form
in H". Then define Z# C /\kh as the ideal generated by 0, i.e. TF := {a €
/\kh s a=0AB+dINY}, and TF C /\k b as the set J% := {a € /\kR2”+1 :
ONa=0,dIANa=0}.

Finally, for an open & C H", denote by D (U) (Heisenberg k-differential
forms) the space of smooth sections, compactly supported in U, respectively

k
of %, when 1 < k <n and of 7% when n +1 < k < 2n + 1. These spaces
are endowed with the natural topology induced by that of D¥(2f). Then,

Rumin proves that

Theorem(Rumin):  There is a linear second order differential operator
D : DR (U) — DE (U) such that the following sequence is locally evact and
has the same cohomology as the De Rham complex on U:

0— W) LoLw) L Lpruy 2

2Dt ) S S D) — 0

where d is the operator induced by the external differentiation from DF(U) —
DEFYU), when k # n.
Since we can think of surfaces as duals of forms, the picture turns out to be

perfectly coherent: the objects of Rumin’s complex in dimension k& < n are
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quotient spaces of usual sets of k-forms, so that their duals are ‘smaller’ than
the duals of usual k-forms, coherently with the fact that low dimensional
surfaces are particular Euclidean C! surfaces. On the other hand, the objects
of Rumin’s complex in dimension k£ > n are subspaces of usual sets of
k-forms, so that their duals are ‘larger’ than the duals of usual k-forms,
coherently with the fact that low codimensional surfaces can be very singular
sets from the Euclidean point of view. On the other hand, the second order
operator D is related with the jump of the metric dimension when we pass
from low dimensional to low codimensional H-regular surfaces.

Rumin’s theorem suggests to define, by duality, (Federer-Fleming) cur-
rents in H", together with boundaries and masses.

Precisely, for 1 < k < 2n + 1, we call Heisenberg current of dimension k
in U, any continuous linear functional on DE (). If T is a k-dimensional
Heisenberg current its Heisenberg boundary is the (k—1)-dimensional Heisen-
berg current dg7’, defined by the identities OyT (o) = T'(dar) if k # n + 1
and OgT' (o) = T(Da) if k = n + 1. The mass My(7T), of T in an open V,
is given as one can imagine. Though, its definition requires a few algebraic
preliminaries so that it will be given in full detail in Section 5.

As in the Euclidean setting, oriented H-regular surfaces induce naturally,
by integration, Heisenberg currents. The following Proposition sketches
the mutual relationships among H-regular surfaces, their intrinsic Hausdorff
measures, Rumin complex and Heisenberg currents.

Proposition: Assume S C U is a k-dimensional H-regular surface oriented
by a (horizontal) tangent k-vector field ty. Then the map

o — [5] (o) % /S (o) dSE,

from Dﬁ(lx[) to R is a k-dimensional Heisenberg current with locally finite
mass. Precisely, if V CCU,

My ([S]) = Sk(S N V).

Analogously, assume S is a k-codimensional H-regular surface oriented by a
tangent (2n + 1 — k)-vector field ty, then the map

o [S] (@) /S (o ts) dSZH2

from D%H”H_k(L{) to R is a (2n+1—k)-dimensional Heisenberg current with
locally finite mass and there exists a geometric constant c,j € (0,1) such
that, for any open V CC U

Cn ke SRS NY) < My([S]) < SELHPF(SNY).

In Proposition 5.8 the last statement is made more precise, providing
an explicit form of the mass of the current carried by a low codimensional
H-regular surface.

Finally, let us mention a few open problems that should be attacked
starting from the results of the present paper.

e Can we extend our theory to arbitrary Carnot groups? In general

Carnot groups the subject is well understood only for codimension
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1 (see [11]), but seems open for general low codimensional surfaces.
However notice that in a Carnot group, we may have strong restric-
tions to the possible dimensions of graphs (for instance, in the 3-step
Engel’s group only 1 dimensional and 1-codimensional graphs exist).
Finally recall that, when a Carnot group is not a contact manifolds,
Rumin’s theory does not apply.

e A theory of rectifiable sets in any dimension and codimension should
be developed, at least in H".

e Is there a unifying approach for low dimensional and low codimen-
sional H-regular surfaces? May be looking at images of subgroups
of H” or, dually, at level sets of group valued functions defined on
H"? (see the approach of Scott Pauls in [24])

e Characterize the functions such that their intrinsic graphs are H-
regular surfaces. As for hypersurfaces, we refer to [2].

It is a duty as well a pleasure to thank here several friends that contributed
to this paper, with hints and fruitful discussions. First of all Maria Carla
Tesi and Nicoletta Tchou: the problem of div-curl theorem in the Heisenberg
group attacked in [13] was one of the germs of the present papers. A special
thank to Martin Reimann that raised to our attention Rumin’s paper, and
to Giovanna Citti, Mariano Giaquinta, Adam Koranyi and Fulvio Ricci for
several fruitful discussions, as well as to Sorin Dragomir, Luca Migliorini,
Michel Rumin and Pierre Pansu. It is pleasure to remember also a few long
discussions with Valentino Magnani, that attacked in a different way the
subject of surface area of submanifolds in Heisenberg groups ([20]).

2. MULTILINEAR ALGEBRA AND MISCELLANEA

2.1. Notations. For a general review on Heisenberg groups and their prop-
erties we refer to [27], [14] and to [29]. We limit ourselves to fix some nota-
tions.

H" is the n-dimensional Heisenberg group, identified with R2"*! through
exponential coordinates. A point p € H" is denoted p = (p1, ..., Pon, P2nt1) =
(¢, pans1), with p’ € R?® and po, 41 € R. If p and ¢ € H", the group opera-
tion is defined as

p-q= 0+, poms1+ qni1 +2(J0, ¢ )pan)

0 I,
I, 0
p~1 = (—p', —poni1) the inverse of p and as 0 the identity of H".

For any fixed ¢ € H" and for any r > 0 left translations 7, : H" — H"

and non isotropic dilations d, : H® — H"™ are automorphisms of the group
defined as

where J = [ ] is the 2n x 2n symplectic matrix. We denote as

T4(p) = =q p and as  dpp = (rp, 7“2p2n+1)-

We denote as h™ or, more frequently, as h when the dimension n is in-
tended, the Lie algebra of the left invariant vector fields of H". The standard
basis of b is given, for ¢ = 1,...,n, by

X; = 0;+2(Jp")iOams1, Yi:i=0ixn +2(J0 )itnOms1, T := Dappr.
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The only non-trivial commutation relations among them are [X;,Y;] = —4T,
for j =1,...,n. Sometimes we will shift notations putting

Wi =X;, Win =Y, Wopy =T, fori=1--- n.

The horizontal subspace by is the subspace of §h spanned by Xi,..., X,
and Y7,...,Y,. Denoting by b the linear span of T, the 2-step stratification
of b is expressed by

h =51 @ bho.
Hence Heisenberg groups are a special instance of Carnot groups of step 2. A
Carnot group G of step k is a connected, simply connected Lie group whose

Lie algebra g admits a step k stratification, i.e. there exist linear subspaces
Vi, , Vi such that

g=Vi@- eV, V)=V V#{0}, Vi={0}ifi>Fk

An intrinsic distance on H" is the Carnot-Carathéodory distance d(-, ).
To define it recall that an absolutely continuous curve v : [0,7] — H"
is a subunit curve with respect to Xi,...,X,, Y1,...,Y, if there are real
measurable functions ¢y, ..., co,, defined in [0, 7], such that Zj c?(s) <1

and Y(s) = > ¢j(s)X;(y(s)) + ¢j1n(s)Yj(7v(s)), for a.e. s € [0,T]. Then, if
j=1
p,q € H", the cc-distance (Carnot-Carathéodory distance) d.(p, q) is

de(p,q) Ll inf {T > 0: ~issubunit, v(0) =p, ¥(T) =q}.

The set of subunit curves joining p and ¢ is not empty, by Chow’s theorem,
since the rank of the Lie algebra generated by Xi,...,X,, Y1,...,Y, is
2n + 1; hence d, is a distance on H" inducing the same topology as the
standard Euclidean distance.

Several distances equivalent to d. have been used in the literature. Later
on, we shall use the following one, that can also be computed explicitly

doo(p,q) = doo(q™ " - p, 0),

where, if p = (p/, pan+1) € H?, doo(p, 0) := max{|p/|gzn, [P2ns1]"/?}.

We shall denote respectively by U.(p,r) and by B.(p,r) the open and the
closed ball associated with d. and by Us(p,7) and B (p,r) the open and
closed balls associated with da.

Both the cc-metric d. and the metric do, are well behaved with respect
to left translations and dilations, that is

(1) dc(z K y) = dc(a:,y) ) dc((S)\.iE, 5)\:[/) = )\dc(l‘ay)
doo(z "X,z y) = doo(a:,y) ) doo((s)\-ra 5)\:1/) = )\doo(a:,y)

for z,y,z € H" and A > 0.

We recall that, because the topologies induced by d., d, and by the
Euclidean distance coincide, the topological dimension of H™ is 2n + 1. On
the contrary the Hausdorff dimension of H" ~ R?"*! with respect to the
cc-distance d. or with respect to any other equivalent distance, is the integer
@ := 2n + 2 usually called the homogeneous dimension of H" (see [22]).

For a nonnegative integer k, £¥ denotes the k-dimensional Lebesgue mea-
sure. L£2"*1! is the bi-invariant Haar measure of H", hence, if £ c R?"*!

is measurable, then £2"*1(7,(E)) = £2""Y(E) for all p € H". Moreover,
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if A > 0 then £2"1(8,(E)) = A\2"2L2"1(E). We explicitly observe that,
Vp € H" and Vr > 0,

(2)  LPYBe(p,r)) = r*" 2L (Bo(p, 1)) = r?" L2 (BL(0, 1))
and as a consequence
(3) L (0Bc(p,7)) = 0 and L (Be(p,7)) = L2 (Ue(p,7)).

Analogously for the d, distance.

Related with the previously defined distances d. and d., different Haus-
dorff measures, obtained following Carathédory’s construction as in [9] Sec-
tion 2.10.2, are used in this paper. For m > 0, we denote by HY the
m-~dimensional Hausdorff measure obtained from the Euclidean distance in
R27+1 ~ H" and by H" and H™ the m-dimensional Hausdorff measures in
H", obtained, respectively, from the distances d. and d. Analogously, Sz,
S, and S denote the corresponding spherical Hausdorff measures. We
have to be more precise about the constants appearing in the various defini-
tions. Since explicit computations will be carried out only for the measures
S, with m a positive integer, we limit ourselves to this case. For each
A CH" and 6 > 0, ST (A) := lims_o S 5(A), where

7 5(A) = inf {ZC(BOO(pZ-,n)) cAC UBOO(pZ-,ri) and r; < 5}

and the evaluation function ( is

wpr™ if 1 <m <n,
(4) ((Boo(p,7)) =R 2wpm_1r™ fm=n+1,
20Wm—or™ fn+2<m

where w,,, is m-dimensional Lebesgue measure of the unit ball in R™. The
motivation for this choice of the function { can be seen in the proof of
Theorem 4.1.

Clearly, since d. and d are equivalent distances, for each fixed m > 0,
all the measures H*, S7*, HZ, and 82 are equivalent measures. We notice
however that, due to the lack of an optimal isodiametric inequality in H",
it is not known if, in general, HY (E) = ST (E) even for ‘nice’ subsets of H"
and for m = @. Related to this point see the recent paper [25] by Severine
Rigot. This is the reason why we state some of the theorems in this paper
in terms of the measures 7 that are somehow more explicit.

Translation invariance and homogeneity under dilations of Hausdorff mea-
sures follow as usual from (1). More precisely we have

Proposition 2.1. Let A CH", p € H" and m,r € [0,00). Then
SR(mpA) =SZ(A) and  S(6,A) =r"S(A).
The same holds for S, HZ and H}".

Finally we recall the following geometric property of spheres, whose easy
proof can be found in [12]

Proposition 2.2. Let d be a translation invariant and 1-homogeneous dis-
tance in H", that is d is such that d(z-x, z-y) = d(x,y) and d(5x(x), 0\ (y)) =
11



Ad(z,y) for z,y,z € H" and A > 0, and denote by Uy or By the open or
closed d-balls. Then

diamy (By(z,r)) = diamg (Uy(x,r)) = 2r,  forr > 0.
2.2. Horizontal and integrable k-vectors and k-covectors. We con-
sider the vector spaces b := span{ X1, ...,Y,,, T} and by := span{Xy,...,Y,},
endowed with an inner product, indicated as (-,-), making Xi,...,X,,
Yi,...,Y, and T orthonormal.

The dual space of b is denoted by /\1 h. The basis of /\1 b, dual to the
basis X1, - ,Y,, T, is the family of covectors {dz1,-- ,dxa,, 0} where 6 :=
dxon+1 —2((Jz'),dx’)gen is the contact form in H". We indicate as (-, -) also
the inner product in /\1 h that makes dx1, - -- ,dza,, 0 an orthonormal basis.
Sometimes it will be notationally convenient to put 61 := dxy, - ,02, :=
dxop, boni1 1= 0.

Following Federer (see [9] 1.3), the exterior algebras of § and of A'b
are the graded algebras indicated, as usual, as A\, h = i’:gl Ai b and
A b=t A" where Agh = A"h =R and, for 1 <k < 2n+1,

/\kh::Span{Wil/\---/\Wik:1§i1<---<ik§2n—|—1},
k
N\ be=span{fy, Ao NG 11 <y << <2041},

The elements of A, bh and /\kh are called k-vectors and k-covectors. As
usual, the dual space \'(A.b) of A,bh can be naturally identified with
A"h. The action of a k-covector ¢ on a k-vector v is denoted as (¢|v).

The symplectic two form df € /\2 hris dfd =430 | duy A dzigy.

The inner product (-,-) extends canonically to /\, h and to A" b making
the bases Wi, A--- AW;, and 0;, A--- A0;, orthonormal.

The same construction can be performed starting from the vector sub-
space h; C h. This way we obtain the algebras A, bh1 = @211 A b1 and
A" b1 = @2, A" by whose elements are the horizontal k-vectors and hori-
zontal k-covectors; here

/\khl ::SpaH{Wil/\"'/\Wik:1§i1<"'<ik§2n}

k
/\ b1 :==span{l;, A--- N0 1 <ip <- - <ip <2n}.
and clearly A, b1 C A, b for 1 <k <2n.
Definition 2.3. We define linear isomorphisms (see [9] 1.7.8)

k 2n+1—Fk
*:/\kh<—>/\2n+1_kh and *:/\ h<—>/\ b,
for 1 <k < 2n, putting, for v = ">, v/Wr and ¢ =) ; o107,

*U 1= ZI vr(*W7) and *xp:= ZI o1 (x07)
where
*W[ = (—1)U(I)W[* and * (9[ = (—1)0(1)9[*
with T = {iq, - ,ig}, 1 <ip < - < <2n+1, Wy = Wiy N AW,
Or =0y N NO, I ={i] <--- <5, b ={1,-,2n+1}\ I and o(1)
is the number of couples (i, ;) with i, > ij.
12



The following properties of the *x operator follow readily from the defini-
tion: Yv,w € A, b and Vo, € /\kf)

* %y = (_1)k(2n+1—k’)v7 Kk (p = (_1)k(2n+l—k)go7
(5) v A KW = (7)7 w>W{l, 2n+1}s ® A *) = (907 ¢>9{1, 2n+1}s
(xplxv) = (plv).
Notice that, if v = v1 A --- A v, is a simple k-vector, then xv is a simple
(2n + 1 — k)-vector. Moreover notice that

(6) if ve /\khl’ then v =¢AT, with £ € /\2 b

If v € \b we define v* € A"h by the identity (v*|w) := (v, w), and
analogously we define p* € A\, b for p € /\k b.

Remark 2.4. A simple non zero k-vector v = vy A--- Avg € A\, b is nat-
urally associated with a left invariant distribution of k-dimensional planes
in R?"*! = H". In general, if k¥ > 1, this distribution is not integrable -
by Frobenius Theorem - because not necessarily [v;,v;] € span{vy,--- , v}
An easy example is provided by the 2-vector X; AY; € A,b1. Horizon-
tal k-vectors that are also integrable (more precisely: k-vectors such that
the associated distribution is integrable) will play an important role in the
following. Notice that if T € {v1,--- , v} then certainly (the distribution
associated with) v is integrable. On the other hand, it is elementary to
observe that v € /\; b1 can be integrable only if k& < n. More explicit alge-
braic characterizations of k-vectors associated with integrable distributions
are proved in Theorem 2.8.

We define the vector spaces g/\;, and H/\k of integrable k-vectors and
k-covectors as follows

Definition 2.5. We set g\, = R and, for 1 <k < n,
def .. .
H/\k = span {v € /\k h1: v is simple and mtegrable} ,

Ao (o)
Hf \gp1— = “\H/\i) -

Integrable covectors are defined by duality: for 0 < k < 2n + 1 we set

AN LN (A)={ee Ny e eup, |

Notice that g/\; = A; b1 = hi. On the contrary, for 1 < k < n, 0 #
a\r & N\ b1

If1 <k <nandif wée gy, ,_, is asimple (2n + 1 — k)-vector,
then one can choose wy,...,wopt1-k so that: w = wy A -+ A wopyq_,
Wi A AWk € Ngp_pp b1 and wop 1 =T

Recall now the definition of H-linear map (horizontal linear map) between
Carnot groups (see [23] and also Chapter 3 of [19]). This notion plays the
same central role that is played by linear maps between vector spaces.

Definition 2.6. Let G! and G? be Carnot groups with dilation automor-
phisms (5}\ and (5?\. We say that L : G! — G? is a H-linear map if L is a
13



homogeneous Lie groups homomorphism, where homogeneous means that
63(Lx) = L(6ix), for all A > 0 and z € GL.

In this paper we deal only with H-linear maps from R¥ — H" and, vicev-
ersa, from H"® — RF. H-linear maps are closely related with integrable
k-vectors, precisely, for 1 < k < n, there is a one to one correspondence
between injective H-linear maps R*¥ — H" and integrable simple k-vectors.

The following Proposition, characterizing H-linear maps R¥ — H", is a
special instance of a more general statement proved in [19].

Proposition 2.7. Let k > 1 and L : R¥ — H" be H-linear. Then there is
a 2n x k matriz A with ATJA =0, such that

Lz = (Az,0), Vz € R,
Moreover, L can be injective only if 1 < k < n.

Proof. First notice that L(R¥) C {p € H" : pa,1+1 = 0}. Indeed, for all x €
Rki 2(L$)2n+1 = (L.Z‘ . L$)2n+1 = (L(Zx))2n+1 = (52L.Z‘)2n+1 = 4(L33)2n+1.
Here we used the notations A\p = (Ap/, Ap2,+1) for A € R while dyp =
(AP, A2pans1). Moreover L is linear as a map R¥ — R?", hence Lz = (Az,0)
for some matrix A. Finally, for all z,y € R¥, 0 = (L(z 4+ ¥))ons1 = (L -
Ly)oni1 = 2(J Az, Ay)gen that yields AT JA = 0. O

Theorem 2.8. Assume 2 <k <nandv=v1A---ANv, € /\khl, v # 0.
Then the following four statements are equivalent
(1) v € u/\xs
(2) [vi,v] =0 for 1 <i,j,<k;
(3) (y AdBlv) =0 for all v € N*21;
(4) there is an injective H-linear map L : R¥ — H" such that Ley A--- A
Lej, = v; L can be explicitly defined as Lx = 04, v1 - 03,2 - . .. - Og, V.

Notice that for £k = 1 statements (1) to (4) are either meaningless or trivially
equivalent.

Proof.

(1 = 2): because [v;,v;] is always a multiple of 7" and v;,v; € by, the neces-
sity of (2) for the integrability of the distribution associated with v is just
Frobenius theorem:;

(2 = 1): follows from Frobenius theorem;

(2 & 3): a direct computation yields [v;, v;] = (df|v; A vj) = 4(Jv;, vj)pen. If
v="01,...,0; € by and if y € /\k_zhl then

(v AdBv) = o () (Vor@y A+ A r(p—2)) (d0|Vr(e—1) A Vr(i)
s
where the sum is extended to all the permutations 7 of {1,...,k} and o(7) is
+1 accordingly with the parity of the permutation m; hence, Vv € /\k_2 b1,
(yNdBlvy A -+ ANy =0, is equivalent with [v;,v;] = (df|v; Avj) = 0 for
1<i< <k
(3 & 4)2 let v = 21221 ’UZ'J'WZ' € hy. Put ’U~] = (ULj,' .- ,U2n7j) € R?™, Then

if Ais the 2n x k matrix A = [v;;] = [ 01 [---| 0 |, then ATJA =
[(Jv;, 'Jj>]R2n]1<i<j<k; so that recalling Proposition 2.7 the required equiva-
lence follows. (]
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We want to show now that the spaces of integrable covectors are isomor-
phic with the spaces defined by Rumin in [26]. Indeed Rumin’s paper largely
inspired the present one. We begin recalling Rumin’s approach: first define
7* and J* C A"bh, where Z* is the graded ideal generated by 6, that is
I*:={BANO+~yNdO: 3,y N\ b} and J* is the annihilator of Z*, that is
J* ={aeAN'bh:aAl=0and a Adf =0}. Both Z* and J* are graded,
indeed 7* = @?"117F and J* = @+ 7%, where %, 7% ¢ \F§ and

z’f:{5A9+7Ad9:ﬁe/\k_lbmé/\k_2b}

jk:{ae/\kh:a/\9:0andoz/\d9:0}.

Observe that, from a well known Lemma in symplectic geometry, for 1 <
k <n: 720tk = A2"HF g and gk =0 .
The following identities, or natural isomorphisms, hold

Theorem 2.9. For 1 <k <n,

- o Nonta kb
(7) H/\k =kerZ" and H/\2n+1—k: ~ for IR
k k nt1—k
(8) uf\ =~ —/\Ikb and g\ = gtk

where ker IF = {v € Ayb : (plv) = 0 Vo € TF} and ker J2"H1-F s
analogously defined.

Proof. To prove the first equality in (7) notice that, if v € A, b, the condition
(BABlv) =0 for all g € /\k_lh implies v € A, b1, hence we get ker I =
{ve AN + (yAdOlv) =0 Vv € A*?p}, and we conclude by the
equivalence of (1) and (3) in Theorem 2.8.

To prove the second one in (7) recall that, by Definition 2.5, g/\,,,1_; =
si/\;, = *ker I¥. Moreover kerZ% = {v € A\, h : (¢*,0) =0 Vo € IF}
where ¢* € A, b is such that (p|v) = (¢*,v), Vv € A, bh. Hence

9) * (kerIk) ={ve /\2n+1—kh D (k" 0) =0 Ve TF).
Now notice that
(10) g eIF «— xp* € ker JTIF

indeed, *p* € ker J*"t17F — (Ylxp*) = 0, Vip € T —

(x|p*) = 0, Yy € T2 1=k hence xp* € ker J2ntl-k —— {alp*) =0,

Vo € #(J2H1-F) = (Ik)l, < (a,p) =0, Va € (Ik)l = g eIk
Finally, from (9) and (10) it follows

*(H/\k) = *(kerIk)
= {ve /\2n+1_kh D (h,v) =0 Yo € ker JHH1ITRY

LA h
_ 2n+1—k ~ 2n+1—k
(kerj " ) ~ ker j2n+1—k‘

This concludes the proof of the second part of (7).
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To prove (8), recall that by Definition 2.5, for 1 < k < 2n + 1, H/\k =
A' (5/\;) - Now, given that for any two finite dimensional vector spaces
V and W with V subspace of W, it holds that A’ (%) ~ ker(V) and

/\IVE%,WGII&VG, fork=1,---,n,

! AAbAb
ker %) ~ ko~
/\ (ker Z%) ker(ker ZF) — Ik’
and, for k=n+1,---,2n+1,

/\1 <ké\rkjhk> ~ ker(ker J%) = J*.

O

Finally we observe that our previous algebraic construction yields canon-
ically several bundles over H". These are the bundles of k-vectors and
k-covectors, still indicated as A\, b and /\k b, the bundles A, h: and /\k b1
of the horizontal k-vectors and k-covectors and the bundles g/\, and H/\k
of the integrable k-vectors and k-covectors. The fiber of A, b over p € H"”
is denoted by /\kph and analogously for the other ones.

It is customary to call horizontal bundle HH™ the bundle generated by
Xi,..., Xy, Y1,..., Y, or, with our previous notations, HH" := A, b.

The inner product (-,-) on A, h and on A" b induces an inner product on
each fiber of the previous bundles.

2.3. Calculus on H".

Definition 2.10 (Pansu [23]). Let (G!,-) and (G?,-) be Carnot groups
with dilation automorphisms (5}\ and 5?\. Let U be an open subset of G',
and f : U — G2. We say that f is P-differentiable at pg € U if there is a
(unique) H-linear map dg fp, : G! — G? such that

d1 fpo (p) = lim 55 (F(po) ™" - fpo - 63p))
uniformly for p in compact subsets of U.

In the sequel, we shall deal only with the cases G! = R¥, G? = H", and
G! = H", G? = R*. The structure of the differential map in the first case
has been already described in Proposition 2.7. In the second case, because of
the commutativity of the target space, the differential can be thought as the
k-uple of the P-differentials of the components of f. Again, the differential
can be written in the form dy fp, (p) = Ap,p’, where A, is a (k X 2n)-matrix
(see e.g. [12], Proposition 2.5). Thus, if k = 1, dy fp, can be identified with
an element of A\'b;.

Definition 2.11. If f : &/ C H" — R is differentiable at p, then the hori-
zontal gradient of f at p is defined as

Vuf(p) =duf(p)" € /\1 b1

or equivalently as
Vafp) =Y (X f)X; + (Yif(0)Y;.
j=1
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Definition 2.12. In the sequel, we shall use the following notations for
function spaces. If i/ € H" and V C R* are open subsets, we denote

e Ci(U) is the vector space of continuous functions f : & — R such
that also the P-differential dg f is continuous. [C ()] is the set of
k-uples f = {f1,--, fr} such that each f; € C}(U), for 1 <i < k.

e C1(V;H") is the vector space of continuous functions f : V — H"
such that the P-differential dy f(p) depends continuously on p € V.

e Lip(RF; H"), Lip,.(R¥; H"), Lip(H"; R¥), Lip,,.(H™; R¥) are the vec-
tor spaces of Lipshitz continuous (locally Lipshitz continuous) func-
tions, where the metric used in the definition are the cc-metric of
the corresponding spaces.

3. REGULAR SURFACES AND REGULAR GRAPHS

3.1. Regular submanifolds in H". Here we give the definition of H-
regular surfaces in the spirit illustrated in the introduction. We distinguish
low dimensional from low codimensional surfaces, the first ones being images
of open subset of Euclidean spaces while the second ones are level sets of
intrinsically regular functions.

Definition 3.1. Let 1 < k < n. A subset S C H" is a k-dimensional H-
reqular surface (or a C[%H surface of dimension k) if for any p € S there are
open sets U C H", V C R¥ and a function ¢ : V — U such that p € U, ¢ is
injective, ¢ is continuously P-differentiable with dg¢ injective, and

SNU = (V).

Definition 3.2. Let 1 < k < n. A subset S C H" is a k-codimensional
H-regular surface (or a C[%H surface of codimension k or a C]Ilﬂ surface of topo-
logical dimension (2n+1—k)) if for any p € S there are an open set & C H"
and a function f : U — R¥ such that p € U, f = (f1,..., fx) € [CHU)],
VafiN---AVgfi #0in U (equivalently, dg f is onto) and

SNnU={qel: f(qg)=0}.

Remark 3.3. For k = 1, Definition 3.1 gives back the notion of horizontal,
continuously differentiable, curve. On the other hand, Definition 3.1 cannot
be extended to the case k > n. Indeed, for k > n, as proved in [1] (see also
[19]), the set of maps ¢ satisfying the assumptions of Definition 3.1 is empty.
Even more, they show that H" is purely k—unrectifiable, i.e., if k > n, for
any f € Lipy,.(R¥, H") we have H¥(f(A)) = 0 for any A C R*.

In turn Definition 3.2, for k = 1, gives the notion of H-regular hypersur-
face introduced in [10] and [11]. Definition 3.2 — unlike the previous one —
could be formally extended to k > n, but we restrict ourselves to 1 < k <n
because only in this situation it is possible to prove (see below) that a C]Ilﬂ
surface of codimension k is locally a graph in a consistent suitable sense.

As we said in the introduction, the surfaces of these two families are
very different from one another. The first ones are particular Euclidean C!
submanifolds, precisely for k& = n they are Legendrian submanifolds ([5]),
on the contrary the second ones may be very irregular from an Euclidean
point of view (see [15]). We will prove that both k-dimensional and k-
codimensional H-regular surfaces are intrinsic regular surfaces as defined in
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the introduction. We begin recalling the definition of Heisenberg tangent
cone to a set A in a point p

Definition 3.4. Let A C H". The intrinsic (Heisenberg) tangent cone to
Ain 0 is the set

Tang(A4,0) def {:13 = hlir—lr—loo Op, xp, € H", with 7, — +o0 and z, € A}

and the cone in a point p is given as Tang(A, p) def 7, Tang (7, A, 0).

We prove, in Theorem 3.5, that a k-dimensional H-regular surface S has
an intrinsic tangent cone Tang (.S, p) at each point p and that Tang(S, p) is
a k-plane, precisely, the Euclidean tangent plane Tan(S,p) to S in p. Notice
that this statement is far from being evident, because Tang(S, p) is the limit
of S under intrinsic dilations &y, while Tan(S, p) is the limit under Euclidean
dilations.

If S={p: f(p) = 0} is a k-codimensional H-regular surfaces, in Theorem
3.29 we prove that the Heisenberg tangent cone Tang(.S, p) is always a (2n+
1 —k)-plane and that it is the translated in p of the kernel of the differential
du fp- On the contrary, as we observed before, an Euclidean (2n 4+ 1 — k)-
tangent plane to S may never exist.

On the other side, not necessarily a k-dimensional, smooth, Euclidean
submanifold of R?"+1 ~ H" belongs to any of these families: clearly it does
not for 1 < k£ < n because of the necessary condition of being tangent to
HH", but also for n < k because of the possible presence of the so-called
characteristic points.

The following theorem provides a description of the class of the k-dimensional
H-regular surfaces.

Theorem 3.5. If S is a k-dimensional H-regular surface, 1 < k < n, then

(1) S is an Euclidean k-dimensional submanifold of R***1 of class C'.
(2) The Euclidean tangent bundle TanS is a subbundle of A\, b1 and

Ta‘n(S7 p) = Ta‘nH(S7 p)

for any point p € S.
(3) SE LS is comparable with H% LS.

Proof. Let YV C RF, U4 C H" be open sets such that ¢ : V — U, ¢ €
CH(V;H"), ¢ injective, dy ¢ injective and SNU = ¢(V). Assume p = ¢(z) €
SNU and x € V. To prove (1) it is enough to show that the Euclidean
differential d¢, exists for every x € V, depends continuously on x and that
d¢, is injective. Notice that ¢ € C'(R¥;H") yields that ¢ € Lip,.(R*; H")
and this in turn implies that ¢ € Lip,,.(R¥; R?*"*1). Hence ¢ is Euclidean
differentiable a.e. in V. Let g € V be such that both d¢,, and dg ¢, exist.

By Proposition 2.7, there exist a 2n x k matrix A,, with A{O JA;, =0,
such that

dH@be (g) = (Ax0£7 0)7

for all ¢ € R*. By the very definition of P-differential, it is easy to see that
the rows of A, are just the first 2n rows of the (Euclidean) Jacobian matrix

of ¢ = (¢1,...,P2n+1) in xg. Because dy¢, is continuous and everywhere
18



defined in V, it follows that V¢ ;(z), 1 < j < 2n, exist in V and is continuous
in x.

Because the last component of dg ¢, is zero, once more by the definition
of P-differentiability, it follows

(11) Vooni1() =2 (dj4n(@) V(@) — ¢;(2) Véjin(x)),
j=1

for all x € V. This implies that V¢o,+1(x) is a continuous function and
eventually that ¢ is continuously differentiable.

Because the rank of A, equals k for any x, since dg¢ is 1-1, also the
Jacobian matrix of ¢ is a (2n 4 1) x k matrix with rank k& and the proof of
(1) is completed.

Let us now prove Tan(S,p) = Tany/(S,p) for any point p € S.

First observe that, if x € V and p = ¢(x), an explicit computation, using
(11), gives

p+dpa(h) =p-dyde(h), for any h € R".
Because Tan(S,p) = p + do.(RF), to achieve point (2) of the thesis, it is
enough to show that

(12) Tang (S, p) = p - du¢s(R).
Without loss of generality, we can assume p = 0 = ¢(0), so that we have to
prove that dg¢o(RF) = Tang(S,0).

Let £ = dyoo(h) be given. Consider the points p, = gzb(%h) that belong
to S for n € N sufficiently large. By definition of P-differential

On(pn) — dugo(h) =& asn — oo,

so that & € Tang(S,0) and dg¢o(R*) C Tang(S,0).
To prove the reverse inclusion, let £ € Tang(S,0) be of the form & =

hlim dp,pn, with rp, — +oo and py, € S. Since rpd.(pp,0) = dc(6r, Pr,0) —

+o0
d.(&,0), necessarily p, — 0 as b — oo. Thus, by local inverse function
theorem, we can assume without loss of generality that p, = ¢(z3), with
2z, € RF, 2, — 0 as h — oo. Notice now that there exist ¢ > 0 and p >0
such that

(13) |z|gr < cde(é(2),0), provided |z|gr < p.

Indeed, suppose by contradiction the statement is false: then there exists a
sequence of points wy, € R¥ such that w;, — 0 and

de(p(wp),0)/|wp|gr — 0 as  h — oo.

Without loss of generality, we may assume wy/|wp|ge — w as h — oo,
with |w| = 1. Then, by definition of P-differential, because the converge is
required to be uniform with respect to the direction, we have

d, ,0 .
de($(wn),0) _ Jim e (01 jwp (¢(|wh|Rk|J:ﬁ))’o)

0= lim
h—o00 |wh |Rk

= dc(dH¢(0)wv 0)7
that yields w = 0 because of the injectivity of dy¢o and hence a contra-
diction. Thus, we can apply (13) with z = z;, for h sufficiently large, and

we get rplzp| < erpde(ph,0) = cde(6r,ph,0) < C, for h € N, and therefore
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we can assume 1,z — zg as h — oo. Finally, once more by definition of
P-differential, we get that & € dp¢o(R¥), because & = limj_ o 0p,Dh =
limyp, 4 oo 0p), O(—7n21) = dado(20), achieving the proof of (2).

r

h
The proof of (3) follows from the following area formula (once more a

special instance of a more general formula in Carnot groups: see Theorem
4.3.4 in [19] or the paper [17])

/ Ti(dpéy) do = HE (S OU)
%

where

Ji(dads) = 52(1151(?3((3351))))

Because dy¢.(B(z,1)) € HHY, it follows that H% . (dy ¢.(B(z, 1)) is propor-
tional to HA (dpdy(B(z,1)) = L¥(dg ¢, (B(x,1)). Indeed group translations
and Euclidean translations restricted to dg ¢, (R¥) coincide as well as group
and Euclidean dilations. Hence H% and H% restricted to dpy¢,(R¥) have
the same invariances so that are proportional (see [21]). This concludes the
proof. O

3.2. Foliations and graphs in a Lie group G. The Heisenberg group
H™ and also any other Carnot group G is a product of subgroups in many
different ways. Hence it makes sense in a natural way to speak of subsets
that are graphs inside G. The following definition seems to share with the
usual Euclidean notion many good features.

Assume that the algebra g of G is the direct sum of two subalgebras to
and v, that is

g=1ov.

Set now Gy, := expt, and G, := expv. We denote system of coordinate
planes (i.e. left laterals) of G the double family £, and Ly, defined as

Lo(p) =p -Gy, VpEGn and Ln(q) :=q- Gy, Vg€ Gy.

Observe that each x € G belongs exactly to one leaf in £, and to one in Ly,.
Observe also that the leaves in L, (or in Ly,) are invariant by translations,
that is € Ly(p) = 72:Lo(p) = Lo(p). Then

Definition 3.6. We say that a set S C G is a graph over Gy, along G,
(or along v) if, for each £ € Gy, S N Ly(€) contains at most one point.
Equivalently if there is a function ¢ : E C Gy — Gy such that

S={ pE):£€ L}

and we say that S s the graph of ¢. The set Gy, will be mentioned as the
space of the parameters of the graph.

If we assume that vi,--- v and wy, -+ ,we,+1_k are bases respectively
of v and tv, then ¢ can be univocally associated with a k-uple (@1, ,pg) :
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E c R#1=k _ Rk that makes the following diagram commutative

G - Gy

exp T T exp

R2n+l—k Rk
(4p17... 74pk)

that is
® (GXP ( . &wl)) = exp (Zle ICSTREE ,fd—k)vz>

when exp <Zl2§rl_k §lwl> € FE. Notice that one can always assume that

g A s Aokl = |wg A+ Awaps1—k| = 1. Finally, we can restate once more
Definition 3.6 in the following way: S is a graph (over Gy, along Gy) if

k
(14) S= {f'eXP <Z ei(&1, ,fd—k)vz) , &€ E},

=1

where £ := exp (Z;tlk flwl)-
When tv is an ideal in g, and not simply a subalgebra, the graphs enjoy
further useful properties. Hence we define

Definition 3.7. [Regular Graph] Assume g = to @ v, where v and w are
subalgebras and to is also an ideal. We say that S C G is a regular graph
over Gy along G, if for each p € Gy, SN Ly(p) contains at most one point.

Remark 3.8. When G = H", if h = o @ v and v, v are subalgebras, then the
larger one of the two algebras is necessarily an ideal, that is, in H" graphs
of codimension strictly smaller than n 4 1 are necessarily regular graphs.
We are indebted with Adam Koranyi for this remark and for the following
elegant proof ([16]).

Assume that dimto > n + 1, then there are two cases

(1) w is not abelian. Then it contains some non zero bracket, hence it
contains 7', hence it contains ho so that tv is an ideal.
(2) w is abelian. Consider the bilinear form B on h defined by

B(X,Y)T = [X,Y].

Observe that B restricted to by is simplectic. Because B is invariant
under the projection P : h — by, then Pt is an isotropic subspace
of b1, hence dimtw < n. Clearly to is a subspace of Pt + hy. Then

n+ 1 <dimr < dim (Pw + h2) = dim (Pro) + 1 <n+ 1.

Hence dimto = dim (Pto 4 h2) so that to = Pto + ho and, conse-
quently, 1o contain hs so that it is an ideal.

When G = H", a special instance of Definition 3.6, corresponding to the
notion of orthogonal graphs in Euclidean spaces is available. It is somehow

simpler to work with and can be given as follows
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Definition 3.9. [Orthogonal Graph] Suppose G = H", with our previous
notations, if (w1, -+ ,wa,y1-%) and (vy,--- ,vg) are basis respectively of o
and of v, if [vy A~ Avg| = |wy A+~ ANwapg1—k| = 1 and if

Wi A A Wop1—k = *(V1 A Avg)
we refer to S as an orthogonal graph along v.

As usual properties of the function ¢ are attributed to the graph of ¢; in
particular we say that the graph of ¢ is continuous exactly when the map
p : Gy — Gy is continuous.

We stress here that these intrinsic notions of graphs, adapted to the geom-
etry of the group, are not a pointless generalization. From one side, the fact
that a surface is locally a graph is, as usual, a powerful tool; here the fact
that H-regular surfaces are locally intrinsic graphs is a key tool in studying
their local structure (see sections 3.5 and 4). On the other side, one could
not have used the usual Euclidean notion. Indeed, as the following example
shows, H-regular surfaces (of low codimension), in general, are not graphs
i the usual Fuclidean sense, while they are always, locally, graphs in the
intrinsic Heisenberg sense.

Example 3.10. See Figure 1 and Figure 2. In H', with the notations of
Definition 3.6, let v = span{X} and w = span{Y,T'}. Then G, = {(«,0,0) :
x € R} and Gy = {(0,n,7) : n,7 € R}. Then, fix 1/2 < a < 1, and take
0 : Gy — Gyas(0,n,7) = (|7|%,0,0). Define S as the graph of ¢, precisely

S={¢-0(&): £ € G} ={(7|*,n, 7+ 2n|7]%) : n,7 € R}.
A non trivial theorem, proved in [2], states that if ¢ is sufficiently regular
then its Heisenberg graph is a H-regular surface. Our ¢ satisfies the hy-
potheses of that theorem hence S is a H-regular surface. But, as one can
easily check, S is not an Euclidean graph in any neighborhood of the origin.

FIGURE 1. The surface S C H' of Example 3.10 when a = 2/3
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FIGURE 2. Sections of S forx = .2, x =0 and x = —.2

Notice that one could have defined intrinsic graphs in more general ways.
For example, one can drop the assumption that v and tv are subalgebras
asking only that they are linear subspaces such that g = tv @ v. Everything
said up to now about graphs is true in this more general setting, but for
the fact that the coordinate planes in £, and L, are not anymore cosets of
G. This more general setting has been taken by many authors, for example
when sets (graphs) as {(x1, z2, f(71,22))} C H! are studied. In our notation
this amounts to the choice of v = span{7T'} and to = span{X;,Y;}. Here
clearly tv is not a subalgebra and exp tv is not a group.

On the other hand, intrinsic graphs, as in Definition 3.6, enjoy some nice
properties that are not anymore true admitting more general definitions. For
example, if v and to are subalgebras the intrinsic Hausdorff dimensions of
the coordinate planes add up correctly to the total homogeneous dimension
of H". This may be false in more general settings. Think again to H!
with, as before, v = span{7T'} and ro = span{X1,Y1}; then dim(expv) =
2, dim(expro) = 3 (at least in a generic non characteristic point) while
dim(H) = 4.

Moreover, if v and t are subalgebras and if S is an intrinsic graph over Gy,
then also any left translation of S along G, is an intrinsic graph. Precisely,
if p € G then 7,8 = {p-§- (&) : £€EY={n-porp(n): n€nL}
That is, as it happens with Euclidean graphs, if S is the graph of ¢ then
75 is the graph of p o 7_,.

If, in addition, S is a regular graph in the sense of Definition 3.7, it is
possible to write explicitly how S behaves under a generic translation. This
is the content of next Proposition.

Proposition 3.11. Assume that S is a reqular graph, as in Definition 3.7,
over Gy, along Gy, that is S = {®(&) ==& -p(&) : £ € E} and let ¢ € G,
4= Qr - Qo With gw € Gy and gy € Gy. Then the translated set 7,5 is again
a reqular graph over Gy, along G, precisely

¢S = {q)q(n) =1n-pg(n): e E:=q-E-: (%)_1 C G},

where @, : E' — Gy is defined as pq(n) == qv - (¢~ -1 qv). In addition

by =71, 10P00,1, where 0 : G — Gy is defined by op(n) =p-n - pa

Proof. Because Gy, is a normal subgroup of G then E' = ¢ qo-E-qy * C Gro.
Given this, the proof is an elementary computation. O
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3.3. Implicit Function Theorem. In the first part of this section we prove
a preliminary version of the Implicit Function Theorem, precisely we prove
it under the assumption of the existence of v € g/\, that is ‘transverse’ to
the surface. In the next section we will prove that for any k-codimensional,
H-regular surface the previous assumption holds true. In the second part
of the section we provide a number of results related with the regularity of
the implicitly defined functions. The argument in the following proof was
suggested by an argument in [8], about codimension 1 surfaces in nilpotent
groups.

We assume that 1 < k < n and that v = v1 A--- Ay, € H/\k> v # 0.

That is vy, - - , v, are linearly independent, left invariant vector fields in by
satisfying

(15) [vi,vj] =0, forall1<i,j<k.

By definition, xv € H/\2n+1—k and we can assume *v = wy A -+ A Wop 1k,
with wy, -+ ,wop_k € b1 and wop1_ = T. We set v := span{vy,--- , v}
and w := span{wj, - ,wo,41_k} . Notice that both are subalgebras, to is

also an ideal and that o ® v = bh.
With these notations we can state the following rather straightforward
version of the classical implicit function theorem.

Proposition 3.12 (Implicit Function Theorem). Let U C H" be an open
set, p° € U, p° = pO - p) with p), € Gy and p) € G,. We assume that
1 <k<nandthat f = (f1, -, fr): U — R¥ is a continuous function such
that f(p®) =0, v; f; are continuous functions in U for 1 <i,j <k and

det ([Uifj(po)]lgi,j§k>‘ =0

Finally define S :={p €U : f(p) = 0}.

Then there are an open set U' C U, with p° € U', such that SNU' is a
(2n 4+ 1 — k)-dimensional continuous graph over Gy, along v, that is, there
is a relatively open V C G, p2 € V and a function ¢ : V — Gy, with
o(P) = Py, such that

(16) AY

def

(17) SnU' ={2(&) =& 9&), €V}

Proof. Let d := 2n+ 1. Consider the one to one map v : R* x RF — H" ~
R?, defined as

d—k k
def
(18) ¢(3317"° sy Td—k Y1, 7yk) = exp E T|wy - €xp E yivr.
=1 =1

Observe that 1 as a map RY — R is a global diffeomorphism. Moreover
by definition, ¥(R?* x {0}) = G and ({0} x R¥) = G,. We define ), :
Rd_k - Gm as ¢m($1,‘ o 7xd—k) = 1/’(3317 e ,,.’L‘d_k,O) and 1/’0 : Rk - GU
analogously. Let (2,---,y?) = ¥y 1(p). Define the map g : R4* x R¥ —
R* as g = f o), that is

d—k k
g(@i, k) = f (eXprzwz -eXpZywz> :
=1 =1
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so that the following diagram is commutative

H* SU R
/
CH) g
R D y¢~'(U)
Clearly g is continuous in the open set 1) C RY, (29, --- ,y?) € v~ (U)
and g(z9,--- ,y?) = 0. The derivatives 8—92 exist, are continuous in ¥~ (U)
Yj
and agl (a;l, —yk) = (vifi)(e(xr, -+ ,yk)). Hence, assumption (16) reads
as
0g;
(19) det<[8%<x?,---,yz>] )#o
Yj 1<i,j<k

Then classical Imphmt Function Theorem applied to g yields that there
are an open U C C L(U), such that (29, ,99) € U, an open V C R4 with

(29,--+,2Y ;) € V and a continuous R¥ valued function ¢ = (@1, , @) :
Y — R¥, such that
S = {(.’ﬂl,”’ 7yk)€u g(xla )_O}
= {9(@1, xak P21, xa—k)) s (21,0, Tak) €V}

Finally, assertion (17) follows with U’ = (), V = (¥ x {0}) and

def
gpﬁzﬁnogpoz/)m : G — Gy.

0

The regularity of the implicitly defined functions ¢ and ® is a more deli-
cate issue. One can address both the problems of Euclidean and of intrinsic
regularity.

Example 3.13. Let f : H' — R be defined as f(z) = 21 — 1. Then
S ={xr € H':2; = 1} is 1-codimensional H-regular surface. The function
@ is constant: ¢(&1,&2) = (1,0,0) while & — even if it is C* in Euclidean
sense from R? — R3 — is not Lipschitz as a map from G, — Gy.

More generally, if the defining function f is Euclidean regular — say C*
— then both ¢ and ® are Euclidean C*° and, consequently, ¢ € C*°(H", ]Rk).
Here the fact that ¢ is R* valued plays a key role, indeed, as the previous
example shows, in general ® ¢ Lip,,.(H", H").

If we do not assume Euclidean regularity on f, in general the implicitly
defined functions ¢ and ® do not have any Euclidean regularity.

Example 3.14. Let f: H! — R be defined as

flz) =21 — /2] + 25 — 2§

with 1 < a < 2. Then S is a 1-codimensional H-regular surface. In this case
©, as a map from R? to R, is not Euclidean Lipschitz continuous in 0.
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Notice that a much more dramatic example, in this line, is exibited in [15]
where the corresponding function ¢ is non differentiable almost everywhere.

In the Euclidean setting, a C'-surface is locally the graph of a C!-function
and viceversa. In H" the characterization of those functions ¢ whose graphs
are H-regular surfaces is a hard problem, surprisingly somehow connected
with the regularity of solutions of non linear diffusion equations. This prob-
lem is addressed in a forthcoming paper by Ambrosio, Serra Cassano and
Vittone ([2]). In particular, as it is shown in that paper, in general it is
false that ¢ is a Lipschitz function from Gn — G,. Nevertheless, it is true
that, if p(p) = 0, then |¢p(q)| < ¢ d.(p,q), (see Corollary 3.17). This fact
is a key point in our proof of the existence of the tangent plane to any
k-codimensional regular surface.

Proposition 3.15. Given the same hypotheses and notations of Proposition
3.12 we assume also that there are a € (0,1] and ¢, > 0, such that

(20) |f (&2 - 0(&1))|rr < calde (61,62))°
for fizred &1,& €V with & - p(&1) € U'. Then there is ¢ > 0 such that
(21) de(p(£1),0(82)) < c(de (£1,€2))

Proof. First observe that (19) yields that there is » > 0 such that the map

Yty Yk = f(€¢0(y17 7yk))7
from R¥ to R*, is invertible in 1! (B(po,r) ﬂL{’), for each fixed £ € Gy,
when £ close to pom. Moreover the inverse map is bounded, that is there is
c1 > 0 such that

[ ) — 7 ) lre < el F(E - m2) — FE-m) s
when 71 and 7o are sufficiently close to pg. Observe also that assumption
(15) yields that the map 1, : R¥ — G, is globally bilipschitz.
Hence there is an open V' C Gy, with p) = (29, ,29 ;) € V', and
a costant ¢ > 0 such that for &,& € V', we have
|f (& o@)lpr = [f(&-9(&2)) = f (& e(&1))|ge
> e de(p(61): p(&2)) -

On the other side, from assumption (20) we get

[f (o€l = |f (1 0(&2)) = f (§2- 0(&2)) g
< Ca(dc (517 £2))a'
Hence we get (21). O
Remark 3.16. Hypothesis (20) is not an easy one to verify. A special instance

of it, that we will use later, is the following: if f € [CL(U)]*, then f €
Lipyy. (U; R¥) hence there is L = L(V) > 0 such that for &,& €V,

|f(&2 - (&) rr = |f(&2 - @(€1)) — f(&1 - @(&1))Ign
< Lde(&2 - ¢(61),61 - ¢(61))-
Now if

(22) de(&2 - (&), &1 - 0(&1)) = de(&2,61)
then (20) holds with o« = 1. Notice that (22) trivially holds when ¢(&1) = 0.
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Corollary 3.17. Given the same assumptions and notations of Theorem
3.12, assume also that f € Lip,..(U,RF). Then, for any relatively compact
V' C V, there is a positive constant ¢ such that the implicitly defined function
© satisfies

(23) de (¢(&1),0(80)) < cde (&1 ¢(&0), &0 - w(60))

for all &,& € V'. Moreover if ¢(&) = 0, that is if §g € SNU N Gy, then
(23) becomes

(24) |90(£)| <c dc(§7§0)7 Vf eV

Proof. If p = & - ¢(&) € S then, working as in Proposition 3.11 — here
we use that Gy is a normal subgroup of H" because tw is an ideal in b
— we get 7,18 = {n-g,1(n) 7 € E'}, where pp-1(n) = p(é)" -
% (p -n- go(fo)_l). Now ¢,,-1(0) = 0 hence, keeping in mind the preceding
Remark, from Theorem 3.12 we get |¢,-1(§)] < ¢ [£], for all £ € G NV,
that is |o(&0) ™ @ (p- & w(&)™)| =de (@ (p- & 9(&0)™1), 0(&0)) < c €]
Putting now &1 :=p- & - (&) ! we get (23) and (24). O

Coherently with our purpose, previous results were stated in an intrinsic
form, that is in coordinate free formulation. Later on we need also identities
written ‘in coordinates *. To this end we define a function ® that is nothing
but the function ® seen in exponential coordinates.

Definition 3.18. Using the notations in the proof of Proposition 3.12 we
define ® : V — R?"*! by the commutative diagram

Go —2 H®

o] T

R2n+ 1—k Rd
P

Hence, if x = (z1,...,24-1),
&)(33) = (T1,  Taky P1UTL, s Tak)s - PR(T15 - Tak))
where 1, ... ¢ have been defined in (14).
We evaluate here the Jacobian of the map v defined in (18).

Proposition 3.19. Let 1 < k < n, with the same notations of Proposition
3.12, we assume v = vy A -+~ ANvg € g\, and w = wy A -+ AN Wappi—k €
HN\opy1—k> With wy A ANway g € No,_p b1 and wapq 1 =T. Then

(25) |detJ¢,|:|w1/\~'/\w2n+1_k/\vl/\"-/\vk|
and
(26) |det Jy, | = w1 A -+ Awappa—kl.

Hence in particular if we choose w = *v and |v| = 1 we have

(27) | det Jy| = 1.
27



Proof. Let d =2n+ 1, then, for  =1,...,d — k,
d—k k
B(&m) == exp(d_&wy) - exp(  njvj)
j=1 J=1
= eXp(Zj 1jv;) - exp(zj# &jw;) - exp(§ewe) + o T,

oy depend on all the variables £ and 1 but not on ;5. Hence, because v;
and w; are invariant by translations, we have

oY Oay oY
— =wy+—T, forl+#d—k, and =1T;
0 “T o, 7 Oar
oY .
— =w;, forj=1,...,k.
on; ’
Hence
o o Oaq
B B NP i) R ity o AT
|deth| ‘851/\ /\ank ‘<w1+8£1 >/\ ANL Nvp A A%

=|wy A Awg— Avp A -+ Ao
= |(x(wy A Awg_g),v1 A+ Avg)]
and if w = v, with |v| =1,
= v* =1.
The proof of (26) follows analogously. O

The following result is well-known.

Lemma 3.20. Let £ = & A - A&, =m A A € \pb be simple
k-vectors in R?"*1. Then

(28) (€M, rentr = det [(G, mj)man+a]; oy -

Lemma 3.21. Let E =& AN € A\phandn=m A Ang—r € Ng_r b
be simple. If

(29) (&ismj)ren+r =0 for i=1,...k, j=1,...,d—k,

then & and xn are linearly dependent, where here the x operator is the Hodge
operator associated with the Euclidean scalar product in R?"T1,

Proof. Put d := 2n+ 1. Since (-, ‘>/\k rd 1S a positive definite scalar product
in A, b, we need only to show that

(€wm) p, el = (6D p ) V2 (o, ), et) 2

First notice that, by definition, (x7, *77>/\k rd Ap1A- - Adpani1 = (—1)F@=F) () A
n=mnAx*n=(n, 77>/\d,de dpy N\ -+ N dpapy1, so that we have to show that
(&, xm) el = (6O A, ) (A, me) 2.

Denote now by C' = [¢; )i j=1,..,4 the (d x d)-matrix with rows ordinately
given by 617 o 76/{:77]17 ceoy Nd—ks i’e'7 1f€l - (£i17 o 7§id) and N = (771'17 cee 777id)7

then
gij if izl,...,k,jzl,...,d;
P
I nig i i=k+1,...,d,j=1,....d.
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Keeping in mind (29) and (28), we have

(det C)? = det C''C

(€1,&1)pa (€1, &) pa 0 0
~ got | Er&ra (€ Sk ) Re 0 0
0 0 (M, 771>Rd (1, 77d—k>Rd
0 0 ..
.0 0 (Ma—t, ) pa (Ma—ts Nd—k)ra |

= <£’£>/\k Rd<77>77>/\d7de7

and the lemma is proved.

O

Proposition 3.22. With the notation of the Implicit Function Theorem (see
Propostion 8.12) and of Definition 3.18, suppose now that f is continuously
differentiable in the Euclidean sense. Then the implicitly defined function ®o
Y — that is continuosly differentiable by usual Fuclidean Implicit Function
Theorem — satisfies the identity

VAN AV fe()|p, ra
A O(P o ty)
N |det Jw| 851 ( )
where € = (® 0 )L (p) and A = A(® o Ui (£)).
Proof. Let d = 2n + 1. Since f;(® o Y(€)) =0 for € € V, we have

O(P o Yy
(V fi(P o hy), (T;p)>Rd =

fori=1,...,kand j=1,---,d — k. By Lemma 3.21, this implies that, for

gev.
VA A AT =20+ (R e) nen AT )

where, as in Lemma 3.21 and through all this proof, * denotes the Hodge
operator with respect to the Euclidean scalar product.

To evaluate A(p), from the above identity, setting dV := dpy A --- A dpg
and v =wv; A -+ A v, we get

(v, Vfilp) A--- A ka(p»/\de dv

(P 0 o) (P 0 )
01 084k (§)> '

O(P 0 )
. 08q—k

€)

Ai RY

(30)

:)\(p)<v1/\-~/\va NN

By Lemma 3.20, we can also write
(0.9 12(p) A+ A TS,
= ‘det [Uifj]i,jzl,...,k‘ = A.

By Definition 3.18, vy(® 0 1w(€)) = ve(vh 0 ®(&)) = Jy(®(€))eq_ge, for
¢=1,..., k. Indeed, for any point (z,y) = (z1,...,Z4—k, Y1,---,Yk), We can

29
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always write ¥ (z,y) = exp Z 1 Tjw;j - exp ( 120 Yii ygvg) = exp(ypvy) -
(exp E?;'f Tjwj - exp Ei# Yivi), so that a—;i = v(¢Y(z,y)). Analogously

(P o y) oD

a¢; &) =Jy (‘i’(f))agj &), for j =1,...,d — k. Hence

(P 0 1y) (P oY)
vl/\-”/\vk/\iagl 78&1-1&

- 0P 0P
= det Jy,(®()) - <€d—k+1 ARERWANCE WAN a—gl(f) ANREREAY DErr (f))

On the other hand, by construction, 85 ( ) = Ze 1 ( )ed—k+¢+e;. Using

E A A (&)

(32)

this and keeping into account Proposition 3.19, (32) becomes
O(P o) A (P 0 yy)

V1A ANV A A
N 1 k 6 €3] DEry €)
( ) Zdetjw (ed_k+1/\"'/\6d/\61/\"'/\ed_k)
= erdet Jy, dvV,

where €7 is 1 or —1 according to the parity of the permutation (d — k +
.,d,1,...,d—k). Thus, combining (30), (31), and (33), we get A =
|Al|det Jy|, and, consequently,

IVfi(p) A+ AV fr(p)]

Ay (P 0 thy) (P 0 1hy)

(34) ~ ety | < AN A (£)> ‘
_ |A‘ 8(@ © me) 8((1) © T/Jm)
| det Jy| 08 OX 0&a—k (5)‘.

O

3.4. Regular Surfaces locally are graphs. In this section we prove that
k-codimensional H-regular surfaces are, locally, graphs in the Heisenberg
sense. That is we have to show that assumptions of Proposition 3.12 hold
true. In particular, if we assume, accordingly with the notations of Propo-
sition 3.12, that the surface S is locally defined by the equation S = {p €
U : f(p) =0}, we have to check that if Vg fi A-+- AV fi # 0, then there

exist k, linearly independent, horizontal vectors vy, ..., v, such that
(35) [vi,v;] =0, for 1 <i,j <k,

def
(36) A € get ([sz]]1<”<k>‘ > 0.

Notice that this problem does not appear when k = 1; indeed if Vg f # 0
then there is at least one ¢ € {1,...,2n} with W;f # 0 and we can take
v = Wz

When &k > 1, condition Vg fi A--- AVgfi # 0 yields the existence of
k vectors in Xj,...,Y, such that (36) holds but not necessarily (35). For
instance consider the following example

Example 3.23. Let f = (f1, f2) : H? — R? be defined as

f(p1,...,p5) = (p1,p3).
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Then S is the 2-codimensional plane S = {p; = p3 = 0}. Writing explicitly
the 2 x 4 matrix associated with dg f, we see that all 2 x 2 minors vanish
but for

Xifi, Yif 10
(37) [Xif; Yif;]:[o 1]'

Clearly, the choice v; = X; and vy = Y] satisfy (36) but not (35). Hence
we cannot foliate H? using integral surfaces of v; and wvs, by Frobenius
Theorem. Nevertheless an adapted foliation, satisfying both (35) and (36),
exists: indeed it is enough to take

(38) n X+ X, ¥y v

Clearly this is a typical non Euclidean phenomenon.

In the following part of this section we prove that the procedure in (38)
can be generalized. First we start showing how to generalize it to the case
of 2-codimensional surfaces in H", n > 2.

Proposition 3.24. Forn > 1, let f = (f1, fo) : H* — R?, f € [CL(H™))%
Assume there is p° € H" such that

[ X2, e, Yahi () } #0
X1f2(0"), -+, Yaf2(0?) '

Then there are an open U > p° and a simple, integrable v = vi A vy € 1/\s
such that, for p e U,

v1f1(p), vafi(p)
det [ v1fa(p), vafa(p) } 70

Proof. We adopt the notation W7 := Xq,--- ,Ws, :=Y,,. Then we assume,
without loss of generality that Wy f # 0.

If there is (2, 7) with ¢ < j and (4, j) # (i,i+n) such that (W; AW;)f # 0
then the proposition is proved with v = W; A W;.
On the contrary assume that

(39) (Wi AW f =0 Y(i,5) with i < j and (i,7) # (i,i +n).

From (39) with ¢ = 1 we get that Vh,l # n + 1, both W}, f and W;f are
a multiple of Wi f, since Wi f # 0 we get that Wy, f and W;f are linerly
dependent, so that

(40) (Wi AW f=0 V(h,1) with 1 < h <1 <2n;h,l #1+n.

From (39) and (40) we have that only (W; A Wy41)f # 0. Hence if we
choose v = (W1 +Wa) A (Wit — Wayy), then v is simple, v € g/, (because
v € Ny b1 and (df|v) = 0) and

v(f) = (Wi AWi)f #0.
U

We deal with the general situation of a k-codimensional surface in H" in
the following Proposition. We keep using the notation Wy := Xy,--- | Wy, :=
Y,.
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Proposition 3.25. For 2 < k <mn, let f = (f1,...,fx) : H* — RF, f €
[CL(H™))*. If there is p° € H", such that

rank [M/ifj(po)] 1<i<2n,1<j<k k,

then there are an open U > p° and a simple, integrable k-vector v = vy A
- ANy € g\, such that, for allp € U,

det [v; f; (p)]lgi,jgk 7 0.

Proof. During the proof of the present theorem we use the following no-
tations: a h-uple I = (i1,...,45) is said to have degree j, a non negative
integer, if I contains exactly j different couples of the form i;,4; + n or,
equivalently, if there are exactly j (different) elements 7, ,. .. ,i; € I such
that also i, +n,...,i;;+n € I. Clearly j < [h/2]. Notice also that, to avoid
trivialities, we always assume that iy # - -+ # ip.
We also write Wy for Wj, A--- AWj, for any h-uple J = (ji,...,jn)-

Let us now come to the proof.

If there is a k-uple I* with degree 0 such that Wy« f # 0 then the propo-
sition is proved with

v = W]*.

If this is not true, recalling that rank(W f(p)) = k, we have that there is

J*, 0 < g* <[k/2], such that

(41) Wif=0 for any k-uple I with degree < j*
while there is at least one k-uple I* with degree j*,

I :('] s U1, ,Zj*,11+n,"' 7Zj*+n)7

such that
(42) Wi f # 0.
Notice that the degree of J* = 0. Clearly, J* can even be empty.
Now let us choose indices hq,--- , hj+ such that
o 1< hy,--- hjx <my
° hl,"' ,hj*,hl + N, ,hj* —I—’I’L¢ I*.
It is easy to convince oneself that such a choice of hq,---,hj+ is always
possible.
The simple vector v in the statement of this proposition is defined as
def
(43) v = Wy /\(I/Vil +Wh1)/\(m1+n_Wh1+n)/\"'

A (Wi + Wi ) A (Wi in = Wiy )

Clearly, v € A\, b1 but also
v E H/\k'

Indeed, from Theorem 2.8 we know that any v = v1 A---Avg € A\, b1 belongs
also to g/\; if and only if (df|v; Av;) =0, for all 1 <i,j < n. In this case,
it is enough to observe that for 1 <[ < j*

(dO|(Wi, + Wi,) N(Wign — Whygm)) = 0.

The proposition then follows from the following
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Claim:
v(f) =W f #0.
Proof of Claim: Write
(40) o) = (WA (Wi + Wi ) A (Wipein = Wit ) ) ()
where

W =Wy A (I/Vll + Whl) N (Wil-i-n - Wh1+n) AR
A (Wage s+ Wiy ) A (Wi = Wi i) -

J

The first step in the proof is to show that
(45) o(f) = (W AW AWt ) (F):
Indeed
v(f) = (W AW A Wz‘j*+n) (f) — (W AN Wh o A Whj*+n) (f)
+ (W AW, A Wij*+n) (f) (W A Wi, A Whj*w) (f).

It is easy to see that the last two terms vanish. This follows from (41)
observing that both of them are sums of terms as W;f where the degrees of
the various k-uples I are all < j*. It is more complicated to show that also

(W AWh o A Whj*+n) (f)=0

This can be done observing that (W A Whe AN Whu4n)(f) is the sum of
terms as (W(J,hj*,hj*Jrn))(f) where J is a (k — 2)-uple of degree < j*, then
remembering (41) and (42), all these terms vanish as proved in the following
lemma.

Lemma 3.26. Assume that J = (j1,...,Jk—2) is a (k—2)-uple with degree(J) <
7% —1; assume also that i, h are two fized integers such that 1 <i# h <mn
and that i,n +i,h,n+ h ¢ J. If, for any k-uple I with degree(I) < j*,

W(J,z',z'+n)f #0 and Wrf =0
then
(46) Wy AW AWhpin)f =0.

Proof. Observe that both the k-uples (i,.J,h) and (i,J,h + n) have degree
< j* — 1. Hence, from the hypothesis of the Lemma,

(WJ AW, A Wh)f =0 and (W] ANW; A Wh+n)f = 0.

Thus there are k-uples of real numbers (a1, o p, 1 j,..., 015, ,,) and
(02, O htm, 2,15 - - -, 25, _,, ), both non vanishing, such that
k—2
a i Wif + a1 Wi f + Z ;Wi f =0
(47) .
a2 iWif + agpinWhanf + Zazszjzf =0.
I=1
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If o1 = 0 then W), f and W, f are linearly dependent, hence (46) follows.
If as; = 0 we get the same conclusion. If, on the contrary, both aq; # 0
and ag; # 0 then (47) yields

k—2 k—2

(48) BLaWif +> BriWink = BonanWhinf + Y By Wi f,
=1 =1

where 3 s = oy s/ou,1. Hence Wi f, Wiy, f and W), f are linearly dependent
and once more (46) follows. Notice that the assumption Wriitn) [ # 0
yields W; f # 0 and this one in turn is used exactly here to be sure that the
Bt.s are not all 0. O

To conclude the proof we consider one by one all the other indexes
il) e 7ij*—1-
Precisely, starting from (45), we can write

U(f) = (WJ* A (Wzl + Wh1) A (Wi1+n - Wh1+n) ARE
/\ (I/Vi-*_l + Whj*71> /\ (‘/Vi]-*_l—i-n - Whj*71+n)

J

AN Wi A Wz’j*—i-n) (f)
= (W A <Wij*_1 + Whj*,1> A (W/}j*_1+n - Whj*,ﬁn)) (f)

where the new W is
W (D) We A Wiy + Wiy) A (Wi — Wiy gn) A=+
A (Wi]-*_2 + Whj*,Q) A (Wij*_g—i-n - Whj*,2+n>
ANWi AWipn.
We use the same argument as before to get that
o(f) = (WA Wi, AWiotamt) ()
=Wy AN(Wiy + Why) A(Wiym — Whygn) A- -
A (VVz'j*,2 + Whj*_Q) A (Wz‘j*,2+n - Wh]-*_2+n)
AWie s AWie qn A Wi A Wz‘j*+n) (f)-

Now it is clear how to proceed to exhaust all the remaining indexes.
This concludes the proof of the Claim and of the Proposition. O

Theorem 3.27. Let S C H" be a k-codimensional H-regular surface, 1 <
k <mn. Then S is locally a reqular graph, that is, for each p € S it is possible
to choose an open subset U C H", with p € U, a simple k-vector v € y/\;, a
simple (2n + 1 — k)-vector w and a function ¢ : Gy — Gy such that

SNU={{ - ¢(§): £€VC G}
Moreover it is possible to choose v and w such that |v| = |w| = 1.

Proof. The statement follows combining Propositions 3.12, 3.24 and 3.25.
(|
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3.5. The tangent group to a H-regular surface (low codimension).

Definition 3.28. Let S = {z : f(x) = 0} be a k-codimensional H-regular
surface in H" (with 1 < k < n). The tangent group to S in p, indicated as
1§ S(p), is the subgroup of H" defined as

def

TES(p) = {x e H" : dp fp(x) = 0}.

The group normal (or horizontal normal) ny(p) € /\k,p b1 is defined by

s (p) def Vuafip) N--- AV frp)
" IVufilp) A AVufrp)]

The (2n + 1 — k)-vector ty(p) € Ny, y1-1p b defined as

def
tu(p) = *ng(p)
will be said to be the group tangent to S in p.

Notice that the group tangent vector is never horizontal. It can always
be written in the form ty(p) = £ AT, where € € /\2n_k7p h1 (Proposition 5).
Moreover, if tyy(p) = v1A- - -Avgy 41—k, then T S(p) = exp(span{vi, ..., vop1-k})-
As in the Euclidean setting, a H-orientation of S will be identified with a
continuous horizontal group vector field, or, equivalently, with a continuous
group tangent vector field. If they exist, then S is said to be H—orientable.
Finally notice that the definitions of ¢y and of ny are good ones. Indeed,
as proved in the following Proposition, the notions of Heisenberg tangent
group and consequently of horizontal normal to S do not depend on the
defining function f.

Proposition 3.29. If S is a k-codimensional H-regular surface (with 1 <
k<n)andpeS, then

(50) Tang (S, p) = 7,15 S (p).

Proof:  Since T§ (7—,S)(0) = T S(p) it is enough to prove that if 0 € S
then

Tang(S,0) = T55(0).

With the same notations as used in Proposition 3.12, fix r9 > 0 such that
B(0,79) € U" and S N B(0,r9) = {x € B(0,r9) : f(x) =0} = {®(¢) :=
§-p(&): €€V} Forr > 1, define S, := 6,5 and f, :=rf 0dy,. Clearly,

S, N B(0,770) = {x : d1/,x € SN B(0,79)} = {x € B(0,7r0) : fy(x) =0}

={6,P(&): £eV}={P.(§): &€ V}.

Where we have defined ®, := §,0®0d; ;.. Notice also that f,. € Cy(B(0,77))
and for any left invariant, horizontal vector field W and for all = € B(0,rr¢)
Wi () = Wi (0y/02).

Define now fo, : H* — R¥ as fooi(z) = (Vi fi(0),72)0, for i = 1,--- | k.
Observe that, because f € Cf(H"), fr — foo as r — +oo uniformly on each
compact subset of H" and that, by definition of tangent group,

T5S(0) = {7 : foo(2) = 0} = {@c(§) 1 € € G},
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where @, : Gy — T3%5(0) is implicitly defined by foo(Poo(€)) = 0, but can
be also explicitly written solving the equation foo (€ - exp(Zf:1 V) =0
with respect to &.

We want to prove that, for each £ € Gy,

(51) D,.(8) > Poo(&) asr — +oo.

First observe that, for each fixed £, r — ®,(¢) is bounded for r — +o0.
Indeed, from the Lipschitz continuity of ¢ (see(21)) it follows |®(&)|. =
1€ 0(O)e < [€le + 1p)]e < (1 + ¢)|]e, where ¢ is the constant in Corollary
3.17. Hence

[©1(E)le = [(6r © @ 081 )(§)]ec = r|®(b1/r8)]e < (1 +)[01/7E]c = (L4 ) [E]c-

Hence, for each fixed &, the limit class of ®,.(£) as r — 400, is not empty.
Moreover, if ®,, (§) — I(§) as 1, — +00, because f, — fo as r — 400
uniformly on compact subsets, it follows that [(§) = ® (&), and we have
proved (51).

Since for r large ®,.(¢) € S,, from (51) it follows

T§5(0) C Tang(S,0).

To prove the opposite inequality, assume py € S, and p, — p as rj, —
+o00. For h > hg, py, € Sy, N B(0,ryry), hence pp, = @, (§) with &, € Gp.

But, 0 = fr, (P, (§n)) — foo(p), hence foo(p) = 0 and p € T75(0).
O

4. SURFACE MEASURES AND THEIR REPRESENTATION (LOW
CODIMENSION)

Theorem 4.1. Let S be a k-codimensional H-regular surface, 1 < k < n.
By Theorem 3.27 and with the notations therein, we know that S is locally a
normal graph, that is we can assume that there are an open subset U C H",
a function f = (f1,..., fx) € [CLU)]¥, a simple k-vector v =01 A---Avy €

w\gs with |v| = 1, a simple (2n + 1 — k)-vector w v € H\ont1_ps @

relatively open V C Gp and a continuous function ¢ : V — Gy such that

SNU={zel: f(x) =0} ={P(&) déff-gp({), ¢ € V}. Now, if we put

Alp) &

det [Uz'fj(p)]lgi,jgk‘ #0 forpel,
then

\VafiN--ANVgfil
A

(52)  SLFL(SNU) = ¥y ( o q>> HETR Gy
Here, for a measure i, ®ypu is the image measure of ju ([21], Definition 1.17).
Notice also that, since Gy, is a linear space, H2E”+1_kl_Gm = L2nF1F | G,
the (2n 4+ 1 — k)-dimensional Lebesgue measure.
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Remark 4.2. If we assume simply that SNU is a regular graph (and not an
orthogonal graph) then formula (52) takes the following more general form

SOk (Snu)

_ |deth| P IVafiN - AVgfil
[det Ty, | A

and recalling the computations in Proposition 3.19,

v A w| \VufiN- AVafyl on+1—k
= ) o) H L G.
|w| f A © E o
Proof. Let d = 2n+1. We need the following Differentiation Theorem whose
proof can be found in Federer’s book (see [9], Theorems 2.10.17 and 2.10.18).

Theorem 4.3. [Differentiation theorem] Let p be a reqular measure and ¢
the valuation function defined in (4) and used in the definition of the measure

S If

CON T s SO NS
then
(54) p=s(x)SLF

We are going to apply the Theorem 4.3 to the measure p = pg defined as

15(0) déf/ |VHf1/\"'/\VHf’“|o@deE—’“LGm
P—1(0) A

for any Borel set O C H". By Theorem 4.3, identity (52) follows once proved
that

55) r—0 r@— A
( (Pil(BOO(pJ‘))

= ZWQ—k—Q-

Hence we shall prove (55).

Step 1. Without loss of generality, in (55) we can assume p = 0. Indeed,

using the fact that, with the notations of Proposition 3.11, the Jacobian of

the map 7 — o,(n) def p-n-pyt from Gy ~ R*F to itself is identically 1,
37



we have

/ IVafiN--- AV fil
&~ (Boo (p,7))

X 0® dHE L Gy

_ / Vufi N AV fi

i 0o® o, dHE FL Gy

op 0@~ (Boo(p,r))

— |va1/\/\Vka| OTp—lo@p—l deE—kLGm

A
(®,-1)"(Boo (p,r))

_ / IVua(fiorp) A AVE(from)|
= A

0®,1 dHE "L Gy,

(®,-1)"(Boo (p.r))

where A, = ‘det ([Ui(fj OTP)]lSi,jSk)‘ . Remember that 7,-1(S) = {z :
(f o1p)(x) = 0}. Hence, the limit in (55) equals the same limit when we
replace S by 7,-1(5) and accordingly p with 0. This concludes the proof of
Step 1.

Set now, for p >0, fi/, def % fod,and @y, def 01/, 0 ® 0 d,. Notice that
for the dilated set d;/,S we have 6;,,8 = {z € §;,,U : fi),(x) =0} =
{®1/,(6) : £ €01/,V}. Then defining, analogously to ps,

146, ,,9)(Boo(0,7))

def / Vafijpa N ANVE g
Aiyp

0 ®y ), dHE FL Gy,

@7 (Boo(0,1))

we have
Step 2. If p > 0, then

(56) WSO — s, (B 0,1,

Given the homogeneity of the horizontal vector fields with respect to
group dilations, (56) follows by the change of variables 2’ = ¢,(z). Indeed,
the Jacobian of this tranformation from Gy, to itself is equal to p*~¢, since
T €, and (B (0, p)) = 3,(27/ (B (0,1)).

Step 3. We can prove that

limy 11(s,,5) (Boo (0, 1))

_ / Vi foo1 A AV fookl
JAVSS

0 Poo dHEFL Gy
(57) B2 (Boo (0,1))

/ IV fi(0) A--- AVa[fir(0)]

A 0 Doy dHE L Gy,

P! (Boo(0,1))
where, as in Proposition 3.29, o : Gn — T35(0) = Tang(S,0) is im-
plicitly defined by the equation foo(Poo(§)) = 0, fooi(x) = dp fig(z), for

i=1,---,k, and Ay is defined accordingly.
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Indeed, let 1. and 12 . be nonnegative Lipschitz continuous functions
supported, respectively, in an e-neighborhood of By (0,1) and in By (0,1)
and such that ¢ . =1 on By (0,1) and 92 =1 on By (0,1 —¢). Then

Vi foo1 N AVEHfookl
A

hae © Poo dHG
G
(58) < liminf i, ,5)(Boo(0,1)) < lim sup 1(s,,,5)(Boo(0,1))

p—
< / ‘vaoo,l A
G

- AVHfookl Yoo D dH%—k’
Ao ’
thanks to the uniform convergence of f,, — fo and of @1/, — P. Letting
now € — 0, we get eventually (57). This concludes the proof of Step 3.

The function f, = dgfo is an H-linear map, hence, as a map from
R? — RF, it does not depend on the variable py, 1. It follows that

|VHfoo,1 AN /\VHfoo,k’| = |Vfoo,1 AN /\Vfoo,k|/\de .

Remember that the first norm in the preceding inequality is the norm in-
duced in A, b1 by the norm in A, h;. Moreover notice that f is Euclidean
smooth, so that we can apply Proposition 3.22. Starting from (57), with
U = Bx(0,1), we get

/ IVH foo i A+ AV H foo il

A 0 Do dHE "L G

o (U)

Vi fooi N AV H foo k] .

Al (Poo © Vo) |det Ty, | dHG "

(Pooothn )~ (U)
|Vfoo71 /\ PN /\ vfoo7k|/\k R4 .
Ao

(oo 0 Pro) |det Ty, | dHEF
(Pocothm )~ (U)
and using Proposition 3.22

O(Pso 0 V) O(Po © Yyp) |det Jy, |

= e .7 Yt e dHEF
961 Oa—r  |p, ra |det Jyl e
(®ocot) 1 () *
\detJ¢ ‘ d—k |’U)|
= —" T S,0) N By (0,1)) = 2w _2,
oy M (Tans(5,0) N Boe(0,1) = 20
from Proposition 3.19. U

As in [11], Corollay 3.7 we can prove the following Corollary.

Corollary 4.4. If S is k-codimensional H-reqular surface with 1 < k < n,
then the Hausdorff dimension of S with respect to the cc—distance d., or any
other metric comparable with it, is QQ — k.

Recall that regular surfaces in general are not Euclidean regular. In fact,
as we already stressed, recently Kirchheim and Serra Cassano provided an
example of a 1-codimensional H-regular surface S in H' that has Euclidean
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Hausdorff dimension 2.5 and hence it is not a 2-dimensional Euclidean rec-
tifiable set. Thus, the topological dimension of S equals 2, its Euclidean
Hausdorff dimension equals 2.5 and its intrinsic Hausdorff dimension equals
3.

Nevertheless, if it happens that S is a k-codimensional Euclidean C! sub-
manifold of R?"*1 = H", 1 < k < n, then the surface measure H%"H_k LSis

locally finite and its relation with the spherical Hausdorff measure S&HL g
takes a particularly simple form. This is the content of Theorem 4.6. In
codimension 1, the formula has been proved by the authors in [10], and,
with the H-perimeter taking place of the Hausdorff measure, by Capogna,
Danielli and Garofalo in [7].

Lemma 4.5. Let S be an H-reqular surface of codimension k and suppose,
in addition, that S is also an Euclidean C'-manifolds. With the notations
of Theorem 4.1, we have

82n+2—k I_S
o0
1/2
(59 R
= Z Wiy Aveo A Wikan>/\k R2n+1 HEn+ LS,
1<ip <<, <2n
where

 YAAAVR Y
VLA AV filp, r2ntr [V A, 2

n=nyN---ANng

is a continuous Fuclidean unit normal k-vector field and W1 = Xq, ..
Won =Y,.

i

Proof. Denote by © : A\; b1 — R?" the map that associates with an horizon-
tal vector its canonical coordinates with respect to the orthonormal basis
Xq,..., X, Y,...,Y,. Clearly, © is a vector space isomorphism and an
isometry. We still denote by © the induced operator acting from A, b; to
ApR?™. We have, for 1 < j <k, O(Vyf;) = (W e Vf;) where we have set

(WeVf) def ((Xl,Vf>R2n+1,...,(Yn,Vf>R2n+1) € /\1 R2".

Notice that, thanks to the assumed Euclidean regularity of f, the local
parametrization ¢ of S is continuously differentiable in the Euclidean sense.
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Hence

IVafi N AV filp, b
1/2
1<y << <2n
1/2
= Z (VVH ARERNAN Wzk,nﬁ\k R2n+1 |Vf‘/\k R2n+1
1<i1 << <2n
and by (34), it follows

1/2
= Z (ml A /\mk,n>3\kR2n+1
1<i1 <<, <2n
A (P o ) (P o Py)
Aeee N 7/
Replacing in (52) we obtain eventually (59). O

Strictly speaking, an Euclidean regular surface S may be not H-regular.
Indeed, even if S is locally the zero set of a function f € [C'(R*"+1)]F C
[C (H™)]* with non-vanishing Euclidean gradient, nevertheless the non-degeneracy
condition Vg fi A --- AN Vgfi # 0 may fail to hold at some points. As in
[18], a point p of an Euclidean C! submanifold S is said to be a character-
istic point of S if Tan(S,p) C H Hj, and, consequently, the non-degeneracy
condition fails. We denote by C'(S) the set of these points.

When k = 1, it is known that C(S) is small inside S. There are many
results in this line, under various regularity hypotheses on the surfaces and
using different surface measures (Euclidean versus intrinsic) to estimate the
smallness. Balogh (see [6]) was the first one to prove that, in the Heisenberg
groups, the intrinsic (@ — 1)-Hausdorff measure of the characteristic set of
an Euclidean C! surface vanishes. Recently, Magnani ([18], 2.16) extended
this result to Euclidean C!-submanifold of arbitrary codimension in general
Carnot groups. Precisely, in the setting of the Heisenberg group, we have

(60) SLHC(8) =0

if S is an Euclidean C'-submanifold of codimension k, 1 < k < n in H".
Since a C!-submanifold S in H" can be written as S = C(S) U (S\ C(5))
and S\ C(S5) is a H-regular surface, then, by Lemma 4.5, we have
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Theorem 4.6. If S is an Euclidean C'-submanifold of codimension k, 1 <
k <n in H", then

SytkLs
1/2

1<i1 < <0, <2n
1/2

2
— Z (det [(I/Vil, nj>R2n+1]€,j=1,...,k> H%n—i—l—k L S,

1<) << <2n

where n =ny A--- Ang is a continuous Fuclidean unit normal k-vector field
and W = (Xq,...,Yn).

5. APPENDIX: FEDERER-FLEMING CURRENTS

We give here a natural definition of (Federer-Fleming) currents with re-
spect to an intrinsic complex of differential forms on H"” and we also see that
H-regular surfaces can be naturally identified with currents defined in this
way.

Let U be an open subset of H” and let D*(U) = DY(U) @ - - D> 1(U) be
the graded algebra of C* differential forms on R?"*! with compact support
inlU.

Definition 5.1. Following Rumin [26] we denote by Dk (U) (Heisenberg
k-differential forms) the space of compactly supported smooth sections re-

spectively of g\, = /%kh, when 1 < k < n and of g\, = J* when
n+ 1<k < 2n+ 1. These spaces are endowed with the natural topology
induced by that of D*(U/). We denote by D (U) = DY(U) @ --- & Dy (U)
the graded algebra of all Heisenberg differential forms with compact support,
where DY (U) = C=(U).

The following Theorem is proved in [26].

Theorem 5.2 (Rumin). There is a linear second order differential opera-
tor D : DE(U) — Dyt (U) such that the following sequence has the same
cohomology as the De Rham complex on U :

0— Do) Loty L Lprwy 2
2Dt ) S S D W) — 0

where d is the operator induced by the external differentiation from DF(U) —
DM U), with k #n.

Definition 5.3. We call Heisenberg k-current, 1 < k£ < 2n + 1 any contin-
uous linear functional on D (U) and we denote by Dy 1 (U) the set of all
Heisenberg k-currents.

Proposition 5.4. If1 <k <n, any T € Dy 1(U) can be identified with an
element T' of Di(U), the space of all Euclidean k-currents by setting
~ def
T(w) = T(w])
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for any w € D*(U).

On the other hand, if S € Dy(U) is such that S(a A 0)
a € DY U) and S(BAO) = 0 for any B € D*2U) if k
induces a Heisenberg k-current T € Dy ,(U) by the identity

0 for any
2, then S

AV

T(W]) € S(w)

for all [w] € DE(U). Obviously, with our previous notations, T=S.

Definition 5.5. Let T be k-dimensional H-current in an open set & C H",
then the mass My (T) of T in V C U, V open, is

My(T) o sup{T(a) : a € DE(V),|a| <1}

Remark 5.6. In the last few years a very general theory of currents in metric
spaces was developed by Ambrosio and Kirkhheim in [3]. As pointed by the
same authors in [1], this approach, when particularized to Heisenberg groups
with Carnot—Carathéodory distance, is not satisfactory. Indeed, they prove
the non existence of rectifiable 2n 4+ 1 — k-currents (in their sense) in H"
when k£ < n. This depends, once more, on the non existence of Lipschitz
injective maps from R?"t1=F to H" when k < n.

On the contrary there are plenty of Heisenberg (2n+ 1 — k)-currents given
as integration on H-regular surfaces of codimension k& < n, as we shall see
below (see Proposition 5.8). These Heisenberg currents carried by H-regular
surfaces play a major role in applications since most naturally they will be
the building blocks of Heisenberg rectifiable currents (whose theory has to
be developed).

On the other hand, Ambrosio and Kirkhheim (see Theorem 4.5 in [3])
proved that rectifiable metric k-currents in H", when k < n, are carried
by k-dimensional rectifiable sets of H™. These sets are, up to negligeable
subsets, countable unions of Lipschitz images of Borel sets in R¥. Since our
k-dimensional H-regular surfaces, with k& < n, are intrinsically C' images of
open sets in R¥, it turns out again that our Heisenberg currents given by
integration on H-regular surfaces of dimension k < n play the role of building
blocks for a theory of Heisenberg rectifiable currents of low dimension.

Remark 5.7. For 1-codimensional currents — as already pointed out by Mag-
nani — the perimeter measure (see e.g. [10]) can be seen as the mass
of the boundary of a suitable (2n + 1)-dimensional H-current. Indeed, if
F = (F,..., Fy,) is an horizontal vector field in an open subset of H", and
if we identify F' with the form Z?Zl Fidz; € /\l b1, then we have

divyg F' = *d(xF),

where * denotes here the Hodge operator defined in Definition 2.3. Thus,
we can argue e.g. as in [28], Remark 27.7.

As in the Euclidean setting, we notice that Heisenberg currents are gener-
alizations of Heisenberg regular submanifolds, in the sense that any oriented
H-regular surface induces, by integration, in a natural way a k-dimensional
Heisenberg current.

43



Proposition 5.8. Let S C U be a H-regular surface as in Definitions 3.1
and 3.2. Assume S is oriented by a group tangent k-vector field ty. Then,
if S is k-dimensional, 1 < k < n, the map

o — [5] (o) % /S (o t) dSE,

from Dﬁ to R is a Heisenberg k-current with locally finite mass. Precisely,
iof V CCU,
My ([S]) = S5L(SNV).

Analogously, if S is k-codimensional, 1 < k < n, the map
o= [51(@) & [ (alw)dsg
S

from D]%I”H_k to R is a Heisenberg (2n + 1 — k)-current with locally finite
mass. Precisely, if V CC U,

(62) My ([S]) = /S N

where projH/\2 e Nonsi—i b1 = H\9pi1_1 is the orthogonal projection
with respect to the Riemannian scalar product defined in Section 2.2.

proj,p, ., (t) &S,

Corollary 5.9. There exists a geometric constant ¢, € (0,1) such that for
any k-codimensional H-regular surface S, 1 < k < n, we have

ene SETFSNY) < My([S]) < SEH(SNY),
for every Borel set V.
Proof. By (62), it is enough to show that

def . . .
Cnk = 1nf{\pr0JH/\2n+17k(v)\ NS /\2n+l—k b, v simple, |v| =1} > 0.

Indeed, by Propositions 3.24 and 3.25, |projH/\2n+1_k (v)] > 0 for all v €

Aoy, 1 byv simple, |v| = 1. Then the assertion follows by the compactness
of the set of simple vectors of unit norm. O

Example 5.10. We stress that the mass of the current carried by a k-
codimensional H-regular surface S can be different (though equivalent) from
its S *-measure. Clearly, by (62) this does not happen when ty € g/, 1_;
on S. On the other hand, if for instance we consider the surface S of Exam-
ple 3.23, then a direct computation shows that, taking tg = Wo AWy AT,
we obtain .
_— QQ-k
7 SRS NY).

Thanks to Rumin’s result, the operators d and D act in the complex
as external differentiation does in De Rham complex, and we can give the
following (obvious) definition.

My ([S]) =

Definition 5.11. Let T be a Heisenberg k-current in an open set & C H"
with 1 < k < d. Then we define the Heisenberg (k — 1)-current dgT', the
Heisenberg boundary of T, by the identity
T (o) =T(da) ifk#n+1
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and
ouT(a) =T(Da) ifk=n+1.

The following trivial statement says that — also when boundaries are con-
cerned — low dimension H-currents are but particular Euclidean currents.

Proposition 5.12. If 1 < k < n, the Heisenberg boundary ouT of T €
Dy 1(U) can be identified as in Proposition 5.4 with the Euclidean (k — 1)-
current 0T .

Proof. Let us notice first that 0T (a A §) = 0 for any o € D*~1(U) and
OT(BAO) =0 for any § € DF2(U) if k > 2. Indeed (e.g.) OT(a A B) =
T(da A 0) 4+ T(a A df) = T([da A 6]) + T([a A df]) = T([0]) + T([0]) = 0.
Thus, dT induces a (k—1)-dimensional H-current 7”. On the other hand, for
any [w] € Dﬁ_l, we have T'([w]) = 0T (w) = T(dw) = T([dw]) = T(d[w]) =
OuT ([w]), so that T" = OyT. O

When k£ > n 4+ 1, the structure of the boundary of a current is much
more difficult to describe, even in the simplest situation of a current carried
by a low codimensional H-regular surface. As an example, consider the case
n =1, and let S be a 1-codimensional H-regular (hyper)surface. We want to
state here something similar to Stokes formula that yields that the boundary
of a 2-dimensional current in R? carried by a sufficiently regular portion of
a 2-dimensional Euclidean differentiable manifold (a 2-dimensional oriented
Euclidean differentiable manifold with boundary) is carried by the boundary
itself, endowed with a suitable induced orientation.

First of all, we cannot think in general of a portion of H-regular hypersur-
face — whatever regularity we assume for the boundary — as a differentiable
manifold with boundary, since, as we pointed out repeatedly, H-regular sur-
faces may be very “bad” from the Euclidean point of view ([15]). On the
other hand, even when dealing with (Euclidean) smooth hypersurfaces with
boundary, the mass of the boundary of the associated current may be not
locally finite, unless the topological boundary is a horizontal curve.

Let us start by illustrating the last phenomenon: if [w] € Dj; (H') we can
alway choose w to be its horizontal representative w = widp; + wadps. In
this case, accordingly with Rumin’s theorem ([26]), the operator D has the
form

Dlw] = d(w + @),

where & € C*°(H1), is chosen in order to have d(w+ @) € D (H!), i.e. such
that d(w + @) A @ = 0. An esplicit computation (see also [13], Section 6)
shows that

.1
W = Z(W2WI — WlWQ).

Consider now the 2-dimensional H-current [S] carried by the hypersurface

S = {p1 = 0, py > 0} oriented by Wo A T. Let ty be the boundary of

S, ie. ty = {pl = po = O} If [w] S 'DI%H(HI), with w = widp; + wadps

as above, by definition and by Stokes theorem (keeping also in mind that
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S3 LS =HZLLS, by (52)), we have

def

Or 1] (1)) /S (D()) [ W A TYdHE, = /S (d(w + 56)[ Wy A T)dH3,

_ / (w + GO|TYdHY, = 1/ (Oowr — Drws) dHL.
to 4 to

Clearly, the above quantity can be made arbitrary large still keeping |[w]| <
1. This shows that 9 [S], though being a well defined current in our sense,
has no locally finite mass.

An analysis of the example above shows quickly that the reason making
the boundary of the current carried by S not being of finite mass relies pre-
cisely on the fact that the operator D is a second order differential operator
because of the derivatives of w hidden in @. These derivatives remain in the
integration after applying Stokes theorem. Thus, we can expect the bound-
ary of the current carried by a smooth 2-dimensional Euclidean manifold S
with boundary 95 to have finite mass if (and only if) 95 is horizontal, since
in this case (Wl|tg) = 0, and no derivatives are left after applying Stokes
theorem.

In fact, this is coherent with our definition of H-regular surface, providing
a further evidence for it: the boundary of an hypersurface in H' according
with our definition has finite mass only if the boundary is a 1-dimensional
surface again in our sense (i.e. an horizontal curve). We stress that, if
n > 1, this phenomenon is typical of n-codimensional H-regular surfaces,
since the surface itself and its boundary belong to the two different classes
of H-surfaces: the surface is a low-codimensional, whereas the the boundary
is low-dimensional. This is clearly strictly connected with the fact that the
derivation in Rumin’s complex is a second order operator only when we pass
from dimension n to dimension n + 1. For instance, if we consider in H?
the 1-codimensional H-regular surface S = {p; = 0, ps > 0} oriented by
Wy A W3 AWy AT, again classical Stokes theorem yields that now 0 [S] is
carried by the 2-codimensional H-regular surface {p; = ps = 0} oriented by
W3 AWyNT, despite of the analogy with the preceding example. This because
in H? both {p; = 0, po > 0} and {p; = pa = 0} are low-codimensional H-
regular surfaces.

If £ < n, the above example can be easily generalized to that of a con-
tinuously differentiable (2n + 1 — k)-manifold with boundary S C H" that
locally has the form {f1(p) =--- = fr(p) =0, fr+1(p) > 0}, with (for sake
of simplicity)

det[W; fili<ij<x 70 and  det[Wfjli<ij<ii1 # 0.

So far, we have dealt with Euclidean regular hypersurfaces in H'. If we
want a more intrinsic result — still for 1-codimensional hypersurfaces in H! —
we have to deal with pieces of 1-codimensional H-regular hypersurfaces that
are sufficiently regular. The following result can be derived from Theorem
5.4 in [13].

Theorem 5.13. Let S C H' be a H-regular H-oriented hypersurface, and

let V-.C S be the closure of a relatively open subset Vo of S. We assume

that V is a topological 2-manifold with boundary OV that is a finite union of
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disjoint simple closed C-piecewise horizontal curves. Then O [Vy] is carried
by OV and has finite mass.

We stress that in the above theorem we do not assume any further non-
intrinsic regularity on the surface, since we require V' is but a topological 2-
manifold with boundary. Indeed, any H-regular hypersurface is a topological
2-manifold.

The proof of Theorem 5.4 in [13] relies on a somehow delicate approxima-
tion procedure. The same procedure is much easier when both the surface
and its boundary belong to the class of low-codimensional H-regular sur-
faces, and thus our previous remark concerning (2n+ 1 — k)-currents carried
by continuously differentiable (2n + 1 — k)-manifolds with boundary that lo-
cally take the form {fi(p) = -+ = fr(p) =0, fr+1(p) > 0} can be extended
to the case when fq,..., fry1 are C]Ilﬂ—functions. Indeed, let J. be an usual
Friedrichs’ mollifier; if we put f; . = fixJ. fori=1,...,k+1, then f;. — f
and Wy f;. — f as € — 0 uniformly on compact sets for k = 1,...,2n, as
proved in [10], Theorem 6.5, Step 1.
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