LOCALITY OF THE PERIMETER IN
CARNOT GROUPS AND CHAIN RULE

LUIGI AMBROSIO AND MATTEO SCIENZA

ABSTRACT. In the class of Carnot groups we study fine properties of sets of finite perimeter.
Improving a recent result by Ambrosio-Kleiner-Le Donne, we show that the perimeter
measure is local, i.e., that given any pair of sets of finite perimeter their perimeter measures
coincide on the intersection of their essential boundaries. This solves a question left open
in [4]. As a consequence we prove a general chain rule for BV functions in this setting.

INTRODUCTION

In this paper we deal with sets of finite perimeter in a Carnot group G. In this context one
can define a good notion of sets of finite perimeter and a left-invariant Carnot-Carathéodory
distance d. and a surface measure |Dxg| by fixing a metric in the horizontal layer V; of the
Lie algebra g of G. More precisely, given an orthonormal basis X1, ..., X,, of Vi, one defines
the vector valued distribution

(XIXEa v 7XmXE)

(here we think to X; as derivations) and says that E has finite perimeter if the distribution is
representable by a vector-valued measure. Then, |Dxg| is the total variation of this measure,
and plays the role of surface measure in this context. Recall that in this context the Lie
algebra stratification provides an integer () that plays the role of metric dimension (the
so-called homogeneous dimension) of the group: indeed, the volume measure of the group
is a constant multiple of S¢, where S¢ is the Q-dimensional Hausdorff measure induced by

d..

The structure of |Dyg| has been deeply analyzed in [1], [10], [11]. In [1] it has been
proved, actually in a much more general context, that |Dyg| can be represented as

|Dxg|(B) = / 05dS?~! YV B C G Borel,
BNO*E

(here 0*FE is the measure-theoretic boundary of F, see Definition 6) but no constructive
formula for fg is provided: its existence is ensured only by the Radon-Nikodym theorem.
First in the Heisenberg groups [10], and then in groups of step 2 [11], Franchi-Serapioni-Serra
Cassano made a much more precise analysis of |Dyg|, that leads to a precise identification
of 0 in terms of 0*F; however this analysis depends on the fact that, as in the classical
De Giorgi’s theorem [6], tangent sets to E at x are, for |[Dxg|-a.e. x, halfspaces. Presently
this information is available only on step 2 groups, but some progress on this problem has
recently been made in [2] by A.-Kleiner-Le Donne: they proved in all Carnot groups G that,
for [Dxgl-a.e. z, an halfspace belongs to the collection of tangents sets to F at x. It still

remains to prove, however, that halfspaces are the unique tangent sets.
1
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In this paper we slightly improve the techniques used in [2] to show a locality property of
the perimeter measure left open in [4]. Precisely, we show that

(0.1) |Dxe|(B) = |Dxr|(B) for all B C 0"E'NJ*F Borel

for any pair of sets of locally finite perimeter £ and F'. The strategy is to consider pairs of
sets (E1, F1) as tangents to (E, F'); a more precise analysis of the techniques in [2] allows to
show the existence of a pair of halfspaces among the tangents. This fact provides equality
of normals, up to the sign, and eventually (0.1).

Using the locality property, it is not difficult to define in a consistent way a surface
measure pg associated to sets S contained in a countable union of essential boundaries
of sets of finite perimeter: among all measures p vanishing on S®~!-negligible sets, pg is
uniquely characterized by the property ps(B) = |Dxg|(B) whenever E has locally finite
perimeter and B C 0*F.

As an application we improve the (weak) chain rule formula in BV (G) proved in [4],
proving a result completely analogous to Euclidean case. The chain rule formula involves
ps., Where S, is the approximate discontinuity set of w.

1. CARNOT GROUPS

1.1. Definitions and basic properties.

Definition 1. Throughout this paper G denotes a Carnot group of step s > 1, whose unit
element shall be denoted by e. Precisely, G is a connected, simply connected Lie group
whose Lie algebra g admits a step s stratification, i.e.,

(1.2) g=Vi®---aV,

with [V;,Vi] = Vjy1, 1 < 5 < s, Viiq = 0. We use the notation n = ). dimV; for the
topological dimension of G, and we denote by

(1.3) Q= iidimw

i=1
the so called homogeneous dimension of G.

Definition 2. Consider a family of inhomogeneous dilations ¢, : g — g defined by

(1.4) 5,\(233 v;) = XS:)\ivi A>0

=1

where X = > v with v; € V;, 1 < i < s. The dilations 0, belong to GL(g) and are
uniquely determined by the homogeneity conditions

(1.5) HX =MX VX eV

On a Carnot group G, the Carnot-Carathéodory distance is a left invariant distance
defined as follows: Denote by m the dimension of Vj, fix an inner product in V; and an
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orthonormal basis X7, ..., X,, of V|. Then, the CC distance d is defined as

(1.6) d*(z,y) := inf {/0 Z la;(t)|?dt : v(0) =z, v(1) = y} ,

where the infimum is made among all Lipschitz curves v : [0,1] — G (where in G a left-
invariant Riemannian distance is fixed) with the property v'(¢t) = > 7" | a;(t)(X;)q) for a.e.
te0,1].

Remark 1. A Carnot group G is clearly nilpotent, hence the exponential map exp : g — G
is a diffeomorphism. So any element g € G can be identified with exp(X) for some X € g,
and uniquely written in the form
(1.7) exp(z v;), v; eV 1<i<s.

i=1
With this identification we can define a family of intrinsic dilations 6, : G — G, A > 0, by
(1.8) on(exp(D _vi) = exp(d_ Nvy),

i=1 i=1

or we can write it more briefly exp o §, = §, o exp. The Carnot-Carathéodory distance is
well-behaved under these dilations, namely

(1.9) d(0xx,0\y) = Nd(z,y) Vr,y € G.

In exponential coordinates p = exp(p; X1+ - - +p,X,,), we might identify p with the n-uple
(p1,.-.,pn) € R™ and consequently identify G with (R",-), where the explicit expression of
the group operation - is determined by the Baker-Campbell-Hausdorff formula. However,
we shall avoid the use of this identification whenever possible.

Carnot groups are nilpotent and so unimodular, thus the right and the left Haar measures
coincide, up to constants. We shall denote by H* the Hausdorff k-dimensional measure
associated to the Carnot-Carathéodory distance on G. The Hausdorff measure H? is a
Radon measure in G and, by the left invariance of the CC distance, is an Haar measure
on G: it will be also denoted by volg. Moreover, in exponential coordinates, this measure
coincides with a constant multiple of the Lebesgue measure on R™. From these considerations
it follows that

VOIG((S)\(A)) = AQVOIG(A),

for all Borel sets A C G. In particular

(1.10) volg(B,(g)) = cp?

for some constant ¢ > 0 independent of g.

1.2. X-derivative. As in Definition 2.6 of [2], we introduce the X-derivative in a Carnot

group G. Given a vector field X € I'(T'G) we define the divergence divX in the sense of
distributions as follows:

(1.11) /Xudvol@, = —/udiVX dvolg  Vu e CX(G).
G G
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Definition 3. Let u € L{ (G) and let X € I'(TG) be divergence-free. We denote by Xu
the distribution

(Xu,v) := —/ uXvdvolg, v e Cx(G).
G

If f € L}, (G), we write Xu = f if (Xu,v) = [, vfdvolg for all v € C2*(G). Analogously,

loc

if 1 is a Radon measure on G, we write Xu = p if (Xu,v) = [, vdp for all v € C*(G).

Given X € I'(TG) we denote by px : G x R — G the flow of X, assuming that X is
sufficiently smooth to ensure its global existence and uniqueness.

Theorem 1.1 (2.12 of [2]). Let u € L{. (G) be satisfying Xu = 0 in the sense of distribu-
tions. Then, for allt € R, u =wuo ®x(-,t) volg-a.e. in G.

One can prove that all X € g are divergence free, using the invariance of the right Haar
measure with respect to the flow of X (see Remark 2.13 of [2] for details).

Now we recall the definition of the adjoint map. For k& € G the conjugation map CY is
the composition of Ly with Ry-1. The adjoint representation Ad of G maps G in Aut(g) as
follows

if we consider the elements of g as left-invariant vector fields on G. Equivalently
Ady(X) f(x) = X(f 0 Ci)(Cy; (2)),

if X is seen as a derivation on C*(G).

We recall the following result, proved in Proposition 2.17 of [2].

Proposition 1.2. Assume that G is a connected, simply connected nilpotent Lie group. Let
g’ be a Lie subalgebra of g satisfying dim(g') +2 < dim(g), and assume that W := g & {RX}
generates the whole Lie algebra g for some X ¢ g'. Then, there exists k € exp(g’) such that
Adp(X) ¢ W.

1.3. Measure theoretic tools. In this section we recall some facts and definitions of

measure theory, the main references for this section are [8] and [5].

Definition 4. For any set £ C G, denote by xg the characteristic function of E. In the
class of Borel set of G we considere the local convergence in measure:

Ep — E <= volg(KN[(Ex\ E)U(E\ Ey)]) — 0 for all K C G compact.
Notice that the local convergence in measure of Ej, to E is equivalent to the convergence

XEh - XE in Llloc(G)'

Let M(G) be the class of signed Radon measures in G; any Borel proper map (i.e., such
that the inverse image of bounded set is bounded) f : G — G induces a push-forward

operator f; : M(G) — M(G) defined by
fap(B) == u(f(B)) for all B C G bounded Borel.
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In the space M(G) we consider the weak* convergence induced by the duality with C.(G),
more precisely pp — p if

lim ud,uk—/udu Vu € C.(G).
G G

k—o0

We will use also vector-valued Radon measures, representable as a vector (i, ..., p,) with
i; € M(G). Recall that the total variation |u| of a R™-valued measure p is defined by

|pe|(B) = sup {Z lu(B;)| - {B;} Borel partition of B} .
i=1

For a nonnegative Radon measure p we have the following useful implications: for all ¢ > 0
and B C G Borel it holds

(1.12) lim sup B () >t VreB = w(B) > tS*(B)
rl0 wyr*

(1.13) lim sup M(L(Z» <t VexeB = 1(B) < tS*(B).
rl0 WET

Here wy, is the Lebesgue measure of the unit ball in R¥ and S* is the spherical Hausdorff
k-dimensional measure.

Definition 5. A nonnegative Radon measure p in G is said to be asymptotically doubling
if:
#(Ba, ()

(1.14) limsup ————+ < o0 for p-a.e. v € G.
rio - p(Br())

For asymptotically doubling measures a Lebesgue differentiation theorem holds, for a
proof see 2.8.17 in [8].

Theorem 1.3. Assume that p is asymptotically doubling and v € M(G) is absolutely
continuous with respect to p. Then the limit

(1.15) f(x) :=lim ————=

1
loc

exists and it is finite for p-a.e. point x € suppu. Moreover f € L
v(B) = [ fdu for all bounded Borel sets B C G.

(u) and v = fu, namely

Remark 2. As a consequence of the previous theorem, if p is an asymptotically doubling
Radon measure and L C G is a Borel set we have

i AL N0 By(2))
(1.16) (B ()

Given E C G, we recall the definition of the essential boundary 0*F of E.

= xr(7) for p-a.e. x € G.

Definition 6. Set mg(x, p) = volg(E N B,(x)), we say that € 0*F if

lim sup mi(2, p) >0 and lim sup mpe(z,p)

o Vola(B, (x)) P ole(By(z)
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1.4. Sets of finite perimeter.

Definition 7. Let f € L{ .(G). We shall denote by Reg(f) the vector subspace of g made
by vectors X such that X f is representable by a Radon measure. We shall denote by Inv(f)
the subspace of Reg(f) corresponding to the vector fields X such that X f = 0, and by

Invo(f) the subset made by homogeneous directions, i.e.,
Invo(f) := Inv(f) N U Vi.
i=1

Proposition 1.4 (4.7 of [2]). Let f € L (G). Then Reg(f), Inv(f), Invo(f) are invariant

loc
under left translations, and Invo(f) is invariant under dilations. Moreover:

(1) Inv(f) is a Lie subalgebra of g and [Invo(f),Inve(f)] C Inve(f),
(2) If X € Inv(f) and k = exp(X), then Ady maps Reg(f) into Reg(f) and Inv(f) into
Inv(f), more precisely

Ady(Y)f = (Ria)sYf VY € Reg(f).

We will consider regular, and invariant directions of characteristic functions, therefore we
set

Reg(E) := Reg(xgr), Inv(FE):=Inv(xg), Inve(E):=Inve(xg).
We may now define halfspaces as the subsets of G having invariance along a codimension

1 space of directions, and monotonicity along one direction. We call vertical halfspace an
halfspace which is invariant along all non-horizontal directions:

Definition 8 (4.2 of [2]). We say that a Borel set H C G is a vertical halfspace if Invo(H) 2
UsVi, VinInv(H) is a codimension one subspace of Vi and there is X € Vi \ Invo(H) such
that Xxg > 0.

Identifying the Lie group G with R", vertical halfspaces are images by the exponential
map of halfspaces in R”, as stated in the following proposition, for a proof see Proposition 4.4
of [2] (recall that m denotes the dimension of V; and that X7, ..., X, is a given orthonormal

basis of V7).

Proposition 1.5. H C G s a vertical halfspace if there ezxist ¢ € R and a unit vector
v e S™ ! such that H = H..,,, where

(1.17) H., =exp ({Z a; X; + Zvi v €V, aeR”, Zaiyi < c}) .
i=1 i=2 i=1
Now, we can define the class of sets of locally finite perimeter:

Definition 9 (Essential boundary). A Borel set £ C G has locally finite perimeter if X yg
is a Radon measure for any X € V. Given a set E of locally finite perimeter, we denote by
Dy g the vector-valued measure

DXE = (XIXE; Ce ,XmXE)
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Let us introduce the reduced boundary FFE of a finite perimeter set E: in the rest of the
paper we will use mainly this notion of boundary, only when necessary we will refer to 0*F
(see also Remark 4).

Definition 10 (De Giorgi’s reduced boundary). Let E C G be a set of locally finite perime-
ter. We denote by FE the set of points x € supp|Dxg| where:

(1) the limit vg(z) = (Vg (2). .. vpm(x) = lim 2XEDE)

) sl =1 Aol

We know that Carnot groups are Ahlfors Q-regular spaces, by (1.10). Moreover, see for
instance Proposition 11.17 in [12], they support a 1-Poincaré inequality, thus applying the
theory in [1] to the particular case of Carnot groups we obtain that the perimeter measure
is asymptotically doubling and it is concentrated on 0*E:

Theorem 1.6 (4.16 of [2]). Let E C G be a set of locally finite perimeter. Then |Dxg| is
concentrated on O*E. In addition |Dxg| is asymptotically doubling, and more precisely the
following property holds: for |Dxgl|-a.e. x € G there exists T(x) > 0 satisfying

(1.18) lgr®! < |Dxgp|(B,(x)) < Lgr®™! Vr e (0,7(x)),

with fg > 0 and Lg depending on G only.

Remark 3. Therem 1.6 also implies, by the density estimates (1.12), (1.13), an upper and
lower bound for | Dy | with respect to the spherical Hausdorff measure S~ i.e.,

‘ L
£ SN BNOE) < |Dxg|(B) < —=
we-1 we-1

for all Borel sets B C G. A similar result holds also for H?™!, since HO! < S¢! <
Q-1 Q-1

(1.19) S Y (BNOE),

Remark 4. The density lower bounds at points € FE in [11] imply that FFE is contained
in 0*F; on the other hand, since we know from Theorem 1.3 and the asymptotic doubling
estimates that |Dyg| is concentrated on FE, we can choose B = 0*E \ FFE in (1.19) to
obtain that H9~'(9*E \ FE) = 0.

1.5. Tangent sets. Now we define, as in Definition 5.1 of [2], the tangent set at x of the
set £ C Gt

Definition 11 (Tangent set). Let E C G be a set of locally finite perimeter and z € FE.
Denote by Tan(FE, z) all limit points, in the topology of local convergence in measure, of the
translated and rescaled family of sets {51/,,(x*1E)}T>O asr | 0.

If FF € Tan(F, x) we say that F is tangent to F at . We also set

Tan(E) := U Tan(E, x).

We also define the iterated tangent sets Tan®(E,z) as
Tan"™(E, z) := U {Tan(E*): E* € Tan"(E,z)}.



8 LUIGI AMBROSIO AND MATTEO SCIENZA

The following proposition provides a first list of properties fulfilled by all tangent sets.

Proposition 1.7 ([11]). Let E C G be a set of locally finite perimeter. Then, for H? 1-a.e.
x € FE the following properties hold:

(1) 0 <liminf, o |[Dxp|(B.(z))/r9" <limsup, o |Dxge|(B(2))/r9 ! < oo;

(2) if (ri) | O there emists a subsequence (ryx)) such that 61y, (v~ E) locally converge
in measure, so that in particular Tan(E, x) # 0;

(3) if E; — F locally in measure, with E; = 61, (x7'E) and (r;) infinitesimal, then
|Dxg,| and Dxg, weakly* converge respectively to |Dxr| and Dxp;

(4) for all Ey € Tan(E, z) we have that e € supp |Dxg,| and

ve, (y) = ve(x) for |Dxg,|-a.e. y € G.

In particular Vi N Invo(Ey) coincides with the codimension 1 subspace of V3

{f: aiXi . in:aiVEﬂ'({E) = 0}
i=1 i=1

and, setting X =" vp;(x)X; € 6, Xxp, is a nonnegative Radon measure.

The next Lemma, proved in Lemma 5.8 of [2], shows how to build an invariant direction
starting from a regular one.

Lemma 1.8. Let E C G be of locally finite perimeter, let Z = Zi’:l v; € Reg(F), where
v; € Vi. Then, for H9 -a.e. x € FE, v; € Invo(F) for all F € Tan(E, ).

Now we state a Lemma which gives us an iterating process to increase the dimension, in
higher tangents, of the set of invariant measures, the proof is based on Proposition 1.2 and
Lemma 1.8 and it makes more precise the arguments implicit in Lemma 5.9 of [2].

Lemma 1.9. Let E C G be of locally finite perimeter such that
dim(span(Invg(E))) <n — 2
and assume that Inv(E) has codimension 1 in Vi. Then for H9 '-a.e. x € FE we have

span(Invy(E7)) 2 span(Invy(E)) for all Ey € Tan(E, ).

Proof. As in Lemma 5.9 of [2], first we prove the existence of
Z € Reg(E) \ (span(Invo(E)) + V3).

Indeed, applying Proposition 1.2 with ¢’ = span(Invo(E)) and X = > 1" vg,(x)X; we obtain
X' € ¢ such that

7 = Adexp(x1)(X) ¢ span(Invo(E)) ® {RX} = span(Invy(E)) + V4,

where the equality follows by the codimension 1 property. By Proposition 1.4(2) we have
that Z € Reg(E).

Since Z has no horizontal component we can write

Z:Ui1+"'+vil; Uije‘/7;j7i]'227 ZJSZ]""]-
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Now choose the largest k such that v;, ¢ Invo(E) and consider Z’ := v;, + - -+ v;,. Notice
that Z’ still belongs to Reg(E), because v;,,, + -+ + v;, € span(Invy(E)). Choose a point
x € FE where Lemma 1.8 holds (with Z = Z’) to obtain that v;, € Invg(E;) for all
E, € Tan(E, z). On the other hand, since

span(Invo(E)) N V; C Inv(E) NV; C Invy(E) Vi=1,...,s
we have that v;, ¢ span(Invy(E)). O

2. LOCALITY OF THE PERIMETER MEASURE

In this section F, F' C G are sets of finite perimeter. Our strategy to prove the locality
property (0.1) is to show first that at H¥ -a.e. point € FE N FF the unit inner normals
coincide up to sign, i.e., vg(x) = tvp(z), then the locality property will follow from a
further blow-up argument. The equality of normals will be proved first in the case when one
set is contained in another, by iterating the tangent operator (which preserves the inclusion)
to both sets, until halfspaces are reached. At the level of halfspaces, set-theoretic inclusion
obviously implies equality of the normals.

The locality property requires instead a more sophisticated argument: it will be achieved
by showing the existence of family of scales on which both sets E and F are close to hyper-
planes. In order to get this result, we obviously need to generalize Definition 11 of tangent
space, considering couples of tangent sets at common scales.

Definition 12. Let £, F' C G be sets of locally finite perimeter and x € FE N FF. We
denote by Tan(F, F, z) all limit points, in the topology of local convergence in measure, of
the translated and rescaled family of set pairs (81/,(z7'E), 61/ (z7'F)) as r | 0.

If (Ey, F1) € Tan(E, F, x) we say that (Ey, F}) is tangent to (E, F) at x. We also set

Tan(E, F) := U Tan(E, F, x).
zeFENFF

Remark 5. By the definition of Tan(F, F, z) it follows directly that (E,, F}) € Tan(E, F, x)
implies £y € Tan(E, z) and F; € Tan(F, z); conversely, if Fy € Tan(F,x), F} € Tan(F,x),
and if

(51/”(ZL‘_1E) — En, 51/7“i(x_1F) — F
for a common sequence r; — 0, then it follows that (Ey, F}) € Tan(F, F,z). Thus, when-

ever a property holds for every element of Tan(F,x) and of Tan(F,z) we can extend it to
Tan(E, F, ).

Remark 6. As a consequence of Remark 5 and Proposition 1.7, we know that for H? !-a.e.
x € FENFF, Tan(E, F,x) # () and for every element (FEy, Es) € Tan(E, F, z), Inv(E))
and Inv(F;) have codimension 1 in Vi. Moreover, if we define X := Y, vg,;(x)X; and
Y =", vri(z)X;, we have Xxp, > 0 and Yxp > 0.

Lemma 2.1. Let E,F C G as above, let X € Reg(E) and Y € Reg(F) and write X =
Zl.zl v; and Y = Z?:o w;, where v;,w; € V;. Then, for H® '-a.e. v € FENFF, v €

7

Invo(E1) and wy, € Invo(Fy) for all (Ey, Fy) € Tan(E, F, z).

Proof. The lemma is a direct consequence of Remark 5 and Lemma 1.8. U
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As in Definition 5.1 of [2] we can define the iterated tangent spaces.
Definition 13. Let 2 € FENFF. We define Tan'(E, F,z) := Tan(E, F, z) and
Tan**'(E, F,z) == | {Tan(E}, Ff) : (B}, Ff) € Tan"(E, F,z)} .

In order to prove that regular directions become invariant in a sufficiently high tangent
space, we need to look at the reduced boundary of a couple in Tan(E, F, z).

Proposition 2.2. For H9 '-a.e. © € FE N FF the following property holds: for all
(E1, Fy) € Tan(E, F,x) the reduced boundaries FE; and FFy are HO™! equivalent (i.e.,
their symmetric difference is H91-negligible).

Proof. Let us prove the inclusion FE, C FF; up to H9 '-negligible sets (the proof of the
opposite one being similar). Set E,, = 61/.(z'E), F,, = 61/(z7'F). By (1.19) and
Remark 4 we have [Dyg, .| < wg‘fleQ’l LFE,,. We decompose the right hand side of the
previous inequality in two terms, one concentrated on FF, , and the other one concentrated
on FE,, \ FF,,:

L L
|Dxg,,| < —2-89 ' FF,, + —2-89 ' (FE,, \ FF,,).
’ wQ-1 wQ-1
Using again (1.19) we have
L L
(2.20) IDxg.,| € 7o|Dxr., | + =89 (FE,, \ FF,,).
5 KG 5 wal ) )

If we prove that the second term in the right hand part of (2.20) is infinitesimal (i.e., its mass
in any ball Bg(e) is infinitesimal), choosing a sequence (r;) | 0 such that (E,,,, Fy,,) —
(B, Fy) we get |Dyxg,| < %|DXF1|, hence (1.19) again gives FE; C FFy up to H9 -
negligible sets.

Consider the measure SY~!'L FE which is asymptotically doubling as a consequence of
(1.18) and (1.19). Choose L = G \ FF in Remark 2, so that

. S YB.(x)NFE\FF)
(2.21) s B@nFE) "

for S l-a.e. x € FEN FF. By the scaling property of S9! and the reduced boundary
we have

S Y (Br(e)NFE,, \ FF,,) S ' (Bg,(x) NFE\ FF)S8? ' (Bg,(x) N FE)
R@-1 SO YBg. ()N FE) (Rr)@-1
Choosing a point x where (2.21) holds, and taking into account that SY~1(B,(z)NFE)/r?!
is bounded above as r | 0 we obtain

S9N (Bg(e) N FE,, \ FF,,) —0 VR > 0.

O

The following Lemma is the fundamental step in order to prove the locality property:
we can use it to start an iterating process that leads to the existence of a pair of vertical
halfspaces in the iterated tangent sets Tan*(E, F, x).
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Lemma 2.3. Let E, F C G be sets of locally finite perimeter such that
i := min {dim(span(Invy(E))), dim(span(Invo(F)))} <n —2
and assume that Inv(E), Inv(F) have codimension 1 in Vi. Then, for H? *-a.e v € FEN
FF, for all (Ey, Fy) € Tan(E, F,x) we have
min {dim(span(Invy(E}))), dim(span(Invg(£F7)))} > .

Proof. Assume first that both span(Invy(E)) and span(Invg(F')) have dimension less than
n — 2. Choose T € FE N FF such that Lemma 1.9 holds for £ and F', this means

(2.22) span(Invy(E7)) 2 span(Invg(E)) V E; € Tan(E, x).
(2.23) span(Invo(Fy)) 2 span(Invg(F)) V Fy € Tan(F, ).

Combining (2.22), (2.23) we get that for H? l-a.e. x € FENFF we have span(Invy(E;)) 2
span(Invy(E)) and span(Invo(Fy)) 2 span(Invy(F)) for all (Ey, Fy) € Tan(E, F, z).

If one of the dimensions, say the one of span(Invy(E)), exceeds n — 2, then it must be
n—1 and F is an halfspace. Since vertical halfspaces H are self-similar (i.e., v *H = H for
all z € OH and 0,H = H for all A > 0) iterating once more the blow-up procedure improves
the number of invariant directions of the second set of the pair. U

Remark 7. The condition on the codimension of Inv(E) and Inv(F) in 1} will be automat-
ically satisfied when dealing with tangent spaces, by Proposition 1.7.

Theorem 2.4. Let E,F C G be sets of locally finite perimeter. Then, for H9 '-a.e.
re FENFF

(Howg(z)s Hopp(@) € Tank(E, F,x) with k:=1+(n—m).

Proof. By Proposition 1.7, sets in Tan(E, F, x) are invariant in at least m — 1 directions and
have at least a non-invariant direction, provided by the inner normals vg(x), vp(x). Define
the integers w(T") = dim(span(Invy(7))), T C G, and iy, as follows:

i, = max{min{w(E,),w(F)}, (B, F\) € Tan*(E, F,z)}, k> 1.

Then 7; > m — 1, and by Lemma 2.3 if follows that ix,1 > i; as long as 7, < n — 2. Indeed,
Proposition 2.2 ensures that the reduced boundaries of sets (Eyy1, Fyy1) € Tan(Eg, Fy, yx)
(for k >0, Ey = E, Fyy = F) are H9 !-equivalent, so we can repeatedly apply Lemma 2.3.
On the other hand, if i, = n — 1, then there exists (Ey, F) € Tan®(E, F,z) with w(E,) =
w(Fy) =n — 1, hence both E; and F are halfspaces. O

Corollary 2.5. Let ' C E C G be sets of locally finite perimeter. Then, for H® -a.e.
x € FENFF we have vg(z) = vp(x).

Proof. Consider the set N C FE N FF where the property stated in Theorem 2.4 holds
and fix an # € N. Then (Ho,p(w), Hovp(zy) € Tan®(E, F,z) for some k. Since L C M
implies Ly C M; whenever (L, M) € Tan(L, M,y), we know that Hy,.() € Houp@)- In
exponential coordinates this means

{Z Yi X - ZyiVF,i(fE) < 0} C {Z%Xz : ZszEz(x) < 0} ;
i—1 i—1 i—1 i—1
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where (Xi,...,X,) is a basis of g extending the basis (X1,...,X,,) of Vi. This implies
ve(r) = ve(z). O

In order to prove the locality property we need to extend the previous corollary to all
possible sets E, F' C G of locally finite perimeter, not necessarily one contained in the other.

Corollary 2.6. Let F, E C G be sets of locally finite perimeter. Then for HO '-a.e. x €
FENFF we have vg(x) = tvp(z).

Proof. Consider the set £ N F, clearly £ N F C F and the same holds for £. Then
Corollary 2.5 yields

venr =vp HY '-ae. on F(ENF)NFE, vpnr = vp HY '-ae. on F(ENF)NFF.
Noticing that vp = —vg\p, Corollary 2.5 also yields

vir =vp H9 '-ae. on F(E\F)NFE, vk = —vp HY '-ae. on F(E\F)NFF.

Since analogous relations hold for F'\ E, it follows that vg = +vp H% la.e. on (F(EN
FYUF(E\F)UF(F\E))N(FENFF). It remains to show that

F(ENF)UF(E\F)UF(F\E)2 FENFF

up to H9 '-negligible sets. In order to show this fact we shall work with the essential
boundaries, equivalent in H®!-measure to the reduced boundaries by Remark 4. Writing
E=(ENF)U(FE\F) since the union is disjoint we have the obvious inclusion

TECO(ENF)UI(E\F),
and the same relation holds also for F'. Therefore taking the intersection we get
TENO'FCIO(ENF)N(O"(E\F)Ud* (F\E)),
and the proof is complete. 0

By the locality property of the outer normal, a blow-up argument and a measure differ-
entiation we can prove the locality property of the perimeter measure.

We say that a measure p € M™(G) is asymptotically q-regular if

B, B,
(2.24) 0 < liminf (B, (x)) < lim sup ll(B.(x)) < 400 for |u|-a.e. x € G.

rl0 rd r10 rd
Notice that asymptotically g-regular measures are asymptotically doubling, and that the
perimeter measure |Dyg| is asymptotically (¢ — 1)-regular, thanks to Theorem 1.6.

In the sequel we shall denote the scaling map y — 51/T(a:_1y) by I,,.

Definition 14 (Tangents to a measure). Let u € M™(G) be asymptotically ¢g-regular. We
denote by Tan(u,z) the family of all measures v € M™(G) that are weak™ limit point as
r | 0 of the family of measures r~(I, )y /.

The following theorem shows the principle that iterated tangents are tangents, see [14]
or [13, Theorem 14.16]; see Theorem 6.4 of [2] for the proof of the statement given below,
involving vector-valued measures in Carnot groups.
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Theorem 2.7 ([2]). Let p € M™(G) be asymptotically q-reqular. Then, for |u|-a.e. x, the
following property holds:

Tan(v,y) C Tan(u, ) Vv € Tan(u,z), Yy € supp |v|.

Theorem 2.8. Let F,E C G be sets with locally finite perimeter. Then for H9 '-a.e.
r € FENFF we have

U Tan®(E, F,z) C Tan(E, F, z).

k=1

Proof. Consider the vector-valued measure u = (Dxg, Dxr) € M?™(G). Then, for z €
FE N FF we have the equivalence

(225) (ElaFl) € Tan(F, E> .CE) <~ (DXE17DXF1) € Tan(y% :E)a DXE1 7& Oa DXF1 7é 0.

Indeed, assume without loss of generality that x = e and that (Dxg,, Dxr ) is the weak*
limit of (r; “(I.,,)sDxg, i (Lo, )sDxr), with r; | 0 as i — oo and Dy, # 0, Dxr, # 0.
Set By = 61/, E, F; = 0y, F, by the compactness properties of finite perimeter sets we can as-
sume that (E;, F}) — (E', F') locally in measure. Then (r}~%(I,...)sDxg, 71 (Lo )sDxF) =
(Dxg;, Dxr,) weakly* converge to (Dxg/, Dxp) so that (Dxg, Dxp) = (Dxg,, Dxr,)-
Since x g, — X g has zero horizontal distributional derivative, it is equivalent to a constant
(here we use the validity of the Sobolev-Poincare inequality in BV (G)). This holds only
when E; = E' or By = G\ E’ and the second possibility is ruled out because it implies
0 = Dxg, — Dxgr = 2Dxpg,. Clearly the same is true also for £} and we have proved that
(E1, Fy) € Tan(FE, F,e). The converse implication follows easily by a scaling argument.

Let x € FENFF be satisfying the property stated in Theorem 2.7 with p = (Dx g, DxF)-
Consider (Ey, Fy) € Tan(FE, F, z) and (E,, F,) € Tan(Ey, Fy,y) for some y € FE;NFF;. By
(2.25) we know that (Dxg,, Dxr,) € Tan((Dxg,, Dxr),y) \ {(0,0)} and (Dxg,, Dxr) €
Tan(p, z) \ {(0,0)} hence (Dxg,, Dxr,) € Tan(u, ). By applying (2.25) once more we get
(Es, Fy) € Tan(FE, F, x), and this ends the proof. O

Theorem 2.9 (Locality property). Let E, FF C G be sets of locally finite perimeter. Then
(2.26) |Dxg|(B) = |Dxr|(B) for all B C FENFF Borel.

Proof. If we prove that the density K := |Dxg|/|Dxr| is constant and H? !-a.e. equal to
1in FE N FF the theorem follows, however we need to clearly define this density. Indeed,
|Dxg| and | Dy | have different supports, but we can overcome this difficulty.
We first claim that

i 12Xl (FE\ FF) N B,(2))

r|0 ’]”Q_l

for HO t-a.e. z € FENFF. Indeed, if A C FE N FF is the Borel set where the property
fails, we can find A’ C A and € > 0 such that SY"*(A’) > 0 and the limsup of the ratio
above is larger than € at all € A’. Then (1.12) gives

|IDxe|(FE\FF)NA") > cwg 1897 1(A) > 0.

=0
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This is impossible because (FE \ FF)N A’ = (). Then write

|Dxr| = |Dxr|(FENFF) + |Dxp|(FE\FF) = pr + vp.

Notice that ug is absolutely continuous with respect to pr and both measures are asymptot-
ically doubling, by Theorem 1.6 and by the fact that vg(B,(z)) = o(r®!) = o(ug(B,())))
and vp(B,(z)) = o(r® ) = o(up(B,(z))) at H? l-a.e. point. Then we can define K(x) :=
lim, o (B (2))/pr(B,(z)) at points x € FE N FF where the limit exists (this happens
HO La.e. on FEN FF thanks to Theorem 1.3).

Fix a point z € FENFF such that vg(z) = vr(x) (the case vgp(r) = —vp(x) is analogous),
K(x) is defined and vg(B,(x)) = o(ugp(B,(z))), vr(B.(z)) = o(ur(B.(x))). We obtain that
also the quotient |Dxg|(B,(x))/|Dxr|(B.(x)) tends to K(z) as r | 0, i.e.,

fBT( )< 5(Y), Dxe(y))
Rl = ) vr (W), Dxr(y))”

If we replace vg(y) with the constant vg(z) in the numerator, and vr(y) with vp(x) in the
denominator, we still have

5, (VE(2),d DXE(Y))
Kl =1 IBM | R EN ]

because

/r<x> wely) - ve(@), dDXE<y)>' N

[, @) v ) d 1D
= IDxel(B ) = (vae), | vsl)IDx]) = oIDxsl(B )

and the same holds for F'. Changing variables one has

f <VE ,dDxg,,(y >>
K =0T, o (e (). dDxrs, ()

where E, ., F,, are the left translated and rescaled sets of &/ and [’ respectively and e is
the identity of the group. Since the limit exists, we can choose any sequence (r;) | 0 to
compute K(x).

Setting H := Hy () = Hopp(@), We choose r; such that (E,,,, Fy,,) — (H, H). We know
that

Dxg,,, — Dxu, Dxr,,, — Dxu, |Dxe,,|—|Dxul, |Dxr,.,|—|Dxx#l

and the thesis follows if we prove that both Dxg,, (Bi(e)) and Dxr,, (Bi(e)) converge to
Dxpu(Bi(e)). Indeed, since |Dxg|(0Bs(e)) = 0 with at most countable many exceptions
(by the finiteness of |[Dxpl|), by scaling invariance of H we have |Dxg|(0B;(e)) = 0. Thus,
applying Proposition 1.62(b) in [3] we get the desired convergence property. Therefore
K(x) =1 and the theorem is proved. O
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2.1. Consequences of locality. As a first consequence we can define a surface measure
ps associated to Borel sets S contained in a countable union of essential boundaries of sets
of locally finite perimeter.

Proposition 2.10. Let S be a Borel set contained in a countable union of sets 0* E;, with E;
of locally finite perimeter. Then there exists a unique o-additive Borel measure pg satisfying

(2.27) ps(B) = |Dxg|(B) for all E with locally finite perimeter, B C SN OJ*E Borel.

Proof. Write S a disjoint union of Borel sets S;, each one contained in 0*F;, with E; of
locally finite perimeter, and define

ps(B) = > _|Dxp,

7

In order to check (2.27), fix a set with locally finite perimeter £ and a Borel set B C SN0*E
and assume, by o-additivity of both sides, that B C .S; for some i. Then the identity reduces
to |Dxg,|(B) = |Dxg|(B), which follows by the locality property. The uniqueness of pg is
a direct consequence of (2.27) with £ = E;. U

(S; N B).

3. A CHAIN RULE FOR BV FUNCTIONS ON CARNOT GROUPS

In this section we present some fine properties of BV functions in Carnot groups, we refer
to [4] for the general theory of BV functions on doubling metric measure spaces, for the
theory in the Euclidean case we refer to the book [3].

Definition 15. Let u : G — R be a measurable function and let x € G; we define the upper
and lower approximate limits of u at x respectively by

N = . volg({u >t} N B,(r))
u’(z) = inf {t eR: 1/%1 vola(B,(2)) = O}

A = . volg({u <t} N B,(x))
u”(z) = sup {teR.l/%l vola(B, (1)) —0}.

If u"(x) = u"(x) we call their common value, denoted by (), the approximate limit of u
at x. We also set S, = {x | u¥(z) > u"(z)}, the discontinuity set of w.

When u = xg, then obviously S, = 0*E. We have the following useful characterization
of Sy:

Proposition 3.1 ([4]). Let u: G — R be a measurable function then
(3.28) Se= | o{u>t}nofu>s},

t,s€D, st

where D C R is any dense set. In particular if w € BV (G) we can choose D such that for
every s € D the set {u > s} has finite perimeter. Furthermore, we have the implications:

(3.29) te @Ww(z),u(x)) = xzed{u>t} = teu(z),u’ ().
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Remark 8. Assume that u € BV(G). Arguing as in Proposition 2.10, using the locality of
the normal provided by Theorem 2.5 and the representation of S, as a countable union of
intersections of essential boundaries of sets of finite perimeter, one can define a Borel map
Uy : Sy — S™ ! such that

(3.30) Vu = Viust} H? ae. on S, NI {u >t}

for all ¢ € R such that {u > t} has finite perimeter. It is also easy to check that (3.30)
characterizes uniquely v,, up to H? !-negligible sets.

Proposition 3.2. Let u € BV(G), then for all Borel set B C S,, we have
(3.31)

Dul(B) = [ @@ = @)dps @), DulB) = [ (@) = @)rlodps. @
where pg, and v, are defined respectively in (2.27) and (3.30).

Proof. Set Ey = {u > t}. Notice first that S, = |, ;cp s, 0"Es N 0"Ey, by the characteri-
zation of S, given in Proposition 3.1. Thus, for the set S := S, the measure pg is defined.
If we apply the coarea formula to |Dul, for every Borel set B C S we have

332 Dul(B) = [ 1Dxsl(B) d
Clearly, by the definition of pg, we get

|DxE|(B) = ps(BNI"Ey),
so that we can rewrite (3.32) as

|Du|(B) = /_OO ps(BNOE,) dt.

[e.e]

Using Fubini’s theorem and (3.29), we get

| Dul(B // X{sweoE,} (1) dtdps(z //uA didps(x /( Y(@)—u"(x))dps(z).

The proof of the second identity in (3.31) is analogous, and uses the identity Du =
[ Dxg, dt and (3.30). O

Now we prove the chain rule for BV functions on G:

Proposition 3.3. Let u € BV(G). Then for every ¥ € CH{R)NWH>(R) the function ¢ou
belongs to BViee(G) and

(3.33) D(¥ou) = '(u(z)) Dul(G \ Su) + [ (u”) = P(u)]vs,ps, -

Proof. We can assume with no loss of generality ¢(0) = 0. Under this assumption ¢ o u €
LY(G) and it is easy to prove that ¢ o u € BV(G): indeed, by the Meyers-Serrin type
theorem for anisotropic Sobolev spaces proved in [9], we can find a sequence (uy,) € C*(G)
with u, — w in L}Y(G) and |Duy|(G) — |Dul(G). Since for C' functions v the total
variation |Dwv| is the L' norm of the horizontal gradient, the classical chain rule gives that



LOCALITY OF THE PERIMETER IN CARNOT GROUPS AND CHAIN RULE 17

|D(¢) o up,)|(G) is uniformly bounded. As a consequence, the L'(G) limit of 1 o uy,, namely
¥ o u, belongs to BV (G).

Since any ¢ € C1(R)NTWH*°(R) can be written as the difference of two strictly increasing
functions with the same properties, by the linearity of (3.33) we can assume in the rest
of the proof that ¢ is strictly increasing. Under this assumption, Syoy = Su, Vypou = Vu,
(You)Y =), (¢¥ou) =1(u"), hence the validity of (3.33) on Borel sets B C S, is a
direct consequence of (3.31).

Let now B C G\ S, be a Borel set. Appling the coarea formula to ¢ o u one has

D(y o u)(B) = / " Dxn(B) dt

where E; = {1 ou > t}. The change of variables t = ¥(s) gives

/ Dy, (B) dt = / ¥/(5) DX sy (B) ds.

Since B does not intersect S, for € B we have that z € 0* {u > s} only if s = @(z) (by
the definitions of u" and w”), thus we can rewrite the integral as

/ Z¢’(5)DX{u>s}(B) ds = / Z /B W (@(x)) dDX(uss) ds.

Finally, using the coarea formula once more we have

[1]

D(¢ o u)(B) = /B V' (@) dDu.
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