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Abstract. We prove a coarea inequality for Lipschitz maps between stratified groups. As
a consequence we obtain a Sard-type theorem and the nonexistence of nontrivial coarea formulae
between Heisenberg groups. In the case of real valued Lipschitz maps on the Heisenberg group we
get a coarea formula using the ) — 1 spherical Hausdorff measure restricted to level sets, where
Q is the homogeneous dimension of the group.

Introduction

Recently, several classical problems of geometric measure theory in Euclidean
spaces have been studied in general metric spaces, see for instance [1], [2], [3], [8],
[19], [22], [30]. Following this path, one starts testing the generality of a geometric
concept in spaces which lack some classical features of Riemannian metric spaces,
but still keep “enough structure”.

The stratified groups, also known as Carnot groups, are good examples of
spaces to be investigated in this perspective. More precisely they are graded
nilpotent simply connected Lie groups. There are many recent contributions on
the study of these groups and the more general Carnot—Carathéodory spaces:
[10], [13], [14], [15], [16], [20], [21], [23], [25], [28], [29], [31] (the list is surely not
complete). However, several classical facts of geometric measure theory are still
not well understood. We mention for instance two open problems as the coarea
formula for Lipschitz maps between stratified groups or the question of finding a
reliable notion of current. So, the development of new general tools in this context
is still at an early stage.

In this paper we deal with the problem of coarea formula for Lipschitz maps
between stratified groups. Some observations about this problem are in order. We
distinguish between the case of real valued maps and the group valued maps, where
both are defined on stratified groups. For real valued maps there are different
coarea formulae in the literature, as for functions of bounded variation, [13], [16],
[22], [25], and for smooth maps, [18]. In the first case the “surface measure” of
the level sets is the perimeter measure, so one can ask whether it is possible to
replace this measure with a Hausdorff type measure when the map is Lipschitz,
as in the Euclidean case. This problem is raised in Remark 4.9 of [25], where
another assumption is the use of the length metric (namely the geodesic metric)
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to build the spherical Hausdorff measure. As application of our coarea inequality
we answer this question in the case of real valued Lipschitz maps on the Heisenberg
group (Theorem 3.11), considering the ) — 1 spherical Hausdorff measure with
respect to an arbitrary Z-invariant metric (Definition 3.7) and proving that the
length metric is #Z-invariant (Proposition 3.15). Another key tool to get the coarea
formula is a blow-up theorem for the perimeter measure in the Heisenberg group,
see Theorem 4.1 in [15]. The validity of this theorem for general stratified groups
would imply the coarea formula in the same groups without relevant changes on our
proofs. Unfortunately, the extension of the blow-up theorem to general stratified
groups is still not well understood.

In the general case of group valued Lipschitz maps the validity of a coarea
formula is completely open and it seems that none of the classical methods can be
used to solve this problem. Here we give a first partial answer, showing that the
following coarea inequality holds

1) /M 3P (AN f71(€)) dBP(¢) < /A Cp(dy f) dD9(z),

where Cp(d,f) is the coarea factor of d,f (see Definition 1.11) and P gen-
eralizes the Hausdorff measure to a Carathéodory measure (see Definition 1.9).
However, it is interesting to observe that in some special cases (1) permits to get
the nonexistence of nontrivial coarea formulae for group valued Lipschitz maps
(see Subsection 2.1).

Our technique to prove (1) is based on differentation theorems for measures.
Basically we generalize the blow-up method used in Lemma 2.96 of [4], reaching
explicit estimates. We use the generalization of the Hausdorff measure ®“ to
emphasize the general method adopted.

Another application of (1) is a weak version of Sard’s theorem. We prove
that any Lipschitz map between stratified groups has a negligible set of singular
points in almost every level set. We emphasize the attention on the fact that for
Lipschitz maps, even in the Euclidean case, one cannot obtain more information.
In fact, the classical stronger result, namely Sard’s theorem, requires sufficiently
smooth maps.

Let us give a brief description of the paper. In Section 1 we introduce some
known facts of geometric measure theory and some basic notions about stratified
groups. In Section 2 we prove the coarea inequality, getting the Sard-type theorem
and the nonexistence of nontrivial coarea formulae between different Heisenberg
groups. In the last section we obtain the coarea formula for real valued Lipschitz
maps on the Heisenberg group.

Acknowledgments. I thank Luigi Ambrosio for his precious comments. I
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the Heisenberg group. I also thank Bernd Kirchheim who proposed me to study
the validity of the coarea formula between different Heisenberg groups.
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1. Definitions and some results

In this section we first introduce some well-known tools of geometric measure
theory in metric spaces, then we recall the main notions about stratified nilpotent
Lie groups.

Definition 1.1. For each metric space (X, d) we denote the open ball with
center z and radius r by Uy, = {y € X | d(y,z) < r} and U, = U,,, if
some particular element e of the space is understood. Analogously we denote by
B, ,={y € X |d(y,z) <r} the closed ball.

Throughout the paper we mean by measure on a space X a countably sub-
additive nonnegative set function defined on all the subsets of the space. The
existence of a o-algebra of measurable sets induced by u is well known.

Definition 1.2 (Density points). Consider a metric space with a measure
(X,d,pn) and a measurable set A C X. We define .#(A) as the set of points
x € X such that

(AN By )

1(Bzr)
We call every element of .#(A) a density point.
Note that in a doubling space we always have p(A\ #(A4)) =0 when A is
measurable, see for instance [11]. Now we recall briefly Carathéodory’s construc-
tion in our particular case, see [11] for the general definition.

— 1 as r — 0.

Definition 1.3 (Carathéodory measure). Let (X,d) be a metric space and
let .# be a family of subsets of X. We fix a > 0 and define for every ¢t > 0 the
measures

@?(E) = ﬁa 1nf{z diam (Di)a ’ E C 'Ul Dz’; diam (Dz) <, D, e y},
i=1 =

2°(E) = lim @ (E).
with £ € X and (B, > 0. We assume that the family .# has the following
property
(2) Q7" < o < 0,4,

where ©, > 0 and 7 is the Hausdorff measure built with .# = Z(X), [, =
wa /2%,

ﬂ-a/2 > s—1_—r

= Ti+a2) and F(s)—/o r® e dr.

For instance, if % is the family of closed (or open) balls and [, = w,/2% the
corresponding measure, ® satisfies the latter estimate with C, = 2*. Indeed,
in this case ®* is the well-known spherical Hausdorff measure, which we denote
by .

In the sequel we will use a general coarea estimate which holds for Lipschitz
maps in arbitrary metric spaces. In fact, after a work of Davies [9], the assumptions
in paragraph 2.10.25 of [11] are needless.

Waq
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Theorem 1.4 (Coarea estimate). Let f: X — Y be a Lipschitz map of
metric spaces and consider A C X, with 0 < P < ). Then the following estimate
holds

® AP (AN ) AP () < L) 22EEE 9 4),

Y wQ

The symbol [* denotes the upper integral (see for instance [11]). We can
easily transform (3) using our measures ®* from Definition 1.3, obtaining

(4) /Y PP (AN f71(€)) do(€) < Lp( f)%%_ﬂ 0r00B(A).

1.1. Brief digest on stratified groups. Here we recall some notation and
basic facts on stratified groups. Consider a graded nilpotent simply connected
Lie group G with Lie algebra ¢, where ¥ is the direct sum of subspaces V;,
i € N. An important generating condition is assumed: [V;,V;] =V;41 and V; =0
for ¢ > n. The integer n is called the degree of nilpotency of the group and Vi
represents the space of the so-called horizontal directions. The stratified structure
of the algebra allows us to define a one parameter group of dilations d,: ¥ — ¢
as 6,(v) = Yo r'u;, where v = Y. u;, u; € V; and r > 0. So 005 = J,5
holds for r,s > 0 and ¢, is a homomorphism of the algebra ¢ . The same group of
dilations is easily transfered on G by the exponential map exp: 4 — G, which is
a diffeomorphism for simply connected Lie groups. Under these assumptions one
can define a left invariant distance on G, which is homogeneous with respect to
dilations. Namely, we have
(1) d(z,y) = d(ux,uy) for every u,z,y € G,

(2) d(6yz,d,y) = rd(x,y) for every r > 0.

A distance with these properties is called homogeneous distance. There are many
bi-Lipschitz equivalent homogeneous distances one can define. Among homoge-
neous metrics there is the length metric, that is, for each couple of points x,y € G,
there exists a rectifiable curve which connects them, whose length is equal to the
distance between the points. We fix a scalar product on the space ¢, so we can
define the Lebesgue measure 27, where ¢ is the topological dimension of ¥ .
With a slight abuse of notation we denote by ¢ the measure exp; £? defined
on G and we do the same for all the Euclidean Hausdorff measures defined on ¥ .
The group operation preserves the volume, so Z7 is left invariant with respect
to the translations of the group. By definition of dilation it is not difficult to see
that £9(B,) = r? £4(B;), where Q = Y 1, idim(V;) and B, is a ball of radius
r with respect to the homogeneous distance. Hence, the measure J#% built with
the homogeneous distance is proportional to £¢ (they are both Haar measures).
Clearly the Hausdorftf dimension of the space with respect to the homogeneous dis-
tance is Q. Now it is clear that one can identify ¢ with G, thinking as a unique
object R? with two different structures: the addition of the vector space with the
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Euclidean distance and the operation of the group with the homogeneous distance.
In fact, the group operation of G can be translated on ¢4 by the exponential map
and the Baker—-Hausdorff-Campbell formula yields an explicit polynomial function
for the operation. See [6], [17] and [18] for more details.

In our study we consider two stratified groups, so we fix another one M
with homogeneous distance ¢ and topological dimension p. We denote by .# its
Lie algebra, which is the direct sum of subspaces W;, j = 1,...,m. As above,
the Lebesgue measure .ZP and the Hausdorff measure J#* with respect to the
homogeneous distance ¢ are defined with P = Y"1, i dim(W;). We will not use
different notation to distinguish between dilations of M and that one of G.

1.2. Differentiability and coarea factor. We state the extension of
Rademacher’s theorem on stratified groups and introduce the notion of coarea
factor for suitable “linear maps” between stratified groups.

Definition 1.5. Let L: G — M be a map of stratified groups. We say that
L is homogeneous if §,.(Lx) = L(d,x) for every r > 0.

Definition 1.6 (G-linear maps). We say that a map L: G — M is G -linear
if it is a homogeneous Lie group homomorphism.

The G-linear maps generalize the linear maps of Euclidean spaces. Indeed
they coincide with linear maps when the stratified groups are Euclidean spaces
(abelian simply connected Lie groups). An elementary characterization holds:
every G-linear map is Lipschitz in the metrics of the groups and conversely any
Lipschitz Lie groups homomorphism is a G-linear map (see [21]).

Definition 1.7. We say that a map f: A C G — M is differentiable at
r € J(A)N A if there exists a G-linear map L: G — M such that

(5) b Q@) Lz'y))

=0.
yeA, y—z d(z,y)

The following generalization of Rademacher’s theorem on stratified groups
is due to Pansu [27], assuming that the domain of the Lipschitz map is open.
An extension of this theorem to the general case of arbitrary domains is done
in [21] and [31]. It is helpful to note that this improvement cannot be a trivial
consequence of a Lipschitz extension theorem, because this one lacks in stratified
groups.

Theorem 1.8 (Differentiability). Every Lipschitz function f: A C G — M
is differentiable s#® -almost everywhere.

In the case of stratified groups we will consider a particular class of Carathéo-
dory measures, introduced in Definition 1.3.

Definition 1.9. We fix a compact neighbourhood D C G of the unit element
and define the family %y = {6,D | x € G, r > 0}. Given a > 0 we apply the
construction of Definition 1.3 with .# equal to %y or Z(G), denoting with &
the corresponding measure on G.
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Proposition 1.10. The measure & defined above satisfies the estimate (2)
and the following ones
(1) ®*(6,F) =r*®*(E) for EC G, r >0,
(2) ®¢(0,F) <r°®¢(E), for ECG, r,t>0and r<1,
(3) ®*(xE) = ®%(E), for any x € G (left invariance).

Proof. In case % = Z(G) clearly ®* = 7%, so (2) is trivial. If .Z7 = .%; it
is enough to observe that there exist two positive constants c¢; and co such that
B., C D C B., and compare ®* with .*. Properties (1) and (2) follow from
the fact that for any s,7 > 0 and € G one has diam (§,F) = rdiam (E) and
ds(x6.D) = 0sx0s.D € Z. Finally, by the left invariance of the homogeneous
metric property (3) follows. o

Throughout the paper we will refer to the measures ®* of Definition 1.9
defined on G and M. Next, we adapt the implicit notion of coarea factor in [2]
to our framework.

Definition 1.11 (Coarea factor). Consider a G-linear map L: G — M, with
Q@ > P. The coarea factor Cp(L) of L is the unique constant such that

(6) ®%(B,)Cp(L) = /M 9P (B N L71(¢)) doF(¢).

In view of the following proposition the definition of coarea factor is well
posed.

Proposition 1.12. For each G-linear map L: G — M there exists a unique
nonnegative constant Cp(L) such that (6) holds. Moreover, the number Cp(L)
is positive if and only if L is surjective (non-singular) and in this case we have

Q=P (L71(0) N By)

det(LL*)'/2.
Q%’T(_Il_p(Lfl(O) ﬂBl) ¢ ( )

(7) Cp(L) =

Proof. Consider the dllatlon 0, restricted to the subspace L(G) and note
that the jacobian of 4, is v, where P’ =" idim(L(V;)). It follows that

I

’ |(B NL(G)) = rP’%ff?" (B1 N L(G)),

/

where 7 " stands for the Euclidean Hausdorff measure (p’ is the topological

dimension of L(G)). In case L is not surjective it follows that

szlm szlm

hence the Hausdorff dimension of L(G) is less than P, and by (2) we get Cp(L) =
0. Now assume that L is surjective. We start proving that ®@—F is proportional
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to the Euclidean Hausdorff measure %" on the subspace N = L71(0). Note
that N has topological dimension ¢ — p and a graded structure N = N; & Ny &

.-+ @ N,,, where N; is a subspace of V;. Reasoning as above we have that
A (B N) =1 AT (BN,

where Q' = > | idim(N;). The fact that L is surjective implies that n > m,
dim(V;) > dim(W;) and dim(N;) = dim(V;) — dim(W;), i =1,...,m, so

Q' = idim(N;) =Y i(dim(V;) — dim(W5)) + Y idim(V;) = Q — P.
i=1 i=1 1=m+1

It is clear that ®@~P_N is a left invariant measure, because the metric d on G
is left invariant. The measure 7| ?rp LN is left invariant because translations pre-

serve the volume even if they are restricted to subspaces. It follows that ®@—F_N
and (,1|_p LN are proportional:

(8) PP N = aq,p ! "LN,

where agp = @Q_PLN(Bl)/%?rpLN(Bl). For any £ € M we can write
L7Y¢) = aN, where L(z) = &, so taking into account that left translations
are isometries, one concludes that the constant ag p remains unchanged if one
replaces N with L~1(¢) in formula (8). As a result we find that the measure

V(A) = /M S (ANL1(€)) dBP(©)

is positive on open bounded sets, while inequality (4) guarantees that v is finite
on the sets A C G with ®?-finite measure. By a change of variable involving left
translations it is not difficult to see that v is a left invariant measure on G, so
there exists a positive constant Cp(L) such that v = Cp(L)®?. Now we want
to compute explicitly the factor Cp(L). We know that ®F is proportional to
the Lebesgue measure 2P on M. Thus, we can replace these equalities in the
definition of coarea factor obtaining

/M SO (By N L1(9)) dB”(€) = aq.rBa.r /M AP (BN L7N(E)) d27(6),

where g p = ®F(B1)/£P(B;). From the classical coarea formula we get
/ Q=P (BN L7Y(€)) dOT(€) = ag,pdet(L L*)'/* 7(By),
M

finally Definition 1.11 leads us to the claim. o

Remark 1.13. If G and M are Euclidean spaces it follows that Cp(L) =
det (LL*)I/ ? where L is a linear map. Therefore, the coarea factor coincides with
the classical jacobian of the Euclidean coarea formula. For G-linear maps, by (4),
we always have
wQ_pwp@Q_p@p@Q

wQ@Q(BQ

(9) Cr(L) < Lp(L).
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2. Coarea inequality

This section is devoted to the proof of coarea inequality; as a corollary we
show a Sard-type theorem for Lipschitz maps between stratified groups. In the
sequel we will fix a closed set A C G and a Lipschitz map f: A — M. Indeed one
can always extend a Lipschitz map to the closure of its domain when the target is a
complete metric space. For any closed set A C G the map £ — (P?_P(Aﬂf_l(f))
is a Borel map, hence we can state the following definition.

Definition 2.1. For any ¢ > 0 we define a measure on G as follows: for any
DcG

v (D) = /M 32T (DNANF(E)) dBP ().

By the estimate (4) the measure v; is locally finite uniformly in ¢ > 0. The
next lemma is a simple variant of Lemma 2.9.3 in [11].

Lemma 2.2. Let v be a locally finite measure on a doubling space (X, 1)
which is absolutely continuous with respect to  and let o be a positive number.
Then for any subset

lim inf V(Bw’r> < a}
r—0 u(By,r)

AC{&:GX

it follows that v(A) < au(A).

Definition 2.3. For each map f: A — M and zg € A, we define the r-
rescaled of f at zo as the map fu, .t 61/ (25 ' A) — M defined as

Frow(y) = 8170 (flzo) ™' f(20dry)).

Proposition 2.4. Consider a map f: A — M, a differentiability point xy €
4 (A) and a sequence of positive numbers (r;) which tends to zero. For every
(€M, j € N define the compact set

K;j(Q)= U (B1N faorm (C) N1y, (x5 A)).

m=j

Then it follows that (V;5, K; C B1 N (dyy f)1(C).

Proof. Pick an element y € (1,5, Kj, getting a subsequence (¢;) of (r;) and
a sequence (y;) such that y € By N £, (¢) N 61/ (x5 A), yi — y. Thus, by

Z0,01

Theorem 1.8 and equation (5) it follows that

fwm@z (yl) - dmof(y)7

but fu,0 (y1) = ¢ for every | € N, then ¢ =d,, f(y). o
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Theorem 2.5 (Density estimate). In the above assumptions, for any t > 0
we have

(10) lim inf £Bor)

paen (I)Q(on’r) < CP(d:cof)

Proof. We start considering the quotient
A(Bap i = [ @07 (AN By 0 £7H(E)r 2 a0 (€).
M

The map T,,,: G — G, y — 06,y is the composition of an isometry and a
dilation §,. Thus, choosing r < 1, by property (2) of Proposition 1.10 it follows
that

D2 (AN By N F7HE)) = B2 (T (Ao +(€))) <797 POET (A, (6)),

where Ay, (€)= {y € B1 | f(z06,y) =&} N 1 (5" A). This implies

vi(Bayp)r@ < /M 8PP (A, ,(€))r~F dF (€).

Defining Ry, M — M, & — 61, (f(20)"'€) = ¢ and using property (1) of
Proposition 1.10 we obtain (R, ,);(®F) = r®"; hence

(Brg 10 < [ 807 (A (R (0) 407 (0)
By the definition of r-rescaled function we have

Agor (R Q) = {y € By | f(x06,y) = f(0)5,¢} N6y yr(ag " A)
= B10 [} (¢) Nduyn(agt A),

To,T

(11) vt(Bag,r)r™? S/B O (Bi 0 [} (Q) N6y A)) dB Q).

The family of functions {fz,r}r>0 is uniformly Lipschitz with bound Lp(f) =h
on the Lipschitz constants; hence f;, (B1) C By, for any r > 0. Now choose a
sequence (7;) such that r; — 0 and for each j € N define the functions

(12) gi(Q) =02 " (Bin £}, () N1y, (25 A))

and the following decreasing sequence of compact sets

Ej(Q) = U (B1N fagr,. (Q) N1/, (257 A)).

m2j



130 Valentino Magnani

In view of Proposition 2.4 we obtain

N K;(¢) € BinL7Y(¢),

g1

where L = d,,f is the differential of f at zy. By results of paragraph 2.10.20
in [11] it follows that

fmsupg} ) < Jim 0" (5,(0) < 82 ( 1 K,(0))
(13) j—o0 dmee j>1

<P P(BLN L)
with 7 < t. Each measure ®¢, with 7,a > 0, is finite on bounded sets, then the

sequence of nonnegative functions (g§)j€N is uniformly bounded by ®9~F(B)
on By,. This fact together with Fatou’s theorem and inequality (13) implies

1 tmsw [ ghQde" (O < [ 09 T(BiNLE) def Q)
j"OO Bh Bh
Joining inequalities (11), (12) and (14), and taking into account the inequality
®2 < @ it follows that
limi(r)lf Vt(BxOm)r_Q < lim sup l/t(BmO,,nj)rj_Q < / @Q_P(Bl N L_l(()) dCIDP(C).
r— j—o0 M

From Definition 1.11 we obtain

(15) lim inf v4( By, )79 < Cp(dy, )P (By).

r—0

Finally, by inequality (15) and the property (1) of Proposition 1.10 the proof is
complete. o

Theorem 2.6 (Coarea inequality). Let A C G be a measurable set and
consider a Lipschitz map f: A — M. Then we have

[ a0 ans©) a0 < [ Crld.s) deo)
M A

Proof. We start proving the measurability of g(z) = Cp(d, f). For any ¢ > 0
we consider the Borel function defined on G-linear maps

L— a2 "(L710) N By).

The limit as t — 0 is a measurable function, so by the measurability of x — d, f
and the representation (7) one concludes this verification. Furthermore, in view
of (9) the map ¢ is bounded. Now we define A’ C #(A) N A as the set of
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differentiability points, hence by Theorem 1.8 we have ®?(A\ A’) =0 and by (4)
it follows that

(16) /M<I>QP(Aﬂf1(§))d<I>P(§)§ / PP (A N f1(9)) d@T (9).

M

Consider a measurable step function ¢ = Zle a;la, > g, a; >0, |_|f:1 A, = A
(disjoint union). By estimate (10), for any ¢ =1,...,k we have

lim inf v1(Be r)

B S LV P
m i @Q(Bm7r) S O

for each x € A;. Inequality (4) implies the absolute continuity of the measure 4
with respect to ®9, so for every i = 1,...,k we can apply Lemma 2.2, getting

Since our estimates are independent of ¢ > 0, we can allow ¢ — 0. Therefore,
summing over ¢ = 1,...,k we find

| o0 r@nrt@)aen© < | pla)aaa),

’

By (16) and the measurability of g the proof is complete. o

2.1. Applications. Sard’s classical theorem states that the image of the
singular set of a smooth map is negligible. This statement is easily generalized to
the case of Lipschiz maps between stratified groups f: G — M, when P > @.
In fact, the area formula holds under these assumptions [21], [29]. The subtle
question comes up when one deals with the case P < ). A consequence of Sard’s
classical theorem is that for almost every element of the target, the intersection of
its counterimage with the singular set of the map is empty. A weaker version of
this statement adapted for Lipschitz maps is as follows.

Theorem 2.7 (Sard-type theorem). Let f: A — M be a Lipschitz map, with
A C G. Define the set of singular points Sy = {x € A | d,f is not surjective} .
Then, for A7 -a.e. £ € M it follows A#9~F (SN f~1(£)) = 0.

The proof follows immediately from the coarea inequality. As a result, in
almost every fiber the set of non-singular points has full measure.

Let us notice that for a regular value ¢t € R of a countinuously differentiable
function f: G — R the set Sp N f~1(¢) may be not empty. In this case singular
points coincide with characteristic points of the level set. By the fact that real
valued continuously differentiable maps on G are Lipschitz with respect to the
homogeneous distance, we can apply our weak version of Sard’s theorem, obtaining
that in a.e. fiber the set of characteristic points is negligible for the Q —1 Hausdorff
measure. This observation fits a recent general result due to Balogh [5], where it
is proved that any C' hypersurface in the Heisenberg group has a negligible set
of characteristic points with respect to the (Q — 1 Hausdorff measure.
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Our coarea inequality can also be used to get information about the existence
of trivial coarea formulae between stratified groups. In fact, it may happen that
for two particular stratified groups, all G-linear maps L: G — M, with @ > P,
are not surjective. Hence the coarea factor of the differential is always vanishing.
In this case, by (1) we have

| a9 anse) aerio =0

so the coarea formula becomes trivial. This trivialization happens considering
coarea formulae between different Heisenberg groups, as the following theorem
shows.

Theorem 2.8. Let L: H® — H™ be a G -linear map, with n > m. Then L
is singular, i.e. it is not surjective.

Proof. We use complex notation to represent the Heisenberg group, writing
(z,8), (w,s) € C" x R as elements of H™. The groups law reads as follows

(z,8) (w,t) = (z+w,s +t+2Im(z - W)).

By the homogeneity of L we have L(z,s) = (Az,as), where A: C" — C™ is a
real linear map and a € R. The homomorphism property implies that

L(z,s) - L(w,t) = L(z + w,s + t + 2Im(z - W)),

in particular o
alm(z - w) =Im(Az - Aw)

for any z,w € C™. Taking an element u in the kernel of A, for z =« and w = iu
we get o = 0, then L is not surjective. o

In view of Theorem 2.8 we infer that there cannot exist nontrivial coarea
formulae between different Heisenberg groups.

3. Perimeter measure and coarea formula on H"

Our objective in this section is the proof of the coarea formula for Lipschitz
maps in the Heisenberg group, where we replace the perimeter measure of the level
sets with the spherical () —1 Hausdorff measure. But not all homogeneous metrics
can be chosen to build the spherical () — 1 Hausdorff measure and fit the coarea
formula. In fact, we have found a particular class of homogeneous metrics which
can be used for our aim. These metrics possess an invariant property with respect
to “horizontal isometries” (Definition 3.5). Now, we recall briefly that H” is a
stratified group endowed with a structure of 2n + 1-dimensional real vector space.
Identifying the Lie algebra with the group we have the stratification H" = V; & Vs,
where the horizontal space V; is generated by the vector fields

iji'—l—an_'_jL Y. 4 —269‘%,
2n+1

, -7 j=1,...n,
¢ 0&an 11 T Oy
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and V5 is spanned by the vertical direction Z = 9/0,,,, = —1[X;,Y;]. In this
case an easy computation shows that the Hausdorff dimension of H” is ) = 2n+2,

see for instance [6], [17]. We recall the notion of function of bounded variation in
this context, see [7], [13], [15], [16].

Definition 3.1. Let 2 € H” be an open set and let f: Q2 — R be a
summable function. We say that f is a function of H-bounded variation in € if

IVafl(Q) = Sup{/ fdivapd L+ | p € C5(Q)*", sup | < 1} < o0,
Q

where divigy = Z?Zl Xjpj + Ypntj. The set of all functions of H-bounded
variation in Q will be denoted by BV (2). We denote by BV j0.(H") the set
of locally summable functions which have H-bounded variation when restricted
to any relatively compact open set contained in €.

By the Riesz representation theorem there exists a vector valued Radon mea-
sure Vi f on () such that

(17) /Q J divigp dg>+ = — /Q (0, dVisf)

for any ¢ € C§(2)?". The symbol |Vuf| denotes the total variation of the
measure Vi f. If 15 € BVy 1oc(H") we say that E is a set of H-finite perimeter
and denote with |0F|g the corresponding variation measure |Vglg|, namely
the H-perimeter measure. Moreover we can express the vector variation of E as
Vulpg = vy|Vualg|, where v, is a |0E|g-measurable function with unit modulus
at |0E|g-a.e. point, namely the generalized inward normal of E. Next, we state
the BV -coarea formula (see [13], [16]).

Theorem 3.2. For each g € BVy oc(H") and every bounded open set
U Cc H" we have

(18) Vg (U) = /R OB ra(U) dr,

where E; = {y € H" | g(x) > t}.

An immediate consequence is that for a.e. t € R the set F; has H-finite
perimeter in U. By Theorem 1.8 one verifies that all Lipschitz functions have
distributional derivatives which coincide almost everywhere with the differential.
Furthermore we have

(19) |Du f|£*" T = |Vafl,

where |Duf| = (321, (Xig)? + (Yig)z)l/2 is the modulus of the differential.
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Now we introduce the H-reduced boundary, denoted by Of; . This is defined
as the set of points x € H™ such that there exists

fU Vg d’&E‘H
20 lim LT
(20) T 0BT (U

= vp(z) and lve(z)] = 1.

By a recent result in [1] we can say that the H-reduced boundary Jf5F is defined
independently of the homogeneous metric up to |0F|g-negligible sets and

(21) OB (H" \ 954 E) = 0.

In fact, all the homogeneous metrics are bi-Lipschitz equivalent and the asymptot-
ically doubling property of the perimeter measure stated in Corollary 4.5 of [1] is
bi-Lipschitz invariant. So, if d’ is a homogeneous metric in H” , by Theorem 2.8.17
of [11], the measure |0FE|g and the family of closed balls form a Vitali relation
(in the terminology of [11]). It follows that condition (20), in the metric d’, holds
for |0F|g-a.e. point of H”. The crucial fact we use is a particular consequence
of the blow-up Theorem 4.1 in [15]. We state this theorem as follows.

Theorem 3.3. Given a set E of H-finite perimeter and x € Of;E, then

l/E(E,’I’ |8Ex7r

H: — Vg(x) |??I_Hx asr — 0.

The rescaled set E, ;. is defined as E,, = d1/, (x71E), where II, is a vertical
hyperplane in H" of the form IT, = {eXP(Z?:1 EXi +EniYi + §2n+1Z) e H" |
(€, 02) =0} and a, € R*™T1\ {0}, (ag)2n41 = 0.

Theorem 3.4. Let d’ be a homogeneous metric in H" and assume that FE
is a set of H-finite perimeter. Then for |0E|g-a.e. x € H" we have

(22) lim 0B (Us.r)

o 2n
r—0 rQ-—1 _%‘ (UlmHm>’

where the open balls U, , are defined with respect to the metric d’.

Proof. By equation (21) it is enough to prove that the limit (22) holds
for each point x € O E. The measure L%f ??I_Hm is finite on compact sets, so

%f?ﬁﬂx(am) =0 for a.e. t > 0. We fix some ¢t > 0 with %’f?LHI(aUt) =0, so
by Theorem 3.3 it follows that

/ Ve, A|0E; |1 — VE(x)%ZT(Ut NIIL,) asr — 0.

Ut

By a direct calculation, using formula (17) and the homogeneous property of d’,
that is Uy, = 6,.U;, we obtain

1
/ Veg,r d|aEac,r‘H = ﬁ/ Vg d|8E\H
Ut r Ua:,t'r
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Finally, using the definition of H-reduced boundary we get

}13% (tr)@-1 Q-1 llﬂ% rQ-1| Jy vy d|OE|n
H2 (U N 11,)
_ |- t r; 2n
= o1 _jﬁ_|(U1mHm).

The latter equality is due to the fact that I, contains the vertical direction, hence
the dilations scale with a power () — 1. This completes the proof. o

Next we prove that the limit (22) is independent of x for a class of homoge-
neous metrics. In the following definition we use the complex representation for
elements of H" as (z,s) € C" x R.

Definition 3.5. We say that T: H" — H" is a horizontal isometry if there
exists a unitary operator U: C™ — C" such that for any (z,s) € H" we have
T(z,s) = (U(z),s). We define Z as the set of all horizontal isometries.

Remark 3.6. Let us observe that any horizontal isometry is a G-linear map,
i.e. it is a group homomorphism and it commutes with dilations. Furthermore,
since any horizontal isometry is in particular an isometry of R?"*! with respect
to the Euclidean norm, the Hausdorff measures f%f f’“| on H"  a > 0, are preserved.

Definition 3.7. A homogeneous metric d on H" is called Z-invariant if
T(Uy) = U, for every T € %, where U; is the unit open ball in the metric d.

Lemma 3.8. Given an % -invariant metric d on H™, there exists Y4 > 0
such that

(23) Y= 27U NTI%),

for any TI* = {exp(3 i &Xi + &nqiVs + Eans1Z) € H™ | (€, a) = 0} with
a € R?"T1\ {0} and ag,1 =0.

Proof. Observing that II* is independent of the length of «, it is enough to
observe that for any «, 8 € R*"*1\ {0}, with |a| =8| =1, a2pt1 = Bant1 =0,
there exists a horizontal isometry 7: H® — H" such that T(II*) = IT1°. Thus, by
the Z-invariance, we have

A (U NT1P) = 22" (T (UL NT1%)) = 22" (Uy N11%). o

Theorem 3.9. Let E be a set of H-finite perimeter and let d be an % -
invariant metric on H". Thus, we have

(24) 0E |1 = vo-7 2 1 LOKE,
Q H

where .9~ is the spherical Hausdorff measure in the metric d and Vo =
Td/wQ_l.
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Proof. From Theorem 3.4 and Lemma 3.8, observing that all the blow-up
hyperplanes II, are of the form supposed in Lemma 3.8, we have the limit

E x,Tr
o OBl (Uer)

=7
r—0 rQ-1 &

for |0F|g-a.e. x € H". Note that any homogeneous metric on stratified groups
has the property diam(B,) = 2r, r > 0; it is enough to consider a point x €
exp(V7), observing that doz = exp(21lnx) and using the homogeneity of dilations.
Thus, we can apply Theorems 2.10.17(2) and 2.10.18(1) of [11] to the measure
|OF |y restricted to O£ and use equation (21); so the proof is complete. o

Remark 3.10. The left-hand side of formula (24) is independent of the
metric, so it is clear that the constant g takes into account the change due to
the distance.

The following theorem is the main result of this section.

Theorem 3.11 (Coarea formula). Let f: H* — R be a locally Lipschitz
map and let A C H" be a measurable set. Then we have

(25) [ Daslaz® =g [ 72 (00 ) an

where .#%~1 is the spherical Hausdorff measure with respect to any % -invariant
distance and g = Y4/wg-1 (the number Y, is as in Theorem 3.9).

Proof. We compute the coarea factor for a G-linear map and apply the coarea
inequality. Consider a non-singular G-linear map L: H® — R. It is not difficult
to see that L(§) = Z?:l Eiani + Entiaai, where & = (&)i=1,... 2n+1. Now define
a = (a1, az) € R?™ and notice that for any t € R

(26) OE:|u = |a| A2 OE,,

with By = {x € H" | L(z) > t} and DgL = a # 0. This is clear because the
level sets of L are just vertical hyperplanes, hence in particular they are C'*° and
without characteristic points, so the perimeter measure can be computed explicitly
(see for instance [7] or [15]). By equations (24) and (26) we get

\ozL%’f?(@Et \ 01 Er) = |0E|u(0F; \ 0 E:) = 0.

The inequality .9~ < C#?" proved in [26] gives /9 1 (OE; \ 05E;) = 0,
then

(27) |8Et’H = ’)/QyQ_lLL_l(t).

We restrict L to the bounded open set U and apply formulas (18), (19) and (27)
getting

28 DyL|dZ*H = SHLTY ) NU) dt.
U 9 R
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Now we choose D = B; in Definition 1.9 and Bg_1 = 7¢ (see Definition 1.3),
then ®@~1 = 7. #?~1. The same procedure is possible to get ®? = #?"*+1 and
ol = £1. Thus, by formula (28) and Definition 1.11 we find C;(L) = |DxL|, so

the coarea inequality (1) gives

(20) VQ/;3@_%f4@)ﬂA)Wf§ZJDHﬂdiﬁmﬁy

for any measurable set A C H™. Using formulas (18), (19) and (24) and observing
that OfyE: C OE, we get the opposite inequality for bounded open sets U C H"

/ | Dy f| d.g?nt! :m/ FLOLE, NU) dt
<vo [ NN A)at
R

where E; = {y € H" | f(y) > t}. As a result, inequalities (29) and (30) imply
the coarea formula on open bounded sets of H". Therefore, by Borel regularity
of the spherical Hausdorff measure we finish the proof. o

Corollary 3.12. In the above assumptions, given a summable map u: H" —
R it follows that

(31) /u|DHf|d$2”+1 :m/ (/ udyQ—l) dt.
A R \Jf-1(t)nA

Proof. The proof follows by standard approximation arguments, taking in-
creasing sequences of characteristic functions and applying the Beppo—Levi-mono-
tone covergence theorem. o

Remark 3.13. The homogeneous metric used in [15] is defined as

d((z, s), (2, s')) = S((z, s)7h (2, 8')),

where S((z,s)) = max{|z|,|s|'/?}. By the homomorphism property of horizontal
isometries it follows that this distance is & -invariant. The Z-invariance of this
distance and Theorem 3.9 give the representation of the perimeter measure proved
in [15]. In general, for an arbitrary homogeneous distance we have

|0E|g = 0.7971LO"E,

where 0(x) = %’f?(Ul N1I;)/wg—1 and II, is the blow-up plane at the point x.
Hence, it is clear that 6(z) may be not constant if the distance is not #-invariant.

In the Euclidean coarea formula the geodesic distance (Euclidean norm) is
involved, so the natural question is whether the geodesic distance in H™ (namely
the length metric) enjoys the Z-invariance, which allows us to get formula (25).
We adopt the general definition of the Carnot—Carathéodory distance applied to
H™, [12], [24].
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Definition 3.14. We say that an absolutely continuous curve ~: [0,¢] — H"
is horizontal if for almost every 7 € [0,¢] and every ¢ € R?"*! we have

(32) <Z<X ), €)”+ (V;(1(1)),€)".

For each z,y € H" we denote by %, , the set of all horizontal curves joining x
to y.

From the definition of horizontal curve it follows that ~/(7) is a linear com-
bination of vectors X;(v(7)), Y;(v(7)) and its norm is bounded by the norm of
the vector (X;(v(7)),Y; (7(7’)))j:17mn. Chow’s theorem implies that the set €,
is not empty for all z,y € H™ (see for instance [17]), hence we can define the
following distance

de(z,y) =inf{t|~v:[0,t] > H", v € €, }.

The metric de is called the Carnot—Carathéodory distance. Some remarks on this
definition are in order. From a standard argument using Arzela—Ascoli’s theorem
it follows that for each couple of points z,y € H" there exists a curve which
connects them and whose length is equal to dc(z,y); hence de is a length metric.
Furthermore, d¢c is a homogeneous distance on H”.

Proposition 3.15. All the horizontal isometries are indeed isometries with
respect to the Carnot—Carathéodory metric. In particular, the Carnot—Carathéo-
dory metric is % -invariant.

Proof. We have to prove that given T' € #, for any x, y € H” it follows that
do(z,y) = de(Tz,Ty). We consider ~: [0,t] — H", with v € €,,. The map
l,: H* — H" denotes the left translation correspondent to an element z € H".
At a differentiability point 7, by the left invariance of the vector fields X;, Y,
inequality (32) becomes

<dl’y(7')cl(7-)7€>2 < Z<dl7(T)XJ<O)7§>2 + <dl7(7)}/}(0)7€>27 5 S R2n+17

where (s) = l,(r) expc(s) for any s € [0,1], ¢(1) = 0. Then we have
(7),6)” < 3(X,(0,6)° + (V;(0),)° =g, € e R,
=1

where & = (&;)i=1,...2n. Now we consider the composition I"' = Toy. By Defini-
tion 3.5 the map 7T restricted to R2" is in particular a real isometry, hence we
have

€')? = Z<X ® 4 (Y5(0),T(6))°,
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then (c/(7),£)2 < |T(¢')|? for any ¢ € R L. Tt follows that

n

(T(r),€)" < 1P = D (X;0),6)" + (%3(0),6)", e R,

=1

then
(dlr T (7),€)" < 3 (dirr) X;(0),€)” + (i ¥;(0),€)°, €€ R
=1

Now, the homomorphism property of T' permits writing I'(s) = Ip-)T exp c(s) for
any s € [0,t]; thus I"(7) = dlp)Tc'(7). Hence, the left invariance of X, Y
implies

(I'(7),€) < Z<Xj (T(), &) +(v;(T(),€)%, ¢ e R

The last inequality holds at any differentiability point 7; thus we have proved that
Toy € 6r(z),1(y)- The converse is similar, taking 7'(z), T'(y) and using T-lex,
completing the proof. o

In view of the last proposition and Theorem 3.11 we obtain the coarea formula
(25) with respect to the length metric d¢ .
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