REGULARITY OF LIPSCHITZ BOUNDARIES WITH
PRESCRIBED SUB-FINSLER MEAN CURVATURE IN THE
HEISENBERG GROUP H!

GIANMARCO GIOVANNARDI AND MANUEL RITORE

ABSTRACT. For a strictly convex set K C R? of class C2 we consider its associ-
ated sub-Finsler K-perimeter |0E|g in H' and the prescribed mean curvature
functional |OE|x — [g f associated to a function f. Given a critical set for
this functional with Euclidean Lipschitz and intrinsic regular boundary, we
prove that their characteristic curves are of class C? and that this regularity is
optimal. The result holds in particular when the boundary of E is of class C1.

1. INTRODUCTION

The aim of this paper is to study the regularity of the characteristic curves of the
boundary of a set with continuous prescribed mean curvature in the first Heisenberg
group H! with a sub-Finsler structure. Such a structure is defined by means of an
asymmetric left-invariant norm || - ||x in H' associated to a convex set K C R?
containing 0 in its interior, see [38]. We assume in this paper that K has C?
boundary with positive geodesic curvature.

Following De Giorgi [14], the authors of [38] defined a notion of sub-Finsler K-
perimeter, see also [18]. Given a measurable set E C H! and an open subset Q C H*,
it is said that E has locally finite K-perimeter in €2 if for any relatively compact
open set V C Q2 we have

|OF|x (V) = sup {/ div(U)dH : U € HE(V), ||U]| k.00 < 1} < +00,
E

where HE (V) is the space of horizontal vector fields of class C! with compact support
in V, and [|U||k,cc = suppey ||Up|lrc. Both the divergence and the integral are
computed with respect to a fixed left-invariant Riemannian metric g on H'. When
S = 0F N is a Euclidean Lipschitz surface the K-perimeter coincides with the
area functional

Ar(S) = / [Nl 42,
S

where H? is the 2-dimensional Hausdorff measure associated to the left-invariant
Riemannian metric g, N is the outer unit normal to S, defined H?-a.e on S, N}, is
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the horizontal projection of N to the horizontal distribution in H' and || - ||« is
the dual norm of || - || k.

We say that a set E with Euclidean Lipschitz boundary has prescribed K-mean
curvature f € C°(Q) if, for any bounded open subset V C €, E is a critical point of
the functional

Ax(SNB) —/ fdH".
ENB

This notion extends the classical one in Euclidean space and the one introduced in
[21] for the sub-Riemannian area. We refer the reader to the introduction of [21] for
a brief historical account and references.

We say that a set F has constant prescribed K-mean curvature if there exists
A € R such that F has prescribed K-mean curvature A. In Proposition 2.2 we
consider a set E with Euclidean Lipschitz boundary and positive K-perimeter. We
show that if F is a critical point of the K-perimeter for variations preserving the
volume up to first order then F has constant prescribed K-mean curvature on any
open set Q avoiding the singular set Sy and where |OF|x(£2) > 0. This result can
be applied to isoperimetric regions in H' with Euclidean Lipschitz boundary.

The main result of this paper is Theorem 3.1, where we prove that the boundary
S of a set E with prescribed continuous K-mean curvature is foliated by horizontal
characteristic curves of class C? in its regular part. The minimal assumptions we
require for the boundary S of E are to be Euclidean Lipschitz and H-regular. The
result holds in particular when the boundary of E is of class C'!. As we point out
in Remark 3.5, C? regularity is optimal since the Pansu-Wulff shapes obtained
in [38] have prescribed constant mean curvature and their boundaries are foliated
by characteristic curves with the same regularity as that of 0K, that may be just
C2. In the proof of the Theorem 3.1 we exploit the first variation formula of the
area following the arguments developed in [20, 21] and make use of the biLipschitz
homeomorphism considered in [35]. One of the main differences in our setting is
that the area functional strongly depends on the inverse g of the Gauss map of
OK. Therefore the first variation of the area depends on the derivative of the map
that describes the boundary K. In order to use the bootstrap regularity argument
in [20, 21] we need to invert this map on the boundary 9K, that is possible since
the geodesic curvature of K is strictly positive, see Lemma 3.2. Moreover, the
C? regularity of the characteristic curves implies that, on characteristic curves of a
boundary with prescribed continuous K-mean curvature f, the ordinary differential
equation

(*) (Dz 7k (vn),Z) = f,

is satisfied. In this equation v, = Nj/|Np| is the classical sub-Riemannian horizontal
unit normal, Z is the unit characteristic vector field tangent to the characteristic
curves and D the Levi-Civita connection associated to the left-invariant Riemannian
metric g on H!' . Equation (*) was proved to hold for C? surfaces in [38]. For regu-
larity assumptions below H-regular and Euclidean Lipschitz, equation (*) holds in a
suitable weak sense, a result proved in [1] for the sub-Riemannian area, when K
coincides with the unit disk centered at 0.
Moreover, in Proposition 4.2 we stress that equation (*) is equivalent to

(**) Hp = w(mr(vn)) f,
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where Hp = (Dzuvy, Z) is the classical sub-Riemannian mean curvature introduced
in [1] and & is the strictly positive Euclidean curvature of the boundary 0K. A
key ingredient to obtain equation (**) is Lemma 4.3, that exploits the ideas of
Lemma 3.2 in an intrinsic setting.

This manuscript is a natural continuation of the many recent papers concerning
sub-Riemannian area minimizers [22, 11, 8, 7, 5, 13, 2, 1, 26, 27, 28, 41, 29, 17, 4, 10,
30, 32, 24, 23, 6]. The sub-Riemannian perimeter functional is a particular case of the
sub-Finsler functionals considered in this paper where the convex set is the unit disk
D centered at 0. In the pioneering paper [22] N. Garofalo and D.M. Nhieu showed
the existence of sets of minimal perimeter in Carnot-Carathéodory spaces satisfying
the doubling property and a Poincaré inequality. In [31] Leonardi and Rigot showed
the existence of isoperimetric sets in Carnot groups. However the optimal regularity
of the critical points of these variational problems involving the sub-Riemannian
area is not completely understood. Indeed, even in the sub-Riemannian Heisenberg
group H' there are several examples of non-smooth area minimizers: S. D. Pauls
in [37] exhibited a solution of low regularity for the Plateau problem with smooth
boundary datum; on the other hand in [8, 39, 34] the authors provided solutions of
Bernstein’s problem in H' that are only Euclidean Lipschitz.

In [36] P. Pansu conjectured that the boundaries of isoperimetric sets in H!
are given by the surfaces now called Pansu’s spheres, union of all sub-Riemannian
geodesics of a fixed curvature joining two point in the same vertical line. This
conjecture has been solved only assuming a priori some regularity of the minimizers
of the area with constant prescribed mean curvature. In [41] the authors solved
the conjecture assuming that the minimizers of the area are of class C?, using the
description of the singular set, the characterization of area-stationary surfaces, and
the ruling property of constant mean curvature surfaces developed in [7]. Hence the
a priori regularity hypothesis are central to study the sub-Riemannian isoperimetric
problem. Motivated by this issue, it was shown in [9] that a C! boundary of a set
with continuous prescribed mean curvature is foliated by C? characteristic curves.
Regularity results for Lipschitz viscosity solutions of the minimal surface equation
were obtained in [4]. Furthermore, in [21] the authors generalized the previous result
when the boundary S is immersed in a three-dimensional contact sub-Riemannian
manifold. Finally M. Galli in [20] improved the result in [21] only assuming that the
boundary S is Euclidean Lipschitz and H-regular in the sense of [19]. The Bernstein
problem in H' with Euclidean Lipschitz regularity was treated by S. Nicolussi and F.
Serra-Cassano [35]. Partial solutions of the sub-Riemannian isoperimetric problem
have been obtained assuming Euclidean convexity [33], or symmetry properties
[12, 40, 32, 17]. An analogous sub-Finsler isoperimetric problem might be considered.
Candidate solutions would be the Pansu-Wulff shapes considered in [38]. See [38, 18]
for partial results in the sub-Finsler isoperimetric problem and [42] for earlier work.

We have organized this paper into several sections. In Section 2 we introduce
sub-Finsler norms in the first Heisenberg group H! and their associated sub-Finsler
perimeter, the notion of H-regular surfaces, intrinsic FEuclidean Lipschitz graphs
and the definition of sets with prescribed mean curvature. Moreover, at the end
of this section we prove Proposition 2.2. Section 3 is dedicated to the proof of the
main Theorem 3.1, that ensures that the characteristic curves are C2. Finally in
Section 4 we deal with the K-mean curvature equation, see Proposition 4.1 and
Proposition 4.2.
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2. PRELIMINARIES

2.1. The Heisenberg group. We denote by H' the first Heisenberg group, defined
as the 3-dimensional Euclidean space R? endowed with a product * defined by

(x,9,t) = (2,9,1) = (x + 2,y + §,t + 1+ Ty — x7).

A basis of left invariant vector fields is given by

0 0 0 0 0
=5 = Y =— -2~ T=—.

ar Var oy or ot
For p € H', the left translation by p is the diffeomorphism L,(q) = p * q. The
horizontal distribution H is the planar distribution generated by X and Y, that
coincides with the kernel of the (contact) one-form w = dt — ydx + zdy.

We shall consider on H! the left invariant Riemannian metric g = (-, -), so that
{X,Y,T} is an orthonormal basis at every point, and let D be the Levi-Civita

connection associated to the Riemannian metric g. The following relations can be
easily computed

X

DxX =0, DyY =0, DyT=0
(2.1) DxY =-T, DxT=Y, DyT=-X
DyX =T, DrX =Y, DrY=-X.

Setting J(U) = DyT for any vector field U in H! we get J(X) =Y, J(Y) = -X
and J(T) = 0. Therefore —J? coincides with the identity when restricted to the
horizontal distribution. The Riemannian volume of a set E is, up to a constant, the
Haar measure of the group and is denoted by |E|. The integral of a function f with
respect to the Riemannian measure by [ f dH'.

2.2. The pseudo-hermitian connection. The pseudo-hermitian connection V is
the only affine connection satisfying the following properties:

1. V is a metric connection,

2. Tor(U,V) = 2(J(U), V)T for all vector fields U, V.
In the previous line the torsion tensor Tor(U, V) is given by ViV — VU — [U, V].
From the above definition and the Koszul formula it follows easily that VX = VY =
0 and VJ = 0. For a general discussion about the pseudo-hermitian connection see
for instance [15, § 1.2]. Given a curve v : I — H' we denote by V/ds the covariant
derivatives induced by the pseudo-hermitian connection along ~.

2.3. Sub-Finsler norms. Given a convex set K C R? with 0 € int(K) an associ-
ated asymmetric norm || - || in R?, we define on H! a left-invariant norm || - || on
the horizontal distribution by means of the equality

(IfX +gYllx)(p) = I(f(p); 9@)Il,

for any p € H!. The dual norm is denoted by || - || s «-

If the boundary of K is of class C%, £ > 2, and the geodesic curvature of 9K is
strictly positive, we say that K is of class Cﬁ. When K is of class C%, the outer
Gauss map N is a diffeomorphism from 0K to S and the map

NG
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defined for non-vanishing horizontal vector fields U = fX + gY, satisfies
Ul » = (U, 7k (U)).
See § 2.3 in [38].

2.4. Sub-Finsler perimeter. Here we summarize some of the results contained
in subsection 2.4 in [38].

Given a convex set K C R? with 0 € int(K), the norm || - ||x defines a perimeter
functional: given a measurable set £ C H' and an open subset Q C H', we say that
E has locally finite K-perimeter in € if for any relatively compact open set V' C 2
we have

|OF|x (V) = sup {/ div(U)dH : U € HE(V), ||U]| k.00 < 1} < +00,
E

where H$ (V) is the space of horizontal vector fields of class C'! with compact support
in V, and [|U]| k00 = sup,ey ||Up||x- The integral is computed with respect to the
Riemannian measure dH' of the left-invariant Riemannian metric g. When K = D,
the closed unit disk centered at the origin of R?, the K-perimeter coincides with
classical sub-Riemannian perimeter.

If K, K’ are bounded convex bodies containing 0 in its interior, there exist con-
stants «, 8 > 0 such that

allz)| e < ||zl|lx < Bllz]|kr, for all z € R?,
and it is not difficult to prove that
5OE| (V) < 0Bk |(V) < F10E]k: (V).

As a consequence, E has locally finite K-perimeter if and only if it has locally finite
K'-perimeter. In particular, any set with locally finite K-perimeter has locally finite
sub-Riemannian perimeter.

Riesz Representation Theorem implies the existence of a |0E|x measurable vector
field vx so that for any horizontal vector field U with compact support of class C!
we have

/div(U) dH! :/<U,VK>d\aE\K.
Q Q

In addition, v satisfies |OE|k-a.e. the equality ||vk ||k« = 1, where || - ||k« is the
dual norm of || - || k.-

Given two convex sets K, K’ C R? containing 0 in their interiors, we have the
following representation formula for the sub-Finsler perimeter measure |OF|x and
the vector field vi

14:¢
0E|k = |lvir ||k «|0E |k, v = 7—.
Ve[

Indeed, for the closed unit disk D C R? centered at 0 we know that in the Euclidean

Lipschitz case vp = v, and |Np| = ||[Nu||p,« where N is the outer unit normal.

Hence we have

Vp

0F|x = [lvallk +d|OE|D,  vi = 7.
[wnllx «

Here |OF|p is the standard sub-Riemannian measure. Moreover, vy, = Ny /|Nj| and

|Nw|~1d|OE|p = dS, where dS is the standard Riemannian measure on S. Hence
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we get, for a set £ with Euclidean Lipschitz boundary S

(2.2) 0Bk (Q) = / [ Nalx.. dS,
SN

where dS is the Riemannian measure on S, obtained from the area formula using a
local Lipschitz parameterization of S, see Proposition 2.14 in [19]. It coincides with
the 2-dimensional Hausdorff measure associated to the Riemannian distance induced
by g. We stress that here N is the outer unit normal. This choice is important
because of the lack of symmetry of || - ||k and || - || x,«-

2.5. Immersed surfaces in H'. Following [1, 19] we provide the following defini-
tion.

Definition 2.1 (H-regular surfaces). A real measurable function f defined on an
open set ) C H! is of class C} (1) if the distributional derivative Vi f = (X f,Y f)
is represented by a continuous function.

We say that S C H' is an H-regular surface if for each p € H! there exist a
neighborhood U and a function f € C}(U) such that Vi f # 0 and SNU = {f = 0}.

Then the continuous horizontal unit normal is given by
_ Vuf
|Vufl

Given an oriented Euclidean Lipschitz surface S immersed in H', its unit normal N
is defined H2-a.e. in S, where H?2 is the 2-dimensional Hausdorff measure associated
to the Riemannian distance induced by g. In case S is the boundary of a set E C H!,
we always choose the outer unit normal. We say that a point p belongs to the
singular set Sy of S if p € S is a differentiable point and the tangent space 7,5
coincides with the horizontal distribution H,. Therefore the horizontal projection
of the normal N}, at singular points vanishes. In S \ Sy the horizontal unit normal
vy, is defined H2-a.e. by

Vh

v N
h |Nh| ’

where N}, is the horizontal projection of the normal N. The vector field Z is defined
H2-a.e. on S\ S, by Z = J(v,), and it is tangent to S and horizontal.

H-regularity plays an important role in the regularity theory of sets of finite
sub-Riemannian perimeter. In [19], B. Franchi, R. Serapioni and F. Serra-Cassano
proved that the boundary of such a set is composed of H-regular surfaces and a
singular set of small measure.

2.6. Sets with prescribed mean curvature. Consider an open set {2 C M, and
an integrable function f € L}, .(£2). We say that a set of locally finite K-perimeter

E C Q has prescribed K-mean curvature f in § if, for any bounded open set B C €2,
FE is a critical point of the functional

(2.3) |OE |k (B) — fdHt.
ENB
If S =0FE N is a Euclidean Lipschitz surface then S has prescribed K-mean
curvature f if it is a critical point of the functional

(2.4) AK(SmB)—/ fdH?,

ENB
for any bounded open set B C .
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If E has boundary S = 0E N Q of class C2, standard arguments imply that E
has prescribed K-mean curvature f in Q if and only if Hx = f, where Hg is the
K-mean curvature

Hyg = (Dz7mk(vpn), Z),

and vy, is the outer horizontal unit normal, see [38]. Since by [38, Lemma 2.1]
the Levi-Civita connection D and the pseudo-hermitian connection V coincide for
horizontal vector fields, we obtain that

HK = <Dz7TK(Vh),Z> = <Vz7TK(I/h),Z>.

It is important to remark that the mean curvature Hg strongly depends on the
choice of vp. When K is centrally symmetric, mx(—u) = —7x (u) and so the mean
curvature changes its sign when we take —vy, instead of v,. When K is not centrally
symmetric, there is no relation between the mean curvatures associated to vy and
—UVp.

A set E C H' with Euclidean Lischiptz boundary has locally finite K-perimeter:
we know that it has locally bounded sub-Riemannian perimeter by Proposition 2.14
in [19] and we can apply the perimeter estimates in § 2.3. Letting H? be the
Riemannian 2-dimensional Hausdorff measure, the Riemannian outer unit normal
N is defined H2-a.e. in F, and it can be proven that

(2.5) \aEMAVU::/“ [ Nallic.0 dH2.
OENV

We say that a set E of locally finite K-perimeter in an open set Q C H! has
constant prescribed K-mean curvature if there exists A € R such that E has
prescribed K-mean curvature A\. This means that E is a critical point of the
functional E +— |0F|k(B) — A\|E N B| for any bounded open set B C €.

Our next result implies that Euclidean Lipschitz isoperimetric boundaries (for
the K-perimeter) have constant prescribed K-mean curvature.

Proposition 2.2. Let E C H' be a bounded set with Euclidean Lipschitz boundary.
Assume that E a critical point of the K-perimeter for variations preserving the
volume of E up to first order. Let 2 C H' be an open set so that QN Sy = () and
|OE|k () > 0. Then E has constant prescribed K -mean curvature in ).

Proof. Since the K —perimeter of E in (2 is positive there exists a horizontal vector
field Uy with compact support in Q so that [, div Uy dH! > 0. Let {ts}scr be the
flow associated to Uy and define

%‘3:0 AK(¢S(S))
A |s=olts(B))|

Let W any vector field with compact support in 2 and associated flow {¢s}scr.
Choose A € R so that W — AU, satisfies

d

R sE
A

(2.6) Hy =

= | s®) =0,

S

This means that the flow of W — AUy preserves the volume of E up to first order.
By our assumption on E we get

QW — Alo) =0,
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where @ is defined in (2.7). Now Lemma 2.3 implies Q(W) = AQ(Up) and, from
the definition of Hy, we get

d d
QW) =2Q(Uo) = Mo\ [¢s(E)| = Ho-|  |ps(E)l-
S s=0 ds s=0
This implies that E is a critical point of the functional E — |0E|x — Ho|E| and so
it has prescribed K-mean curvature equal to the constant Hy. (I

Lemma 2.3. Let E C H! be a bounded set with Euclidean Lipschitz boundary S.
Let Q C H! be an open set such that QNSy = 0. Let U be a vector field with compact
support  and {ps}ser the associated flow. Then the derivative

(2.7) QUY=L Ax(pus)

ds s=0
exists and is a linear function of U.

Proof. For every s € R, the set p4(E) has Euclidean Lipschitz boundary and so it
has finite K-perimeter. By Rademacher’s Theorem, the set

B = {peS:S isnot differentiable at p}

has #H2-measure equal to 0.

For any p € S\ B we take the curve o(s) = ps(p). For every s € R the surface
@s(9) is differentiable at o(p) and the vector field W (s) = ((Ns)n)o(s), Where N is
the outer unit normal to ¢,(OF), is differentiable along the curve o. Let us estimate
the quotient

(W (s + M)llre.x = W (5)]] .
- .
Writing W (s) = f(5)Xo(s) + 9(5)Yo(s) we have [[W(s)||r = [|(f(5), 9(5))l], where
|| - || is the planar asymmetric norm associated to the convex set K. We have
W (s + D)l = (W)l | < [[(f(s+R) = f(5), 9(s + D) = g())|
<SC(If(s+h) = f(s) +lg(s + h) = g(s)]),

for a constant C' > 0 that only depends on K. The derivates of f and g can be
estimated in terms of the covariant derivative 2W = 2 (Nj); along o. Since

(2.8)

K,

D .
20 < dive. s (©)

we get an uniform estimate on the derivatives of f and g independent of p. So the
quotient (2.8) is uniformly bounded above by a constant independent of p.
To compute the derivative of Ax(ps(S)) at s =0 we write

Ag(pa(8)) = /S (Il 0 02) Jac(is) dH?

The uniform estimate of the quotient (2.8) allows us to apply Lebesgue’s dominated
convergence theorem and Leibniz’s rule to compute the derivative of Ag (¢s(.9)),

given by
d
Ll (i sacton) ) are.
s=0
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Given a point p € (S \ B) Nsupp(U), since supp(U) C 2 and QN Sy = § we get
(N#)p # 0 and so

P Nl = 2| (N mae( (N} o(5)
s=0 s=0
D D
~ (] ) + (s () (| V0 ))
Since
D D D
% s:O(Ng)h - % s:ON - <£ S:ON’ T> T’
and
D 2
- s:oN = Z;(Np, Ve, U)ei,

where e; is an orthonormal basis of T,(0F), we get that

D

ds|,_
is a linear function L(U) of U. O

[Nl
0

Remark 2.4. Proposition 2.2 can be applied to isoperimetric regions in H' with
Euclidean Lipschitz boundary. Of course, the regularity of isoperimetric regions in
H' is still an open problem.

2.7. Intrinsic Euclidean Lipschitz graphs on a vertical plane in H'. We
denote by Gr(u) the intrinsic graph (Riemannian normal graph) of the Lipschitz
function v : D — R, where D is a domain in a vertical plane. Using Euclidean
rotations about the vertical axis x = y = 0, that are isometries of the Riemannian
metric g, we may assume that D is contained in the plane y = 0. Since the vector field
Y is a unit normal to this plane, the intrinsic graph Gr(u) is given by {exp, (u(p)Y}) :
p € D}, where exp is the exponential map of g, and can be parameterized by the
map
O (x,t) = (z,u(z,t),t — zu(z,t)).
The tangent plane to any point in S = Gr(u) is generated by the vectors

O = (1,uy, —u — zuy) = X +u, Y — 2uT,

DY = (0,us,1 —aup) =uY +T
and the characteristic direction is given by Z = Z/|Z| where
(2.9) Z = X + (ug + 2uu,)Y.
A unit normal to S is given by N = N/|N| where

N = &% x ¥ = (uy + 2uu) X — Y +u, T

and Jac(®%) = |®% x ®¥| = |N|. Therefore the horizontal projection of the unit
normal to S is given by Nj, = Ny /|N|, where Nj, = (u, + 2uu;) X — Y. Observe that
J(Z) = —Vp.

We also assume that S = Gr(u) is an H-regular surface, meaning that N, and Z
in (2.9) and are continuous. Hence also (uy + 2uu;) is continuous.
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Remark 2.5. Let v(s) = (z,t)(s) be a C! curve in D then
L(s) = (z,u(z,t),t — zu(z,t))(s) C Gr(u)
is also C'* and
I(s) =2’ X + (2'uy + t'u)Y + (' — 2uz’)T.
In particular horizontal curves in Gr(u) satisfy the ordinary differential equation

(2.10) t' = 2u(z,t)z’.
From (2.2), the sub-Finsler K-area for a Euclidean Lipschitz surface S is
Ax(S) = [ ¥4l x..d5
S

where ||Np| x,« = (Np, 7(Np,)) with m = (m1,m2) = 7k and dS is the Riemannian
area measure. Therefore when we consider the intrinsic graph S = Gr(u) we obtain

A(Gr(u)) = / (Ny,, 7(Ny)) dadt

D
= / (ug + 2uuy)m1 (ug + 2uny, —1) — mo(uy + 2uuy, —1) dadt.
D
Observe that the K-perimeter of a set was defined in terms of the outer unit normal.

Hence we are assuming that S is the boundary of the epigraph of u.
Given v € C§°(D), a straightforward computation shows that

(2.11) % szoA(Gr(u +sv)) = /D(vm + 2vuy + 2uvy) Mdadt,
where

(2.12) M = F(uy + 2uuy),

and F' is the function

(2.13) F(z) =m(z,—1) +x%(z,—1) - %(z,fl).

Since (ug + 2uuy) is continuous and 7 is at least C! the function M is continuous.

3. CHARACTERISTIC CURVES ARE C?

Here we prove our main result, that characteristic curves in an intrinsic Euclidean
Lipschitz H-regular surface with continuous prescribed K-mean curvature are of
class C%2. The reader is referred to Theorem 4.1 in [21] for a proof of the the
sub-Riemannian case. The proof of Theorem 3.1 depends on Lemmas 3.2 and 3.3.

Theorem 3.1. Let K be a C? convex set in R* with 0 € int(K) and || - ||k the
associated left-invariant norm in H'. Let Q C H' be an open set and E C Q a set of
prescribed K- mean curvature f € C°(Q) with an Euclidean Lipschitz and H-regular
boundary S. Then the characteristic curves of S N are of class C?.

Proof. By the Implicit Function Theorem for H-regular surfaces, see Theorem 6.5
in [19], given a point p € S, after a rotation about the vertical axis, there exists an
open neighborhood B C H! of p such that BN S is the intrinsic graph Gr(u) of a
function u : D — R, where D is a domain in the vertical plane y = 0, and BN FE is
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the epigraph of u. The function u is Euclidean Lipschitz by our assumption. .Since
Gr(u) has prescribed continuous mean curvature f, from equation (2.11) we get

(3.1) / (vg + 2vuy + 2uvy) M + fodadt =0,
D

for each v € C§°(D). The function M is defined in (2.12). By Remark 4.3 in
[21] implies that (3.1) holds for each v € C§(D) for which v, + 2uv; exists and is
continuous.

Let T'(s) be a characteristic horizontal curve passing through p whose velocity
is the vector field Z defined in (2.9), that only depends on u, + 2uu,. Since S
is H-regular the function u, + 2uu; is continuous and I'(s) is of class C'. Let us
consider the function F' defined in (2.13) and define

g(s) = (uy + 2uut)p(5).

Hence F(g(s)) = M(s). The function F is C'! for any convex set K of class C3 and,
from Lemma 3.2, we obtain that F’(z) > 0 for each z € R. Therefore F'~! is also
C' and g(s) = F~1(M(s)). Thanks to Lemma 3.3 we obtain that M is C! along T
and we conclude that also g is C! along I'. So Z is C* and the curve I' is C2. O

Lemma 3.2. Let K C R? be a convez body of class C3 such that 0 € int(K). Then
the function F defined in (2.13) is C* and F'(x) > 0 for each x € R.

Proof. Parameterize the lower part of the boundary of the convex body K by a
function ¢ defined on a closed interval I C R. The function ¢ is of class C? in I
and the graph becomes vertical at the endpoints of 1. As K is of class C’i we have
¢ (x) > 0 for each z € R. Take x € R, then we have

where N is the outer unit normal to K. Let ¢(z) € I be the point where

(p(2), o(p(2))) = m(z, —1).
Therefore, if we consider the normal N of the previous equality we obtain
<¢/((P($))a _1) _ ('T7 _1) .
VI+ (¢ (p(@)))?  V1+a?

Hence ¢'(¢(z)) = x and so ¢ is the inverse of ¢’, that is invertible since ¢”(z) > 0
for each € R. Notice that

F(x) =m(z,—1) + x—x(m, -1) - %(x, —1)

= p(z) + ¢ (z) — ¢'(e(x)) ¢ (x) = p(2),
since ¢’ (p(z)) = z. Hence we obtain
/ — W (z) = 1
B =90 = Gy ~°
for each z € R. O

Lemma 3.3. Let Q C H' be an open set and E C Q a set of prescribed K-mean
curvature f € C°(Q) with Buclidean Lipschitz and H-regular boundary S. Then the
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function M defined in (2.12) is of class C* along characteristic curves. Moreover,
the differential equation

d

S M0(s)) = f(v(s))

is satisfied along any characteristic curve .

Proof. Let I'(s) be a characteristic curve passing through p in Gr(u). Let v(s) be
the projection of I'(s) onto the xt-plane, and (a,b) € D the projection of p to the
xt-plane. We parameterize v by s — (s,t(s)). By Remark 2.5 the curve s — (s,t(s))
satisfies the ordinary differential equation ¢’ = 2u. For ¢ small enough, Picard-
Lindel6f’s theorem implies the existence of r > 0 and a solution ¢, :Ja —r,a +r[— R
of the Cauchy problem

(3.2) {té(s) = 2u(s, t(s)),

te(a) =b+e.

We define . (s) = (s,t-(s)) so that v9 = 7. Here we exploit an argument similar to
the one developed in [35]. By Theorem 2.8 in [44] we gain that ¢. is Lipschitz with
respect to ¢ with Lipschitz constant less than or equal to el”. Fix s €la —r,a + 7|,
the inverse of the function € — ¢.(s) is given by y:(—s) = xt(—s) — b where x; is
the unique solution of the following Cauchy problem

{x;m = 2u(r, x4(7))

(33) xi(a+s) =t.

Again by Theorem 2.8 in [44] we have that x; is Lipschitz continuous with respect
to t, thus the function € — ¢, is a locally biLipschitz homeomorphisms.
We consider the following Lipschitz coordinates

(3-4) G(&,e) = (§:1(8)) = (s,1)

around the characteristic curve passing through (a, b). Notice that, by the uniqueness
result for (3.2), G is injective. Given (s,t) in the image of G using the inverse
function y; defined in (3.3) we find € such that ¢.(s) = t, therefore G is surjective.
By the Invariance of Domain Theorem [3], is a homeomorphism. The Jacobian of G
is defined by

1 0 ot.

almost everywhere in €. Any function ¢ defined on D can be considered as a function
of the variables (£,¢) by making $(€,¢) = p(£,t.(£)). Since the function G is C!
with respect to & we have

op

€ = @ + 1L Pt = Qg + 2upy.
Furthermore, by [16, Theorem 2 in Section 3.3.3] or [25, Theorem 3], we may apply
the change of variables formula for Lipschitz maps. Assuming that the support
of v is contained in a sufficiently small neighborhood of (a,b), we can express the

integral (3.1) as

oo~ < Ot
(3.6) /1(/ ((8—Z+2vut)M+fv)Ed§)da:O,

-Tr
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where [ is a small interval containing 0. Instead of ¥ in (3.6) we consider the function
Oh/(teqn — te), where h is a small enough parameter. Then we obtain

a( oh >_8f) Bt
85 (ta-‘rh - ta) B 85 (t8+h - ts) (te-‘rh - t8)2

_ @ h 72@hu(€’t€+h(§)) *u(f,ts(f)

OE (tesn —te) (teyn —tc)? 7

that tends to

o\ (00 -
86 85 VUt a.e. 1 g,

when h goes to 0. Putting 0h/(teyp — t:) in (3.6) instead of ¥ we gain

a+r Ot. ~ ~ 7
/</+ hﬁe<8v+25(@t_u(§’€+h)u(é’e)))M—i-fﬁdf) de = 0.
I a

_r (t5+h — tg) o€ (t5+h — tg)

Using Lebesgue’s dominated convergence theorem and letting h — 0 we have

TG -
(3.7) /I </G_T a—gM—k fo d&) de = 0.

Let n: R — R be a positive function compactly supported in I and for p > 0 we
consider the family 7,(z) = p~'n(z/p), that weakly converge to the Dirac delta
distribution. Putting the test functions 7,(g)¥(§) in (3.7) and letting p — 0 we get

a+r N _
(35 | v+ feoue d o,

for each v € C§°((a — r,a + r)). Since u, + 2uu; is continuous, M in (2.12) is
continuous, thus also M. Hence thanks to Lemma 3.4 we conclude that M is C*
along 7, thus by Remark 2.5 is also C* along T'.

Since M is C* along the characteristic curve, we can integrate by parts in equation
(3.8) to obtain

a+tr
/a (—81(0,6) + 7(0,8)) (&) de =0,

—r

for each ¥ € C§°((a — r,a + r)). That means that M satisfies the equation

along characteristic curves. O

Lemma 3.4 ([21, Lemma 4.2]). Let J C R be an open interval and g,h € C°(J).
Let H € CY(J) be a primitive of h. Assume that

/sz'gmw:o,

for each ¢ € C§°(J). Then the function g — H is a constant function in J. In
particular g € C1(J).

Remark 3.5. Let K be a convex body of class C% such that 0 € K. Following [38]
we consider a clockwise-oriented P-periodic parameterization v : R — R? of 0K.
For a fixed v € R we take the translated curve s — v(s +v) —y(v) = (z(s),y(s))



14 G. GIOVANNARDI AND M. RITORE

and we consider its horizontal lifting I', (s) to H! starting at (0,0,0) € H* for s = 0,
given by

ru(s) = (@00, [ o' (r) — ey (r)ar).
0
The Pansu-Wulff shape associated to K is defined by
Sk = |J Tu(0,P)).

ve(0,P)

In [38, Theorem 3.14] it is shown that the horizontal liftings I, for each v € [0, P),
are solutions for Hx = 1, therefore Si has constant prescribed K-mean curvature
equal to 1. Since the curves I', have the same regularity as 0K, the C? regularity
result for horizontal curves obtained in Theorem 3.1 is optimal.

Corollary 3.6. Let K be a C3 convex set in R* with 0 € int(K) and || - ||k the
associated left-invariant norm in H'. Let Q C H' be an open set and E C Q a
set of prescribed K-mean curvature f € C°(Q2) with C' boundary S. Then the
characteristic curves in S~ Sy are of class C?.

Proof. Since S is of class C'', in the regular part S \. Sy the horizontal normal v, is
a nowhere-vanishing continuous vector fields, thus S\ Sy is an H-regular surface. In
particular a O surface is Lipschitz, thus S . Sy verifies the hypotheses of Theorem
3.1 and the characteristic curves in S ~. Sy are of class C?. O

Remark 3.7. When S is of class C! the proof of Lemma 3.3 is is much easier.
Indeed the solution t. of the Cauchy Problem (3.2) is differentiable in ¢, thus the
function Ot./Je satisfies the following ODE

(‘?;) (s) = 2ut(s,t€(s))%, %(a) _1.

That implies that
Ote
O
Since the Jacobian J¢g defined in (3.5) is equal to 0t./0e > 0 the change of variables

G(&,¢) is invertible. Hence the rest of the proof of Lemma 3.3 goes in the same way
as before.

(S) _ efc; 2uy (7t (7)))dT =~ 0.

4. THE SUB-FINSLER MEAN CURVATURE EQUATION

Given an Euclidean Lipschitz boundary S whose characteristic curves in S \ Sy
are of class C2, for each point p € S \. Sy we can define the K-mean curvature Hg
of S by

(41) HK = <Dz7TK(Vh),Z> = <Vz7TK(I/h),Z>,

where v, is the outer horizontal unit normal to S. This definition was given in [38]
for surfaces of class C2.

Proposition 4.1. Let Q C H! be an open set and E C Q a set of prescribed K-
mean curvature f € C°(Q) Euclidean Lipschitz and H-regular boundary S. Then
Hg(p) = f(p) for each p € S~ Sp.
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Proof. By the Implicit Function Theorem for H-regular surfaces, Theorem 6.5 in
[19], given a point p € S, after a rotation about the t-axis, there exists an open
neighborhood B C H!' of p such that B N S is the intrinsic graph of a function
u: D — R where D is a domain in the vertical plane y = 0. The function wu is
Euclidean Lipschitz by our assumption. We set BN S = Gr(u). We assume that F
is locally the epigraph of w.

Let T'(s) be a characteristic curve passing through p in Gr(u) and «(s) its
projection on the xt-plane. The characteristic vector Z defined in (2.9) is given by

X + (ug + 2uwy)Y
T (L (ug + 2uw)?)E
Since S is H-regular, Z and the horizontal unit normal
(ug + 2uu) X =Y
(1+ (ug + 2ung)?)?

are continuous vector fields. By Lemma 3.3 we have that M = F(u, + 2uu;) defined
in (2.12) satisfies the differential equation

d

S M0(s)) = f(v(s))

along the characteristic curves. Therefore we obtain

Vp =

LM () = F e+ 2u) 5[tz + 20, (1 (5)]
1 d

= a1 2uny) ds et 2uu) (1)),

As in proof of Lemma 3.2, we parametrize the lower part of the boundary of
the convex body K by a function ¢ defined on a closed interval I C R. Again by
Lemma 3.2 we have

7TK(mv _1) = (QO(Z’), ¢(<,0(5E)),
where ¢ is the inverse function of ¢’. Furthermore the K-mean curvature defined
(4.1) is equivalent to

Hg = <Dz7TK(’LLm + 2uuy, —1),Z>

D
(72 s + 2uu0) X, + @ (us + 20u))Y5 ], 2)
1 + (Um + 2uut)2

d
@ (ug + 2uut)£(uz + 2uuy) (14 ¢ (p(us + 2uug))(ug + 2uny))
- 1+ (ug + 2uuy)?

1 d
= —————— |(uy + 2 .
gyl 2w (0]
Hence we obtain Hx = %M(’y(s)) and so Hg (p) = f(p) for each p e S~ Sp. O
The following result allows us to express the K-mean curvature Hg in terms of
the sub-Riemannian mean curvature Hp.

Proposition 4.2. Let K C R? be a convez body of class C3 such that 0 € int(K)
and T = lel. Let k be the strictly positive curvature of the boundary OK. Let
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Q C H! be an open set and E C Q a set of prescribed K-mean curvature f € C°(Q)
with Fuclidean Lipschitz and H-regular boundary S. Then, we have

Hp(p) = k(rx(vn)) f(p) for each pe€ S~ Sy,

where Hp(p) = (Dzvp, Z) is the sub-Riemannian mean curvature, vy be the hor-
izontal unit normal at p to S\ Sy and Z = J(vp) be the characteristic vector
field.

Proof. By Proposition 4.1 we have Hg (p) = f(p) for each p € S~ Sy. We remark
that Theorem 3.1 implies that Hg is well-defined.

Let v : (—e,e) = S~ Sp be the integral curve of Z passing through p, namely
v'(8) = Zy(s) and v(0) = p. Let v4(s) = —J(Zy(s)) be the horizontal unit normal
along v and let

T(vn(s)) = m1(va(s) Xy s) + m2(vn(s)) Y (s)-
Noticing that VX = VY = 0 we gain

v d d
%‘szoﬂ(yh(s» B % s:Oﬂ-l(Vh(S))X’Y(O) + %‘520

Setting vy, = aX + bY we obtain

72 (Vi (8)) Y5 (0)-

Vv \%
(12) | _m0n) = @ (5] ).
where 5 5
Th(a,b) S (a,0)
_ da 0b
(dﬂ-)(a,b) - k) b
T2 0,b) “2(a,b)
Oa ob

Moreover, by Corollary 1.7.3 in [43] we get mx = Vh, where h is a C? function.
Thus by Schwarz’s theorem the Hessian Hess, ) (h) = (d7) (4, is symmetric, i.e.
(dr) = (dn)*. Equation (4.2) then implies
Hyg = (Vzrr(vn),Z) = (Vzvn, (dr);, Z) = (V zvp, (d7),, Z).
Finally, by Lemma 4.3 we get
1
Hy = —F—(V 7).
K K(WK(V}L))< ZVh, >

Hence we obtain (Dzvy, Z) = k(nk (1)), since Dzyy, = V zup. O

Lemma 4.3. Let K C R? be a convez body of class C3 such that 0 € int(K) and
Ng be the Gauss map of OK. Let k be the strictly positive curvature of the boundary
OK. Let S be an H-regular surface with horizontal unit normal vy, and characteristic
vector field Z = J(vp). Then we have

1
(dm)y, Z = EZ and (dm),, vy, =0,

where (dr),, is the differential of T = Ny'.

Proof. Let a(t) = (x(t),y(t)) be an arc-length parametrization of K such that
#2(t) + 92(t) = 1. Let v, = aX + bY be the horizontal unit normal to S, with
a = cos(f) and b = sin(f) and 0 € (-3, 5). Notice that § = arctan(g). Then we
have

WK(av b) = lel(((%b))
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Let ¢ : (=5, %) — R be the function satisfying

i (cos(0),sin(0)) = (x(p(0)), y(¢(0)))-

If we consider the normal Ng of the previous equality we obtain

(cos(8),sin(6)) = (9((6)), —2(p(0)))-

Therefore we have

0 = arctan (—;@(9)))

272

for each 6§ € (=%, Z). That means that ¢ is the inverse of the function aurctaun(—%.(ﬁ))7

that is invertible since

d .
s arctan(—y(t)) = &j — g& = k(t) > 0.

Let Z = J(vp) = —bX + aY be the characteristic vector field, then we have
(A7) (ap) = (dﬂ')?a,b) and

_pt Z72
* _ da da
(dﬂ—)(a,b)Z - B % % ;
b ab
where
m(a,b) = x(@(arctan(%))), ma(a,b) = y(cp(arctan(g))).
Thus we get
1
dm)i, wZ = ¢ (arctan(2)))Z = ———— 7.
( )( ,b) ( (a))) 5(50(9))
A similar straightforward computation shows that (dr),, v, = 0. O
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