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Abstract

We consider submanifolds of sub-Riemannian Carnot groups with intrinsic C! regularity
(s 11_1). Our first main result is an area formula for C }_1 intrinsic graphs; as an application, we
deduce density properties for Hausdorff measures on rectifiable sets. Our second main result
is a coarea formula for slicing C 11L1 submanifolds into level sets of a C}{ function.

Keywords Carnot groups - Area formula - Coarea formula - Hausdorff measures -
Submanifolds
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1 Introduction

The interest towards Analysis and Geometry in Metric Spaces grew drastically in the last
decades: a major effort has been devoted to the development of analytical tools for the study
of geometric problems, and sub-Riemannian Geometry provided a particularly fruitful setting
for these investigations. The present paper aims at giving a contribution in this direction by
providing some geometric integration formulae, namely: an area formula for submanifolds
with (intrinsic) C! regularity, and a coarea formula for slicing such submanifolds into level
sets of maps with (intrinsic) C! regularity.
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We will work in the setting of a Carnot group G, i.e., a connected, simply connected and
nilpotent Lie group with stratified Lie algebra. We refer to Sect.2.1 for precise definitions;
here, we only recall that Carnot groups have a distinguished role in sub-Riemannian Geome-
try, as they provide the infinitesimal models (tangents spaces) of sub-Riemannian manifolds,
see e.g. [5]. As usual, a Carnot group is endowed with a distance p that is left-invariant and
1-homogeneous with respect to the group dilations.

Our main objects of investigation are C }q submanifolds, which are introduced as (noncrit-
ical) level sets of functions with intrinsic C! regularity: let us briefly introduce the relevant
definitions, which are more precisely stated in Sect. 2. Given an open set 2 C G and another
Carnot! group G’, amap f : @ — G’ is said to be of class C}i if it is differentiable a la
Pansu [45] at all p € € and the differential Dy f, : G — G’ is continuous with respect to
p. Let us mention that the C }1, regularity of f is equivalent to its szrict Pansu differentiability
(see Proposition 2.4): such a notion is introduced in Sect.2.3 and turns out to be useful for
simplifying several arguments. Given a Carnot group G, aset T C G is a C}{(G; G-
submanifold if it is locally a level set of a map f : G — G’ of class C}_I such that, at all
points p, Dy f) is surjective and ker Dy f), splits G. We say that a homogeneous subgroup
W < G splits G if it is normal and there exists another homogeneous subgroup V < G,
which is complementary to W, i.e., such that VN'W = {0} and G = WV. Observe that V is
necessarily isomorphic to G’, see Remark 2.8. We will also say that p is split-regular for f
if Dy f) is surjective and ker Dy f), splits G.

In Sects.2.4 and 2.5 we prove that an Implicit Function Theorem holds for a C 111 sub-
manifold ¥; namely, ¥ is (locally) an intrinsic graph, i.e., there exist complementary
homogeneous subgroups W, V of G and a function ¢ : A — V defined on an open subset
A C W such that ¥ coincides with the intrinsic graph {w¢ (w) : w € A} of ¢. The function
¢ is of class C%W,V (see Definition 2.13) and it turns out to be intrinsic Lipschitz continuous
according to the theory developed in recent years by Franchi, Serapioni and Serra Cassano,
see e.g. [16,18,19]. We have to mention that both the Implicit Function Theorem and the
intrinsic Lipschitz continuity of ¢ follow also from [38, Theorem 1.4]: the proofs we provide
in Sects.2.4-2.5, however, seem shorter than those in [38] and allow for some finer results
we need, see e.g. Lemmas 2.12 and 2.14. For related results, see [4,6,15,17,48] and recently
[3,49].

Our first main result is an area formula for intrinsic graphs of class CQI}V’V (hence, in
particular, for C}, submanifolds) where complementary subgroups W < G and V < G are
fixed with W normal. Throughout the paper we denote by ¢ either the spherical or the
Hausdorff measure of dimension d in G.

Theorem 1.1 (Area formula) Let G be a Carnot group and let G = WY be a splitting.
Let A C W be an open set, ¢ € C‘I/V’V(A) and let ¥ = {wop(w) : w € A} be the
intrinsic graph of ¢, let d be the homogeneous dimension of W. Then, for all Borel functions
h:% — [0, +00),

/Z hdy? = /A h(we (W)A(T s ) Z)dyr (w). (1)

The function A( - ) appearing in (1) is continuous and it is called area factor: it is defined
in Lemma 3.2 and it depends only on (W, V and) the homogeneous tangent space T,f’ Y at
points p € X. The definition of area factor in Lemma 3.2 is only implicit, but of course
we expect it can be made more explicit in terms of suitable derivatives of the map ¢: to
the best of our knowledge, this program has been completed only in Heisenberg groups, see

I One could more generally assume that G’ is only graded, see Remark 2.6.
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Area and coarea in Carnot groups

e.g. [2,4,7,8,17]. A relevant tool in the proof of Theorem 1.1 is a differentiation theorem
for measures (Proposition 2.2) which is based on the so-called Federer density (10): the
importance of this notion was pointed out only recently by V. Magnani, see [39—41] and [20].
Observe that the validity of a (currently unavailable) Rademacher-type Theorem for intrinsic
Lipschitz graphs would likely allow to extend Theorem 1.1 to the case of intrinsic Lipschitz
0.

A first interesting consequence of Theorem 1.1 is the following Corollary 1.2, which is
reminiscent of the well-known equality between Hausdorff and spherical Hausdorff mea-
sures on C! submanifolds (and, more generally, on rectifiable subsets) of R”. We refer to
Definitions 2.18 and 2.19 for the notions of countably (G; G')-rectifiable set R C G and
of approximate tangent space T™ R. Such sets have Hausdorff dimension Q — m, where Q
and m denote, respectively, the homogeneous dimensions of G, G'; we write H Q-m gQ-—m
respectively, for Hausdorff and spherical Hausdorff measures. We denote by .7, ¢ the space
of possible tangent subgroups to (G; G’)-rectifiable sets> and, by abuse of notation, we write
THRforthemapR> p+— T pH R € ;. - The space I ¢ is a subset of the Grassmannian
of vector subspaces associated to G and inherits its topology.

Corollary 1.2 Let G, G’ be Carnot groups of homogeneous dimensions Q, m, respectively.
Then, there exists a continuous functiona : Jg ¢ — [1, 29=" such that, for every countably
(G; G')-rectifiable set R C G

82| R =a(THR)HE ™ LR. )

Moreover, if G is a Heisenberg group H" with a rotationally invariant distance p and G' = R,
then the function a is constant, i.e., there exists C € [1, 22041 such that

S LR =CH” LR V H", R)-rectifiable set R C H".

Heisenberg groups and rotationally invariant distances are defined in Sect. 2.1 by condition
(37), while Corollary 1.2 is proved in Sect. 3. To the best of our knowledge, this result is new
even in the first Heisenberg group H', see also [41, page 359]. Corollary 1.2 is deeply
connected to the isodiametric problem, see Remark 3.3. Let us point out that for higher
codimensional subgroups of Heisenberg groups, we do not know whether a similar result can
hold. A difficulty is that two homogeneous subgroups of H? of codimension 2 need not be
isomorphic and thus isometric.

Not unrelated with Corollary 1.2 is another interesting consequence of Theorem 1.1,
namely, the existence of the density of Hausdorff and spherical measures on rectifiable sets.
In Corollary 3.6 we indeed prove that, if R C G is (G; G')-rectifiable, then the limit

ye MR NU(p,r))
rQ-m

0 = lim
(p) r—0t

exists for w2 -ae. p € R, where U(p, r) is the open ball of center p and radius r for
the distance of G. Actually, 0(p) depends only on TpH R, in a continuous way. When G is
the Heisenberg group H" endowed with a rotationally invariant distance, G’ = R™ for some
1 <m < n, and ¥ is the spherical measure, then 0 is constant, see Corollary 5.5.

The area formula is a key tool also in the proof of our second main result, the coarea
formula in Theorem 1.3 below. The classical coarea formula was first proved in the seminal
paper [13] and it is one of the milestones of Geometric Measure Theory. Sub-Riemannian

2 Equivalently, I ¢ is the space of normal subgroups P < G for which there exist a complementary
subgroup in G and a surjective homogeneous morphism L : G — G’ such that P = ker L.
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coarea formulae have been obtained in [25-27,33-36], assuming classical (Euclidean) regu-
larity on the slicing function u, and in [37,42,43], assuming intrinsic regularity but only in the
setting of the Heisenberg group. Here we try to work in the utmost generality: we consider a
C}_, submanifold ¥ C G, seen as the level set of a C ;, map f with values in a stratified group
M, and we slice it into level sets of a map u# with values into a homogeneous group L. We
will assume that IL., Ml are complementary homogeneous subgroups of a larger homogeneous
group K = ILM: one could of course choose K = L. x M, but our hypothesis allows to work
in greater generality. For an example see Remark 4.3 in Sect.4. We also denote by Q, £, m
the homogeneous dimensions of G, L, M, respectively.

Theorem 1.3 (Coarea formula) Let G and K be stratified groups and 1. and M graded sub-
groups of K so that K = LML Let Q, £, m be the homogeneous dimensions of G, 1L, M,
respectively. Let Q@ C G be open and fix f € C}{ (2; M) and assume that all points in 2
are split-regular for f, sothat ¥ :={p € Q: f(p) =0}isa C}_, submanifold. Consider a
function u : Q2 — 1L such thatuf € C }J(Q; K) and assume that

either Dy (uf)plpny is not surjective on L,
P

for @ ™M-qe. pex, { 3)

or p is split-regular for uf .

Then, for every Borel function h : & — [0, 400) the equality
[ etz pawnnane e = [ [ weuane ot @
D) LJENu=1(s)

holds.

In (4), the symbol G(Tf X, Dy (uf)p) denotes the coarea factor: let us stress that it
depends only on the restriction of u to ¥ and that it does not depend on the choice of f outside
of X, see Remark 4.2. The wz-measurability of the functionL > s f Su-1(s) hdy Q-m—t
is part of the statement.

Observe that whenever there exists a split-regular point for uf, then K is automatically
stratified by Remark 2.8. Conversely, if K is not stratified but the other assumptions of the
theorem hold, then the left-hand side in (4) is zero, from which we infer that for we-almost
alls € Lone has 27"~ Nnu~'(s)) = 0.

The assumption uf € C}i (£2; K) becomes more transparent when K = L x M is a
direct product (roughly speaking, when L, M are “unrelated” groups): in this case, it is in
fact equivalent to the C 11, regularity of u. Moreover, since T Iff Y = ker Dy f, the equality
Dy (uf), |T]{12 = Dyu p|TpH2 holds. Eventually, the statement of Theorem 1.3 can at the
same time be simplified, stated in a more natural way, and generalized to rectifiable sets, as
follows.

Corollary 1.4 Let G, 1L, M be Carnot groups, let Q@ C G be an open set and let R C Q2 be
(G; M)-rectifiable; assume that u € C}J (2; L) is such that

either DHM,,ITPHR is not surjective on L,

5
or TpHRﬂker Dyup splits G. )

for @ ™-a.e. p € R, [
Then, for every Borel function h : Q — [0, +00) the equality
/ h(p) C(TH R, Dyyup) dyr ™" (p) = /L/ )y 2T (p) Ayt (6)
R RNu="(s)

holds.
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Area and coarea in Carnot groups

Corollary 1.4 also holds if L is not Carnot, although in that case both terms of (6) are
Zero.

Remark 1.5 Let us stress that assumptions (3) and (5) cannot be easily relaxed: given a map
uecC }-1 (2, R?) defined on an open subset €2 of the first Heisenberg group H! = R?, the
validity of a coarea formula of the type

/Q C(Druy)dy* (p) = /R QN (6)dZ%)

is indeed a challenging open problem as soon as Dy, is surjective, see e.g. [28,30,42].
In our notation, this situation corresponds to Ml = {0} and L = R2. Since the kernel of
any homogeneous surjective morphism H' — R? is the center of H!, which does not
admit any complementary subgroup, no point can be split-regular for u. Therefore, if (5)
holds, then C(Dpu,) = 0 by Proposition 4.6, and thus both sides of the coarea formula
are null. In particular, (5) implies that for L2ae. s € R, WZ(Q Nu~!(s)) = 0. However,
a coarea formula was proved for 4 : H* — R, assuming u to be of class C ;,’“, see [28,
Theorem 6.2.5] and also [42, Theorem 8.2].

Remark 1.6 The following weak version of Sard’s Theorem holds: under the assumptions
and notation of Theorem 1.3, then

YO (p e X : Duuf)(THE) G LiNu™'(s) =0 foryae.sel. (7

Moreover, since every level set ¥ Nu~!(s) isa C 11_1 submanifold around split-regular points
of uf, Theorem 1.3 implies that

¥ Nu~'(s) is (G; K)-rectifiable  for 1//[—a.e. s el. (8)

Clearly, statements analogous to (7) and (8) hold under the assumptions and notation of either
Corollary 1.4 or Theorem 1.7 below.

The proof of Theorem 1.3 follows the strategy used in [13] (see also [37]) and, as already
mentioned, it stems from the area formula of Theorem 1.1, as we now describe. First, in
Proposition 4.5 we prove a coarea inequality, that in turn is based on an “abstract” coarea
inequality (Lemma 4.4) for Lipschitz maps between metric spaces. Second, in Lemma 4.6
we prove Theorem 1.3 in the “linearized” case when both f and u are homogeneous group
morphisms: in this case formula (4) holds with a constant coarea factor C(P, L) which
depends only on the normal homogeneous subgroup PP := ker f and on the homogeneous
morphism L = u (actually, on L|x only). Lemma 4.6, whose proof is a simple application
of Theorem 1.1, actually defines the coarea factor C(IP, L). The proof of Theorem 1.3 is then
a direct consequence of Theorem 4.1, which states that for #¢~"-a.e. p € X the Federer
density Oya(Us,u; P) of the measure

. (E) = / Yy UENT Nu T ()dy (), EcCQ
L

is equal to G(TPHE, Dy uf)p). For “good” points p, i.e., when D[-](I/lf)p'TFHE is onto
L, such equality is obtained by another application of Theorem 1.1, see Proposition 4.8:
this is the point where one needs the assumption (3), which guarantees that, locally around
good points, the level sets ¥ N u~!(s) are C }LI submanifolds. The remaining “bad” points,
where Dy (uf), |T;1>: is not surjective on L, can be treated using the coarea inequality, see

Lemma 4.9.
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Recall that the classical Euclidean coarea formula is proved when the slicing function u
is only Lipschitz continuous. Extending Theorem 1.3 to the case where u is only defined
on ¥ and Lipschitz continuous seems for the moment out of reach; nonetheless, after the
completion of the present paper the authors were able to achieve this in Heisenberg groups,
see the forthcoming paper [23]. See also [50] for a counterexample to the existence of tangent
planes to submanifolds that are just intrinsically Lipschitz Tlf{ 3.

Observe that one should first provide, for a.e. p € X, a notion of Pansu differential of u
on T,f’ 3: this does not follow from Pansu’s Theorem [45].

Furthermore, the function f in Theorem 1.3 should play no role, and actually any result
should depend only on the restriction of u to X.

Let us also stress that, to the best of our knowledge, Theorem 1.3 provides the first sub-
Riemannian coarea formula that is proved when the set  is not a positive 1 €-measure subset
of G (i.e., in the notation of Theorem 1.3, when M = {0}). The only exception to this is [43,
Theorem 1.5], where a coarea formula was proved for C }{ submanifolds of codimension 1 in
Heisenberg groups H”, n > 2. As a corollary of Theorem 1.3, we are able both to extend this
result, to all codimensions not greater than n, and to improve it, in the sense that we show
that the implicit “perimeter” measures considered in [43, Theorem 1.5] on the level sets of
u are indeed Hausdorff or spherical measures. Furthermore (see Proposition 5.6), when H"
is endowed with a rotationally invariant distance, u takes values in RY, and the measures wd
under consideration are 8¢, then the coarea factor coincides up to constants with the quantity

R T 1/2
TRu(p) = (det(LoL )) . L:=Dpuylrng, )

In (9), the point p belongs to a rectifiable set R C H" and, by abuse of notation, we use
standard exponential coordinates on H" = R?"*! to identify TpH R witha 2n+ 1 —m)-

dimensional plane; with this identification Dgu, is a linear map on R27+1 that is, actually,
independent of the last “vertical” coordinate. The superscript 7 denotes transposition.

Theorem 1.7 (Coarea formula in Heisenberg groups) Consider an open set Q C H", a
(H", R™)-rectifiable set R C 2 and a function u € C,l_l (6 RY such that 1 <m + € < n.
Then, for every Borel function h : R — [0, +00) the equality

[ nwea v Dpuy v = [ ey ant)

Nu=1(s)

holds.
Moreover, if H" is endowed with a rotationally invariant distance p, then there exists a
constant ¢ = ¢(n, m, £, p) > 0 such that

¢ / h(p) T Fu(p) dS¥ 2 (p) = / f h(p)dS2H2mE () AL (s).
R R¢ JRNu=1(s)

The first statement of Theorem 1.7 is an immediate application of Corollary 1.4, while the
second one needs an explicit representation for the spherical measure on vertical subgroups
of H" (i.e., elements of . i) which uses results of [8]. See Proposition 5.1.
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2 Preliminaries
2.1 First definitions

Let V be areal vector space with finite dimension and [+, -] : V x V — V be the Lie bracket
of a Lie algebra g = (V, [+, -]). We say that g is graded if subspaces Vi, ..., V; are fixed so
that

V=Vieg ---@V
and [V;, V;] :==span{[v,w] :v e Vi, we V;} C Viy; foralli, j € {1,...,s},

where we agree that V;, = {0} if k > s. Graded Lie algebras are nilpotent. A graded Lie
algebra is stratified of step s if equality [V}, V;] = V;4; holds and V; # {0}. Our main
object of study are stratified Lie algebras, but we will often work with subspaces that are
only graded Lie algebras.

On the vector space V we define a group operation via the Baker—Campbell-Hausdorff
formula

i )n 1 Z [prlqslp’ZqSZ...prnqsn]

n . N
n=1 {sj+r;>0:j=1..n} Zj=l(r/ +s) [Tizy ritsi!

1
=p+q+§[p,q]+...,
where
r ,S1 . plngSn] =
(p"q¢* p”q"™---p"qg™"1=1Ip.lp.....lq. lq..... [p,...]...7]... 1]
N e M e e’

r1 times s1 times

The sum in the formula above is finite because g is nilpotent. The resulting Lie group, which
we denote by G, is nilpotent and simply connected; we will call it graded group or stratified
group, depending on the type of grading of the Lie algebra. The identification G =V = g
corresponds to the identification between Lie algebra and Lie group via the exponential map
exp : g — G. Notice that p~! = —p for every p € G and that 0 is the neutral element of G.

If g’ is another graded Lie algebra with underlying vector space V' and Lie group G/,
then, with the same identifications as above, a map V — V' is a Lie algebra morphism if
and only if it is a Lie group morphism, and all such maps are linear. In particular, we denote
by Homy,(G; G’) the space of all homogeneous morphisms from G to G/, that is, all linear
maps V — V' that are Lie algebra morphisms (equivalently, Lie group morphisms) and that
map V; to V]f. If g is stratified, then homogeneous morphisms are uniquely determined by
their restriction to V.

For A > 0, define the dilations as the maps §; : V — V such that §,v = AMu forv e V.
Notice that §,8,, = 6;, and that §;, € Hom;,(G; G), for all A, u > 0. Notice also that a
Lie group morphism F : G — G’ is homogeneous if and only if F o §, = 8} o F for all
A > 0, where &) denotes the dilations in G’. We say that a subset M of V is homogeneous
if §,(M) = M for all A > 0. Let P be a homogeneous subgroup of G and 6 a Haar
measure on PP. Since §, |p is an automorphism of [P, there is ¢, > 0 such that (5, )#6 = c,.0.
Since the map A +— 4§, |p is a multiplicative one-parameter group of automorphisms, the
map A +— ¢, is a continuous automorphism of the multiplicative group (0, +00), hence
¢;. = 29 for some d € R. As §; is contractive for A < 1, we actually have d > 0. Since
any other Haar measure of IP is a positive multiple of 6, the constant d does not depend on
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the choice of the Haar measure. We call such exponent d the homogeneous dimension of P.
The homogeneous dimension of the ambient space G is denoted by Q and it is easy to see
that Q := > }_, i dim V;.

A homogeneous distance on G is a distance function p that is left-invariant and 1-
homogeneous with respect to dilations, i.e.,

() p(gx,gy) =p(x,y) foralg,x,ye€G;
(i) p(ux,8,y) = Ap(x,y) forall x, y € Gandall A > 0.

When a stratified group G is endowed with a homogeneous distance p, we call the metric
Lie group (G, p) a Carnot group. Homogeneous distances induce the topology of G, see [29,
Proposition 2.26], and are biLipschitz equivalent to each other. Every homogeneous distance
defines a homogeneous norm || - ||, : G — [0, +00), |Ipll, := p(0, p). We denote by | - |
the Euclidean norm in R.

Open balls with respect to p are denoted by U, (x, r), closed balls by B, (x, r), or simply
U(x, r) and B(x, r) if it is clear which distance we are using. We also use the notation
B(E,r) := {x : d(x, E) < r} for subsets E of G. The diameter of a set with respect to
p is denoted by diam(E) or diam, (E). Notice that diam,(U,(p,r)) = 2r,forall p € G
and r > 0. By left-invariance of p it suffices to prove this for p = 0. On the one hand the
triangle inequality implies diam,, (U, (0, r)) < 2r. On the other hand, if v € V; is such that
p(0,v) = r, then p(0, v = r and ,o(v_l, v) = p(0,2v) = 2p(0,v) = 2r, because
vv = v + v = dv. It follows that diam, (U, (0, r)) > 2r.

If p and p’ are homogeneous distances on G and G’, the distance between two homomor-
phisms L, M € Hom,,(G; G') is

P (L(p), M(p)) /
d, y(L, M) := U AR £ LA L(p), M(p)).
o.p' ( ) r;lig T ufﬁ?ilp( (p), M(p))

The function d,_, is a distance on Homy,(G; G’) inducing the manifold topology.

2.2 Measures and Federer density

In the following, the word measure will stand for outer measure. We work on G and its
subsets endowed with the metric p. In particular, the balls are those defined by p and the
Hausdorff dimension of (G, p) coincides with the homogeneous dimension Q.

Ford € [0, O], let K and 8¢ be the Hausdorff and spherical Hausdorff measures of
dimension d in G defined for E C G by

I(E) = lim - inf > diamEj) 1 E ¢ | JEj. diamE; <€,
jeN jeN

S4(E) := 11118+ inf Y @r)?: EC | Bxj.rp), 2rj <e
N jeN jeN

Itis clear that, in the definition of ¢, one can ask the covering sets E j tobe closed. Moreover,
we clearly have HY(E) < $4(E) < 2¢H4(E). Note that contrarily to the usual Euclidean or
Riemannian definition, we do not introduce normalization constants; this is due to the fact that
the appropriate constant is usually linked to the solution to the isodiametric problem, which
is open in Carnot Groups and their subgroups and also highly dependent on the metric p. See
also Remark 3.3. In the following, ¥ will be either (¢ or 8 and & will be, respectively,
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the collection of closed subsets of G of positive diameter or the collection of closed balls in
G with positive diameter.
If 11 is a measure on G, define the ¥ -density of p at x € G as

w(E)

@ E)d:ereé”,diamEfe}. (10)
1am

® ;x) ;= lim s

wd(li Xx) a8 UP{
This upper density is sometimes called Federer density [20,39,40]; note that if ¢ is the
spherical measure, its Federer density can differ from the usual spherical density, as the latter
involves centered balls. Recall that a measure v is Borel regular if open sets are measurable
and for every A C G there exists a Borel set A’ C G such that A C A’ and v(A”) = v(A).

We will use the following density estimates, which follow from [14, Theorems 2.10.17 and
2.10.18].

Theorem 2.1 (Density estimates) Let W be as above, | a Borel regular measure, and fix
t > 0andaset AinG. Then

1) if@,/,d (u; x) < tforall x € A, then n(A) < twd(A),
(i1) if@,/,d (u; x) > tforallx € AandV isan open set containing A, then (V) > twd(A).
In particular, if | is outer regular, then

n(A) = inf{u(V),A C V, Visopen} > twd(A).

A consequence of these results is the following (see also [39, Theorem 9] and [20, Theorem
1.11]). We use the fact that a locally finite Borel regular measure on a separable complete
metric space is outer regular, see Proposition 3.3.44 in [22].

Proposition 2.2 If 1 is locally finite and Borel regular on G, and if x +— Oya(p; x) is a
Borel function which is positive and finite j-almost everywhere, then

=0y Y.

Proving that the Federer density is a /¢-measurable or a Borel function is in general not an
easy task; we provide a criterion, which will be useful later in Sects.4.4 and 4.5. Recall that
a Borel measure v is doubling if there exists C > 1 such that v(U(p, 2r)) < Cv(U(p,r))
forall p e Gandr > 0.

Proposition 2.3 Given a set ¥ C G such that y? L% is locally doubling Borel regular
measure, assume that | is a locally finite Borel regular measure, absolutely continuous with
respect to Yy L_X; then

(i) ©ya(p; ) is (Y L X)-measurable;
(i) Oya(p;-) <400, Yi-a.e. on T and

©ya(u: p) = lim #B(p. 1)

d
—_—_— -a.e. p € X;
r—0t wd(Z NB(p,r)) fory“-ae.p

(i) p = Oya(p: )y LT,

In particular

lim |©ya(p; ) = Opa(u; p)|dy? =0,  fory?-ae. pex.
=0t J 2nB(p.r)
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Proof Tt is well-known (see e.g. [47]) that Radon-Nikodym Differentiation Theorem holds
for differentiating a measure with respect to a doubling measure. Precisely, by combining [47,
Theorems 2.2, 2.3, 3.1] one infers that the Radon-Nikodym derivative

— fim _MEB@)
O = I S ABG. )

exists and is finite ¢-a.e. on ¥. Moreover, © is (¥¢ L ¥)-measurable, x = Oy L ¥ and
(see [21, Section 2.7])

lim ][ ©—O(p)|dy? =0 fory?ae peXx.
XNB(p,r)

r—ot

As a consequence, we have only to prove that © 4 (u; p) = ©(p) for Yiae pex.In
turn, it is enough to show that, for every fixed s, t € Q, s < t, the sets
A={peX:0(p) <s <t <Oya(u; p)}
BZ:{pEEI@wd(,u,;p)<s<l<®(p)}

are y¢-negligible. On the one hand, let A’ be a Borel set with A C A’, ¥4(A) = ¥4 (4"
and A’ C {® < s}. Then

swl ) = 5wy = [ @and =y = i) = ),

where the last inequality is a consequence of Theorem 2.1 (i7). Thus, 1/fd(A) = 0. On the
other hand, let B’ be a Borel set with B C B, u(B’) = #(B). Then

v (B) < /B , Ody? = u(B") = n(B) < sy*(B),

where the last inequality follows from Theorem 2.1 (i). Therefore ¥¢(B) = 0. O

2.3 Pansu differential

Let G and G’ be two graded groups and 2 C G open. A function f : @ — G’ is Pansu
differentiable at p € Q if there is L € Homy,(G; G’) such that

i PP, L)
1m =

x=>p p(p,x)
The map L is called Pansu differential of f at p and itis denoted by Dy f(p) or Dy f),. A
map f : Q — G is of class C}, if f is Pansu differentiable at all points of 2 and the Pansu
differential p — Dp f(p) is continuous. We denote by C }LI(SZ; G') the space of all maps
from  to G’ of class C}i.
A function f : Q — G’ is strictly Pansu differentiable at p €  if there is L €
Homy, (G; G’) such that

/ —1 -1
{p OO LET) ¢y} — 0,
p(x,y)

0.

lim sup
e—0

Clearly, in this case f is Pansu differentiable at p and L = Dy f(p).
The next result allows us to simplify several arguments in the sequel:
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Proposition 2.4 A function f : Q — G’ is of class C,li on Q if and only if f is strictly Pansu
differentiable at all points in Q.

Proof Assume that f € C}{(Q, G’) and let p € Q be fixed; then, by [38, Theorem 1.2] one
has

o' (fOM T FX), Dy fe(y~'x))
px,y)

lim sup{ :x,y €Uy(p,e), x#}’}zo-
e—>0

The continuity of x — Dy f, provides

o' (Dy fe(y™'x), Dy fp(y~1x))
px,y)

lim sup{ :x,yeUp(p,e),x#y}ZO

e—0

and the strict differentiability of f at p follows.

Conversely, assume that f is strictly Pansu differentiable at all points in €2; we have to
prove that p = Dy f), is continuous. Assume not, i.e., assume there exist § > 0 and, for
every n € N, points x,, € Q and v, € G such that |lv,|l, =1, x, — p and

p/(Dfo,, (vn), Dpr(Un)) > 26 VneNlN

By strict differentiability of f at p there exist n and s > 0 such that

p,(f(xn)ilf(xnssvn)v DH.fp(asUn)) <5
P =

Vn=>n, s e ,s).

In particular, for every n > n and s € (0, §) we have

0 (f )~ f(xn8svn), Dt fr, (8500))
> 0'(Dp fpS5vn), Di fr, B50n)) — ' (f (6n) ™" f (xn8500), Dt f(8500))
> 28s — 8s = bs.

This would contradict the differentiability of f at x,,. O
Lemma25 If f € C}LI(Q; G'), then f : (2, p) — (G, p') is locally Lipschitz.
Proof Let p € Q. By strict differentiability of f at p, there is € > 0 such that

o' (fO) L f(x), Ly~x))
oy, x)

<1 forallx,y e Uy(p,€),x #y,

where L = Dy f(p). Since p'(0, L(y~'x)) < Cp(y,x) for some positive C, then

o'(f(y), f(x) = 0(0, f(y)_lf(x)) < (C + Dp(y,x), that is, f is Lipschitz continu-
ous on U, (p, €). ]

Remark 2.6 1If f : Q@ — G’ is locally Lipschitz, then the image of a rectifiable curve in G is
a rectifiable curve in G’ tangent to the first layer V| in the grading of G’. Therefore, when G
is stratified, each connected component U of 2 is pathwise connected by rectifiable curves,
and this implies that f(U) is contained in (a coset of) the stratified subgroup of G’ generated
by V|. Moreover, as soon as G is stratified and f is open or has a regular point, then G’ must
be a stratified group.
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2.4 Intrinsic graphs and implicit function theorem

We refer to [19] for a more general theory of intrinsic graphs. Recall the identification
G = g = V that we made in Sect.2.1.

Lemma 2.7 LetV and W be homogeneous linear subspaces of a graded group G. If VNW =
{0} and dimV + dim W = dim G, then the map W x V — G, (w, v) — wv, is a surjective
diffeomorphism.

Proof Denoteby ¢ : W x V — G the map ¢ (w, v) := wv. Since its differential at (0, 0) is a
linear isomorphism, ¢ is a diffeomorphism from a neighborhood of (0, 0) to a neighborhood
of 0 € G. Since ¢ (5w, §,v) = 8, ¢ (w, v) for all L > 0, we conclude that ¢ is a surjective
diffeomorphism onto G. O

A homogeneous subgroup W is complementary to ahomogeneous subgroup Vif G = WV
and W NV = {0}. We denote by #4 the set of all homogeneous subgroups of G that are
complementary to V. Observe that if W € #4;, then dim W 4 dim V = dim G; this fact will
be used implicitly several times in the sequel. By Lemma 2.7, we have® W € #4 if and only
if V e #4y. Again by Lemma 2.7, any choice of V and W € #4; gives two smooth (but not
always Lipschitz) projections

aw: G —> W, ny : G-V, (11)

which are defined, for every p € G, by requiring 7w (p) = w € Wand ny(p) = v € V
to be the only elements such that p = wv. We will also write pyw and py for ww(p) and
v (p), respectively.

We say that a homogeneous subgroup W splits G if it is normal and #4y # @. In this case
we call a choice of W and V € #4y a splitting of G and we write G = W - V. We say that
p € Qis asplit-regular point of f if the Pansu differential of f at p exists and is surjective,
and if ker(Dpy f(p)) splits G. Recall that the kernel of a group morphism is always normal.
A singular point is a point that is not split-regular.

Remark 2.8 We observe that, if p €  is a split-regular point of f € C}{(Q; G’) and
V € Wiker(by f(py)» then Dy f(p)lv : V — G’ is an isomorphism of graded groups. In
particular, V is necessarily stratified. For instance, if G’ = R™, then V is an Abelian subgroup
of G contained in V.

Notice that a point can fail to be split-regular for f € C 11L1 (2; G') for two distinct reasons:
non-surjectivity of the differential, or non-existence of a splitting of G with the kernel of
Dy fp at some point p. However, the set of split-regular points is open, i.e., if Dg f) is
surjective and (ker Dy f)) - V is a splitting, then, for g close enough to p, Dy f, is surjective
and (ker Dy f;) - V is a splitting.

Lemma 2.9 (Coercivity) If f € C}J (Q; G'), p € Qis a split-regular point and V is comple-
mentary to ker(Dy f(p)), then there are a neighborhood U of p and C > 0 such that, for
allq € U andv € Vwithqv € U,

p'(f(@). flgv)) = Cllvll,.

3 Thisis also a consequence of a the standard fact in group theory that, for any two subgroups H and K of a
group G, the product H K is a subgroup of G if and only if HK = KH.
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Proof Arguing by contradiction, assume that there are sequences ¢; € Q and v; € V \ {0}
such that g; — p and v; — 0 as j — oo, and ,o/(f(qj), fqjvj)) < llvjll,/j. Up to
passing to a subsequence, we can assume that there exists w = lim; . § o I-1 V) It follows
that w € V and ||w||, = 1. Moreover, by strict differentiability

Dy f(pyi = lim 8\ -1(f(q)~" f(g;v)) =0,
J]— 00
in contradiction with the fact that V is complementary to the kernel of Dy f(p). O

Let W € #4. Aset ¥ C G is an intrinsic graph W — V if there is a subset A C W and
a function ¢ : A — V such that ¥ = {w¢(w) : w € A}. If A = W, we say that X is an
entire intrinsic graph. Clearly, ¥ C G is an intrinsic graph W — V if and only if the map
mwly 1 £ — W is injective; in particular, every [P € #4 is an intrinsic graph W — V. Left
translations and dilations of W — V intrinsic graphs are again W — V intrinsic graphs, see
[4, Proposition 3.6].

The proof of the following lemma is inspired by [10, Theorem A.5]. Similar statements
are contained in [17, Theorem 3.27] and [38, Theorem 1.4].

Lemma 2.10 (Implicit Function Theorem) Let Qo C G be open, g € C}I (R0o; G') and let
0 € G be a split-regular point of g. Let G = W -V be a splitting of G such that ker(D g g(0))
is a (necessarily entire)* intrinsic graph W — V. Then there are neighborhoods A of vy (0)
inW, B of g(o) in G’ and Q C Qo of o, and a map ¢ : A x B — V such that the map
(a,b) — ayp(a, b) is a homeomorphism A x B — Q and g(ap(a, b)) = b. In particular,
the map ¢ : A — V defined by ¢ (a) := ¢(a, g(0)) is such that {p € Q2 : g(p) = g(o)} =
{ap(a) e G:a € A}.

Remark 2.11 Notice that if 0 € G is a split-regular point of g then #ier(pye0)) # Y-
Moreover, for W = ker(Dy g(0)) and V € Wher(Dyg(0))» G = W - V is a suitable splitting
for Lemma 2.10, with ker(D g g(0)) being the intrinsic graph of the zero function.

Proof of Lemma 2.10 First, we prove that there is an open neighborhood U C ¢ of o such
that the restriction g|,v : pVNU — G’ isinjective, forall p € U. Arguing by contradiction,
suppose that this is not the case. Then there are sequences p;, g; — o such that pj_lq i€V
and g(p;) = g(g;). From the strict Pansu differentiability of g at o, it follows that

_ 0'(&lgn~"e(p)), Dug)p; q;)
0= lim =
j=oo p(pj.4q;)

JmHD%wﬂal @f%ﬁ
J—>00 p(pj.a;) o
By the compactness of the sphere {v € V : |[v]|, = 1}, up to passing to a subsequence, there
is v € V with |[v]l, = 1 such that lim;_, » ‘Sp(p‘,»,qj)—l (p;lqj) = v. Therefore, we obtain
Dy g(o)v = 0, in contradiction with the assumptions. This proves the first claim.

Second, since the restriction g| ,yny : pVNU — G'is acontinuous and injective map, and
since both V and G’ are topological manifolds of the same dimension (by Remark 2.8), then we
can apply the Invariance of Domain Theorem and obtain that g| ,yny : pVNU — g(pVNU)
is a homeomorphism and that g(pV N U) is an open set.

Third, let Uy € U; € U be open neighborhoods of 0. We claim that there is A C W
open such that 7y (0) € A and such that for every p € oV N U, and for every a € A there

4 Notice that, if ker (D g g(0)) is an intrinsic graph W — V| then it is entire, that is, wyy (ker(Dg g(0))) = W.
Indeed, since ker(D g g(0)) is an intrinsic graph W — V, then VNker(Dp g(0)) = {0} and thus the restriction
Dyg(o) : V. — G is surjective. Hence, if w € W, then there v € V such that Dy g(0)w = Dy g(o)v. So,
wv! e ker(Dp g(0)) and nw(wv_l) =w.
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is ¢ € aV N Uy such that g(p) = g(g). Arguing by contradiction, suppose that this is not
the case. Then there are sequences a; € W with a; — 7w(o0) and p; € oV N U3 such that
g(pj) ¢ g(a;VNUy). By the compactness of Uy and the continuity of g, for each j there is
qj €a;vn U such that

p'(g(pj), g(gj)) = inf{p’(g(p;j), 8(q) : q € a;VNU}. (12)

Since g is a homeomorphism on each fiber pV N U and since g(p;) ¢ g(a;V N Uy), the
functiona;VNU — R, q +— p'(g(p;), g(¢)), is open. Therefore, we have g; € a;VNaUj.
Up to passing to a subsequence, there are pg € oV N Uy and go € oV N dU; such that
pj — poand g; — go. Now, notice that a jnw(o)_1 — 0 and that, for j large enough, we
have ajﬂw(o)‘lpj € a;V N Uj. Therefore, using (12),

lim p'(g(pj). 8(@)) < lim p'(g(p)). 8(ajmw(o)” p) =0,

that is, g(po) = g(qo). Since pp € oV N U, and qo € oV N (U \ Uy), this contradicts the
injectivity of g on oV N U and proves the claim.

Next, let B := g(oV N U;), which is an open neighborhood of g(0), and Q := nval (AN
g~ '(B) N Uj. The previous claims imply that for every a € A and every b € B there is a
unique v € V such that av € Q and g(av) = b. Define ¢ : A x B — Vas ¢(a, b) = v.

Finally, we claim that the map ®(a, b) := a¢(a, b) is a homeomorphism A x B — Q.
Notice that, if p = ®(a, D), then a = mwyw(p) and b = g(p): therefore, P is injective.
Moreover, if p € 2, then rw(p) € A, g(p) € B and ®(rw(p), g(p)) = p: therefore,  is
also surjective. Since ®~! : € — A x B isacontinuous bijection, then it is a homeomorphism
by the Invariance of Domain Theorem. This completes the proof. O

We observe that, when g : G — G’ is ahomogeneous group morphism, then the statement
of Lemma 2.10 holds with A = W, B =G’ and 2 = G.

Lemma 2.12 Under the assumptions and notation of Lemma 2.10, suppose o = 0 and define
forx >0

(7 51/)\A X 81/)LB — 51/)LQ
(a,b) = 81/x¢(8ra, 8,D)

Let @y be the implicit function associated with Dy g(0), that is, oo : W x G' — V is such
that Dy g(o)(apo(a, b)) = b for all a and b.
Then @5 — @q locally uniformly as » — 07.

Proof Without loss of generality, we assume €2 to be compactly contained in the domain of
g. Define g : 81,22 — G’ by

81 (x) = 81/28(8nx).

Notice that g, (ap;.(a, b)) = b for all (a, b) € 8175 A x 81/, B. Possibly taking a smaller €,
by Lemma 2.9 there is C > 0 such that p’(g(x), g(¥)) > Cp(x, y) for all x,y € Q with
myw (x) = 7y (y). It follows that that p’ (g5 (x), g4(y)) = Cp(x, y) forall x, y € §1,,Q with
myy (x) = myw(y), because myy o §; = &) o Tw.

Fix a compact set K C W x G’ and let (a, b) € K. Then, for small enough 2 (depending
only on K) we have (a, b) € 81/3A x 81/,B, apy(a, b) € 81,2 and ago(a, b) € 81,2,
hence

p(px(a, b), pola, b)) = plapy.(a,b), apo(a, b))
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1
< Ep’(gx(am(a, b)), grlago(a, b)))

1
= E,o’(b, gn(ago(a, b)))

1
= Ep/(DHgo(awo(a, b)), grlago(a, b))).

Since g is Pansu differentiable at 0, g» — Dpggo uniformly on compact sets. The map
(a,b) — ago(a,b) is a homeomorphism W x G’ — G, hence ¢; — o uniformly on
compact sets. m}

2.5 C}, submanifolds and rectifiable sets

A set ¥ C G is a submanifold of class C ;, (or C,l_l submanifold for short) if there exists a
Carnot group G’ such that for every p € X there are an open neighborhood Q of p in G
and a function f € C}J (€2; G') such that p is split-regular for f and TN Q = {f = 0}. In
this case, we sometimes call ¥ a C }q (G; G')-submanifold. Notice that the target group G’ is
unique up to biLipschitz isomorphism, as a consequence of Lemma 2.14.

The homogeneous tangent subgroup to ¥ at p € ¥ is the homogeneous normal subgroup
TPH Y :=ker(Dpy f(p)). Statement (ii7) in the next lemma implies that T;I ¥ does not depend
on the choice of f. Observe also that the homogeneous dimension of TpH ¥ is equal to the
difference of the homogeneous dimensions of G and G’ and is, in particular, independent of
p; we call this integer homogeneous dimension of ¥ and denote it by dimy X. It coincides
with the Hausdorff dimension of X (see Proposition 2.17).

Definition 2.13 Given a splitting G = W-V and an openset A C W, wesaythatp : A — V
is of class C%]/V,V(A) if the intrinsic graph X of ¢ isa C }1 submanifold and Tu’;ﬁ (w)E IS 4%
for every w € A.

Observe that, since V is isomorphic to G’, the homogeneous dimension of W is equal to
that of X.

Lemma2.14 Let ¥ C G bea C}q submanifold and o € Z. Let G = W -V be a splitting
such that TOH Y is the intrinsic graph of ¢o : W — V. The following statements hold:

(i) There are open neighborhoods 2 of 0 and A of myy(0), and a function ¢ € CQIW,V(A)

such that ¥ N 2 is the intrinsic graph of ¢.

(it) Assume o = 0 and define ¢, (x) 1= 81/,¢ (8,.x); then ¢, € C\\IN’V(&/;\A) and ¢;, — ¢o
uniformly on compact sets as . — 0%,

(iii) lim;_, o+ 812 (o 'x) = TOH Y in the sense of local Hausdorff convergence of sets. This
convergence is locally uniform in o.

@iv) If U is a neighborhood of o such that ¥ N U is the level set of f € C}LI(U, G') and o
is a split-regular point of f, then G’ is isomorphic to V.

Note that statement (i7) has a similar formulation when o # 0, however the formula is
longer and not particularly useful to us; using this formula, one could then prove that the
convergence is locally uniform in o. The proof of statements (i), (ii) and (iii) is left to the
reader, since it is a consequence of Lemmas 2.10 and 2.12 and of Proposition 2.4. As for
statement (iv), it is enough to notice that the group morphism Dgy f(0)|ly : V — G’ is
injective (because V Nker Dy f(0) = {0}) and surjective (because o is split-regular).

An important property of the parametrizing map ¢ is that it is intrinsic Lipschitz in
accordance with the theory developed by Franchi, Serapioni and Serra Cassano, see e.g. [16,
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19]. We recall that, given a splitting G = W -Vand A C W, amap ¢ : A — V is intrinsic
Lipschitz if there exists € C G such that the following conditions hold

(a) Cisacone,i.e.,§,C=Cforall A > 0; .

(b) Visanaxisof C,i.e., VC Cand V \ {0} C C;

(c) the graph X := {a¢(a) : a € A} of ¢ satisfies ¥ N (pC) = {p} forall p € X.

Remark 2.15 The above definition of Lipschitz continuity for intrinsic graphs W — V,
though slightly different, is equivalent to the one introduced by Franchi, Serapioni and Serra
Cassano, see e.g. [10, Remark A.2].

Corollary 2.16 Intrinsic C }1 submanifolds are locally intrinsic Lipschitz graphs.

Proof Let ¥ C G be a C}; submanifold, 0 € ¥ and V € #7u . We need to prove that then
there are a neighborhood 2 of 0 and a cone € with axis V such that for all pETNRQwe
have (X N Q) N pC = {p}.

Let €2 be a neighborhood of 0 with f € C}{(Q; G)suchthat TNQ={peQ: f(p) =
f(0)} and all points in Q2 are split-regular for f. Up to shrinking €2, we can also assume, by
Lemma 2.9, that there exists C > 0 such that

o' (f(p), f(pv)) > Cllvll, VpeQ, ve Vsuchthat pv e Q,

and that, by Lemma 2.5, f : (2, p) — (G/, p’) is L-Lipschitz, for some L > 0. Define the
cone

e:={uJU,@ Elvl,) CG.
veV

Requirements (a) and (b) above are clearly satisfied; to prove (c), let B be a ball such that the
ball B’ with the same center and three times the radius is contained in Q. Pick p € ¥ N B
and ¢ € B N pC\{p}. There exists v € V such that pv € B" and p(q, pv) < %Hvllp, hence

o' (f(p)s F(@) = p'(f(p), f(pv)) — o' (f(pv), f(q)) = Cllvll, — Lp(g, pv) > 0.
We conclude that f(q) # f(p) and thus ¢ ¢ X. This completes the proof. m}

The following result is an easy consequence of Lemma 2.14, Corollary 2.16 and [19, The-
orem 3.9]. We denote by ¢ either the d-dimensional Hausdorff or d-dimensional spherical
Hausdorff measure on G as in Sect.2.2.

Proposition 2.17 (Local Ahlfors regularity of the surface measure on C }1 submanifolds) Let
X C Gbea C}{(G, G') submanifold and let d := dimy X, then, for every compact set
K C X there exist C = C(K) > 0 and ro > 0 such that for all r € (0, ro)

1y d d
Cr <y“(ENU(p,r)) <Cr VpeKk. (13)

In particular, the measure W L% is locally doubling.

Some of the results of this paper hold for the more general class of rectifiable sets that we
now introduce.

Definition 2.18 (Rectifiable sets) We say that a set R C G is countably (G; G')-rectifiable
if there exists G’ and countably many C }{ (G; G')-submanifolds X; C G, j € N, such that,
denoting by Q, m the homogeneous dimensions of G, G’, one has

po(R\(Jx)) =0.
J
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We say that R is (G; G')-rectifiable if, moreover, ¥ 2" (R) < +o0.

The groups G, G’ will be usually understood and we will simply write rectifiable in place of
(G; G')-rectifiable. Notice that, if 2~ (R) > 0, then the group G’ is uniquely determined
by R up to biLipschitz isomorphism, as it is for C 111 (G; G')-submanifolds. We recall also
that this notion of rectifiability is not known to be equivalent to the ones which involve cones
and intrinsic Lipschitz graphs, see for instance [9,16,19,24].

A key object in the theory of rectifiable sets is the approximate tangent space.

Definition 2.19 (Approximate tangent space) Let R C G be countably (G; G')-rectifiable
andlet X;, j € N, be as in Definition 2.18; for Y2 ae. p € R we define the approximate
tangent space T[fl Rto R at p as

TPHR:= TPHZJ- whenever p € X5\ U P
j=j-1

Definition 2.19 is well-posed provided one shows that, for w2~""-a.e. p € R, Tlfl R does
not change if in Definition 2.18 one changes the covering family of submanifolds (X;);. In
turn, it is enough to show that, if ¥’, X" are level sets of f' € C}J(Q’; G), f" € C}I(Q”; G
defined on open sets ', Q” C G and all points are split-regular for f/, f”, then (see also [11,
Section 2])

YO (pex Ny TN £ TR =0. (14)

Let I be the setin (14). Assume by contradiction that Y2 (I) > 0; we can without loss
of generality suppose that X is the intrinsic graph of a map ¢ : A — V defined on an open
set A C W for some splitting G = W - V. Let J :={w € A : w¢(w) € I'}; by Theorem 1.1
one has 27" (J) > 0, hence there exists w € J such that

.y NU@wW,r)
lim — =
r—0+ Y 2—m(WNUw, r))

Taking Lemma 2.14 (iii) into account and using a density argument, it is straighforward to
prove that the blow-up of I at p := w¢ (w), i.e., the limit lim, _, g+ 61/ (p~'I) in the sense
of local Hausdorff convergence, is contained in 75 £'. Similarly it is contained in 7, %"
By density, the tangent of I should have the same dimension as the tangents of ¥’ and X"
and thus, the two tangents coincide, which is a contradiction.

3 The area formula

Let P be a homogeneous subgroup of G with dimy P = d and let 6 be a Haar measure on P.
By dilation invariance of & and [P one has

=9(EHIP’)

@1//11(9,0) = lim sup W

e—>0t

:06E€£,0<diam(E)§e}

. Q(Sdiam(E)‘l E ﬂ ]P)
lim sup{ — v
e—0t d1am(8diam(E)_1 E)

=sup{0(ENP):0e E € &, diam(E) = 1}. (15)

:06E€£,O<diam(E)§e]

This simple observation turns out to be useful to study the Federer density © 4 of veLP.
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Lemma 3.1 Let P be a homogeneous subgroup of G with homogeneous dimension d and let
W be either the spherical or the Hausdorff d-dimensional measure on G. Then ¢ LP is a
Haar measure on P and for all x € P,

sup [1//d(E NP):x € E € &, diam(E) = 1] —0W LB =1  (16)

Proof As & and p are left invariant, 1//‘1 L_IP is a left invariant measure on P. Therefore, we
only need to show that it is non zero and locally finite to prove that it is a Haar measure. Fix a
Haar measure 6 on P. Since 6 is d-homogeneous, 6 is Ahlfors d-regular on (P, p), therefore
there are constants 0 < ¢ < C such that

c6(B) < HU(B) < COH(B)

for all Borel subsets B C P, see for instance [21, Exercise 8.11]. By basic comparisons of
the Hausdorff and spherical measures, we infer that 1 is non zero and locally finite. We can
conclude that ¥< is a Haar measure on P.

It remains to prove the equalities in (16). The first equality now follows from (15) and
left-invariance. The second equality follows instead from Theorem 2.1. O

The following lemma proves Theorem 1.1 in a “linearized” case and allows to define the
area factor A.

Lemma 3.2 (Definition of the area factor) Let W - V be a splitting of G with W normal.
Assume that P is a homogeneous subgroup of G which is also an intrinsic graph W — V
and let Op : W — P be the corresponding graph map. Then, there exists a positive constant
A(P), which we call area factor, such that

Y LP = AP)Opy(p! LW).
Furthermore, the area factor is continuous in P.
We stress the fact that the area factor A depends on the choice of the splitting W - V.

Proof In order to prove the first part of the lemma it suffices to show that u := Opy(Yd LW)
is a Haar measure on IP. To see that it is locally finite, note that ®p is a homeomorphism
between W and P and that therefore bounded open sets in [P have finite positive i measure.
We need to prove that u is left invariant. Choose a set E C P. Let p = pyw py be a point on
P and pick a point x = xywxy € E, we can write

Ty (px) = ﬂW(PprXWP{/lPVW) = pwe(xw),

where ¢ : W — W is the group automorphism ¢(w) := pywpy, ' Let v € g be such that
pv = exp(v), where exp : g — G is the exponential map. Then we have

det(Dg(e)|w) = det(Ad,, lw) = det(e?®/W) = eradulw) — 1

where tr(ad,|w) = 0 because ad, is nilpotent. Here, we denoted by ad and Ad the adjoint
representations of g and G respectively; recall that Adexpy) = e3% This implies that ¢
preserves Haar measures of W and thus

w(pE) = ¥4 (ww(pE)) = v (pwe(mw(E)) = ¥ (rw(E)) = u(E).

We conclude that p is a Haar measure on PP, so the first part of the statement is proved.
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Let us prove that A(IP) is continuous with respect to IP. By Proposition 2.2, AM®)~!is
equal to Oya(p, 0) and, by (15),
.A(IF’)_1 = sup{wd(nW(E NP):0e€ E € & diam E = 1}.

Fix € > 0 and let P and ' be homogeneous subgroups that are intrinsic graphs on W of
maps ¢p, ¢pp : W — V such that

p(pp(w), pp(w)) <€ Yw € mw(B(0, 1)). a7

Pick E € &with0 € E and diam E = 1 such that ¥ (7w (ENP)) > (1—e)A(P)~!. Notice
that, if w € wyw(E N P), then p(wop(w), wop (w)) < €. Therefore, denoting by B(E, r)
the closed r neighborhood of E, we have

aw(ENP) C mwB(E, €) NTP).

If wd is the Hausdorff measure, then B(E, €) € & and diam(B(E, €)) < 14 2¢; If 1/fd is the
spherical measure, then £ = B(x, 1/2) for some x € G and thus B(E, €) C B(x, 1/2+¢) €
& with diam(B(x, 1/2 + €)) < 1 + 2¢. In both cases, we obtain

APHY ' > (1426791 — AP (18)

Notice that this inequality holds for all P and P’ satisfying (17), hence we also have A(P)~! >
(1+26)74(1 — e)A(P®)~!. We conclude that P — A(P)~! is continuous and, as A(P) is
strictly positive and finite, P — A(PP) is continuous as well. O

It is worth observing that the area factor implicitly depends on the fixed group W. We are
now ready to prove our first main result.

Proof of Theorem 1.1 Letting f be a C }1 (G, G’) map defining the C [11 submanifold X, the
map p — TPH (X) = ker(Dy f)) is continuous on X. By continuity of the area factor A and

of the map w — we (w) on A, the function a(w) := A(Tﬂp(w)Z) is continuous on A with
values in (0, 0o). We define the measure 1, supported on X, by

W(E) = / a(wyd (P LW)(w)
w(ENS)

for any E C G. We shall prove (1) by applying Proposition 2.2, that is, we will show that
Oya(n;0) = 1forallo € X. Fix 0 € ¥ and assume without loss of generality that o = 0.
Then

w(E)

diam(E)? :0e Ecé, diam(E)<r}.
iam

C ;0) = lim su
P (u; 0) ot p {
Using the continuity of the function a, we have

Y/ (aw(EN X))

(diam E)7 :0e Eeé, diam(E)<r}.
iam

O ya(u; 0) = a(0) rl_1)r%)1+ sup {
Since the projection myw commutes with dilations, we have for 0 < n <1,

Y (mw (8, E N D)) = 1%y (ww (E 0 81/, ).
Thus

Oya(u; 0)
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= a(0) lim sup {wd(nW(E N81y%):0€Eeé, dam(E)=1,0<n < r}.
r—

We claim that
lim+ sup {wd(nW(E Né;px):0€e Eeé, dam(E)=1, 0<n < r]
r—0

= sup(y?(rw(ENTE) : 0 € E € &, diam(E) = 1}. (19)

As in Lemma 2.14, we denote by ¢, : §1/,A — V the function whose intrinsic graph is
81/7 % and by ¢ : W — V the one for TOH X; then, ¢, converges to ¢ uniformly on compact
sets as n — 0. In particular, for every € > 0 there is r > 0 such that 7w (B(0, 1)) C §;/,A
and o (¢, (w), ¢o(w)) < € forall w € ww(B(0, 1)) and n € (0, r¢).

We start by proving that the left hand side (LHS) of (19) is not greater than the right
hand side (RHS); we can assume LHS > 0. Fix € > 0. Then there are n € (0, r.) and E
such that 0 € E € &, diam E = 1 and wd(nW(E Nd1/,%)) > (1 — €)LHS. Notice that
mw(E) C myw(B(0, 1)) and that

mw(EN81,T) C mw(B(E, €) N T D).
If wd is the Hausdorff measure, then E = B(E, €) € & and diam E <142¢If wd is the

sPhericalmeasureLthenE = B(x, 1/2) forsome x € G andthus B(E, €) C B(x, 1/24¢€) =:
E € & and diam E < 1 + 2¢. Thus, by d-homogeneity of wd LW, we have

Y (rw(E N THE)) R

RHS > = > S LHS.
(diam E)4 (1+2¢)

The inequality RHS > LHS follows from the arbitrariness of ¢. ~
For the converse inequality, fix e > 0 and E withO € E € & and wd(nW(E N TOH ) >
(1 — €)RHS. Notice that, for every n € (0, r¢),

1w (B1-2e EN TG L) C mwy(BO1 -2 E. €) N 817 %)
and that diam(B(81-2cE, €)) < 1. Similarly as before, we can find E. € & such that
B(81_2¢E, €) C E¢ and diam E. = 1. Therefore,

LHS > lim sup ¥/ (mw (Ee N 81/, %))

n—0t

> Tim sup ¥ (xyw (B(81——2c E, €) N 81/, %))

n—0t
> Y/ (rw (81— 2 ENTY'T))
= (1 — =26)"y (rw(E N Ty 2))
> (1 — —2¢)%(1 — €)RHS.

This concludes the proof of (19).
Eventually, by (16) and the definition of the area factor in Lemma 3.2,

Oya(1: 0) = AT ) sup{y/ (rw(EN T %)) : 0 € E € &, diam(E) = 1} = 1.
[m}

We conclude this section with some applications of Theorem 1.1. We start by proving the
first part in the statement of Corollary 1.2 about the relation between Hausdorff and spherical
Hausdorff measures on rectifiable sets; the second part of Corollary 1.2, concerning the same
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application in the setting of the Heisenberg group endowed with a rotationally invariant
distance, will be proved in Proposition 5.4
Proof of Corollary 1.2, first part. If P € I @, let a(IP) as the constant such that

2| P = aP)HL ™ LP, (20)

which exists because both measures are Haar measures.

Now, let G = W - V be a splitting and X the C }q intrinsic graph of ¢ : A — V with
A C W. Then, denoting by A"SV and Aﬁ the area factors for the spherical and Hausdorff
measures with respect to W,

827 % = AL (T D) D827 L W)

A(THR)
AW (THY)
AT(THY)
AW (THY)

= a(W) AS(TTE) Dy (O™ L W)

= a(W) HE™ L 3.

Since ¥ is arbitrary, we can apply this equality to ¥ = P € Wyy to see that

Ag'(P)

P) = )
a(P) = a(W) ATE)

Continuity of a and (2) are now clear. O

Remark 3.3 The definition of a in (20) together with Proposition 2.2 (with u = 82~ and
1//d = H2m) distinctly shows that the precise value of a(W) is related with the isodiametric
problem on W about maximizing the measure of subsets of W with diameter at most 1
(see [46]). This task is a very demanding one already in the Heisenberg group endowed with
the Carnot-Carathéodory distance, see [31].

We now prove a statement about weak* convergence of measures of level sets of C }1
functions; this will be used in the subsequent Corollary 3.6 as well as later in the proof of the
coarea formula. We note that the proof of Lemma 3.4 relies on the Area formula (1): we are
not aware of any alternative strategy.

Lemma 3.4 (Weak* convergence of blow-ups) Consider an open set Q@ C G, a function
g€ C}I(Q; G') and a point o € Q that is split-regular for g. Let m denote the homogeneous
dimension of G’ and, for b € G’ and ) > 0, define

Tib = 81/2007 (P € Q1 g(p) = g(0)8:b}) = {p € 81207 ' Q) : g(08;p) = §(0)8:b).
Then, the weak* convergence of measures
YOS = YT L (p: Duglo)p=b) ask— 0"

holds. Moreover, the convergence is uniform with respectto b € G, i.e., forevery y € C.(G)
and every € > 0 there is . > 0 such that

f xde"”—/ xdy 2 <6 VAae(0,1),beG.
b {Dpg(0)=b}
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Proof Up to replacing g with the function x 2(0)"'g(ox), we can assume 0 = 0 and
g(0) = 0; in particular, X, , = 81/, ({p € 2 : g(p) = 8,b}). Notice that, by Lemma 2.10,
>.» 7 9 for all b in a neighborhood of 0 and A small enough.

Possibly restricting €2, we can assume that there exists a splitting G = W - V, open sets
ACW,BcCG andamap ¢ : A x B — V such that the statements of Lemma 2.10 hold. If
P € I », then there is a € A such that p = 81/, (ag(a, §,0)) = 815.a¢,(81/.a, b), where
@;.(a, b) := 81,.9(8,a, §,b). In particular, X, ; is the intrinsic graph of @, (-, b) : 81/, A —
V.

Denoting by ¢g : W x G’ — V the implicit function associated with Dy g(0), we have
by Lemma 2.12 that ¢; — ¢g uniformly on compact subsets of W x G’. Moreover

lim T, Sop = lm T5, ), (5,a0(5,a,8.0)01/121,8,b
g ag; (a,b) &, A Ot 1/5.(8rap(8ra,8,0))01/ 26

= Al—ig)l‘*' Ts,ap(5,a.8:0) 21,8,

= lim ker(Dpg(8ap(8a, 8,b)))
A—>07T

=ker(Dpg(0)) € #4,

where the convergence is in the topology of #4 and it is uniform when (a, b) belong to
a compact set of W x G’. Therefore, using the area formula of Theorem 1.1, for every
x € C.(G) we have

A—0F A—0F

lim / xdy 2" = lim / x(ags.(a, b)) A(Tug, @.p) Sr.p)d Y 27 ()
Zab S1/0A

= /W x (ago(a, b)) A(ker Dy g(0)dy 2™ (a)

= f xdy 2™, Q1)
{Dp g(0)=b}

where the limit is uniform when b belongs to a compact subset of G’. Let us show that the
convergence is actually uniform on G'.

Since g is Lipschitz continuous in a neighborhood of 0, there is a positive constant C such
that p’(0, g(8, p)) < C for all p € spt x and A small enough. Therefore, if p'(0, b) > C,
then spt x N X, » = @. Possibly increasing C, we can assume that spt x N{Dyg(0) = b} =0
for all b such that p’(0, b) > C. Therefore, the uniformity of the limit (21) for b € B/ (0, C)
implies uniformity for all 5 € G'. This completes the proof. O

In the proof of the following corollary, we will need this simple lemma:

Lemma3.5 Let 6 be a Haar measure and p a homogeneous distance on a homogeneous
group P. Then 6(d0 U, (0, R)) = 0 for all R > 0.

Proof By homogeneity, there holds
9@ U0, R)) = lim 6(U, R +¢€)) —6(U(0, R —¢))
e—0t

=6(UO. 1) lim (R + e)dimn P _ (g _ gydimg By _
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Corollary 3.6 There exists a continuous function ® : Ig.¢ — (0, +00) with the following
property. If R C G is a (G; G')-rectifiable set and Q, m denote the homogeneous dimensions
of G, G/, respectively, then

. Y2 (RNU(p, 1))
1im

r—0t rQ-m

=o(T)'R)  fory®"-ae peR. (22)

Moreover, if R is a C}1 submanifold, then the equality in (22) holds at every p € R.

Clearly, ? depends on whether the measure 1€~ under consideration is the Hausdorff
or the spherical one.

Proof of Corollary 3.6 Let ¥ bea C}, submanifoldandletj := ¢~ L (R\ X); Theorem2.1
(ii) implies that

Opo-n(uip) =0 foryC"ae pex,

hence

i VOTRA D) AU ) _
m =

r—0t rQ-m

0 fory2™ae peRNX.

A similar argument, applied to u := 27" L (Z\R), gives
YO\ RNUP. ) _

lim 0 fory2 ™ae peRNY,
r—0+ pQ-m 4 P
ie.,
o-mR N U(p, O-m(x NU(p,
lim v ( (. 1)) = lim 14 ( (p.1) fory9M-ae.pe RNY
r—0t rQ-—m r—0+ rQ-m

provided the second limit exists. In particular, it is enough to prove the statement in case R
isa C}i submanifold.
Let p € R be fixed; for A > 0 define R, := 81/)\(p’1R) and, by Lemma 3.4,

YO R, Ny Qm L THR. Since 2" (TR N9 U, 1)) = 0, using [1, Proposi-
tion 1.62 (b)] and Lemma 3.5, one gets

i y9™(RNU(p.r))
m =

r—0t rQ-m

11'%1+ Y2 (R, NU(O, 1) =y 2™(TFRNU, 1)).

Statement (22) follows on setting 0(P) := Y emPNU(, 1)) for every P € I ¢

It remains only to prove the continuity of 0 at every fixed W € I /. Every P € J;
in a proper neighborhood of W is an intrinsic graph over W. Denoting by wyw : G — W the
projection defined in (11), we have by Lemma 3.2 that

AP) =y 2P NUO, 1) = AP)Y 2" (mw (PN U, 1)),

hence we have to prove only the continuity of P > YOy (P N U0, 1)) at W. Let
€ > 0 be fixed; then, if IP is close enough to W, one has

WNU@O,1—¢€) Caw@PNUQO, 1)) cWNUQO,1+¢€)
and the continuity of P Y2 (rw (P N U(0, 1)) at W follows. ]
We conclude this section with the following result, similar in spirit to Lemma 3.4. It will

be used in the proof of Lemma 4.7.
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Corollary 3.7 Suppose that, forn € N, L, : G — G’ is a homogeneous morphism and that
the sequence of L, converges to a surjective homogeneous morphism L : G — G’ such that
ker L splits G. Then the following weak* convergence of measures holds:

YO AL, = s}y L{L = s},

where s is an element of G', Q is the homogeneous dimension of G and m is the homogeneous
dimension of G'. More precisely, given a function x € C.(G) and € > 0, there exists N € N
such that foralln > N and s € G’

V xde—'"—/ xdy @
{Ln=s} {L=s}

Proof Denote by W := ker L and let G = W - V a splitting. Recall that V and G’ are also
vector spaces, the morphisms L,, are linear maps and that L|y : V — G’ is an isomorphism.
Therefore, there exists N € N such that L, |y is an isomorphism for all » > N. For all such
nands € G/, define ¢}, : W — V by

G5 (w) := Lyly" (Ly(w)"'s).

Notice that {L,, = s} is the intrinsic graph of ¢;. Let ¢5, : W — V be the constant function
whose intrinsic graph is {L = s}: it is clear that ¢} (w) — ¢, (w) uniformly on compact
sets in the variables (w, s) € W x G'.

Fix x € C.(G). Then

< €.

/ xdy 2™ = A(ker L,) / x (WS (w))dy 27" (w)
{Ln=s} W

where the functions x, : (s, w) — x(we¢; (w)) are continuous and uniformly converge to
(s, w) — X(wL|§,1(s)) asn — 0o. Moreover, A(ker L,) — A(ker L) = 1. This completes
the proof. O

4 The coarea formula
4.1 Set-up

Let G be a Carnot group, p ahomogeneous distance on G and Q the homogeneous dimension
of G. Let also M, L and K be graded groups and such that LM = K and M N L = {0}; let
m and £ be the respective homogeneous dimensions of M and L. In all the following, we
assume that Q > [ + m. Notice that Theorem 1.3 is non-trivial only when both L. and K are
stratified, but M need not be stratified, as shown in Remark 4.3.

Our aim is to prove Theorem 1.3, which by Proposition 2.2 will be a consequence of
the following Theorem 4.1: here, C(P, L) denotes the coarea factor corresponding to a
homogeneous subgroup P of G and a homogeneous morphism L : G — L; the coarea factor
is going to be defined later in Proposition 4.6. The function C(P, L) is continuous in P and
L, see Lemma4.7.

Theorem 4.1 Let Q C G be open, let | € C}i (2; M) and assume that all points in Q are
split-regular for f, so that ¥ :={p € Q : f(p) =0} isa C}J submanifold. Consider a
function u : Q2 — 1L such that uf € C}_I(Q; K) and assume that

either Dy (uf)plpny is not surjective on L,
14

Q—m
or -a.e. p € X,
fory P { or p is split-regular for uf.
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Fors € Lset ° := X Nu~L(s). Then

(i) for every Borel set E C S the function L. 5 s — 27" ¢(E N T%) € [0, +00] is
l/lz—measumble;
(ii) the function

psu(E) = /L Y27 HE N E=5)dyt(s), (23)

defined on Borel sets, is a locally finite measure;
(iii) the Radon—Nikodym density © of ux ., with respect to Y@M S is locally bounded
and
O(p) =C(I)' S, Duuf),) fory® ™-ae peXx. (24)

Remark 4.2 Let us prove that the differential Dy (uf), |TpH 5. depends only on the restriction
of u to ¥ and, moreover, that it does not depend on the choice of the defining function f
for ¥. In particular, in view of Proposition 4.6 also the coarea factor G(Tlf{ %, Dy (uf)p)
depends only on the restriction of u to X.

Letv € TPH %; then there exist sequences r; — 0" and ¢ j — psuchthat g; € ¥ and

v =1lim;_ 00 81y, (p_lqj). In particular, ||q;1p8rjv||p = o(rj) and, by Lemma 2.5,
lim 811, (@) g~ wf)(ps,v)) =0.
Since f|y = 0 we obtain
Digef)p() = Jim 1y, (f) ()™ @f)(py; )
= lim 81y, (whH(p) " wf)ig)))
= lim 81, (u(p)~"ulg;)) -
j—o0o

This proves the claim.

Remark 4.3 Here is an example where Theorem 1.3 applies and where the general hypotheses
on the subgroups M, L and K are necessary. Let G be the free group of rank 3 and step 2.
A basis of its Lie algebra, g, is X1, X2, X3, X12, X13, X23 with X;; = [X;, X;]. Consider
the subgroup K of G generated by X7, X3 (and X»3), which is isomorphic to the Heisenberg
group. K has a complementary normal subgroup K, generated by X1, X2, X13. Furthermore,
K itself admits a splitting of the form LM, where . = span{X»,, X3} and M = span{X3}.
Lastly, another splitting of G is given by the subgroups (K}L) and M.

Denote by 7k : G — K the projection onto K along K and by f the projection onto M
along KLL. Defining u : G — L as the map p — 7 (p) - f(p)~1, there holds (uf)(p) =
g (p). The maps f and uf are regular C 111 maps, however the range of u is L, which is
not a stratified group and the direct product I x M is not a stratified group. Therefore,
u x f:G— L x M cannot be a regular C}_, map.

The proof of Theorem 4.1 is divided into several steps. We start by proving that uy ,
is a well defined, locally finite measure concentrated on X; this uses an abstract coarea
inequality. Then we consider the linear case in order to apply a blow-up argument; in doing
so, we will define the coarea factor. We finally consider separately “good points”, i.e., those
where Dy (uf)|rny has full rank, and “bad points”, where Dy (uf)|r#y is not surjective:
at good points the blow-up argument applies, while the set of bad points is negligible by an
argument similar to the proof of the coarea inequality.
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4.2 Coarea Inequality

In this section we prove Proposition 4.5, which is a consequence of the following Lemma 4.4;
the latter is basically [14, Theorem 2.10.25], with a slightly different use of the Lipschitz
constant. See also [32, Theorem 1.4] and [12, Lemma 3.5].

Lemma 4.4 (Abstract Coarea Inequality) Let (X, dx) and (Y, dy) be boundedly compact
metric spaces and assume that there exist § > 0 and C > 0 such that

HP(E) < Cdiam(E)?  forallECY,

where HP is the B-dimensional Hausdorff measure on (Y, dy). Let u : X — Y be a locally
Lipschitz function and for € > 0 consider

dy (u(x), u(y))
dx(x,y)

Then, for every a > f and every Borel set A C X with H*(A) < +oo, the function
y = H P w1 (y) N A) is HP-measurable and

Lip, (v) := sup{ 0 <dx(x,y) < e} , Lipy(u) := 6111%) Lip, (u).

/ 3¢ (! (y) N A)HA () < C Lipg ()P 3 (A).
Y

Moreover, the set function A — fY He=P (w1 (y) N A)AHP (v) is a Borel measure.

The proof is standard. In our setting, the “abstract” coarea inequality translates as follows.

Proposition 4.5 (Coarea inequality) Under the assumptions and notation of Theorem 4.1,
one has

(i) uly is locally Lipschitz continuous;
(ii) for every Borel set E C G, the function L > s +— Y2t E N T € [0, +o0] is
Wt-measurable;
(iii) for every compact K C X, the coarea inequality

ws.u(K) < CLip(ul ) 92 (K)

holds for a suitable C = C(IL) > 0;
(iv) px,u is a Borel measure on Q satisfying pus , < 1//Q_m L X with locally bounded
density.

Proof We notice that the measure 2~ |_X is locally finite by the estimate (13). The
local Lipschitz continuity of u|yx, follows from Lemma 2.5 because of the assumption uf €
C}i (2; K) and the fact that u|y = uf|y. Statement (ii) follows from [14, 2.10.26]; the
careful reader will observe that [14, 2.10.26] is stated only when Yt = K, but its proof
easily adapts to the case ¢ = $¢. Statement (iv) is now a consequence of statement (iii)
and the Radon—Nikodym Theorem, which can be applied because 2~ L_ ¥ is doubling
by (13) (see, e.g., [47]). ]

4.3 Linear case: definition of the coarea factor

In the following Proposition 4.6 we prove the coarea formula in a “linear” case, and in doing
so we will introduce the coarea factor. We are going to consider a homogeneous subgroup
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P of G that is also a C ,11 submanifold. We observe that this implies that P coincides with its
homogeneous tangent subgroup; in particular, [P is normal and it is the kernel of a surjective
homogeneous morphism on G.

Proposition 4.6 (Definition of the coarea factor) Let P be a homogeneous subgroup of G.
Let L : P — L be a homogeneous morphism. Let up, |, be as in (23), namely,

WpL = f Y2 L7 (s)dy (s).
L

Then, up. g is either null or a Haar measure on IP. In particular, there exists C(P, L) > 0,
which we call coarea factor, such that

pp.L =CP, L)y LP. (25)

Moreover, C(P, L) > 0 if and only if L(P) = L.

Proof Since L is Lipschitz on [P, we can apply Lemma 4.4 and obtain that up ; is a well
defined Borel measure that is also absolutely continuous with respect to 1 ¢~ L_IP and finite
on bounded sets.

If L(P) # L, then up 1 = 0 and thus (25) holds with C(P, L) = 0.

If L(IP) = L, then we will show that up ; is a Haar measure on P, which is equivalent to
(25) with C(P, L) > 0. Fors € L let P := L~!(s). Since P* is a coset of P?, y 2=t |_]ps
is the push-forward of Wy @—m—t |_PY (which is a Haar measure on P) via a left translation.’
It follows that pp 7 is nonzero on nonempty open subsets of PP.

We need only to show that up ;, is left-invariant: let p € P and choose a Borel set A C P.
For every s € L we have p~1P* = {g € P : L(pq) = s} = PL®™'s_ By left invariance of
Y@=t and ¢, we have

1p.L(pA) = /L YO (pA) NP (s)
= /L YO (p(ANEE $))dyt(s)
= /L YO LA NPEE Ayt (s) = pp 1 (A)
as wished. m]

We now prove a continuity property for the coarea factor C(IP, L). We agree that, when
L : G — L is defined on the whole G, the symbol C(P, L) stands for C(P, L|p).

Lemma 4.7 Assume that, for n € N, surjective homogeneous morphisms F, F,, : G — M
and homogeneous maps L, L, : G — L are given in such a way that

(1) LF and L, F,, are homogeneous morphisms G — K;
(ii) ker F and ker(LF) split G;
(iii) F, — F and L, — L locally uniformly on G as n — oc.

Then C(ker F,,, L,) — C(ker F, L) as n — 0.

5 Recall that for a homogeneous group morphism f defined on G, there holds dim g ker f 4+ dimg im f =
dimy G
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Proof SetP, := ker F,, and IP := ker F’; let V be a complementary subgroup to IP. Then, as
P, — P, for large enough n, P, - V is a splitting of G and the subgroup P, is the intrinsic
graph P — V of a homogeneous map ¢,, € C]lly’v(]P’). Observe that ¢, — 0 locally uniformly
on P because P, — P. This, together with Lemma 3.2 and the continuity of the area factor
by Lemma 3.2, implies that 2~ P, converges weakly* to ¢ €~ L_P. Therefore, by
Proposition 4.6 we have only to show that
HE, L, — HB.L. (26)
If L|p is surjective, also L F is surjective. Since ker(L F) splits G, then (26) follows from
Corollary 3.7, integrating over s € L and noting that LF~ ) = L|H§] (s). If L|p is not
surjective, we can without loss of generality suppose that L, |p, is surjective for all n. By
homogeneity, it suffices to prove that up, 1, (Bg(0, 1)) — 0. We have

e, .1, Bg(0, 1)) = fL v 2=t ®, N L, (s) N Bg (0, D)dy'(s)
< YLyBg0, ) NP, supyr @ (Bg(0, D NP, N L, (5))
selb
<207ty (L,(Bg(0, ) NP,))

where the last inequality holds because, considering p € PP, such that L, (p) = s, we have
by Lemma 3.1

Y9t B0, ) NP, N L, (5) =y 2 Be(p, NP, N L, (0) <297

Thus, we have to prove that Yi(L,(Bg(0, 1) NP,)) — 0; notice that L,(Bg(0, 1) N P,)
converges in the Hausdorff distance to L(Bg (0, 1) NP), which is a compact set contained in
a strict subspace of L. As ¥¢ is a Haar measure on L, it is upper semi-continous with respect
to Hausdorff convergence and Yi(L,(Bg(0, 1) NP,)) — 0asn — oco. m]

4.4 Good points

By “good” point 0 € X we mean a point where the differential Dy (uf)|rny is surjective
onto L; the following Proposition 4.8 shows that the Radon—Nikodym derolsity O of us 4
with respect to 27" L_ ¥ can be explicitly computed at its Lebesgue points and coincides
with the coarea factor. Notice that almost every o € X is a Lebesgue point for ®, in the sense
that

lim |© — ()| dy 2™ =0. 27
r—0% J £nU(o,r)

Proposition 4.8 Under the assumptions and notation of Theorem 4.1, the equality
O(0) = TS, Dy (uf)(0)). (28)

holds for 2 ™-a.e. 0 € ¥ such that Dy (Mf)|T0H): is onto L.

Proof We are going to prove (28) for all 0 € ¥ such that Dy (uf)ITOHZ is onto L, o is
split-regular for uf and (27) holds; up to left translations, we may assume that 0 = 0 and
1(0) = 0. For every Borel set A C G and A > 0 we have, on the one hand

su (82 A) = f O(p)dy 27" (p)

NS5, A
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=22 / O, p)dy 2" (p)
(81/;\2)FIA
=297"(© 0 )Y LT L8111 Z(A).

On the other hand,
13 (83 A) = fL YO8, 4) N T N {u = sV E(s)
= /L YOG (AN S E N (s = 815Dy (5)
= 30 /L YO AN S4B N fuy = AP (D),
where u; (p) := 81/,u (8, p). Therefore, one has the equality of measures
(©os)Y2 L6 = fL YOl (8122 N {uy, = bHdy(b). (29)

We now compute the weak* limits as & — 07 of each side of (29). Concerning the left-hand
side, for every x € C.(G) one has

/ X (PO P (p)
81T

=/ x(P)(O(8:.p) — ©(0)dy 2™ (p) + ©(0) x(p)dy 2" (p),
81/.% 81,2

Let r > 0 be such that spt x C U(0, r), then

/ X (P)(©O@Sp) — ©(0)dy ™" (p)
31,2

= ”X”oo/ |©(8:.p) — ©0)|dy 2™ (p)
U(O,r)ﬂsl/ﬁ:
= ||X||oo)»m_Q/ 1©(p) — ©(0)|dy 2" (p)
U@O,rr)NZ

<cC ||x||oo][ 10(p) — OO)IdW 2™ (p)
U@O,rr)Nx

for a suitable positive C. Exploiting (27) one gets

lim x(P)O@p)dy 2™ (p) = ©(0) lim x(p)dy 2" (p)
A—0F S/ % 2—0F S 2
—00) / XAy 2 (p), (30)
s

the last equality following from Lemma 3.4.
We now consider the right-hand side of (29); setting (uf)(p) = 81/, ((uf) (1 p)), for
every x € C.(G) one has

lim / / xdy @74yt (b) = lim / / xdy @7yt (b)
A= 0" JL J81 5 20wy =b) 2= 0 JL J{us)=n)
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_ / / XAy @ty (b),
L J{Dpy (uf)(0)=b}

where we used Lemma 3.4 and the fact that the inner integrals are equal to zero when b is
outside a fixed compact set. The definition of the coarea factor then gives

lim f/ deQimildwl(b):/XdM "
A=>0% JL Jsy 5 SN{uy=b) Ty' X.Dp (uf)(0)

= C(TJ'S, Dy (uf)(0)) / xdy 2™ (31)
s

The statement is now a consequence of (29), (30) and (31). ]

4.5 Bad points

In contrast with “good” ones, “bad” points are those points p where (Dy (uf))(p)lruy is
P

not surjective. The following lemma states that they are uy ,-negligible: a posteriori, this is
consistent with the fact that, by definition, the coarea factor is null at such points.

Lemma 4.9 Under the assumptions and notation of Theorem 4.1, one has

usu({pex: DH(uf)(p)leE is not onto IL}) = 0.

Proof 1t is enough to show that ux ,(E) = 0 for an arbitrary compact subset E of {p €
DI DH(Mf)(p)'TpH): is not onto IL.}, which is closed. We have 1//Q_m(E) < 0. Fixe > 0;

by the compactness of E and the locally uniform differentiability of both f and uf, there
exists r > O such that B(E, r) C Q and, forall p € E and all ¢ € ¥ N U(p, r), there holds

f(p) =@,
IDu )P Dl = 1(Puf) (™ 7"l
=1D@uf) ' (FP) T f@)Il < epc(p. 9).
and
px (D (uf)p(p™'9), wf)(P) " wf)(@)) < epc(p. q).
Observe?® that there is C > 0 such that, forall p € E and allg € = NU(p, r),
dist(q. pT}'2) < ClIDu fo(p~ ' 9)I- (32)
‘We infer that

dist(q, pT)' =) < Cepi(p. ).

Fixing a positive integer j > 1/r, one can cover E by countably many closed sets {Bij }i

of diameter dl.j := diam Bij belonging to the class & and such that

d/ <1/j, foralli, and Z(d{)Q*m <y 2 M™ME)+1/j. (33)

6 Remember that, in exponential coordinates, D fp is a linear surjective map with continuous dependence
in p and T;IE = ker(Dy fp). Thus, (32) is an application of Lemma 6.1 in the appendix.
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Imitating the proof of [12, Lemma 3.5], we define the functions gij : L — [0, 1] by gij =
JNO—m—t )

(di e lu(B,!m:)'

used in the Carathéodory construction, one has

v T N E) < gl o), (34)

Note that, using the standard notation g % for the pre-measures

forally € L.
Then one gets, using upper integrals,

[ v @i < [ oo
£ [ s

= fL @), i ()Y (s)
<Y @hHe Tty i n ), (35)

where the inequality marked by * follow from Fatou’s Lemma. We claim that thereis M > 0
such that ] .
v (B! N %)) < M“C(e, L)(diam B))", (36)

for a suitable C (¢, ) > 0 such that lime_,0+ C(e, L) =0.

Let us prove (36). Fix some B = Bij ; we can assume that B intersects E in at least a point
p, which implies in particular that B C B(E, 1/j). Without loss of generality, suppose that
p =0and (uf)(p) = 0; we know that foreveryg € BN X

dist(q, Ty’ 2) < ellgle  and  pr(u(q), Duuf)o(@)) < €liqlic-

Let M be the maximum between 1 and the Lipschitz constant of uf on B(E, r). Observing
that Dy (uf)o has Lipschitz constant at most M, we get

dist(u(q), D (uf)o(Ty' £)) < px(u(q), Duuf)o(q)) + M dist(g, Ty" %)
= (M + Deligllc =2MelqliG-

Denoting by I” the homogeneous subgroup Dy (uf )O(TOH %), which is strictly contained in
L, and using the fact that u(B N X) C L, we conclude that

u(BNX) C B, 2Me diam B) N By (0, M diam B),

where we also used the fact that the Lipschitz constant of u|pny = (uf)|pnx is at most M.
By homogeneity one has

v (u(BN X)) < (diam B) ¢ Br(L',2 Me) NBL(0, M))
< M*(diam B)® y*(BL(L', 2¢) N BL(0, 1)).

The claim (36) follows on letting

C(e, L) :=sup wZ(B]L(]P’, 2¢) NBL(0, 1))
P
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where the supremum is taken among proper homogeneous subgroups of L. The fact that
lim,_, ¢+ C(e, L) = O can be easily checked in linear coordinates on the vector space L, by
comparing py, with the Euclidean distance and noting that ¥ is a multiple of the Lebesgue
measure.

Combining (36), (35) and (33), we obtain

fL v E N U ($)dyt () < MEC(e, Ly (W 2T (E) + 1/))

and, letting j — oo, we deduce by Fatou’s Lemma that
pzu(E) < M'Ce, L)y 2" (E).
The proof is accomplished by letting € — 07. O

Lemma 4.9, combined with Propositions 2.17 and 2.3, provides the following conse-
quence. Recall that ¥ is Borel regular and that the restriction of a Borel regular measure to
a Borel set is Borel regular again.

Corollary 4.10 Under the assumptions and notation of Theorem 4.1, the equality ©(p) = 0
holds for 2™ -a.e. p € ¥ such that Dy (uf)|T;12 is not surjective on L. In particular

O(p) =0=C(T S, Dy uf)(p))

at all such points p.

4.6 Proof of the coarea formula

In this section we prove the main coarea formulae of the paper. We start by Theorems 1.3

and 4.1.

Proof of Theorems 1.3 and 4.1. Notice that Theorem 4.1 implies Theorem 1.3. Statements (i)

and (ii) and the first part of (iii) of Theorem 4.1 follow from Proposition 4.5. The remaining

claim (24) follows from Proposition 4.8 and Corollary 4.10. O
A direct consequence is Corollary 1.4, where we assume that K = L. x M is a direct

product:

Proof of Corollary 1.4 1t is enough to prove the statement in case R is a C}q submanifold,;
actually, we can also assume that there exists f € C}_, (2; M)suchthat R=2 :={p e Q:
f(p) = 0} and all points in 2 are split-regular for f. Since K = IL x M is a direct product, we
have uf € C}{(Q; K) and Dy (uf),(g) = Dyu,(g)Dy fp(g) for every g € G. Moreover,
since T;IE = ker Dy f), the equality Dy (”f)p|Tlﬁ>: = DHup|T;12 holds. In particular,
condition (5) now implies (3), and the statement directly follows from Theorem 1.3. O

5 Heisenberg groups

The most notable examples of Carnot groups are provided by Heisenberg groups. For an
integer n > 1, the n-th Heisenberg group H" is the stratified Lie group associated with the
step 2 algebra V = V| @ V, defined by

Vi =span{X1y, ..., X,, Y1,..., Vu}, Vo = span{T},
[Xi,Y;]=6;T foreveryi,j=1,...,n.
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In H", we consider coordinates (x, y,7) € R" x R" x R, according to which the group
operation reads

@,y DY ) = oy 4y 4 5 Y gy = X))
We say that a homogeneous distance p on H" is rotationally invariant’ ([44]) if
p0, (x,y.1)) = p(0, (x",y", 1)) whenever |(x, y)| = |[(x', ¥, (37)

where | - | is the Euclidean norm in R?”. Observe that p is rotationally invariant if and only
if it is multiradial according to [8, Definition 2.21], i.e., if p(0, (x, y, 1)) = f(|(x, ¥)I, |?])
for a suitable f.

If H" = W - V is a splitting of the n-th Heisenberg group H" with W normal, then
necessarily V is an Abelian horizontal subgroup, i.e., V. C Vi, while W is vertical, i.e.,
Vo € W. See [17, Remark 3.12]. Moreover, if 1 < k < n, then the following conditions are
equivalent:

(i) P c H" is a vertical subgroup with topological dimension 2n + 1 — k;
(ii)) P = P x V, for some (2n — k)-dimensional subspace P C Vi;
(i) P € Fgn pe.

Proving the equivalence of the statements above is a simple task when one takes into account
that every vertical subgroup of codimension at most n possesses a complementary horizontal
subgroup, see e.g. [17, Lemma 3.26].

5.1 Area formula in Heisenberg groups

We provide an explicit representation for the spherical measure on vertical subgroups of H".

Proposition 5.1 Assume that H" is endowed with a rotationally invariant homogeneous dis-
tance p andlet 1 < k < n. Then, there exists a constant c(p, n, k) such that for every vertical
subgroup P € Fgn i

clp,n, )8R P = 1R L P,
where %?"‘Fk denotes the Euclidean Hausdorff measure on R¥'+! = H".

Proof Let P € Jyu e be a fixed vertical subgroup; by [17, Lemma 3.26] there exists a
complementary Abelian horizontal subgroup V. = V x {0}, for a proper k-dimensional
subspace V C V;. Let W be the (2n — k)-dimensional subspace orthogonal to V in V| and
set W := W x V>, it is a vertical subgroup that is complementary to V. Let P C Vj such
that P = P x V,.

Let f: W — Vbesuchthat P = {w + f(w) : w € W}and let ¢ : W — V such that
P={w(p(w),0) : w e W}. Now, notice that if z € W and ¢ € R, then

1
(Z7 t)(d)(zs t)! 0) = (Z +¢(Z’ z)’ r+ Ea)(zv ¢(Z, t))v

where w is the standard symplectic form on R?". Since z 4+ ¢(z,1) € Pand (z+ V)N P =
{z+ f(2)}, then we have ¢ (z, 1) = f(2).

7 The terminology “rotationally invariant” might be misleading in H" for n > 1, as not all rotations around
the T axis are isometries
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The area formula of [8, Theorem 1.2], together with [8, Theorem 2.12 and Proposition
2.13] from the same paper, provide a constant c(p, n, k) > 0 such that

c(p, n, k)8R L P = oy 3O TIR W), (38)

where J?¢ is the intrinsic Jacobian of ¢ as in [8, Definition 2.14] and ® is the intrinsic graph
map. On the other hand, the Euclidean area formula gives

HEHHKLP = Fp(JF HHR W), (39)

where F : W — P is defined by F(x, y,t) := (f(x,y),t) forevery (x,y) € Wand JF is
the Euclidean area factor. As a matter of fact, using the equality f = ¢, one has J®¢ = J F
and the statement immediately follows from (38) and (39). O

Remark 5.2 Proposition 5.1 holds, with no changes in the proof, in the more general case H"
is endowed with a homogeneous distance that is (2n + 1 — k)-vertically symmetric according
to [8, Definition 2.19].

Remark 5.3 When H" is endowed with a rotationally invariant distance p, then for every
pair (P, ) of one-codimensional homogeneous subgroups of H", there exist an isometry
(H", p) — (H", p) that maps P to . The proof is left to the reader. However, this is not
the case for codimension 2 subgroups of H?, nor for codimension 1 subgroups of H' x R.
Indeed, if two subgroups are not isomorphic, they cannot be isometric.

The following proposition completes the proof of Corollary 1.2.

Proposition 5.4 If H" is endowed with a rotationally invariant homogeneous distance and
G’ = R, then the function a in Corollary 1.2 is constant, i.e., there exists C € [1,2%11]
such that

S LR =CH" LR V H",R)-rectifiable set R C H".

Proof When G = H" and G’ = R, then the function a defined in (20) is constant by
Remark 5.3. m]

Similarly, Corollary 3.6 can be improved when G is the Heisenberg group endowed with
a rotationally invariant distance.

Corollary 5.5 Assume G is the Heisenberg group H" endowed with a rotationally invariant
distance and G' = R™ for some 1 < m < n; if y2"t27™ is the spherical Hausdorff measure,
then the function 0 in Corollary 3.6 is constant.

Ifm = 1 and > 2™ is the Hausdorff measure, then the function 9 in Corollary 3.6 is
constant.

Proof Concerning the first part of the statement, let W € Jj» g be fixed; by Proposition 5.1
we have

§2n+2—m (W N U(0, r))
r2n+2—m

o(W) = hm+

r—0
= 82 FM(W N U(0, 1) = c(n, m)FH2 =" (W N U(O, 1))
and the latter quantity does not depend on W by rotational invariance of the distance. The

second part of the statement is an immediate consequence of Remark 5.3. O
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5.2 Coarea formula in Heisenberg groups

When one considers spherical measures in the Heisenberg group endowed with a rotationally
invariant distance, then the coarea factor coincides up to a multiplicative constant with the
quantity

r 172
TRu(p)i= (det(L o L))", L= Dyuplypg.
We prove this fact.

Proposition 5.6 Consider the Heisenberg group H" endowed with a rotationally invariant
distance. Let P € Jgn pm be a vertical subgroup of topological dimension 2n + 1 — m and

let L:P— Rlbea homogeneous morphism; assume 1 < m + € < n. Then
, 14 1/2
e, Ly = Smmto (det(L o LT)) ,
c(n,m)

where the positive constants c(n, m) and c(n, m + £) are those provided by Proposition 5.1.

Proof If L is not onto R, then the statement is true. We assume that L is surjective. By
Proposition 5.1

Up.L = / 82;1+2—m—£ |_L_] (S)dLZ(S)
R

=c(n,m+ z)/ gt L7 (5)dL (s)
R¢

= c(n,m+ £)(det L o LT)!/2g¢2n+1=m | p,
where we used the Euclidean coarea formula. A second application of Proposition 5.1 gives
c(n,m+¢)

c(n, m)

and this is enough to conclude. O

up.L = (det L o LT)1/2g2n+2=m | _p

We now have all the tools needed in order to prove our coarea formula in Heisenberg
groups.

Proof of Theorem 1.7 The first part of the statement is an immediate consequence of Corol-
lary 1.4 and the fact that, if DHup|TpHR is surjective on RY, then T;’R Nker Dyu, is a
vertical subgroup of dimension 2n + 1 —m — € > n+ 1, and by [17, Lemma 3.26] it admits
a complementary (horizontal) subgroup.

The second part of the statement is now a consequence of Proposition 5.6; clearly, one
has ¢ = ¢(n, m + £)/c(n, m) according to the constants introduced in Proposition 5.1.
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6 Appendix

This appendix contains an extension to homogeneous morphisms of a result which is folklore
for linear maps.

Lemma 6.1 Let G, H be graded groups with fixed homogeneous distances and let X C
Homy, (G; H) be a compact set of surjective homogeneous group morphisms G — H. Then
there is C such that

dist(q, ker(L)) = C|IL(¢)|l (40)

forall L e Xandq € G.

Proof Denote by 8, the dilations and by || - || (indistinctly) the homogeneous norms of G and
H.

We claim that if M € Hom,(G; H) is a surjective homogeneous group morphism then
there is a neighborhood U of M in Hom; (G; H) and a constant ¢ such that (40) holds for
L € U. The lemma will follow by a compactness argument.

To prove the claim, observe that, in exponential coordinates, G and H are vector spaces
and the elements of Homy, (G; H) are linear maps. So, there is a homogeneous vector space
V. C G (e, §V = V forall A > 0, but V is not necessarily a subgroup) such that
V @ ker(M) = G and the restriction M|y : V — H is a linear isomorphism.

Given a homogeneous linearmap P : H — V (i.e.,§, o P = P o4, forall A > 0, but P
does not need to be a group morphism) define the quantity

|P|:=max{[| Ph| : |n]l < 1},

so that || Ph|| < |P|||h| forevery h € H.

Itisnothard to see that P > | P|is continuous. Indeed, consider a sequence P, converging
to P (as linear maps, hence uniformly on compact sets). On the one hand, for every n there is
h, with ||h,|| = 1 and | P,h,| = | P,|; up to passing to a subsequence, we have h, — h with
|l = 1and |P| > ||Ph| = lim, ||P,h,| = limsup, | P,|. On the other hand, there is /
suchthat ||z|| = 1 and | P| = || Ph|| and thus lim inf,, | P,| > liminf, || P,h| = || Ph| = |P].
We conclude that lim,, | P,| = | P|.

Next, there is a compact neighborhood U of M such that every map L € U restricts to a
linear isomorphism L|y : V — H. The function L — |L|‘_/1| is positive and continuous on
U. Since U is compact, there is ¢ > 0 such that |L‘_,l| < cforall L € U. We conclude that,
foreveryg e Gand L € U,

dist(q, ker L) = dist(¢ ker L, 0) < |[L}," (Lg)|| < c[lLqlI.

This completes the proof of the initial claim. O
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