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Introduction

The aim of this thesis is to propose a systematic exposition of some analytic and geometric
problems arising from the study of sub-Riemannian geometry, Carnot-Carathéodory spaces

and, more broadly, anisotropic metric and differential structures.

Carnot-Carathéodory spaces emerge naturally in connection with issues related to different
areas of analysis and geometry, as well as in relation with applicative needs. Being a de-
tailed historical introduction of the subject beyond the scope of this thesis, we limit ourselves
to emphasise the relevance of the above, for instance, in the study of degenerate elliptic and
hypoelliptic PDEs (cf. [172, 253, 232]), analysis in metric spaces (cf. [168, 170]), geometric
measure theory (cf. [76, 136, 138, 150, 140]), differential geometry (cf. [215, 237, 166, 218]),
control theory (cf. [5, 63, 3]) and nonholonimic mechanics (cf. [55, 284]). On the other hand,
we refer to [186] for an interesting selection of instances where sub-Riemannian geometry finds

application in concrete problems (cf. e.g. [179, 211, 38, 57, 282, 255, 56] for further insights).

Roughly speaking, Carnot-Carathéodory spaces are a particular class of length spaces whose
distance is induced by suitable families of Lipschitz continuous vector fields. More precisely,

consider an open set {2 C R™ and a family of locally Lipschitz continuous vector fields
X =Xy, ..., Xn).

The heuristic nature of Carnot-Carathéodory spaces is quite intuitive: in a Carnot-Carathéodory
space, the only movements allowed in 2 are those whose direction is tangent to the distribution
generated by X. Accordingly, an absolutely continuous curve v : [0, 1] — € is admissible, or

horizontal, if there exists a measurable function a = (ay,. .., a,) : [0,1] — R™ such that
V() = 32 a; () X;(v(1))
j=1
for almost every t € [0,1]. The Carnot-Carathéodory distance is then defined by

do(z,y) = inf {/01 la(t)|dt : ~:]0,1] — € is horizontal, y(0) = z, (1) = y} (CC)

for any x,y € Q. The well-posedness of (CC) relies on the existence, for any fixed x,y € Q, of a

horizontal curve connecting them. This property strongly depends both on the domain 2 and on



the family X. For instance, it is clear that (CC) is not well-posed whenever €2 is not connected.
On the other hand, when Q = R? and X = (X;), where X; = 8%1’ (CC) is not well-posed,
since it is impossible to connect two points with different ordinate. When instead (CC) is
well-posed, dq is indeed a distance, and the couple (2,dq) is called a Carnot-Carathéodory
space. The well-posedness of (CC) translates intuitively into understanding to which extent
X can control €. This process typically declines into distinguishing certain differential and
algebraic properties that guarantee connectivity. For instance, when € is connected and X is

bracket-generating, meaning that each X is smooth and
Lie(span{Xi(p),. .., Xn(p)}) = R" (BG)

for any p € Q, then (CC) is well-posed in view of the celebrated Chow-Rashevskii connectivity
theorem (cf. [88, 232, 166]). Couples (2, X) for which (BG) holds constitute a special class
of Carnot-Carathéodory spaces which becomes crucial to introduce sub-Riemannian geome-
try. Indeed, a sub-Riemannian manifold (cf. [4]) is, broadly speaking, a couple (€2, X) which
satisfies (BG) and for which a suitable sub-Riemannian metric is assigned on the distribution
generated by X. Looking for models which allow for a richer structure, a particular class of sub-
Riemannian manifolds, and hence of Carnot-Carathéodory spaces, consists of Carnot groups
(cf. [54]), i.e. connected and simply connected Lie groups whose Lie algebra g admits a suitable

stratification. Namely, g is stratified if there exist linear subspaces g1, ..., g of g such that

0=019D... Bk (01,0 =011, o #{0}, [g1,0 = {0}

for any ¢ = 2,..., k. In this case X consists in a basis of the first layer, g,, of g. Heuristically,
Carnot groups hold the same importance for sub-Riemannian geometry as the Euclidean space
does for Riemannian geometry, since for instance they arise as suitable tangent cones to sub-
Riemannian manifolds (cf. [215]). Although there are many interesting models for which
(CC) is satisfied, and which consequently may fall within the general framework of analysis in
metric spaces, differential geometry or Lie groups theory, we already know from our previous
considerations that (CC) may fail in general. Consequently, as nicely explained in [219], when
a couple (€, X) is fixed it is important to understand the relations occurring between those
properties and objects that owe to the metric structure (€2, dg), and those which instead can be
deduced and defined relying directly on X. This latter viewpoint can be tackled introducing a
suitable notion of X -gradient, or horizontal gradient, which generalizes the Euclidean gradient
reflecting the anisotropic nature of X. More precisely, to each function u € L}, () it is possible
to associate the distribution Xu defined by

(Xu, ) = —/Qudiv(go'C) dx

for any ¢ € C°(Q,R™). Here C is the coefficient matrix associated with X, that is



C1,1 Cl2 ... Cin

C2.1 C2 ... Con

C= , (CM)
Cm1 Cm2 --- Cmn
where 5 5
Xj=cj1m—+...+¢cjn=—
I a1 (9x1 I 8%
for any 7 = 1,...,m, and where ¢;; is a locally Lipschitz continuous function on 2 for any
j=1,....,mand any ¢« = 1,...,n. The X-gradient allows to propose a functional frame-

work suitable for the problems of calculus of variations and PDEs. Indeed, by requiring suit-
able either boundedness or regularity properties of Xwu, many classical functional spaces, e.g.
CH(Q), WFP(Q) and BV (Q), generalize respectively to C%(Q), W?(Q) and BVx(Q). Conse-
quently, notions such as perimeter, gradient, total variation, energy and area, as well as many
related differential problems, do exist independently of a possible underlying metric structure.
However, when X induces a Carnot-Carathéodory structure on €, it is reasonable to expect
that this would affect the above functional setting, enriching it with some properties that are
fundamental in the applications to calculus of variations and PDEs. For instance, the validity
of appropriate isoperimetric inequalities and Sobolev embeddings (cf. [235, 76, 150]), as well
matters of differentiability and rectifiability (cf. [237, 151, 140, 141]), relies heavily on the well-

posedness of (CC), as well as on further metric and algebraic properties of the given space.

In what follows, we address some problems related to the general framework we have just
introduced. Accordingly, this thesis consists of six parts. While Part I and Part II are in a
sense preliminary to the subsequent ones, Part 111, Part IV, Part V and Part VI constitute the
core of this manuscript. The presentation follows a general-to-particular approach, as well as

it is based, as far as possible, on a distinction of the macro-areas of belonging.

The starting point, namely Part I, proposes a short introduction to our anisotropic set-
ting. More precisely, in Chapter 1 we introduce the general functional framework arising from
a family of vector fields. We begin introducing the relevant horizontal differential operators
in Section 1.1, such as the aforementioned horizontal gradient (cf. Definition 1.1.1) and the
horizontal divergence (cf. Definition 1.1.2). Owing to these differential notions, in Section 1.2
we introduce the spaces of horizontally differentiable functions (cf. Definition 1.2.1), together
with further relevant horizontal operators, such as the horizontal Hessian (cf. Definition 1.2.2)
and the horizontal Laplacian (cf. Definition 1.2.4). In Section 1.3 we introduce the horizon-
tal Sobolev spaces (cf. Definition 1.3.1), recalling some of their main properties. Finally, in
Section 1.4 we briefly discuss the horizontal versions of notions like bounded variation (cf. Def-

inition 1.4.1), perimeter (cf. Definition 1.4.4) and unit normal (cf. Definition 1.4.5).

In Chapter 2 we specialize our exposition to cover the Carnot-Carathéodory setting. Namely,



in Section 2.1 we introduce Carnot-Carathéodory spaces (cf. Definition 2.1.2), together with
some of their basic features. In Section 2.2, after a more precise discussion around the
bracket-generating condition (BG) (cf. Definition 2.2.4), we briefly introduce the notion of
sub-Riemannian manifold (cf. Definition 2.2.5) and the aforementioned connectivity theorem
(cf. Theorem 2.2.6). Moreover, we provide an explicit instance which justifies the greater
generality of the Carnot-Carathéodory setting with respect to the sub-Riemannian one (cf.
Example 2.2.7). To conclude Chapter 2, in Section 2.3 we introduce the relevant Lipschitz
(cf. Definition 2.3.1) and Holder (cf. Definition 2.3.3) spaces, discussing their connection with
Sobolev spaces (cf. Proposition 2.3.2) and the validity of appropriate embedding theorems (cf.

Proposition 2.3.4) and Poincaré inequalities (c¢f. Theorem 2.3.1).

Finally, in Chapter 3 we lay out the basic background in order to present the Carnot
groups environment. After some preliminaries from the Lie groups theory (cf. Section 3.1), we
introduce the notions of stratified algebra (cf. Definition 3.2.1) and of Carnot group (cf. Defini-
tion 3.2.3). A relevant feature of Carnot groups is that, differently from an arbitrary Lie group,
they are isomorphic in an appropriate sense to their Lie algebra via ezponential map (cf. Theo-
rem 3.2.5). Accordingly, as explained in Section 3.3, Carnot groups can be naturally identified
with non-Abelian structures of R” via exponential coordinates (cf. Definition 3.2.6). Moreover,
they are naturally associated with suitable intrinsic dilations (cf. Definition 3.3.1), which are
well-behaved with their Lie algebra stratification. Consequently, this rich structure allows to
consider some special distances and norms (cf. Section 3.4), namely invariant distances (cf.
Definition 3.4.1) and homogeneous norms (cf. Definition 3.4.2), some of which are particularly
relevant in the following developments. We conclude Chapter 3 recalling some basic notions of
geometric measure theory in Carnot groups. Precisely, after introducing some relevant measures
(cf. Section 3.5), we discuss an intrinsic notion of rectifiability (cf. Definition 3.6.3) introduced
in the pioneering work [140], together with the related notion of G-regular hypersurface (cf.
Definition 3.6.1).

In Part IT we present some new differentiability results in the Carnot-Carathéodory setting
which, despite being propaedeutic to many subsequent discussions, may have an independent
interest. First of all, in Chapter 4, we introduce the notion of (X, N)-subgradient of functions
in W)I(?ZC(Q) (cf. Definition 4.1.1), a set-valued map which arises as a generalization of the
classical Clarke’s subdifferential (cf. [92]). More precisely, given u € W)l(?jc(Q) and a Lebesgue-
negligible set N C 2 containing the non-Lebesgue points of Xwu, the (X, N)-subgradient of u
is defined by

Ox nu(z) == 60{7}1—{20 Xu(yn) @ Yn = 2, yn ¢ N and Jim. Xu(yn) exists}, (X-SUB)
where ¢o denote the closure of the convex envelope (cf. Chapter 4 for more precise defini-
tions). As a motivating feature of the (X, N)-subgradient, which reduces to the X-gradient
for functions in C% () (cf. Proposition 4.1.4), we show that it is the right object to deal with



derivatives of functions along horizontal curves (cf. Proposition 4.2.1 and Proposition 4.2.2).
In addition, in Section 4.3 we discuss some of its properties in connection with optimization
problems, among which we mention a suitable anisotropic weak version of Fermat theorem (cf.
Proposition 4.3.3).

Subsequently, in Chapter 5, we introduce a notion of differentiability for functions in C'x ()
which fits into a series of parallel findings in related settings (cf. [237, 210, 225]). Roughly
speaking, given a family X of linearly independent vector fields satisfying (BG), u € C%(Q)

and z € €2, we prove the existence of a linear mapping dyu(z) : R — R such that

L ul) () — deu(z)(y — o)
do(z,y)—0 do(z,y)

— 0. (X-DIF)
Moreover, we provide an explicit characterization of dxu(x) (cf. Theorem 5.3.1), namely
dxu(z)(z) = (Xu(z) - C(z), 2),

where C is an appropriate left-inverse of CT, the transpose of the coefficient matrix (CM), This
new notion of X -differential (cf. Definition 5.1.4) generalizes the celebrated Pansu differential
(cf. [237]) beyond the Carnot group setting. Anyway, differently from the latter, it may be

non-unique in general (cf. Remark 5.3.2).

Part 11T is devoted to some issues of integral representation and I'-convergence within the
general anisotropic setting introduced in Chapter 1. Since its introduction in the seminal papers
[114, 115], the variational tool of I'-convergence has proved to be of fundamental importance
in the development of modern analysis ([59, 60, 105]) and in solving problems arising from
applications, including phase transitions, elasticity and the theory of fractures ([58, 116, 146]).
Roughly speaking, if M is a first-countable metric space and (Fj); and F are extended real-

valued functions defined on M, then F} I'-convergence to F' whenever

F(z) < liminf Fj(zy)

h—o0

for any © € M and any sequence (xy), C M converging to xz, and if

F(z) > limsup Fy(zp)
h—00
for any x € M and for a suitable sequence (z});, C M converging to x. A remarkable instance
can be found in [104, 66, 68, 67], where the authors studied properties of integral representa-
tion and I'-convergence of local functionals defined over classical Euclidean functional spaces.
By integral representation one means finding conditions under which an arbitrary functional

F(u, A), being u a function and A a set, can be expressed as the integral of a suitable Lagrangian



f(x,u, Du) over the set A, meaning that

Flu, A) = /A f(w, u(x), Du(z)) dz. (IR)

On the other hand, by I'-compactness one usually means showing that, as soon as a sequence
(F})n belongs to a certain class of functionals, then it converges, up to a subsequence, to a
functional belonging to the same class. Specializing this notion to our specific interests, a
sequence of integral functionals (F}), as in (IR) is I'-compact as soon as it converges, up to
a subsequence, to an integral functional as in (IR). Starting from [138, 150], these and many
other typical problems of the calculus of variations have been transposed into the context of
variational functional defined starting from suitable families of vector fields (cf. [139, 225, 24,
50, 51]), so that they can be tackled owing to the functional framework introduced in Chapter 1.
Recently, the authors of [205, 206] generalized the integral representation and I'-compactness
results proved in [68] to the anisotropic setting, showing properties of integral representation
and I'-compactness of translation invariant functionals depending on vector fields X satisfying

the so-called linear independence condition. More precisely, assuming that
Fu+c¢, A) = F(u, A) (TI)
for any ¢ € R, and that
Xi(x),..., X, (z) are linearly independent (LIC)

for almost every = € 2, they showed the existence of a suitable anisotropic Lagrangian f(z,n)

for which, under standard conditions,
Flu, A) = /A e, Xu(z)) d. (X-IR)

Under the same assumptions, the authors of [205, 206] provides I'-compactness properties for

some classes of integral functionals as in (X-IR). Our aim is to extend the results of [205, 206]
by avoiding both (TI) and (LIC).

We begin our exposition with Chapter 6, where, after a detailed introduction to our setting,
we propose some well-known definitions and preliminaries concerning local functionals (cf. Sec-

tion 6.2) and I'-convergence (cf. Section 6.4).

In Chapter 7 we deal with integral representation issues, avoiding the translation invariant
property (TI) but still assuming (LIC). Our general strategy, as discussed in detail in Sec-
tion 7.1, while relying on the corresponding FEuclidean results is structured along a different
path. The main reason for this difference is that, unlike in the Fuclidean setting, it is in gen-
eral not possible to approximate horizontal Sobolev functions by means of suitable horizontally

affine functions (cf. Section 7.2). Therefore, according to the original approach of [205], our



strategy is divided into three main steps. First, given an abstract local functional, we achieve
an Euclidean integral representation as in (IR), whence in terms of an FEuclidean Lagrangian f,.
In the second crucial step, exploiting some algebraic properties of the coefficient matrix (CM)
provided by (LIC) (cf. Section 7.3), we show the existence of a suitable anisotropic Lagrangian
f such that

flz,u, Xu) = fe(x,u, Du) (E—= X)

for any sufficiently smooth function u. Finally, in the third step, we extend the anisotropic inte-
gral representation for regular functions provided by (IR) and (E— X) to the whole anisotropic
Sobolev space considered. This procedure is carried out for three classes of functionals. Pre-
cisely, in Section 7.4, we begin characterizing convex local functionals in terms of integral func-
tionals associated with a convex Lagrangian (cf. Theorem 7.4.1 and Theorem 7.4.2). Moreover,
in Section 7.5 we avoid the convexity assumption, dealing with weakly-* sequentially lower
semicontinuous functionals (cf. Theorem 7.5.2 and Theorem 7.5.3). Finally, in Section 7.6 we
treat general non-convex functionals (cf. Theorem 7.6.1 and Theorem 7.6.2). As explained
more in details in Chapter 7, the non-convex environment is by far the most challenging, since
many techniques employed in [205] do not apply. To this aim, we introduce a suitable notion

of X -convezity (cf. Definition 7.6.3) together with a new zig-zag argument (cf. Lemma 7.6.5).

The generalization of [205] continues in Chapter 8, where we address issues of I'-compactness
for sequences of integral functionals, with respect to the metric topologies of LP(Q) and W (),
again avoiding (T1) and assuming (LIC). More precisely, we achieve two I'-compactness results
for sequences of integral functionals associated with a convex Lagrangian, with respect to both
the strong LP-topology (cf. Theorem 8.2.1) and the strong Wy*-topology (cf. Theorem 8.3.1).
In addition, in the Wy"-environment, we also cover the non-convex case (cf. Theorem 8.3.2).
Our approach require the introduction of some new ad hoc notions, among which suitable ver-
sions of the well-known fundamental estimate (cf. Definition 8.3.4) and strong conditions (cf.
Definition 8.3.1). Some of our main results and considerations, such as e.g. the I'-limiting
behaviour of the strong condition (cf. Proposition 8.3.9) are, to the best of our knowledge, new

even in the Euclidean setting.

Finally, in Chapter 9 we generalize the results proved in Chapter 7 and Chapter 8 avoid-
ing the linear independence condition (LIC). The crucial point in this generalization consists
in showing the validity of (E— X) without exploiting (LIC). Indeed, when (LIC) fails, it is
still possible to associate an Euclidean Lagrangian f, with an anisotropic counterpart f (cf.
Section 9.3). This generalization, which is carried out in Section 9.3.2, relies on some new
properties of the so-called Moore-Penrose pseudo-inverse associated with the coefficient matrix
(CM). In Section 9.4 we provide our integral representation and I'-compactness results in the
prototypical (TT) setting, and, most importantly, we discuss some differences between the (LIC)
framework and our greater generality. The fairly general perspective that we can propose in

light of the efforts of Chapter 9 allows to consider functionals driven by arbitrary anisotropies,



thus extending the previous considerations to cover, for instance, the greatest generality of the
Carnot-Carathéodory setting. Another main reason to avoid (LIC) becomes evident in the in-
vestigation of I'-compactness properties of sequences of integral functionals (F},), when a fixed
family X of vector fields is replaced by a sequence (X},);, of families of vector fields, as explained

in detail in Example 9.2.2.

Part IV, which enjoys a more PDE-based flavor, proposes some topics related to the theory
of viscosity and Monge solutions to first and second-order PDEs in the Carnot-Carathéodory
setting. The classical theory of viscosity solutions, which we briefly introduce in Chapter 10, is
an extremely flexible tool which allows to deal with a broad class of fully nonlinear first and
second-order partial differential equations (cf. [97, 98, 95, 96]). On the one hand, its strength
lies in the possibility of admitting merely continuous solutions. On the other hand, the very mild
assumptions on the structure of the equations guarantee flexibility in the existence, comparison

and stability results. The typical continuous function F'(z,u,p, A) associated with the equation
F(x,u, Du.D*u) = 0
is assumed to be decreasing in A, or degenerate elliptic (cf. [96]), meaning that
F(z,u,p, A) < F(z,u,p, B)

as soon as A — B is positive semi-definite. This weak ellipticity assumption clearly includes the

degenerate case of Hamilton-Jacobi equations, i.e. first-order equations of the form
H(z,u, Du) = 0.

Despite the power of the theory of viscosity solutions, in many cases this framework is not
the proper one to establish existence results even in the study of Hamilton-Jacobi equations.
Indeed, if the Hamiltonian H is not continuous, the classical Hopf-Lax formula for the Dirichlet
problem (cf. [198]) may fail to provide a solution (cf. [233]). To this aim, the authors of [233]
introduced the notion of Monge solution to discontinuous Fikonal-type equations. The latter
notion, metric in spirit, is defined starting from the so-called optical length function. In [62]

the authors generalized the previous results by considering general Hamilton-Jacobi equations
H(z, Du) = 0.

Here, the Hamiltonian H satisfies typical convexity and coercivity assumptions. More recently,
the theory of viscosity solutions has been generalized to the Carnot-Carathéodory framework
(cf. [208, 31, 40, 278] and references therein) under suitable horizontal degenerate ellipticity
assumptions (cf. Definition 10.2.1). Accordingly, if for instance H : @ x R x R™ — R is a

continuous function, we say that a lower semicontinuous function u :  — R is a wviscosity



subsolution to
H(z,u,Xu)=0 (HJ)

if
H(zo,u(xo), Xp(x0)) <0

for any zo € Q and for any ¢ € C%(2) such that

u(zo) = (@) = u(z) — p(z)

for any x in a neighborhood of xy. The definitions of supersolution and solution (cf. Defini-
tion 10.2.3), as well as the extension of the latter to the second-order case (cf. Definition 10.2.4),
are similar and can be found in more detail in Section 10.2. The importance of this general-
ization, apart from its intrinsic theoretical interest, consists in the fact that a sub-Riemannian
viewpoint typically allows to avoid certain coercivity conditions which are usually required in
the Euclidean framework (cf. [269]).

In Chapter 11 we extend some well-known Euclidean results relating different notions of
solution to Hamilton-Jacobi equations, namely viscosity solutions, jet solutions and almost ev-
erywhere solutions. While the concept of almost everywhere solution is very intuitive and easily
extendable to the anisotropic setting, the notion of jet (cf. Definition 11.1.1), as happens in
the Euclidean setting (cf. [96]), is based on the differentiability structure related to the chosen
environment, whence our new notion of differentiability (X-DIF) introduced in Definition 5.1.4
plays a crucial role. In the great generality of the Carnot-Carathéodory setting, owing to the
differentiability result proved in Theorem 5.3.1, we show that jet solutions to (HJ) are viscosity
solutions to (HJ) (cf. Proposition 11.1.3). More remarkably, under the additional requirement
(BG) and assuming some mild convexity properties on the Hamiltonian, we prove that almost
everywhere subsolutions to (HJ) are indeed jet subsolutions to (HJ) (c¢f. Theorem 11.1.1). Te
proof of Theorem 11.1.1, which exploits an appropriate lifting argument a la Rothschild-Stein
(cf. [253]), strongly rely on the interplay which occurs between X-differentiability and the
(X, N) subgradient (cf. Proposition 11.1.4). Finally, when we restrict to the Carnot group
setting, we show that jets solutions to (HJ) and viscosity solutions to (HJ) coincide (cf. Propo-
sition 11.2.1), and that, under the same convexity assumptions as above, viscosity subsolutions
to (HJ) are actually almost everywhere subsolutions to (HJ) (cf. Proposition 11.2.2). Finally,
again in a Carnot group, we show that the sub-Riemannian definition of viscosity solution is

equivalent to its Euclidean counterpart (cf. Proposition 11.2.3).

Chapter 12 and Chapter 13 are devoted to a relevant class of second-order differential
equations to which the viscosity theory applies, which arises in the study of the so-called absolute

minimizers of supremal functionals (cf. [37]). Broadly speaking, a supremal functional

Fu) = |[f(z, u, Du)lo

10



with respect to a continuous integrand f = f(z,u,p) (cf. Definition 12.2.1) is the L* version of
a variational integral functional, and an absolute minimizer (cf. Definition 12.2.2) is a Lipschitz
function which locally minimizes the supremal functional among all Lipschitz functions with
the same boundary datum. The most and earliest studied supremal functional is |||Vu|?| s, in
connection with the so-called Lipschitz extension problem (cf. [20, 21]). Its absolute minimizers,
which are known as absolute minimizing Lipschitz extensions, are viscosity solutions to the well-
known infinite Laplace equation
" J%*u Ou Ou

Aju = = -LAPLACE

2,j=1

(cf. [175, 23], and cf. also [23] for a survey about absolutely minimizing Lipschitz extensions).
In [37, 94], the authors generalized the previous result considering general supremal functionals,
and showed that absolute minimizers are viscosity solutions to the so-called Aronsson equation
(cf. Definition 12.2.3)

_ Zzn:l (jxi(f(x, u, Du))?}{l (x,u, Du) =0,

which again can be seen as an L*> counterpart of the classical Fuler-Lagrange equation associ-
ated to an integral functional. The appropriate preliminaries regarding supremal functionals,
absolute minimizers and Aronsson equations are provided in Section 12.2. This result was later
generalized in [278, 279] to the setting of Carnot-Carathéodory spaces. More precisely, the
authors of [278, 279] considered supremal functionals associated with integrands f = f(z,p),

thus avoiding the function dependence, and derived an Aronsson equation of the form

Ui 0

3 Xl X)) D, Xu) = 0

i=1 Ip;

under some convexity and homogeneity assumptions on f. In Chapter 12, we generalize these
results allowing complete integrands f = f(x,u,p) of class C?, thus providing a complete
extension of [37, 94] to the anisotropic setting (cf. Theorem 12.3.1). More precisely, avoiding the
aforementioned homogeneity assumptions, we show that absolute minimizers of the supremal

functional
Fu) = || f(z,u, Xu)||

are viscosity solutions to the anisotropic Aronsson equation

_iXi(f(:U’u’XU))g]f(x,u,Xu) -0

Allowing the second variable dependence of f prevents the corresponding Aronsson equation
from being proper in the sense of [96, (0,2)] (cf. Definition 10.2.2). This last property is often
crucial in many results of the viscosity theory (cf. [96]). In order to prove Theorem 12.3.1, we
strongly rely on our new notion of (X, N)-subgradient (X-SUB) introduced in Definition 4.1.1,

an namely on the aforementioned possibility of exploiting the latter to differentiate Lipschitz

11



function along horizontal curves, as stated in Proposition 4.2.1.

In Chapter 13 we specialize our study of anisotropic Aronsson equations considering the

anisotropic infinite Laplace equation

Ax oot = Z X XjuX;uXu=0. (X-00-LAPLACE)
ij=1
In [22], the author derived the Euclidean infinite Laplace equation (co-LAPLACE) as a formal

limit of p-Laplace equations
—div(|Du|P"2Du) = 0

when p — oo. This approach was made rigorous in [39], where the authors exploited the
viscosity theory to study the limiting behaviour of weak solutions to the Dirichlet problem

associated with the p-Poisson equation
—div(|DulP?Du) = f

when p — co. The aim of Chapter 13 is to generalize the results in [39] to the setting of Carnot-
Carathéodory spaces generated by a family of vector fields satisfying (BG). More precisely, in

Section 13.3 we prove that a sequence of weak solutions to the sub-elliptic p-Laplace equation
— divx (| Xu[P?Xu) =0,

being divx the aforementioned horizontal divergence (cf. Definition 1.1.2), converges, up
to a subsequence and with respect to suitable topologies, to an absolutely minimizing Lip-
schitz extension which solves in the viscosity sense the sub-elliptic infinite Laplace equa-
tion (X-0o-LAPLACE) (c¢f. Theorem 13.1.1). Moreover, in Section 13.4 we address the
non-homogeneous case, that is understanding the limiting behavior of weak solutions to the

anisotropic p-Poisson equation
— divx (| Xu|P* Xu) = f, (X-p-POISSON)

where f is a non-negative source, obtaining in the limit a viscosity solution to a mixed first and
second-order differential problem involving the so-called Eikonal equation (cf. Theorem 13.1.2),
namely

Axou=0 on {f >0},

| Xu| =1 on {f > 0}.

The proof of this last result, which is by far the most demanding, exploits techniques which
are different from the Euclidean approach of [39]. To this aim, a crucial role is played by the
above-mentioned differentiability result stated in Theorem 5.3.1, as well as the comparison be-

tween viscosity and almost everywhere solutions shown in Theorem 11.1.1. Moreover, a relevant

12



part of Chapter 13, namely Section 13.2, is devoted to establish some basic properties of the
Dirichlet problem associated to (X-p-POISSON), among which we recall the existence of weak
solutions (cf. Proposition 13.2.1), maximum and comparison principles (cf. Lemma 13.2.2) and

a comparison between weak and viscosity solutions (cf. Proposition 13.2.3).

To conclude Part IV, in Chapter 14 we generalize the aforementioned notion of Monge
solution for possibly discontinuous Hamilton-Jacobi equations to the setting of Carnot groups

(cf. Definition 14.1.1), by considering Hamilton-Jacobi equations of the general form
H(z, Xu)=0.

After deriving a Hopf-Lax formula for the Dirichlet problem under suitable compatibility condi-
tions (cf. Theorem 14.1.3), we show a comparison principle (cf. Theorem 14.1.4) and a stability
result (cf. Theorem 14.1.5). Moreover, we show that the notions of Monge and viscosity solution
coincide as soon as the Hamiltonian is continuous (cf. Theorem 14.1.2). This generalization
has required a considerable effort, since in many cases most of the Euclidean approach does
not work. The main reason is that the sub-Riemannian optical length function (14.1.5) is not
globally geodesic in general (cf. Section 14.2). This fact has required the introduction of some
delicate localization arguments (cf. e.g. Proposition 14.3.2), and strongly relies on some of the

results presented in Chapter 11.

Part V and Part VI constitute a path with a more geometric flavour, and are focused
on structural properties of minimizers of suitable geometric functionals in the Carnot groups
setting. Despite Part V contains only one chapter, namely Chapter 15, we preferred to keep it
separate from Part VI, both because of the difference between the approaches that we employed
and because the latter focuses exclusively on the Heisenberg group. In Part V, and hence in
Chapter 15, we deal with regularity properties for almost minimizer of the anisotropic perimeter
associated to a special class of Carnot groups of step 2. In order to introduce our results, we
recall that a key step in the regularity theory for Euclidean perimeter minimizers is the validity
of the so-called Lipschitz approximation theorem (cf. [202]), which, roughly speaking, states
that boundaries of perimeter minimizers are close in measure to graphs of suitable Lipschitz
functions. This result has been generalized in [221, 227] to the setting of Heisenberg groups.
Our main result, namely Theorem 15.1.1, generalizes the results of [221] to a class of step-2
Carnot groups which we called plentiful groups (cf. Definition 15.6.1). Roughly speaking, a
step-2 Carnot group is plentiful if, denoting by g its Lie algebra, then

Lie(V) =g

for any 1-codimensional linear subspace of the first layer g;. This new class comprehends sev-
eral relevant classes of Carnot groups, among which we mention the class of H-type groups

(cf. Theorem 15.6.3) and some more general groups (cf. Example 15.6.4). The main issue
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in general Carnot groups is that, unlike in R", sets which locally constant horizontal normal
(Definition 1.4.5) are not locally flat in the intrinsic sense of the geometry of Carnot groups.
However, as we show in Theorem 15.6.6, this degeneration cannot occur in plentiful groups.
Hence, in light of an appropriate intrinsic area formula (cf. Theorem 15.7.8) the Euclidean

approach to regularity can be carried out even in this anisotropic setting.

Finally, in Part VI we specialize our treatment to the Heisenberg group, dealing with matters
of existence, uniqueness and rigidity for hypersurfaces of prescribed mean curvature, both from
a Riemannian and a sub-Riemannian point of view. The Heisenberg group H", for n > 1, is

R2"*! endowed with the group law
pep = (2.9.1) (@ 7,1)= (:c +T,G+T T+ (2 - :cjy;)) ,
j=1

where we denoted points p € R*"* by p = (Z,9,t) = (z1,...,Tn, Y1, -, Yn, t), which realizes

it as a Carnot group. Its Lie algebra is generated by the left-invariant vector fields

0 0 0 0 0
Z; =X, = — — i =Y, = — —x;— d T=—.
I= N gy, Vi W T g Ty ™ o
for j = 1,...,n. Consequently, H" is associated with a bracket-generating horizontal distribu-

tion
H =span{Xy,..., X,,,Y1,..., Y, }.

H" can be endowed with a Riemannian structure by choosing, for any ¢ # 0, the unique Rie-
mannian metric g. which makes Xi,..., X,,,Y1,...,Y,, €T orthonormal at every point. The
importance of (H", g.) in the Riemannian framework is supported by several reasons. For
instance, it appears in the classification of homogeneous 3-spaces with isometry group of di-
mension 4 (cf. [1]). When e goes to 0, the space (H", g.) converges in Gromov-Hausdorff sense
to the sub-Riemannian Heisenberg group (H", (-, -)), where (-, -) is the restriction of any of the
metric g. to the horizontal distribution H. The study of algebraic and geometric properties of
the sub-Riemannian Heisenberg group is itself of fundamental importance in various settings,
since H" constitutes the prototypical model in the context of Carnot groups, sub-Riemannian
manifolds and CR manifolds (cf. [77]). Likewise, the rich algebraic and geometric structure of
H" makes it a frenetic crossroads in between geometric measure theory, differential geometry,

geometric analysis, calculus of variations and partial differential equations.

In Chapter 16 we begin collecting some basic preliminaries around the Heisenberg setting.
After introducing the relevant algebraic and differential structure in Section 16.2, we present
the main properties of Riemannian Heisenberg groups (cf. Section 16.3), with special regard to
certain features of embedded Riemannian hypersurfaces (cf. Section 16.4), for which the classi-
cal tools of Riemannian geometry are specialised to our context. Afterwords, we introduce the

relevant sub-Riemannian structure (cf. Section 16.5). One of the major tools in this setting is
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the so-called pseudohermitian connection V¥ (cf. e.g. [251]), which plays the role of the classi-
cal Levi-Civita connection and may be viewed as a flat connection on H" (cf. (16.5.2)). As in
the Riemannian case, we then turn our attention to the study of sub-Riemannian hypersurfaces
(cf. Section 16.6). A crucial role for a sufficiently smooth sub-Riemannian hypersurface S C H”
of class C' is played by its characteristic set Sy (cf. Definition 16.6.2). Roughly speaking, Sy is

the sets of points where the tangent space of S coincides with the horizontal distribution, i.e.
So={peS:H,=T1,5}.

Accordingly, a hypersurface is non-characteristic whenever Sy = (). Outside the characteristic
set, it is possible to give a pointwise meaning to the aforementioned notion of horizontal normal,
which we denote by v in this particular setting. Roughly speaking, v* is a unit horizontal
vector field which is orthogonal to the horizontal part of the tangent space. Exploiting these
notions, it is customary to mimic the Riemannian approach to introduce and study some
relevant sub-Riemannian tensorial objects, among which the horizontal mean curvature H"
(cf. Definition 16.6.6) and the horizontal second fundamental form h™ (cf. Definition 16.6.5).
A first striking difference with the Riemannian environment is the lack of symmetry of the
horizontal second fundamental form k™ (cf. e.g. [106]), which led many authors to deal with
a related symmetrized form A¥. This and other properties of ¥ and h¥ are discussed in
detail in Section 16.6.3. In Section 16.7, we introduce some relevant classes of hypersurfaces,
namely t-graphs (cf. Section 16.7.1), intrinsic graphs (cf. Section 16.7.2) and intrinsic cones
(cf. Section 16.7.3). The sub-Riemannian structure of H", according to the general notion
introduced in Definition 1.4.4, allows to define a variational notion of horizontal perimeter Py
(cf. [140]), according to the classical De Giorgi’s definition in the Euclidean setting (cf. [111]).
More precisely, if  C H" is open and £ C H" is measurable, we recall (cf. [140, 150]) that the
H-perimeter of E in €2 is defined by

PalB, ) = sup { [ diva(0) L1 : o € CHQH), (p.0) <1,

where by C!(€, H) we denote the class of compactly supported C! sections of the horizontal dis-
tribution H, and divy is the so called horizontal divergence associated with the sub-Riemannian
Heisenberg group (cf. Definition 1.1.2). The main properties of Py, also in connection with the
perimeter functionals arising from both the Riemannian and the Euclidean structures of H",

are discussed in Section 16.8.

In Chapter 17, we deal with some Riemannian and sub-Riemannian variational properties of
non-characteristic hypersurfaces. Although the results of this section do not constitute a novelty
in the existing literature (cf. [261, 152, 216, 217]), we preferred to provide an exposition that,
when compared to the original sources, is better tailored to the specific setting of the Heisenberg
group. The aim of Section 17.2 and Section 17.3 is to show how the sub-Riemannian first

and second variation formulas for the perimeter functional arise as limits of corresponding
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Riemannian formulas. As it is well-known (cf. e.g [270]), the two key ingredients of the second
variation formula for the area of a smooth hypersurface S in the Riemannian Heisenberg group

(H", g.) are its squared mean curvature, say (H¢)?, and the term
Ric, (v°, V) + |h°]?, (SV)

being Ric, the Ricci tensor of (H", g.), |h¥|* the squared norm of the second fundamental form
of S and v the Riemannian unit normal to S. In Section 17.2, (SV) is explicitly computed
for any € # 0. An interesting consequence of these computations is that, although both terms
appearing in (SV), when considered separately, diverges when ¢ — 0, Theorem 17.1.2 ensures
their convergence to the sub-Riemannian term

2n

q¢= h; Zn(W) Zk(vy) + AT (1), V(Td™)) + dn(Td™)?. ()

In (q), J is a suitable sub-Riemannian rotation operator (cf. (16.2.2), while d™ is the horizontal
Carnot-Carathéodory distance from S induced by the horizontal distribution H. The crucial
role of (q) in the sub-Riemannian second variation formula is discussed in Section 17.3, where
an explicit proof of the latter is provided by Theorem 17.1.1. In Section 17.4 and Section 17.5,
we show how the quantities (SV) and (q) appears, respectively, in the Riemannian and in the
sub-Riemannian Jacobi equation, a suitable second-order differential equation satisfied by the
vertical component of the unit normal to a sufficiently smooth hypersurface. More precisely,

the Riemannian Jacobi equation (cf. Theorem 17.1.3) reads as
A (v5, 1) = ge (VE’SHE,ET) — Vgpi1 (Ricg(ya, ve) + |h5|2) , (e-JE)

where V=% and A®° are, respectively, the Laplace-Beltrami operator and the Riemannian
gradient associated with the Riemannian manifold (5, g.|s) (cf. Section 16.4.3). On the other

hand, the sub-Riemannian Jacobi equation (cf. Theorem 17.1.4) reads as
ARS(Td®y = TH™ — Td™ (VEH™ M) — qTd™, (H-JE)

being AES a suitable sub-Riemannian Laplacian associated with S (cf. (16.6.12)). Further
applications of (¢-JE) and (H-JE), as well as their relation when ¢ — 0 (cf. Theorem 17.1.5),

are discussed in Section 17.1.

Chapter 18 and Chapter 19 are devoted to the study of hypersurfaces of prescribed mean
curvature in both the Riemannian and the sub-Riemannian setting. One of the main reasons
to deal with this kind of issues can be found in connection with the so-called Pansu conjecture,
which we shall now briefly describe. As already mentioned, exploiting the notion of horizontal
perimeter it is possible to prove the validity of an appropriate isoperimetric inequality in Heisen-

berg groups (cf. [136, 147, 150, 235, 236] for results concerning the isoperimetric inequality in
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H" and related settings). More precisely, it is true that
Q-1
Pa(B,H") > C|E|G

for any measurable set £ with finite Lebesgue measure |E|, where @) = 2n + 2 is the so-called
homogeneous dimension of H" (cf. Definition 3.2.4) and C' > 0 is the sharp isoperimetric
constant, that is

C ={Pyg(F,H") : E is measurable and |E| = 1}.

In [191], the authors proved the existence of an open bounded isoperimetric set, that is a set
realizing the sharp isoperimetric constant. However, the identification of the isoperimetric set
still remains an open problem. In [236], the author conjectured as possible solution those sets
whose boundaries are now called Pansu spheres. This long-standing conjecture has to date been
solved only assuming a priori regularity, symmetry or convexity hypotheses on the candidate
isoperimetric set (cf. [220, 224, 250, 252]). In analogy with the Riemannian setting, sub-
Riemannian isoperimetric sets in H" can be described in terms the horizontal mean curvature.
Indeed, (cf. e.g. [250]), if E is an isoperimetric set with sufficiently smooth boundary S = 0F,
then HY is constant on S\ Sy. Moreover, when S is either an intrinsic graph or a t-graph (cf.
Section 16.7), the prescribed (not necessarily constant) horizontal mean curvature condition
can be translated in terms of PDEs (cf. [264, 85]). In the particular case of t-graphs, which
are Euclidean graphs over the hyperplane {¢t = 0} of the form

{(@,9,u(z,9))},

the prescribed horizontal mean curvature equation reads as

. Du+(=y,7) \ _ )
‘ <|Du+<—y,x>|> " (H-PMC)

For a suitable prescribed datum H. (H-PMC) is difficult to handle, since the possible presence

of characteristic points may make it both degenerate elliptic and singular.

The aim of Chapter 18 is to solve the Dirichlet problem for (#-PMC) when the prescribed
horizontal mean curvature is constant. Anyway, due to the recent growing interest in anisotropic
geometric structures which led for instance to the generalization of Pansu spheres to the so-
called Pansu- Wulff spheres (cf. [244, 135]), our problem is settled in the more general setting
of sub-Finsler Heisenberg groups. Roughly speaking, a sub-Finsler structure on H" (cf. Sec-
tion 18.4) is provided by means of a (possibly asymmetric) left-invariant norm || - ||, on the
horizontal distribution of H" associated to a convex body Ky C R?". When such a norm is
induced by a left-invariant sub-Riemannian metric, then this general framework reduces to
the sub-Riemannian one. After introducing the appropriate preliminaries about asymmetric

norms (cf. Section 18.2) and Finsler geometry of hypersurfaces (cf. Section 18.3), we derive
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the sub-Finsler counterpart of (H-PMC), that is
div(mg,(Du+ (—y,x))) = H, (F-H-PMC)

where 7k, is a suitable 0-homogeneous map associated with the sub-Finsler norm || - ||x,. As
its sub-Riemannian counterpart (#-PMC), (F-H-PMC) might present both degenerancies and
singularities. Therefore, the Dirichlet problem associated with (F-H-PMC) is formulated by

looking for minimizers of the sub-Finsler functional
/Q 1Du + (=5, )| o0 dz + /Q Hud> (F-H-FUN)

in the class W)'(Q), where || - ||, is the dual norm of || - ||, (cf. (18.2.3)), ¢ is a sufficiently
smooth boundary datum and € is a suitable bounded open set satisfying appropriate curva-
ture conditions. Our main result, namely Theorem 18.9.1, provides existence of a Lipschitz
continuous minimizer of (F-#-FUN) when H is constant and satisfies standard compatibility
assumptions. Our approach to the proof of Theorem 18.9.1 required a Finsler regularization
procedure (cf. Section 18.6) which allows to deal with a family of second-order elliptic equa-
tions approximating (F-#-PMC) in a suitable sense (cf. Section 18.7). Exploiting the classical
Leray-Schauder fixed point theory for quasilinear elliptic equations (cf. [157, 194]), it is pos-
sible to provide a priori estimates for solutions to the aforementioned regularized equations
which are independent of the approximating problem (cf. Section 18.8), whence a compactness
procedure allows to conclude the proof (cf. Section 18.9). Finally, in Section 18.10, we provide
a sharper existence result in the sub-Riemannian setting. In this specific case, (H-PMC) can

be approximated by the family of equations

o Du+ (—y,) _ )
! (¢e?+|Du+<—y,x>|2) " (PO

which in turn correspond to the prescribed mean curvature equations for ¢-graphs in the Rie-

mannian Heisenberg groups (H", g.). When H satisfies the standard Euclidean assumption
max |H| < min Hjq, (SERRIN)

being Hyq the Euclidean mean curvature of 0€2, and in addition it is constant, Theorem 18.10.2
provides both a classical solution to the Riemannian Dirichlet problem associated with (e-PMC)

and a Lipschitz minimizer for the sub-Riemannian counterpart of (F-#-FUN), namely
[1Du+ (5. 2)|d> + [ Hudz. (H-FUN)
Q Q

Condition (SERRIN) was originally introduced in [265] to study the Euclidean constant mean
curvature equation, and, at least in a slightly weaker version, is necessary to provide solutions

to the Dirichlet problem for the prescribed mean curvature equation for any given sufficiently
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smooth boundary datum. Nevertheless, in the Euclidean setting, in view of the celebrated
paper [162], it is still possible to provide solutions to the prescribed mean curvature equation
avoiding curvature conditions in the spirit of (SERRIN), but provided no boundary conditions
are imposed a priori. Accordingly, the study of t-graphs of prescribed mean curvature continues
in Chapter 18. Here our aim is at least twofold. From one hand, relying again on (SERRIN),
we extend the existence result for the Riemannian Dirichlet problem associated to (s-PMC)
allowing non-constant prescribed data (cf. Theorem 19.1.3). On the other hand, we extend the
aforementioned existence results of [162] to overcome (SERRIN). More precisely, we show that

the existence of classical solutions to (s-PMC) is characterized, as in the Euclidean setting, by

/~Hdz
a

for any set Q C Q such that 0 < |Q| < |Q, where P(Q) is the Euclidean perimeter of Q. In
addition, when equality in (GIUSTI) holds with Q = Q, we provide sufficient conditions to

the condition

< P(Q) (GIUSTI)

guarantee uniqueness of solutions up to vertical translations (cf. Theorem 19.1.4). A crucial
step in our approach consists in providing interior and global gradient estimates for solutions
to (e-PMC) (cf. Theorem 19.1.2 and Theorem 19.2.3), whose proof strongly relies on the
Riemannian Jacobi equation (17.1.3) and which may have an independent interest. Finally,
owing again to (GIUSTI), we provide existence in BVjo.(€2) N L. (2) of local minimizers of the

sub-Riemannian functional (H-FUN) (cf. Theorem 19.1.5) via approximation by solutions to

(e-PMC), extending some previous results obtained when H = 0 (cf. [264]).

Our last chapter, namely Chapter 20, is devoted to the study of some rigidity properties
of sub-Riemannian hypersurfaces in the Heisenberg group, in connection with the so-called
Bernstein problem. Typically, by Bernstein problem we mean the characterization of global
minimizers of a perimeter functional. Accordingly, in the Heisenberg setting we say that a

measurable set E is an H-perimeter minimizer whenever

for any 2 € H" and for any measurable set I’ such that FAF € 2. The classical Euclidean
Bernstein theorem says that a global minimizer of the Euclidean perimeter in R™ is a half-
space, provided that n < 7 (cf. [163] and references therein). The goal of characterizing global
perimeter minimizers in more general settings has been pursued exhaustively in first Heisenberg
group H' (cf. e.g. [83, 252, 173, 107, 108, 249, 35, 148, 234, 226]). In this framework, a key role
is played by non-characteristic surfaces. Indeed, every sufficiently regular non-characteristic
boundary of a global minimizer of the horizontal perimeter is a wertical plane (cf. [35]), i.e.
an Euclidean plane tangent to T at every point. On the other hand, differently from the
Euclidean setting, there are minimal smooth surfaces which are not vertical planes. Moreover,
when n > 5, Bernstein theorem in H" is false even for smooth non-characteristic minimal

hypersurfaces (cf. [35]). To conclude, Bernstein problem is still open in the remaining cases
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H2, H3 and H*. A crucial step to approach Bernstein problem in H' consists in showing that
area-stationary surfaces are ruled by horizontal line segments (cf. [148, 283]). The importance
of this property is supported by [283], where the author showed a Bernstein theorem in the
class of ruled minimal intrinsic graphs. The aim of Chapter 20 is twofold. From one hand,
motivated by the previous considerations, in Section 20.2 we propose a generalization of the
ruling property of H' to higher dimensional Heisenberg groups (cf. Definition 20.2.1). Roughly
speaking, a hypersurface S C H" of class C' is ruled if every non-characteristic point p has a
neighborhood U such that
p-HL,SNUCS.

First, we discuss some properties of this new class, among which we mention a global equiv-
alent definition (cf. Definition 20.2.2 and Proposition 20.2.3) and the fact that the ruling
property is well-behaved with respect to the intrinsic rigid motions of the Heisenberg group
(cf. Theorem 20.2.1), the so-called pseudohermitian transformations (cf. [87]). Subsequently,
in Section 20.3 we provide a first rigidity property of ruled hypersurfaces under a constraint
on the size of their characteristic set. Roughly speaking, when n > 2, ruled hypersurfaces
with countable characteristic set are hyperplanes (cf. Theorem 20.1.3). This result highlights a
first relevant difference with H', where it is possible to provide instances of ruled, smooth non-
characteristic surfaces which are not hyperplanes (cf. Example 20.3.1). Our second aim consists
in translating the ruling property, which is differential in spirit, by a sub-Riemannian viewpoint.
To this aim, in Section 20.4 we introduce the notion of horizontally totally geodesic hypersur-
face (cf. Definition 20.4.2), i.e. a hypersurface whose symmetric second fundamental form R g
globally vanishing. This property, which is much weaker than requiring that the non-symmetric
form A vanishes (cf. Example 20.4.3) is related to the ruling property in Section 20.5, where
we show that hypersurfaces of class C? are ruled if and only if they are horizontally totally
geodesic. In the end, combining the previous effort, we are able to conclude that the unique
horizontally totally geodesic hypersurfaces of class C? are hyperplanes (cf. Theorem 20.1.1).
Finally, although already covered by Theorem 20.1.1, in Section 20.6 we propose some results
in the class of ruled intrinsic cones, since in this specific setting it is interesting to observe how
many computations can be made more explicitly. It is worth mentioning some by-products of
our approach. The first one is an existence result for a particular geodesic-type Cauchy problem
on non-characteristic hypersurfaces (cf. Theorem 20.5.4). The second one constitutes another
remarkable difference between H! and the higher dimensional setting. Indeed, by means of our
characterization, it is easy to provide, at least in the characteristic setting, instances of smooth
minimal hypersurfaces which are not horizontally totally geodesic (cf. Theorem 20.1.5). An
interesting issue arising from our previous considerations consists in understanding whether
minimal, non-characteristic hypersurfaces are horizontally totally geodesic when n = 2,3 of 4,
since, in view of our results, an affirmative answer would solve positively the Bernstein problem.
Being an approach based on estimates for the second fundamental form of minimal hypersur-
faces already available in the Riemannian setting, by means of the celebrated paper [260], we

hope to continue this path in light of similar considerations.
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Notation

For the reader’s convenience, we collect some notation that we adopt throughout the thesis.

The following shall apply unless otherwise specified.

Framework. We let m,n € N\ {0}, with m < n. We adopt the convention co = 400, and we
denote by either R or [—o00, +00] the set of extended real numbers. We denote by 2 an open
subset of R". We denote by A the family of all open subsets of €2 and by B the family of all
Borel subsets of 2. If A, B are two open subsets of R, we write A @ B whenever A is compact
and A C B. If A, B C R" are two arbitrary sets, we let

A+tB={axtb:ac A bec B}

Linear algebra. For «, 5 € N\ {0}, we denote by M («, ) the set of matrices with o rows and
B columns. If o, 3 are as above and L : R® — R¥ is a linear map, we denote by ker(L) C R
and Im(L) C R? respectively its kernel and its range. In the following, we mean vectors in R®
either as matrices in M (a, 1) or as matrices in M(1,«a). We let S be the class of all a x «
symmetric matrices with real coefficients. Moreover, we let A - B be the usual matrix product,

which may sometimes be denoted simply by AB. If A, B € S™, we write A < B whenever
p-A-pt<p-B-p"

for any p € R™. If A is a squared matrix, we denote by 7(A) its trace. If V, W are two vector
spaces, we denote by L(V, W) the class of linear maps from V' to W.

Functions. For 1 < p < oo, we denote by LP(Q2) and L},
and by W'?(Q) and W,.?(Q) the Euclidean first-order Sobolev spaces (cf. [61]). We let USC(Q)

and LSC(Q) be respectively the sets of upper semicontinuous and lower semicontinuous func-

(Q) the Euclidean Lebesgue spaces,

tions on €, and we denote by Cy(Q) the set of continuous functions on  which vanish on 9.
If I C R is an interval, we denote by AC(I,€2) the set of absolutely continuous curves defined
over I with values in Q. If g € L}, .(Q2) and x € Q is a Lebesgue point of g, when we write g(z)

we always mean that

— i dy.
g(w) = lim (O)g(y) y

If u € L,.(Q), we denote by Du its (classical, weak or distributional) Euclidean gradient.

loc
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Moreover, denoting points in R" by = = (z1,...,2,), the j-th partial derivative of wu, for

j=1,...,n, is denoted equivalently by

0
1{ = Dju = dju = ug,.

9j

The Euclidean Hessian matrix of u is denoted by D?u. If f(x,s,p) is a regular function defined

on 2 x R x R™, we denote by

Dxf = (Dmfa"'vanf)a Dsf and Dpf = (Dplfa"'7mef)

the partial gradients of f with respect to the variables x, s and p respectively.

Normed vector spaces. If (E,| -||) is a normed vector space, we denote by — the weak
convergence in . Moreover, if £* is the dual space of E, we denote by —* the weak-* conver-

gence in E*.
Distances. If (M,d) is a metric space, x € M and r > 0, we let
By(z,r)={y e M : d(z,y) <r}.

The only exception to this notation occurs when M = R™ and d is the Euclidean distance, in
which case we let
B (z)={yeR" : |[x —y| <r}.
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Chapter 1

A functional framework arising from

vector fields

1.1 Horizontal differential operators

As main references for this section, we refer the reader to [134, 150, 138]. Let Q be an open

subset of R™. In what follows it is sometimes convenient to identify an arbitrary vector field

n 0

with the vector-valued map (cq,...,¢,). Given a family X := (X7, ..., X,,) of locally Lipschitz

continuous vector fields on 2, we denote by C(z) the m x n matrix defined by

ca(z) aqz) ... can(r)
c21(x)  c22(x) ... con()
Cla) = )
Cma() cma(z) ... cpn(x)
for any x € (2, where
0
Xi=ci1r—+...+Cino
J J,1 o, Jim ox,,
for any 7 = 1,...,m, and where ¢;; is a locally Lipschitz continuous function on {2 for any
j=1,...,mand any ¢ = 1,...,n. It is quite natural to associate to X a suitable notion of

gradient. More precisely, if u is a smooth function over €2, we define its horizontal gradient by
letting
Xu = (X1u,..., Xnu) = Du-C".

This notion generalizes the classical Euclidean gradient in the sense that choosing as X the

canonical basis of R" reduces the horizontal gradient to the Euclidean gradient. Notice that,
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given u € C**(Q) and ¢ € C(Q,R™), the Euclidean divergence theorem implies that

/Q<XU780>CZ$:/Q<Du~CT,go>dx:/Q<Du,g0~C>dx:—/Qudiv(go-C)dx.

Therefore the previous definition extends to its distributional counterpart as follows.

Definition 1.1.1 (Horizontal gradient). Letu € L}, (Q2). We define its distributional horizontal

loc

gradient by
(Xu,p) = —/ udiv(e - C) dx
0

for any ¢ € CZ(Q,R™).

Hidden in the previous definition we can find another differential notion associated to X.

Indeed, if u € C1(Q,R™), we can define its horizontal divergence simply by letting
divx(u) = div(u - C).

Arguing as above, this definition extend as follows.

Definition 1.1.2 (Horizontal divergence). Let u € L}, .(Q,R™). We define its distributional

horizontal divergence by

i h— * X
(divx(u), ¢) / u-Xpdr
for any p € C(Q).

In this way, we can rephrase Definition 1.1.1 in the suggestive formula

(Xu,p) = —/QudivX(go) dz. (1.1.1)

1.2 Differentiable functions

Once the notion of horizontal gradient is available, it is natural to retrieve in this general setting

all the classical functional spaces, such as differentiable, Sobolev and BV spaces.
Definition 1.2.1 (Horizontal differentiable spaces). For a given k > 1, we define the space
C%(Q) recursively by

Ch(Q):={uec ) : Xuec CYQ) foranyi=1,...,m}.

When u € C%(Q), the horizontal gradient is represented by the continuous vector-valued

function
(Xqu, ..., Xpu).

Moreover, when u € C5(Q, R™), its horizontal divergence can be expressed by

divx(u) := ZXjuj + ZZUJ ;xj’-

j=1 j=1i=1
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When u € C%(Q), it is possible to define some well-known second-order differential objects.

Definition 1.2.2 (Horizontal Hessian). If u € C%(2), its horizontal Hessian X?u € C(£2,S™)

is defined by X XX
_ i gl

2

(XQU)”
foranyi,j=1,...,m.

The reader may be confused by this definition, since it might seem not the natural extension
of the Euclidean one. Our choice, which is common in literature, let the horizontal Hessian be
symmetric. Indeed, unlike in the FEuclidean setting, a horizontal Schwarz lemma is false in this

general framework.

Example 1.2.3. Let us consider the vector fields X;,Y; defined over the whole R? by

0 0 0 0

x =2 ,0 d v=2_,9
S PR FTE Yoy Yo

where we denote points of R? by (z,y,t). If we define the function u € C*(R?) by
u(z,y,t) =1,

then Xju(z,y,t) = y and Yiu(z,y,t) = —z, so that X1Yiu(z,y,t) = —1 and Y1 Xju(z,y,t) = 1.

The failure of Schwarz lemma can be rephrased in terms of lack of commutation between
vector fields. More precisely, if X, Y are vector fields of class C?, their Lie bracket or commutator

is defined as the continuous vector field [X, Y] acting as
(X, Y]p = X(Yp) - Y(Xy) (1.2.1)

for any sufficiently smooth function ¢. Therefore Example 1.2.3 tells us that our chosen vector
fields may not commute in general. This fact constitutes one of the most striking differences
between the Euclidean and the anisotropic setting that we have just introduced. We conclude
this section providing another generalization of a classical second-order differential operator

which will be thoroughly discussed in the following chapters.

Definition 1.2.4 (Horizontal Laplacian). If u € C%(Q) we define the horizontal Laplacian of

u by
Axu:=divy(Xu) = E XjXﬂH’E E ' Xju 82

j=1 j=1i=1

(1.2.2)

1.3 Sobolev spaces

According to the previous set of definitions, we introduce the relevant horizontal Sobolev spaces.
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Definition 1.3.1 (Horizontal Sobolev spaces). Ifp € [1,+0o0], we define the horizontal Sobolev
spaces by letting

WP (Q) = {u € LP(Q) : Xue LP(Q,R™)},
W}gﬁ’oc(Q) = {u €L} (Q) :ulg € WiP(Q), for any Q € Q}

and

WE(©) = CF@) .

where

[ullwir ) = llullzr@ + [ Xull o).

Moreover, when g € WP(Q), we let
WRE(Q) == {u e WRP(Q) : u—g e WiH(Q)}.

These first-order horizontal Sobolev spaces are well-studied in literature. For the reader’s
convenience, we recall some of their basic properties. First, horizontal Sobolev spaces are
Banach spaces (cf. [134]).

Proposition 1.3.2. (Wx?(Q), || - ||y is a Banach space, reflexive if 1 < p < oo.
X WP (Q)

Moreover, similarly to the Euclidean case, a Meyers-Serrin approximation result holds (cf.
[138]).

Theorem 1.3.3 (Meyers-Serrin). Let Q be an open subset of R", and let 1 < p < +oo. Then

WP(Q) N C=(Q) = WP (Q),

where the closure is with respect to the metric topology of (W}(’p(Q), I| - \]W)l(,p(g)).

The above result has many useful consequences. As an instance, we quote the following

Leibniz-type property of the horizontal gradient (cf. [129]).

Proposition 1.3.4 (Leibniz rule). For any u,v € Wy?(Q), it holds that
X(uv) = (Xu)v + u(Xv).
Proof. Assume first that u,v € Wy (Q) N C*°(Q). Then it follows that

X (wv) = D(uwv) - C*
= [(Du)v + u(Dv)] - C*
= Du-C"v+uDv-C"
= (Xu)v + u(Xv)

(1.3.1)

everywhere on Q. Let now A’ € Q, u € W”(Q) and v € WP(Q)NC>®(Q). From Theorem 1.3.3

we know in particular that there exists a sequence (uy), € Wx?(Q) N C®(Q) converging to u
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in the strong topology of Wi?(A"), and clearly v € C(A’). It is easy to see that the sequence
(vup ) belongs to Wi (A’) N C® (A7) and converges to uv in the strong topology of Wy (A’).
This fact, together with (1.3.1) and recalling that sup 4 | Xv| < 400 since sup,, |[Dv| < o0,
yields that

| X (uv) — (Xu)v—u(Xv)||Lrarrm) < || X (uv) — X (upv)|| zoar mm)
+CC0)n + 0X () — (Xu)o — u(X0) [y

and so, passing to the limit as A — oo, we conclude that
X (uv) = (Xu)v + u(Xv) a.e. on A"

Since (2 can be approximated by a countable family of open sets A’ € 2, we conclude that
X (uv) = (Xu)v + u(Xv) a.e. on )

for any u € Wy?(Q) and v € WyP(Q) N C>(Q). Repeating once more the same procedure, the
thesis follows. O

Another similitude with the Euclidean setting is evidenced by the following Riesz-type

theorem, which can be proved wverbatim as in [193, Theorem 10.41].

Proposition 1.3.5. Let 1 < p < oo, and let (up), € WyP(Q) and w € WiP(Q). The following

conditions are equivalent.
(1) up — u in WiP(Q).

(ii) For 1/p' +1/p =1 and for any (go, ..., gm) € (L7 ()™ it holds that

h—o00

Q j=1 Q Q 7=1 Q

In the statement of Proposition 1.3.5, — denotes the classical weak convergence in normed
vector spaces (cf. [61]). In the following chapters it will be useful to compare X-Sobolev spaces
to classical Sobolev spaces (cf. [205, 128]).

Proposition 1.3.6. Let Q be an open subset of R™. Assume that X is made of Lipschitz
continuous vector fields. Then W'P(Q) C Wy?(Q), the inclusion map

WhP(Q) = WP (Q)
is continuous (and possibly strict) and
Xu(z) = Du(z) - O(x)” (1.3.2)
for every u € WEP(Q) and a.e. x € Q.
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If, in addition to the assumptions of Proposition 1.3.6, €2 is bounded, then clearly
Wh(Q) € WH(Q) € WP ().

. . 1 .
For further convenience, we need to understand how weak convergence in Wy is related to the

weak*- convergence in W1, The following proposition is a direct consequence of [61, Theorem

3.10].

Proposition 1.3.7. Let Q be an open and bounded subset of R™, let 1 < p < 400 and assume
that X is made of Lipschitz continuous vector fields. For any sequence (up), € W1°°(Q) and
any u € WH°(Q), it follows that

w, = uin Wh(Q) =y, — uin WiP(Q).

Despite many similarities with the Euclidean Sobolev spaces, the anisotropic structure also

reveals some notable differences. Let us quote two remarkable instances.

Example 1.3.8 (Approximation by piecewise affine functions). Classical Sobolev functions can
be approximated in the Sobolev norm by means of piecewise affine functions (cf. [125]). If we
call a smooth function u X-affine as soon as Xwu is constant, it is natural to wonder whether
an analogous property holds for horizontal Sobolev functions. However, as shown in [205], the
answer is negative. In this setting, we simply call u piecewise X-affine on Q if u € C(Q) and if
Q2 can be divided into a negligible set and a finite collection of open sets on which u is X-affine.
Let © be a bounded open subset of R3. Let X;,Y; and u be as in Example 1.2.3. Clearly
u € C*(Q), and so in particular u € W () for any p > 1. An easy computation reveals that

a function v is X-affine if and only if
v(z,y,t) =ax+by+c

for some a,b,c € R. Therefore, since X-affine functions do not depend on ¢, u cannot be

pointwise approximated by piecewise X-affine functions.

Example 1.3.9 (Lusin-type property). Let  C R™ be open and bounded, and let 1 < p < 4.
A well-known Lusin-type property of Euclidean Sobolev functions (cf. [69]) states that if
u € WHP(Q), then, for any € > 0, there exists A. € A and v € C'(Q) such that |A.| < ¢
and u|o\a. = v|o\a.. We show that the same conclusion is false in our general setting. In
the following we speak about approzimate differentiability and approximate partial derivatives
according e.g. to [131]. Let us choose n = 2, m =1, Q = (0,1) x (0,1) and X = (X;) =
(a%)' Let us consider a function w : (0,1) — R which is bounded, continuous but which is
not approximately differentiable for a.e. x € (0,1) (cf. e.g. [254]), and define the function

u: ) — R by
u(z,y) == w(y).
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Then u € L*>(Q2) and it is constant with respect to x. Thus, for any ¢ € C'°(2), we have that

o= Lot [ et

and so Xu = 0. Hence u € W¢>(Q) and in particular we have that u € Wy"(Q) for any
p € [1,400]. If it was the case that u satisfies the desired property, then we would have that,
for a.e. (z,y) in , u is approximately differentiable at (z,y) (cf. [199]). Thus, according to
[254, Theorem 12.2] and to the fact that u is constant with respect to x, we would have that
for any € (0,1) and for a.e. y € (0,1), the function z +— wu(z,2) = w(z) is approximately

differentiable at y, a contradiction with our choice of w.

1.4 BV-functions and perimeter

To conclude this chapter, we recall the notion of horizontal BV function, with a special regard
to its connection with the so-called horizontal perimeter. For the main definitions and results

of this section, we mainly refer to [138].

Definition 1.4.1 (Bounded X-variation). If u € L}, (), we say that u has locally bounded
X-variation, or u € BVx j,.(), whether

sup {/Qudivx(go) dr : ¢ € C’CI(Q,RW), lo|loo < 1} < 400
for any open set Q € Q, and we define its X-total variation |Xu| by
Xul(@® = sup{ [ udivx(p)dr : ¢ € CHOLR™), ¢l < 1
for any Q C Q. If in addition v € L*(Q) and
| Xu|(€) < +oo,

we say that u € BVx(Q).

As in the Euclidean setting, Riesz theorem implies that u € BVx j,.(2) (respectively u €
BVx(Q)) if and only if the distributional horizontal gradient Xu can be represented by a m-
valued Radon (respectively finite) measure over 2. Moreover, denoting such a measure by Xu,
it follows that its total variation measure coincides with the X-total variation | Xu|. Therefore,
as in the Euclidean setting, Radon-Nikodym theorem implies the existence of a | Xu|-a.e unique

measurable function o, : 0 — S™, satisfying

|ou(@)] =1
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for | Xul|-a.e. z € Q, such that

Xu(p) = /Q (o, dXu) = /Q (0w, @) d| X1l (1.4.1)

for any ¢ € C.(Q,R™). As its Euclidean counterpart, the X-total variation is lower semicon-

tinuous with respect to the convergence of Lj,.(Q).

Proposition 1.4.2. Let u € BVx ,.(2) and (un)n, € BVx10:(§2) be such that u, — u with

respect to the L}, .-convergence. Then
| Xul(Q) < li}{ninf | Xup|(Q)
—00

for any open set Q0 C Q.

Moreover, the anisotropic Meyers-Serrin approximation result Theorem 1.3.3 extends to its

Anzellotti-Giaquinta version (cf. [19]) as follows.

Theorem 1.4.3 (Anzellotti-Giaquinta). Letu € BVx(2). Then there exists a sequence (up)p, C
BVx(Q) N C>(Q) such that

lim ||u — up||L1@) =0 and | Xul(Q) = }}1_)1110 | Xup|(€).

h—o0

The notion of horizontal perimeter is a direct consequence of Definition 1.4.1.

Definition 1.4.4 (Horizontal perimeter). A measurable set E C R™ is of locally finite X-
perimeter in Q, or equivalently a X-Caccioppoli set in Q, whether xg € BVx 1,.(2), that is

Sup {/Edivxw dz : o € CHAR™), o)l < 1} < to0

for any open set Q € Q. In addition, E is of finite X-perimeter in Q if xp € BVx (), meaning

again that
sup {/ divx(p)dr : o € CHOLR™), [|¢]le < 1} < 400.
E

In the situations described in Definition 1.4.4, in accordance with the Euclidean framework,

we adopt the notation
Px(E,-) = |Xxgl(-),

and we call Px(FE,-) the X-perimeter (or horizontal perimeter) of E. Moreover, (1.4.1) allows

to introduce another crucial notion, that is the so-called horizontal normal.

Definition 1.4.5 (Horizontal normal). Let E be an X-Caccioppoli set in Q2. Then, following
(1.4.1), we denote by vx : Q@ — S™ the | X xgl|-a.e unique measurable function satisfying

lx ()l =1

for | Xul|-a.e. x € Q and
(Xxw ¢) = = [ (vx,) X
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for any p € CL(Q,R™). vx is called the (measure-theorethic outward unit) horizontal normal
to E in ().

To justify the above definition, assume that E is a set of locally finite Euclidean perimeter
in Q, and denote by N its measure theoretic outward Euclidean unit normal. If o € C}(Q, R™),
then ¢ -C € Lip(€2, R™) and has compact support in €. Therefore, by Gauss-Green formula for

Lipschitz continuous vector fields (cf. [131]) we infer that

— _ : . — . n—1 _ T n—1
@) diXel = —(Xxp o) = [ divlpC)d= [ (NpCyam = [ (NCT o),

o*E

so that

RAEAn::AmemrcﬂdHWJ (1.4.2)

and
N@C@T it N(z) - C(2)T #£ 0

vy () = § @@

0 otherwise.

Hence, the horizontal unit normal of Euclidean Caccioppoli sets is, in a sense, the normalized
projection of the Euclidean unit normal, whenever the latter does not vanish, onto the distribu-
tion generated by X. When OF enjoys better regularity properties, it is possible to provide a
pointwise distinction between points where the latter projection vanishes and points where the
horizontal unit normal is well-defined. Since a general treatment of these issues goes beyond
our scopes, we postpone it to Chapter 16, where we will focus on a very specific, albeit already
relevant, setting. To conclude this section, we refer the interested reader to [138, Theorem
2.3.5] for the anisotropic version of the well-known Coarea formula and to [138, Corollary 2.3.6]
for an approximation result of finite X-perimeter by means of smooth sets. Finally, we point
out that, under additional hypotheses on X, it is possible to provide appropriate blow-up and
implicit function theorems (cf. e.g. [140, 203, 141, 142, 90, 14]) and isoperimetric inequalities
(cf. e.g. [150, 191, 189]).
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Chapter 2

Carnot-Carathéodory spaces and

sub-Riemannian manifolds

2.1 Carnot-Carathéodory spaces

Let us fix a family X of locally Lipschitz continuous vector fields defined over an open set

2 C R". Beside horizontal functions, it is also possible to talk about horizontal curves.

Definition 2.1.1 (Horizontal curves). If v : [0,T] — Q is an absolutely continuous curve, we
say that it is horizontal when there exists a = (ay, ..., a,) € L>([0,T],R™) such that

30 = 3 a0 ((1)) (2.11)

j=1
for a.e. t €10,T], and we say that it is sub-unit whenever it is horizontal with
||a||L°°([O,T],Rm) < 1

Notice that an absolutely continuous curve 7 : [0, 7] — R is horizontal if and only if

i(t) = (Y1) - alt) (2.1.2)

for a.e. t € [0, T]. Roughly speaking, horizontal curves describe the admissible path along which
we allow movements. Our choice of admissible directions gives rise to a candidate distance which

generalize, for instance, the usual Riemannian distance in a Riemannian manifold.

Definition 2.1.2. We define the Carnot-Carathéodory distance on €2 by
do(z,y) == inf{T : v :[0,T] — Q is sub-unit, v(0) = x and v(T) = y}.

If dg is a distance on €, then (), dg) is called a Carnot-Carathéodory space.

The reader should note the imprecision in the definition above. We called dn Carnot-

Carathéodory distance, while it is not always the case that dg is a distance. Indeed, while it
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is easy to check that dg is non-degenerate, symmetric and satisfies the triangle inequality, it
may be not well-defined for each couple of points z,y € €. In other words, not every couple of

points in €2 can necessarily be joined by a horizontal curve.

Example 2.1.3. Let us consider on R? the vector field X = a%’ where we fixed coordinates
(x,y). Then horizontal curves are clearly parallel to the z-axis, so that it is impossible to join

two points with, say, same x and different y.

In addition, a hidden necessary condition to ensure that (2, dg) is a metric space requires
that €2 is connected, so that we shall assume a priori this property. The following proposition
express the Carnot-Carathéodory distance in an equivalent form, which gives a plainer intuition

of the Carnot-Carathéodory distance as a measure of the length of horizontal curves (cf. [232]).

Proposition 2.1.4. Assume that dq is a distance. Then
1
do(z,y) = inf {/ la(t)|dt : ~:[0,1] — Q is horizontal, v(0) = z and y(1) = y},
0

where a(t) = (ay(t),. .., an(t)) is as in (2.1.1).

A natural question at this stage is how the Carnot-Carathéodory structure relates to the
Euclidean one, both from the metric and the topological point of view. The following first

property follows from [219]

Proposition 2.1.5. Let (Q,dq) be a Carnot-Carathéodory space. Let K € ). Then there
exists 3 > 0 such that

for any x,y € K.

In particular, the Euclidean distance is continuous with respect to the Carnot-Carathéodory
distance. Without further assumptions on X, the converse implication is false, as the following

example shows (cf. [219]).

Example 2.1.6. In R? with coordinates (z, %), consider the vector fields

0 0

Xza—x and Y:a(x)a—y,

where

0 ifxz<0
a(z) =
x  otherwise.

It is easy to see that (R? dg:) is a Carnot-Carathéodory space, where dp: is the Carnot-

Carathéodory distance induced by X and Y. Nevertheless, if we consider the sequence (—1, l) oy

then .
g ((-1,) ,(—1,0)) >0
n

Hence dg2 is not continuous with respect to the Euclidean topology.
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In the following, we will see that under very mild assumptions, the Carnot-Carathéodory
topology is continuous with respect to - and hence equivalent with - the Euclidean topology. For

the sake of future clarity, although not standard in literature, we give the following definition.

Definition 2.1.7 (Continuous Carnot-Carathéodory space). We say that (€2, dq) is a continu-
ous Carnot-Carathéodory space if it is a Carnot-Carathéodory space whose topology is equivalent

to the Euclidean one.

We point out that, although a Carnot-Carathéodory space is in many situations Euclidean
from the topological standpoint, the same cannot be said from the metric point of view, even
in the most pleasant situations. We will come back on this shortly. When a family of vector
fields X of class C* induces a continuous Carnot-Carathéodory space, a stronger L* version of

Theorem 1.3.3 is available in the following sense.

Proposition 2.1.8. Let X be a family of vector fields of class C*. Assume that (2,dq) is a
continuous Carnot-Carathéodory space. If v € C%(Q), then for any open set A € Q) there exists
a sequence (vy)n € C°(Q) such that vy, — u and Xvy, — Xu uniformly on A.

Proof. Let v and A as in the statement, and take an open set B such that A € B € {2, and a
smooth cut-off function ¢ between B and (). Define the function v := v, and extend it to be
zero outside €. Tt is clear that v € C'(R"™) and that v coincides with v on A. Let us define then
v, 1= U * gp, where gy, is the standard spherically symmetric h-mollifier in R™ (cf. [61]). It is
clear that v, € C?(Q) C C%(Q), where the previous inclusion follows as X is C'. Moreover, as
v is continuous, from standard properties of mollification we have that v;, — © uniformly on A,
and so v, — v uniformly on A. We are left to show that Xv;, — Xv uniformly on A. To this

aim, thanks to [278] we know that there exists a modulus of continuity w such that

_ _ 1
X (5% 1) = Xtx oull ey < (5 )-

Moreover, as X is continuous, it holds that X x g, — X uniformly on A. Therefore we can

conclude that
i 0 — X0 < i v —Xv 41 Sk on — X0l = = 0.
T X (0% 01) ~ X0 cay < Jim [|X (05 08) — X0 4 oy + Jimn | X0% 01— X7y = 0

Again, as X0 = Xv on A, the proof is complete. n

2.2 Sub-Riemannian manifolds

In this section we introduce a nice and well-known geometric condition on X which ensures,
among the other things, that X generates a - even continuous - Carnot-Carathéodory space.
For the sake of generality, we deal first with a smooth manifold M. To proceed, we need to

recall some basic concepts of the theory of Lie algebras, for which we refer the reader to [54].
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Definition 2.2.1 (Lie algebra). A (real) Lie algebra g is a (real) vector space endowed with

an inner operation [-,-] : g X § —> g which satisfies the following conditions.
o [,¢] is bilinear.
o [, ] is alternating, i.e.
[z, z] =
for any x € g.
e [-,] satisfies the Jacobi identity, i.e.

[‘T’ [y7 ZH + [yv [Z,Z'H + [zv [[L‘, y“ =0

for any x,y, z € g.

Definition 2.2.2 (Lie algebra homomorphism). Let (g1, [, ]1) and (gs, [, ]2) be two real Lie

algebras. A linear map p : g1 — @ is a Lie algebra homomorphism if

@ ([z,y]1) = [p(z), p(y)]2

for any x,y € g,. A Lie algebra isomorphism is a bijective Lie algebra homomorphism.

Assume that M is a smooth manifold. A first relevant instance of Lie algebra is that of
vector fields over M, say TI'(T'M), seen as a vector space over R and endowed with the Lie
bracket introduced in (1.2.1).

Definition 2.2.3 (Generated Lie algebra). If G C g is a set. we let
Lie(G) :=({b : H C g,(b,[,"]) is a Lie algebra and G C h}.

FEquivalently, Lie(G) is the smallest Lie algebra containing G.
Assume that an m-dimensional subbundle (or distribution) of T'M, say A, is fixed.

Definition 2.2.4 (Hérmander condition). We say that A satisfies the Hormander condition

over M, or is bracket-generating over M, if
dim (Lie(D(A))(p)) = n

for any p e M.

Of course, when A is generated by a family X of vector fields, meaning that
A, = span{Xi|,, ..., Xnlp} (2.2.1)
for any p € M, and moreover

dim (Lie(X1, ..., Xn)(p)) = n (2.2.2)
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for any p € M, we simply say that X satisfies the Hérmander condition over M, or that X is
bracket-generating over M. We point out that, when A is bracket generating and X1, ..., X,,
is a frame of A as in (2.2.1), it is not always the case that (2.2.2) holds for Xi,..., X, (cf.
[186]), so that, in this regard, a particular attention should be paid. We can now define the

central notion of sub-Riemannian geometry.

Definition 2.2.5 (Sub-Riemannian manifold). A sub-Riemannian manifold is a triple
(M7 A? g)?

where M is a smooth manifold, A is a bracket-generating distribution and g is a metric over

A.

Roughly speaking, Hérmander condition tells us that, although X may not exhaust the en-
tire tangent space by itself, we can bridge this degeneration by using commutations. This heuris-
tic interpretation suggests that, under the Hormander condition, we may have enough horizontal
curves to join points in M. This statement is the content of the celebrated Chow-Rasheuvskii
Theorem. We refer the reader to [88] for the original reference, while [232, 166] offer a more
modern treatment. Since in the following we will be mainly interested in the case M = (), we

continue the exposition in this particular case.

Theorem 2.2.6 (Chow-Rashevskii). Let Q@ be a domain, and assume that X satisfies the

Hérmander condition on ). The following properties hold.
(i) (Q,dq) is a Carnot-Carathéodory space.

(ii) For any domain Q C Q there exists Cq > 0 and r € N, r > 1, such that
C'le =yl < dale,y) < Cale—yl*  foranyz,y€ Q.

In addition, if m <n, thenr > 1.

Combining properties (i) and (i), we see that a family of Hormander vector fields generates
a continuous Carnot-Carathéodory space. Remarkably, when m < n, property (ii) states that
dq is not Euclidean at any scale, so that again, from the metric viewpoint, our frameworks
cannot be reduced to the Euclidean one. At this stage, the reader may wonder whether any
continuous Carnot-Carathéodory space generated by even smooth vector fields falls within
Definition 2.2.4. As the next example shows, the answer is negative. The reader is referred to

[137] for other examples in the non-smooth setting.

Example 2.2.7. Let us consider the two linearly independent vector fields X, Y defined on R3

by

0 0 0
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where p(z) := ¥(z) + ¢(—z) and ¢ : R — R is defined by

e"r ifx>0
Y(z) =

0 otherwise.
Since ©*)(0) = 0 for any k € N, it is easy to see that
(X, .., [X,Y]..]J0,y,2) =[Y,[...,[X,Y]...](0,y,2) =0

for any y, z € R, so that X, Y do not satisfy the Hormander condition. It is not difficult to show
that they induces a continuous Carnot-Carathéodory distance d on R3. Indeed, let A = (x, v, 2)
and B = (z1,y1,21) in R3. We construct an horizontal curve joining them whose horizontal
length tends to zero as A tends to B in the Euclidean topology. First, notice that moving along
the X direction the induced Carnot-Carathéodory distance is comparable with the Euclidean
one. Hence, without loss of generality, we can assume that x = x; = 0. Moreover, since
Y = 8% on {x = 0}, then moving along the Y direction inside {z = 0} the induced Carnot-
Carathéodory distance is comparable with the Euclidean one. Hence we assume that y; = y.

The last step is to join (0,y, z) and (0,y, z1). We assume, without loss of generality, that z; > z.

Let us set .
a log(vz — 2)
then § — 07 as z; — 2. Let us define the curves yy,...,v4: [0,1] — R3 by
m(t) = (0,y,2) +1(,0,0),
21— 2
Yo (t) = (6,9, z +t<0,,z —z),
Z— 21
t)y=19 — t(—0,0,0
73() (?y_'_ (,0((5)’21>+ ( s Uy )
and

nlt) = (0’“ ¢<a>> o (‘*w”)

it is easy to see that they are horizontal and that they connect (0, v, z) and (0, y, z;). Moreover,

a quick computation shows that

21— 2 2
d((oayvz)7 (ana Zl)) <20 + 80(5) = _10g(m) +Vvz— 2

As the right hand side tends to zero as z; — z, the conclusion follows.
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2.3 Lipschitz spaces, Holder spaces and embeddings

When (2, dq) is a Carnot-Carathéodory space, we have at our disposal the tools and methods

of analysis in metric spaces. For instance we can talk about Lipschitz and Hélder functions.

Definition 2.3.1 (Lipschitz spaces). The horizontal Lipschitz space is defined by

Lip(Q,dq) = {u Q— R :  sup M < +oo}.
TH#Yy, T,yEN dQ(iL', y)

Moreover, we say that u € Lip,,.(£2, dq) if every point x € Q has a neighbourhood U such that
u € Lip(U, dg).

As in the Euclidean setting, Lipschitz function are strictly related to W)l(’oo—functions, as the

next characterization shows (cf. [151]).

Proposition 2.3.2. If (Q,dq) is a Carnot-Carathéodory space, then
WxToe(2) = Lipye(92, do).

In particular, when (£2,dgq) is a continuous Carnot-Carathéodory space, each function u €

W)l(?jc(ﬂ) admits a continuous representative, that is
Wi () € C(9). (23.1)

Indeed, if u € W)l(”oo (Q) and z,y € Q, then, if x,y € K € €, it holds that

loc

[u(z) — u(y)| = da(z, Q)W < do(@,y) ZEBEK W,

and the right side goes to zero as x — y. Therefore, in the following we will identify functions
u € W;(?ZC(Q) with their continuous representatives, of course provided that the underlying

Carnot-Carathéodory space is continuous.

Definition 2.3.3 (Holder spaces). If a € (0, 1), we define the Folland-Stein Holder spaces as

C’O’O‘Q::{U:Q—HR: sup |U(I)_u(u)|<—i-oo}
X ( ) TH#Y, x,yEN dﬂ(xvy)a

and

ngf;oc(ﬁ) = {u Q—R: sup M < 400 for any compact set K & Q} )

z#y, ¢,yeK dQ(x> y)a

Moreover, when E C Q and u: Q — R we set

[u(z) — u(w)]
U||0,0,E ‘= SUPp |U(Z)| + Sup ——F——— .
H HO b zel ‘ ( )’ r#y, r,yeE dQ(QT, y)a
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From these definitions, arguing as in the Lipschitz case, it is clear that

CX*(Q) € CxGe() € C().

«

,loc(Q)7 we say that a sequence

As usual, in order to define a notion of convergence on C%
(up)n C Cg(’:l (Q) converges to u € C'%TZOC(Q) if it holds that

loc

Jimfup, = ullo,0,x =0

for any compact set K &€ Q. If we fix an increasing sequence (£2;); of open subsets of {2 such
that Qp € Q1 € Q and Up2; O =, and for any u,v € C’?gioc(Q) we define

Q(U, U) = Z ﬁ mln{17 ||u - UHO,Oka}v
k=1

it is easy to see that p is a translation-invariant distance on ngioc(Q) which induces the above-
defined convergence. When the Carnot-Carathéodory structure is induced by a system of
Hormander vector fields, beside Proposition 2.3.2 we have the following Morrey-Campanato-

type embedding results.

Proposition 2.3.4 (Morrey-Campanato embeddings). Assume that X satisfies the Hormander
condition on . There exists Q € (1,00), which depends only on n,Q and X, such that the
following facts hold.

0,1-2
(i) WP(Q) C Cx o () for any p > Q, and the inclusion is continuous.

.. . . 1,p 0,3 . . Q
(i1) The inclusion Wx*(Q) C C¥,0(S2) is compact for any p > Q and for any B € [0,1 - ).

Q

(i17) W)l(%(Q) - C’;)(’l_;(Q) NC(Q) for any p > Q.

In the setting of Hormander vector fields, these results were first proved in [201], and it
was later realized that they continue to hold in the general setting of metric measure spaces
satisfying a doubling property and a Poincaré inequality (cf. [170, Lemma 9.2.12]). Beside
these embeddings, we also recall a Poincaré-type inequality for trace zero functions. We refer
the reader to [75, 206] for the Carnot-Carathéodory setting and to [52, Theorem 6.21] for a

version in PI spaces.

Theorem 2.3.1. Let X = (Xi,...,X,,) be a smooth family of Hormander vector fields in
Qo C R™ Let Q € Qg be a bounded domain and let 1 < p < oo. Then there exists a constant
¢ =c(Q,p) >0 such that

/ |ul? dz < c/ | Xul? dz
0 Q
for any u € W)I(%(Q)

We give a simple corollary which will be very useful in the sequel.
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Corollary 2.3.5. Under the same hypotheses as above, for every g € W)l(’p(Q) there exists a
constant K = K(£,p, g) > 0 such that

/ lulPde < K (1 +/ |Xu|pd:c>
Q Q

for any u € W)I(I;(Q)

Proof. Letu € W)l(—pg(Q) Then by definition u—g € W;(%(Q) Therefore, thanks to the previous

result, we can estimate as follows.

/ lu|Pdx < 2”_1/ |u—g|pdx+2p_1/ lg|Pdx
Q Q Q

ch_l/Q|Xu—Xg|pdx—l—2p_1/Q|g|pdx

N

< 0227’_2/ |Xu|pd:t—|—022p_2/ |Xg|pdx—|—2p_1/ lg|Pdx.
Q Q Q

The thesis follows setting K = 2?72 4+ +c22P72 [, | X g|Pdx + 2P~ [, |g|Pdz. O
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Chapter 3
Carnot groups

As main reference for this chapter, we refer the reader to [54, Chapter 2].

3.1 Lie groups

Let us briefly recall some basic preliminaries form the theory of Lie groups.

Definition 3.1.1 (Lie groups). A Lie group (G, ) is a smooth manifold G which is endowed

with a group law - and which satisfies the following properties.

1

e The map p — p— is smooth.

o The map (p,q) — p - q is smooth.
The unit of G is denoted by e.

Definition 3.1.2 (Lie group homomorphisms). A Lie group homomorphism between two Lie
groups (Gy,-) and (Ge,*) is a smooth group homomorphism. A Lie group isomorphism is a

bijective Lie group homomorphism.

Definition 3.1.3 (Left translations). Let (G, -) be a Lie group. For any p € G, we define the
left-translation by p as the diffeomorphism 1, : G — G given by

for any q € G.

Definition 3.1.4 (Left-invariant vector field). Let (G,-) be a Lie group. A wvector field X is
called left-invariant if
dTp|e (Xle) = X|p

for any p € G.

Given a Lie group (G, ), we denote by g the set of left-invariant vector fields. We already
know that the set of all vector fields, endowed with the Lie bracket (1.2.1), is a real Lie algebra.

The next proposition shows that the same holds for g.
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Proposition 3.1.5 (Lie algebra of a Lie group). Let (G,-) be a Lie group. Let us define
g:={X e I'(TG) : X is left-invariant}.
Then (g, [-,]) is a real Lie algebra, which is called the Lie algebra of (G, ). Moreover, the map
X = X|e

is a vector space isomorphism from g to T.G.

Despite the definition of Lie algebra of a Lie group may seem ambiguous, it is the case that
every finite dimensional Lie algebra arises as Lie algebra of a (connected and simply connected)
Lie group (cf. [54, Theorem 2.2.14]). Lie groups and their Lie algebras are related in the
following sense (cf. [54, Theorem 2.1.50]).

Proposition 3.1.6. Let (Gy,-) and (Gq,*) be two Lie groups. Let
v:G — Gy

be a Lie group homomorphism. Then
do - g1 — g2

is a Lie algebra homomorphism.

In particular, isomorphic Lie groups have isomorphic Lie algebras. While the converse is
false in general, we will be shortly interested in a particular situation in which Lie groups are
completely characterized by their Lie algebras. Given X € g, we let yx be the integral curve
of X starting from e, i.e. the unique smooth curve (cf. [54, Theorem 2.1.56]) which solves the
initial value problem

{WX(Q = Xl|yx
7x(0) =€
By the left-invariance of X and standard ODE results, we know that ~x is defined on the
whole R (cf. [54, Proposition 2.1.53]). We are hence allowed to give the following fundamental

definition.

Definition 3.1.7 (Exponential map). Let (G,-) be a Lie group. We define the exponential
map exp : g — G by
exp(X) := yx(1).
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3.2 Lie algebra stratifications and abstract Carnot groups

Definition 3.2.1 (Stratified Lie algebra). We say that a Lie algebra g admits a stratification
of step k if there exist linear subspaces g1, ...,8r of g such that

0=01C... g, (01,0 = 0ir1, O #1{0}, [g1,0:] = {0} (3.2.1)

for any i = 2,... k, where [g1,0;] is the subspace of g generated by the commutators [X,Y]
with X € g1 and Y € g;. We denote by k the step of g, by m := dim(g;) its rank and by

n = dim(g) its dimension.

Definition 3.2.2 (Adapted basis). If g is a stratified Lie algebra. we say that a basis X =
(X1,...,X,) of g is adapted to the stratification whether

(Xn,_141,- -+, Xn,) is a basis of g; for any j =1,... k,

where hg := 0 and h; == Y7_, dim(g,).
We are ready to provide the main definition of this chapter.

Definition 3.2.3 (Carnot group). A Carnot Group is a connected and simply connected Lie
group (G, -) whose Lie algebra admits a stratification. If the stratification of g is as in Defini-

tion 3.2.1, we say that G has step k, rank m and by dimension n.

The Carnot group definition is well-posed, since two stratification of a Lie algebra share
the same step and rank (cf. [54, Proposition 2.2.8]). In particular the following homogeneous

dimension is well defined.

Definition 3.2.4 (Homogeneous dimension). Let G be a Carnot group. We call

k
Q=) idim(g)
i=1

its homogeneous dimension.

We just point out that ) may in general differ from the topological dimension n, and that
should be seen as the metric dimension of a Carnot group, as explained more in detail in
the forthcoming Section 3.5. The property of being a Carnot group, as well as the step, the
dimension and the rank, are preserved by Lie group isomorphisms (cf. [54, Proposition 2.2.10]).
Even better, since the differential of a Lie group isomorphism is a Lie algebra isomorphism,
then Lie group isomorphisms preserve stratifications. With the following crucial result, we
will be allowed to identify Carnot groups which special polynomial groups over the Euclidean
space. Loosely speaking, this identification is allowed since the stratification of the Lie algebra
let the exponential map be a Lie group isomorphism between a Carnot group and its Lie
algebra, as soon as on the latter is defined a suitable group law given in terms of the so-called
Campbell-Hausdorff formula (cf. [54, Definition 2.2.11]). The following statement is a summary
of [54, Corollary 2.2.15], [54, Proposition 2.2.17] and [54, Proposition 2.2.18].
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Theorem 3.2.5. If (G,-) is a Carnot group, then g can be equipped with a suitable group law

* which realizes (g,*) as a Carnot group, and for which
exXp : (ga*) — (Ga )

is a Lie group isomorphism.

As an interesting consequence of Theorem 3.2.5, it can be proved that every Lie algebra
isomorphism between two stratified Lie algebras arises as differential of a Lie group isomorphism
between the corresponding stratified Lie groups. Finally, to identify a Carnot group with the

Euclidean space, we introduce the so-called exponential coordinates of the first kind.

Definition 3.2.6 (Exponential coordinates of the first kind). Let (G, -) be a Carnot group. Let
Xy,..., X, be an adapted basis of g. Then we identify R™ with g via the diffeomorphism

(1, xn) » o1 Xy + .+ 2, X

These coordinates are called exponential coordinates of the first kind.

At this stage we just need to pull-back the group law of g to turn our coordinate map into
a Lie group isomorphism. Hence, in the following, we will always see Carnot groups as R"
endowed with pull-backs of group laws given by the Campbell-Hausdorff formula. According
with this identification, we denote by 7 both the smooth section defined by

m(y) = iijj (y)

for any y € G and the vector valued map

T(y) = (Y1, Ym) (3.2.2)

for any y € G. Let us list some relevant instances of Carnot groups.

Example 3.2.7 (The Euclidean space). The most trivial Carnot group is the additive Euclidean
group (R™, +), for any n > 1. These are the unique examples of Abelian Carnot groups, whose

Lie algebra admits the trivial stratification

g0 o
g=0¢g1 =8p axl,...,axn .

Therefore, (R™, +) is a Carnot group of dimension n, rank n and step 1.

Example 3.2.8 (The Heisenberg group). The first non-trivial family of examples is constituted
by the class of Heisenberg groups (H",-), for any n > 1, where we adopted the standard

convention H” = R?"*! and where - is the non-Abelian the group law defined by

p-p= <£+i’,?§+zj',t+t’ +>_(wy; — %'?/3)) :
j=1
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Here we denoted points p € R**™ by p = (Z,9,t) = (21, .., Tn, Y1, -, Yn, ). A stratification
of g is given by

g1 =span{Xiy,..., X, Y1,..., Y} and g2 = span {1},

where

4 0 4 0 and T = g
ot

X = 2 a2 Y. — -
o, Y YT an  Yan

for j =1,...,n. Therefore, (H",-) is a Carnot group of dimension 2n + 1, rank 2n and step 2.

We point out that what we called a Carnot group in Definition 3.2.3 is what is often referred
to in the literature as stratified Lie group. Following this convention, a Carnot group is a
stratified Lie group which is endowed with a particular sub-Riemannian metric, which is well-
behaved with respect to the Lie group structure. More precisely, let us give the following

definition.

Definition 3.2.9 (Left-invariant Riemannian metric). Let G be a Lie group. A Riemannian

metric (-,-) is called left-invariant if

(drq|p(u), qu|p(U)>p.q = (u,v)y
for any p,q € G and any u,v € T,G.

Nevertheless, since every stratified Lie group can be easily equipped with a left-invariant
Riemannian metric, the two notions are actually equivalent. To avoid confusion, in the fol-
lowing we will talk about Riemannian Carnot groups to specify that a suitable left-invariant
Riemannian metric is fixed. Since the Lie algebra of a Carnot group G is by definition stratified,
then G turns out to be a sub-Riemannian manifold. Indeed, if an adapted basis Xi,...,X,, is

fixed, the m-dimensional distribution G defined by
Glp =span{Xi|p, ..., Xulp} (3.2.3)

for any p € G is by definition bracket-generating. To conclude, it suffices to endow T'G with the
unique left-invariant Riemannian metric which makes Xy, ..., X,, orthonormal, and to restrict
the latter to the horizontal distribution, obtaining in turn a left-invariant sub-Riemannian
metric. Again, we will talk about sub-Riemannian Carnot groups when a left-invariant sub-

Riemannian metric is assigned on G.

3.3 Homogeneous Carnot groups

It is common in literature to call a Carnot group homogeneous when it is endowed with a family

of suitable dilations. Let G be a Carnot group, and let us fix an adapted basis Xi,...,X,,.
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Moreover, we choose a coordinate system eq,...,e, on T.G in such a way that
Xi|e =€

for any ¢ = 1,...,n. In the following, we refer to X1,...,X,, as generating vector fields. As
already pointed out, from now we identify G with R™ by means of exponential coordinates
of the first kind (z1...,z,) associated with Xy,..., X,. Moreover, for the sake of notational
simplicity we will write

2U) = (Thy 415+ -5 Thy)

for any j = 1,...,k in such a way that
p=(x1,...,2,) = (B, ... z®)

for any p € G. In these coordinates, the aforementioned dilations can be defined as follows.

Definition 3.3.1 (Dilations). For any A > 0, we define the map 6, : G — G by
oW, 2@ a®y = AW N22® | N
for any p= (zW ... 2®) € G. Moreover, if we let
a; =]

whenever hj_1 +1 < i< hj and j =1,...,k, then o is called the homogeneity degree of the

variable x;.

As the differential ddy : g — g is easily seen to be a Lie algebra isomorphism, then ¢, is a
Lie group isomorphism. Given N € N, we call a function f : GY — R homogeneous of degree

a, for a given o € R, if

fFOx(P1)s -5 0a(pN)) = A f(p1y - - - )

for any pq,...,pny € G. Let us describe some properties of (G, ) (cf. [54, Proposition 2.2.22]),
[262, Proposition 2.3] and [262, Proposition 2.4]).

Proposition 3.3.2. Let (G, ) be a Carnot group of step k, rank m and dimension n. Let us

fix coordinates (x1,...,x,). The following facts hold.

o Ifp=(2W 2@ .  2®) and qg= (yNM, 2@, ... y*), then
prg= (2 +y,2? + 4@+ Q% (p,q),..., 2" + 4™ + QW (p,q)),

where

Q' (p.q) = (Qn+1(p0). - Qn, (P 1))

and each Q; is a homogeneous polynomial of degree «;.
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o Ifm< i< n, then

for any p,q € G.

o Ifm <1< n, then
Qi(p,0) = Qi(0,q) = Qi(p,p) = Qi(p,—p) =0

for any p,q € G. In particular,

for any p = (z1,...,2,) € G.

e Ifl<i< kandh;—y <j < hy, then

Qj(p7 Q) = Qi<x17 coo s Thigs Y1y - - ,th)

foranyp=(z1,...,2,) € G and any ¢ = (y1,...,yn) € G.

e« If j = 1,...,n, then X; has polynomial coefficients. Moreover, when 1 < | < k and
hl—l <j < hl, then

Zqzja

Xi = (91; *
J i>h;

where

0Q);
4,i(p) = 82 (p:q)

q:0'
In particular,

Qi,j(xl, ce 7$n) = Qi,j($1, e ;xhl,l)

and

qu‘ (0) =0.

3.4 Invariant distances and homogeneous norms

As main reference for this section, we refer the reader to [262]. As we already know, a
Carnot group G equipped with the Carnot-Carathéodory distance induced by the family X =
(X1,...,Xn) of generating vector fields becomes a Carnot-Carathéodory space. Nevertheless,
the rich algebraic structure of a Carnot group allows to consider different distances, which

typically have the advantage to be more explicitly calculable.

Definition 3.4.1 (Invariant distance). A distance d : G x G — [0, +00) s called invariant if
the following properties hold.

e d is continuous with respect to the Fuclidean topology.
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o d is invariant under left translations, i.e.

d(1p(q1), 7p(q2)) = d(q1, ¢2)

forany p,qi,q € G.

e d is 1-homogeneous with respect to dilations, i.e. if

d(x(p), x(q)) = Ad(p, q)

for any A > 0 and any p,q € G.

Invariant distances in a Carnot group are in one-to-one correspondence with homogeneous

norms.

Definition 3.4.2. A function || - || : G — [0,4+00) is called a homogeneous norm if the
following properties hold.

o ||| #s continuous with respect to the Euclidean topology.

It holds that

lpll = [lp~

for any p € G.

| - || is 1-homogeneous with respect to dilations, i.e. if

1ox(@)I| = Allpl]

for any A > 0 and any p € G.

| - || satisfies

1P all < lpll + llqll
for any p,q € G.

It is a simple exercise to check that, given a homogeneous norm || - ||, then

d(p,q) = |lp~"4ll (3.4.1)

is an invariant distance. In the same way, if d is an invariant distance, then

[pll = d(p,0)

is a homogeneous norm. The following result motivates our initial statement. We refer the
readers to [54, Proposition 5.1.4], [54, Proposition 5.2.4] and [54, Theorem 5.2.8], although
they should be careful, since the authors of [54] gave there a slightly different definition of

homogeneous norm.
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Proposition 3.4.3. Let (G, ) be a Carnot group, and let dg be its Carnot-Carathéodory dis-
tance. Then dg is an invariant distance. Moreover, every other invariant distance is equivalent
to dG-

Another interesting feature of the Carnot-Carathéodory distance dg is that it is a complete,
or geodesic, distance in the sense of [64]. More precisely, for any x,y € G, there always exists

a horizontal curve v : [0,1] — G such that
Y(t) =D a; () X;(v(1))
=1
and

de(z,y) = /01 la(t)] dt.

Such curves are usually known as optimal curves, geodesics or shortest paths. We conclude this

section introducing two interesting homogeneous norms.

Example 3.4.4 (Gauge-Koranyi norm). The well-known Gauge-Koranyi norm is defined by

1
k ) 2R
@, .. 2] = (le@')izf)
j=1

for any p € G. This homogeneous norm has the remarkable advantage of being smooth outside
the origin (cf. [54, Example 5.1.2]). In the following, we denote by d, the invariant distance

induced by the Gauge-Koranyi norm.

Example 3.4.5 (co-norm). Following [141, Theorem 5.1], we let
|P]|oc = max {6j|x(j)|1/j j=1,.. .,k;}

for any p € G, with constants ¢; = 1 and ¢; € (0,1) for any j = 2,...,s depending on the

structure of G.

3.5 Measures

In this section, following [262], we briefly recall some relevant measures that can be defined in
a Carnot group. According to Section 3.3, we identify a Carnot group (G, -) with R” endowed
with a polynomial group law as in Proposition 3.3.2. A first special role is played by the
standard Lebesgue measure £". The latter turns out to be a Haar measure of (G,-), i.e. a
Radon measure which is invariant under left-translations (cf. [133] for a thorough account on

Haar measures). More precisely, the following statement holds (cf. [262, Proposition 2.19]).

Proposition 3.5.1. Let (G, ) be a Carnot group. Then L™ is a Haar measure of G, meaning
that
7(E)| = |E]
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for any Borel set E C G and any p € G. Moreover, if Q) is the homogeneous dimension of G
as in Definition 3.2./, then
OA(B)] = A9|E]

for any Borel set E C G and any A > 0. Finally, if d is any invariant distance, then
|Ba(p, )| = [Ba(p, 7)| = r|Ba(p, 1)| = 79| B4(0, 1) (3.5.1)

for any p € G and any r > 0.

A first consequence of Proposition 3.5.1 is that, in view of (3.5.1), the metric measure space
(G, d, L™) is Ahlfors-regular in the sense of [262, Definition 2.25] (cf. [17] for further insights
about Ahlfors-regularity). Since Part V and Part VI are devoted to the study of hypersurfaces
in Carnot groups, beside £" and the anisotropic perimeter measure in Definition 1.4.4, we
introduce suitable surface measures according to the general theory of Hausdorff measures
in metric measure spaces. More precisely, if an invariant distance d is fixed and s € [0,n],
the standard Carathéodory’s construction (cf. [131]) allows to introduce, respectively, the s-
dimensional Hausdorff measure H;, and the s-dimensional spherical Hausdorff measure S;. For
a precise definition, we refer to [262, Section 2.3]. As a general fact, H5 and S are Carathéodory
outer measures. In addition, as for £", they are-left invariant and s-homogeneous with respect
to intrinsic dilations. Moreover, they are equivalent one to the other, and this property is
not affected by choosing in the definition any other invariant distance. Therefore, the general
notion of Hausdorff dimension of the metric space (G, d) is independent on the chosen invariant
distance. As already mentioned, the latter differs from the topological dimension of (G,d).
Indeed, from [262, Theorem 2.30], we infer that the Hausdorff dimension of (G, d) coincides
with its homogeneous dimension ). It is clear from Definition 3.2.4 that, in general n < @),
and that equality holds if and only if G, -) is the Abelian Euclidean group (R™,+).

3.6 Rectifiability

In a general metric setting, Hausdorff measure are strictly related to the notion of rectifiability.
This notion, which is now part of the current vocabulary of a large community, has been
thoroughly discussed in the Euclidean setting in [131], and has been systematically studied in a
general metric space in [13], to which we refer to for the relevant definitions. However, as already
pointed out in [13], the standard metric rectifiablility is not well-suited for Carnot groups, since,
for instance, the first Heisenberg group H! (cf. Example 3.2.8) does not contain non-trivial
s-rectifiable sets when s = 2,3 or 4 (cf. [13] for more precise statements and definitions).
Accordingly, motivated by the study of sets of finite horizontal perimeter in Heisenberg groups
(cf. [140]) and in general step-2 Carnot groups (cf. [141]), the authors of these papers introduced
a suitable notion of intrinsic (Q-1)-rectifiability, which, morally speaking, is tailored to deal with
good hypersurfaces in Carnot groups. To state precisely what we mean by good hypersurface,
we provide the following definition (cf. [262, Definition 4.20]).
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Definition 3.6.1 (G-regular hypersurfaces). We say that S C G is a G-regular hypersurface
if, for any p € S, there exists an open neighborhood U of p and a function f € CL(U) such that

SNU={¢qeG : f(q) =0} and VEf+£0onU.

Here, by Cf and V® we mean respectively the space C% and the X-gradient X, where
X = (Xy,...,Xp) is a chosen basis of the first layer g;. A good motivating feature of G-
regular hypersurfaces is that they are the right hypersurfaces to ensure the validity of suitable
intrinsic implicit function theorems (cf. [142] and [262, Theorem 4.24]). Moreover, as stated
in [262, Proposition 4.21], G-regular hypersurfaces admits, at every point, a unique intrinsic
tangent hyperplane. Intrinsic tangent hyperplanes are a special class of Euclidean hyperplanes
which arise as blow up of G-regular hypersurfaces S via intrinsic dilations, and can be described

with the following crucial definition.

Definition 3.6.2 (Vertical hyperplanes). Let (G,-) be a Carnot group, and let Xy, ..., X, be
an adapted basis of g, with associated exponential coordinates x1,...,x,. A hyperplane S C G

is vertical whether there exists a = (ay,...,a,) € R™, with a # 0, and ¢ € R such that

S:{(xl,...,xn)G(G : Zajxj:c}.

=1

Let S be a vertical hyperplane, and let a be as in Definition 3.6.2. Letting f(z) = X7, a;z;,
it is clear that S is itself a G-regular hypersurface, since S = {f = 0} and V¢ f = a. Moreover,
a simple computation shows that the horizontal unit normal v® associated with the half-space

delimited by S satisfies
G

a
lal”

whence vertical hyperplanes are hypersurfaces with constant horizontal normal. We point out

that, as discussed thoroughly in the forthcoming Part V, the converse implication may fail in
general. Once Definition 3.6.1 is available, we basically expect that a big portion of an intrinsic
(@ — 1)-rectifiable set coincides with G-regular hypersurfaces. The accurate definition reads as
follows (cf. [262, Definition 4.101}).

Definition 3.6.3 (Intrinsic rectifiability). A set E C G is intrinsically (¢ — 1)-rectifiable if

there exists a sequence (S;); of G-reqular hypersurfaces such that
HS I ENUS; | =0,
j=1
being d an arbitrary invariant distance on G.

As already pointed out, Definition 3.6.3 plays a crucial role in the study of structural
properties of sets of finite horizontal perimeter in Carnot groups. To motivate this assertion,

let us give some further definitions. In the following, we denote by Py the horizontal perimeter
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as in Definition 1.4.4 induced by the family X = (Xi,...,X,,), and by v® the associated

horizontal normal as in Definition 1.4.5.

Definition 3.6.4. Let d be an invariant distance. Let E be a set of locally finite horizontal
perimeter. A point p € G belongs to the G-reduced boundary O3 E of E if

Ps(E, By(p,7)) >0

for any r > 0, the limit
lim v dPs(E, )

r—0+ Bd (pﬂ'r)

exists and its FEuclidean norm is equal to 1.

As happens for its Euclidean counterpart in view of the celebrated De Giorgi’s structure
and blow up theorems (cf. [111, 112]), the G-reduced boundary of a G-Caccioppoli set in a
Carnot group of step 2 is intrinsically (@) — 1)-rectifiable and supports the G-perimeter measure.
We refer to [140, 141, 262] and references therein for accurate statements. Moreover, we refer
to [9, 204, 262] for further connections between the G-perimeter measure and the (Q — 1)-
dimensional Hausdorff measures, some of which are discussed in Part V. Finally, we refer to

[209] for an extension of the previous results beyond the step 2 setting.

3.7 Carnot-Carathéodory distances on domains

When X = (Xi,...X,,) is a basis of the first layer g;, it is natural to consider the Carnot-
Carathéodory distance dg. On the other hand, if 2 C G is a given domain, in order to endow

Q) with a metric structure we may either restrict dg to 2 or consider directly dg. It is clear that
dg < dg,

since basically G contains more horizontal curves than 2. However, these two distances may
not be equivalent in general. To see this, it is sufficient to consider a horseshoe-shaped domain

whose ends touch tangentially. Nevertheless, the following local result still holds (cf. [126]).

Proposition 3.7.1. Let G be a Carnot group, and let Q2 C G be open and connected. Then dg

and dg are locally equivalent on €2.
To prove Proposition 3.7.1, we need the following result.

Lemma 3.7.2. Let G be a Carnot group, and let Q2 C G be open and connected. Then, for any
xo € 1, there exists r > 0 such that, for any x,y € By, (zo,7), any optimal curve for dg(x,y)

lies in €.

Proof. Assume by contradiction that there exists xo €  and sequences (), (Yn)n, (Yn)n such

that dg(zo, z4), dg(z0,yn) < 3, 7 : [0,Th] — G is sub-unit and is optimal for dg (2, ys), and
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there exists 0 < ¢, < T}, such that z;, := v,(t5) € 02. Up to a subsequence, there exists R > 0
such that (Z)Z'h)h, (yh)h - BdG(ZEQ, R) € Q. Set

D = inf{dg(z,w) : 2 € 00, w € 0By, (x, R)}.
Since By, (o, R) € €, then D > 0. On one hand
dg(zn, yn) < dg (o, ) + dg (w0, yn) = 0
as h — 0o. On the other hand, in view of the choice of ~p,,
dg(xn, yn) = dg(zn, 2) + de(yn, zn) = 2D > 0.

A contradiction then follows. O

Proof of Proposition 3.7.1. Assume that G nhas step k. In view of the previous considerations,
we are left to show that for any domain Q € € there exists Kg > 0 such that dg > Kgdg.
Assume by contradiction that there exists a domain Q € Q and two sequences (1), (yn)n C Q

such that

1
de(zn, yn) < Edﬁ(‘rm Yn)

for any h € N. Let D be the Euclidean diameter of Q. Since Q is bounded, then D < oc.
Thanks to Theorem 2.2.6, we have that

1
dg(zh, yn) < da(xn, yn) <

C~
h sup do(z,y) < 79 sup |z — y|F <

z,yeQ z,yeQ h

> =

This implies that dg(xp, yn) — 0. Therefore, up to a subsequence, we can assume that =, y, —
xo for some zy € . Choose r as in Lemma 3.7.2, and assume up to a subsequence that
(@n)n, (Yn)n C Bag(x, 7). Then Lemma 3.7.2 implies that

de(zn, yn) = da(Th, yn),

a contradiction. ]
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Part 11

Some differentiability results in

Carnot-Carathéodory spaces
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Chapter 4

Subgradients

4.1 Definition and first properties

We refer the reader to [243, 78] as main references for the definitions and the results of this
chapter. In this chapter we study the so-called (X, N)-subgradient of a function u € W;(?EC(Q),
introduced in [243] as a generalization of the classical Clarke’s subdifferential (cf. [92]). Let us

fix a little notation. If £ C R", we set ¢oE to be the closure of
coE :=(J{C : C is convex and E C C}.

It is easy to see that coE' is convex and that coF is closed and convex. Moreover we set
A, = {(Al,...,An) :ogAngZAj:l}. (4.1.1)
j=1

Definition 4.1.1. Let X be a family of locally Lipschtiz continuous vector fields. Let u €
W}(‘fgc(Q) We define the (X, N)-subgradient of u by

Ox nyu(x) == co{ lim Xu(y,) @ yn — ¢, yn € N and lim Xu(yn) e:m'sts}

n—oo

for any x € Q, where N C () is any Lebesgue-negligible set containing the non-Lebesque points
of Xu.

As we said, this notion generalizes Clarke’s subdifferential. The latter, for a fixed u €

WL>(Q) and z € Q, is defined by
co{nh_}rgo Du(y,) : Yn — 2, yo ¢ N and lim Du(y,) exists}

where N C () is any Lebesgue-negligible set containing the non-differentiability points of Du.
Notice that, in view of Rademacher’s theorem, the above definition is well posed. Let us fix
u € W'llocoo(Q) Then Morrey’s inequality implies that any Lebesgue point of Du is a point
of differentiability of u (cf. [193, Corollary 11.36]). Therefore, when X = (0y,...,0,), Ox.nu
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coincides with Clarke’s subdifferential. We begin by proving some properties of the (X, N)-

subgradient with the help of the two following lemmas, for whose proof we refer to Section 4.5.

Lemma 4.1.2. Let

n—oo

and, for any k > 1, let
Ay ={Xu(y) : y € Bi(z) \ N}

Then it follows that
A, CS.

D)

k=1

Lemma 4.1.3. Let (Ag)r be a decreasing sequence of non-empty bounded subsets of R™, and

let S be a non-empty, bounded subset of R™. Assume that

A, C8S.

DX

k=1

Then it follows that

co(Ag) Cco(9).

DX

k

Proposition 4.1.4. Let uw and N be as above. Then the following facts hold.

1

(i) Ox.nu(zx) is a non-empty, convex, closed and bounded subset of R™ for any x € §);

(13) for any x € 2

Ox nu(z) = kﬁ co{Xu(y) : y € Byip(x) \ N};
(ii1) if u € C%(Q), then
Ox nu(z) = {Xu(z)}

for any x € ).

Proof. We start by proving (i). We fix # € U and show that Ox yu(z) # 0. Let r > 0 be
small enough to have B,(z) € U. Then u € Wy™(B,(x)). So we set L := || Xul| (5, (). Let
(rn)n C (0,7) with 7, \, 0. Then, for any n € N, take y,, € B, (x) \ N. Then clearly y,, tends

to x. Moreover, being y, a Lebesgue point of Xu, it follows that

| Xu(y,)| = | lim ][ Xu(z)dz
BS(yn)

s—0t

< lim | Xu(z)|dz < L,
s—0t Bs(yn)

and so (Xu(yy,)), is bounded in R™. Therefore, up to a subsequence, we can assume that its
limit exists, that is Ox yu(z) is non-empty. From the above proof it is easy to see that dx yu(z)

is bounded, while convexity and closure follows directly from its definition. Let us prove (i).
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We fix x € Q and start by proving the left-to-right inclusion. As the right set is convex and

closed, it is sufficient to show that any z of the form

z = lim Xu(y,),

n—oo

with ¢, — x and y, ¢ N, belongs to
ol Xuly) : y € Buysle)\ N}

for any £ € N\ {0}. As y, tends to x we get that y,, € Byx(x)\ N for n sufficiently large. There-
fore, as the conclusion follows for each X (y,,) and the right set is closed, we have proved the de-
sired inclusion. The proof of the converse inclusion follows from Lemma 4.1.2 and Lemma 4.1.3.
Now we prove (7ii). Let 2 € Q and let (y,,), C Q\ N converges to . Then from the continuity of
Xu it follows that lim,, oo Xu(y,) = Xu(z). Since {Xu(z)} is convex and closed, this implies
that Ox yu(z) € {Xu(x)}. Conversely, being N null, there exists a sequence (y,), € Q\ N

which converges to x. Again thanks to the continuity of Xu, the converse inclusion follows. [J

Proposition 4.1.5. Let u,v € W;?ZC(Q) and let N be a negligible set which contains the
non-Lebesque points of Xu and Xv. Then

Ox n(u—v)(z) C Ix yu(z) — Ox nv(T)

for any x € ().

Proof. Fix x € Q. Since 0x yu(x) — Ox yv(z) is convex and closed, it suffices to show that the

set

n—oo

{lim Xu—=0)Yn) : Yn &€ N, yp — x}

is contained in dx yu(x) — dx yv(z). Therefore let (y,,), C R™\ N be such that y, — =. Since
u,v € W}(?EC(Q) we can assume that, up to a subsequence, both the limits of (Xu(y,)), and
(Xv(yn))n exist. Therefore it follows that

lim X(u—)(y,) = lim (Xu(y,) — Xv(y,)) = lim Xu(y,) — lim Xo(y,).

n—oo n—oo n—o0 n—oo

Since the right hand side belongs to Ox yu(z) — 0x yv(z), the thesis follows. O

4.2 Derivation along horizontal curves

When the distribution X generates a continuous Carnot-Carathéodory space, the (X, N)-
subgradient proves to be the right tool, in analogy with the Euclidean setting, to deal with

differentiability of horizontal Lipschitz functions along horizontal curves.

Proposition 4.2.1. Assume that € is a continuous Carnot-Carathéodory space. Assume that
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1 <p<Hoo, letue W)l(?jc(ﬁ) and let v € AC([—5, B],2) be a horizontal curve with

Then the curve t — u(~y(t)) belongs to WH>(—3, 3), and there exists a function g € L>((—4, 3),R™)

such that
du(v(t))

T (1) - )

for a.e. t € (—=5,3). Moreover
g(t) € dx nu(v(t))

for a.e. t € (=0,0).

Proof. Let (05)s be a sequence of spherically symmetric mollifiers, and let N be any null set
which contains all the non-Lebesgue points of Xwu. If § is sufficiently small and we define u;
and (Xu)s to be the standard convolutions, we have that these functions are smooth on a
bounded open set, say V, such that V' € 2 and V contains the support of . Moreover, since
X induces a continuous Carnot-Carathéodory space, from [278] we know that there exists a
non-negative and non-decreasing function w(d) (depending on the chosen function u) defined
in a right neighborhood of 0, such that

e =0
and moreover
| X (us)(z) — (Xu)s(2)] < w(d) (4.2.1)

for any x € V. As u; is C'! and 7 is absolutely continuous, from standard calculus we have that

us(1(8)) = us(20)) = [ Dls)(3(s)) - 4(5) ds

— [ Dlus)() - CH)T - Als) ds (+22)

= [ X(ws)2(5)) - Als) s

Let us consider now the sequence of functions X(ui/,)(7(-)). It is easy to see that it is
bounded in L*((—p,3),R™). Therefore (up to a subsequence) there exists a function g €
L>((—=p,B),R™) such that

X(um)(v()) =" 9()  in L¥((=5,5),R™) (4.2.3)

as n goes to infinity, and so in particular

X(un)((-)) = g()  in L*((=B,8),R™) (4.2.4)

as n goes to infinity. Since u is continuous, then wus converges uniformly to w on V' (cf. [61]).
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Therefore, passing to the limit in (4.2.2), noticing in particular that A € L'((—8, 3), R™) and
exploiting (4.2.3), we obtain that

u(y (1)) — ulr(0) = [ g(s) - A(s)ds

We are left to show that g(t) € dx yu(y(t)) for a.e. t € (=0, 3). Let us notice that, since for
any x € V' we have that

(Xu)s(a) = [, osly =) Xuy)dy

it follows that
(Xu)s(z) € co{ Xu(y) : y € Bs(x) \ N} (4.2.5)

for any # € V. Thanks to (4.2.4) and Mazur’s Lemma (cf. e.g. [61, Corollary 3.9]), for each m €
N there are convex combinations of X (uy/,)(7(+)) converging strongly to g in L*((—4, 8), R™),
that is

Um () = i X (U1/n)(7()) — () in L*((=B, 8),R™),

n=M,
with M,, < N,, and lim,,, ,, M,, = +00. Moreover (again up to a subsequence) we can assume

that the above convergence holds pointwise for a.e. t € (—f, 3). Let us define now

N’nL

)= 3 (X0
Then, (4.2.1) implies that
om(t) — 9] < N% o X 1) (1(8)) = (X)) + [ (8) — 9(0)
< N% om0 (1/) + [0 (6) — (1)

< % (1) M) + [ () = g(8)]

= w(1/My) + |[vm(t) — g(t)],

which implies that z,, converges to g pointwise for a.e. t € (—f, #) as m — oo. Moreover, from
(4.2.5) and the definition of z,, it follows easily that

2m(t) € co{Xu(y) : y € Biym,, (v(1)) \ N} Ceof{Xu(y) : y € Buu(v(£)) \ N}

for any t € (—f, ) and for any k < M,,. Therefore, thanks to the pointwise convergence as

m — 00, we get that

o(t) € () Xu(3) : v € Buala(t) \ N
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for a.e. t € (—f, ). Finally, from Proposition 4.1.4, the thesis follows. 0
As a corollary of the previous proposition we have the following result.

Proposition 4.2.2. Assume that Q) is a continuous Carnot-Carathéodory space. Letu € C% ()
and let v € CY([—8, B],) be a horizontal curve with

and A € C([-3, 8], R™). Then the curve t — u(y(t)) belongs to C'(—4, ) and

du(y(t))

o = Xu(y(t) - AF)

for any t € (—p,05).

4.3 Some consequences of Proposition 4.2.1

Let us list a bunch of simple consequences of Proposition 4.2.1 and Proposition 4.2.2. We begin

with the following expected property, whose proof in the smooth case goes back to [177].

Corollary 4.3.1. Assume that (2,dq) is a continuous Carnot-Carathéodory space, and let
u € W;(CZZC(Q) If Xu =0 on §Q, then u is constant on 2.

Proof. Let z,y € Q and let v : [0,7] — Q be a sub-unit curve connecting = and y. This in

particular implies that

with A € L*((0,7),R™). Therefore, thanks to Proposition 4.2.1 we know that the curve
t — u(y(t)) belongs to W1>(0,T), and there exists a function g € L>((0,T),R™) such that

for a.e. t € (0,7T), and moreover
g(t) € Ox,nu(v(1))

for a.e. t € (0,7, where N is the set of non-Lebesgue points of Xwu. It is easy to notice that,
since Xu = 0, then dx yu(x) = {0} for any = € Q. Therefore we conclude that

]

Another interesting consequence of Proposition 4.2.2 consists in the first and second-order

behaviour of functions of class C% at local extremal points.
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Proposition 4.3.2. Let (2,dq) be a continuous Carnot-Carathéodory space. Let u € C% ().

Let g be a local mazimum (minimum) point of u. Then Xu(zo) =0 and X?*u(zy) < (>) 0.

Proof. We assume that zy is a local maximum, being the other case analogous. Let v be a
horizontal curve defined in a neighborhood of 0, such that v(0) = zg and 4(t) = C(y(t))T - A(t).
Fixi=1,...,m and choose A(t) = e; where e; denotes the i—th element in the canonical basis
of R™. Let g(t) := u(y(t)). Then g is of class C? in a neighborhood of 0, whence ¢'(0) = 0 and
¢"(0) < 0. Thanks to Proposition 4.2.2, we know that

g'(t) = Xu(y(t)) - A?).

Hence, thanks to the choice of A, we conclude that X;u(zy) = 0, and so Xu(zg) = 0. To
conclude, let us fix £ € R™ and let A(t) = £. Then, arguing as above,

g'(t) = Xu(y(t)) - €,

which implies that
Q/I(t) = Z XinU(’Y(t))fzfj~

ij=1

Evaluating the previous identity in ¢ = 0 allows to conclude that X?u(xq) < 0. O]

If we restrict our attention to the first-order behavior near extremal points, the (X, N)-

subdifferential provides a weak form of Fermat theorem even for functions in W;(?EC(Q)

Proposition 4.3.3. Assume that (2, dq) is a continuous Carnot-Carathéodory space. Let u €
W)l(}fc(Q) and assume that xo € 1 is either a point of local minimum or a point of local

mazimum for u. Then 0 € Ox yu(xy).

Proof. We prove the statement assuming that xy is a minimum point, since the argument for
the other case is analogous. Assume by contradiction that 0 ¢ Ox yu(xg). Since Ox yu(zo) is
convex and compact, then by Hahn-Banach theorem (cf. [61]) there exists a € R™ and «a > 0
such that

max (p,a) < —a. (4.3.1)

pEdx, Nu(zo)

Now we claim that there exists » > 0 such that
(p,a) < —« (4.3.2)

for any p € dx yu(y) and for any y € B,.(x). To prove this fact we first show that there exists
r > 0 such that
<XU(y>, (Z> < o

for any y € B,.(zo) \ N. If it is not the case, then there is a sequence (y,), € R™\ N such that
Yn — To and
(Xu(yn),a) > —a. (4.3.3)
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Moreover, since u € W;(?SC(Q) we can assume that up to a subsequence
3 lim. Xu(yn) =: p,

and by construction we have that p € Ox yu(xg). Therefore, recalling (4.3.1) and (4.3.3), we
conclude that

—a < lim (Xu(yn), a) = (p,a) < —a,

which is a contradiction. Let us now define
A={peR" : (pa) < —a},

and, for any y € B, (), the set

S, = {JH{}OXU(Z/H) L Yn =Yy Yn ¢N}

so that Jx yu(y) = ¢o(S,). Since A is convex and closed, our claim is proved if we show that
Sy C A. Let us take a sequence (y, ), converging to y and such that vy, ¢ N and the sequence
Xu(yy) has a limit. Then up to a subsequence we have that (y,), C B,(x¢) \ IV, and so thanks

to the previous claim we conclude that
Jim (Xu(ya),0) < —a.

Hence S, C A, and so (4.3.2) is proved. Let now 7 : [0,1] — Q be a solution to
(4.3.4)

Then by construction v is a horizontal curve. Moreover, if we define z,, := ’y(%), it follows that
T, — X, and so up to a subsequence we can assume that (x,), C v([0,0]) C B,(zo) for some
0 > 0 small enough. Therefore, thanks to these facts, Proposition 4.2.1 and (4.3.2), there exists
g € L>(0,1) such that g(t) € Ox nyu(y(t)) for a.e. t € (0,1) and

1 1

ulen) = u(wo) = u (7 () = utr(®) = ["{g(t)apdt < =% <.

n n

Therefore we conclude that u(xg) > u(zx,) for any n € N, which is a contradiction with the fact

that zg is a point of local minimum. O

4.4 Subgradient and sublevel sets

We conclude this chapter with another feature of the (X, N)-subgradient which will be useful

in the sequel.

71



Proposition 4.4.1. Let f € C(Q2 x R x R™). Let K € R be such that
{£eR™ : f(z,u,&) < K} is convex (4.4.1)
for any x € Q and any u € R. Let u € W;(TSC(Q) and let Q C Q be an open set such that
flz,u(z), Xu(r)) < K (4.4.2)

for a.e. x € Q. Let N be a Lebesgue-null subset of Q containing all the points where (4.4.2)
fails and all the non-Lebesque points of Xu. Then it follows that

flz,u(z),w) < K

for any x € Q and for any w € Ox nu(z).

Proof. Let x € Q be fixed and let w € Ox nu(z). Then there exists a sequence

(wp)n C co {nh_g)lo Xu(yn) @ Yn = 2, yo ¢ N and 3 lim Xu(yn)}

converging to w in R™. If we are able to prove the claim for each wy,, the thesis follows from
the continuity of f in the third argument. Fix then h. Thanks to Carathéodory Theorem (cf.
[100, Theorem 1.2]) there are (A},...,A\' ;) € A,yq and wi, ..., w! | such that

h ~ : :
wj C { lim Xu(yn) : yn — 2, yo ¢ N and Elnh_)rgoXu(yn)}

n—oo

forany j=1,...,n+ 1 and

Again, if we are able to show the claim for each w}, we are done because of (4.4.1). Let us fix
j and take a sequence (y)s C V' \ N converging to x and such that w;-’ = limg oo X (ys). As
the the map (z,n) — f(x,u(x),n) is continuous, and thanks again to the global continuity of

f, we conclude that

f(xvu(x)7w§b) - Slggo f(x7u<‘r>7Xu(ys>> - 513?0 f(y87u(ys>>Xu(ys)) < K.

4.5 Proof of Lemma 4.1.2 and Lemma 4.1.3

Proof of Lemma 4.1.2. Let z € A, for any k > 1. Then for any k > 1 there exists a sequence

(h

(2F)% C (2F)% which converges to z as k goes to infinity and such that 2* € A;, for any k > 1.
Since 2" € Ay, then there exists y* € By(x) \ N such that Xu(y*) = 2*. It follows that y*

)n C Ay converging to z as h goes to infinity. Therefore we can select a subsequence
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converges to x as k goes to infinity, y* ¢ N and

1 k_ 15 k
#= e = i Xl

We conclude that z € S. O

Proof of Lemma 4.1.3. Let z € co(Ay) for any k > 1. Then for any k& > 1 there exists a
sequence (zF), C co(Ay) converging to z as h goes to infinity. As in the previous proof, let
(%)% C (2F)F be a sequence which converges to z as k goes to infinity and such that 2% € co(Ay)
for any k > 1. Therefore, for each k > 1, there exist (A\f...,AF ;) € Appq, where A,y is as

in (4.1.1), and yf,...,y¥_, belonging to A such that
m+1

=3 )\fyf
j=1

Up to subsequences, we assume that

)\f — A as k — oo
and

yf — Yj as k — oo

for any j = 1,...,m + 1. It is easy to see that (A1,..., A\pt1) € Apy1 and that y; belongs to
Ay, for any k > 1. Therefore, thanks to our hypotheses, we have that y;? e S. If we set

m—41

T = Z AjYjs
j=1

then = € co(S). Moreover, it holds that
m+1 m+1 L m .
T2 = 2 fim = i ) A= i =

j=1 j=1

which implies that z € co(S5). O

73



Chapter 5

Differentiability in

Carnot-Carathéodory spaces

5.1 Definition and motivations

We refer to [78] as main reference for this chapter. In this chapter we introduce a notion of
differentiability for C% functions which is a generalization of the ones introduced in [237, 225]
to prove a Rademacher-type theorem for Lipschitz functions on suitable families of Carnot-
Carathéodory spaces. We refer to [210] for similar results in related settings. The main result
of the section is Theorem 5.3.1, which yields the differentiability and an explicit form for the
differential of C'% functions. The first celebrated attempt to extend the classical notion of
differentiability beyond the Euclidean setting is due to Pansu (cf. [237]), with the introduction
of the so-called Pansu differential for functions acting between Carnot groups. For the sake of

completeness, let us recall some basic definitions regarding differentiability in Carnot groups.

Definition 5.1.1 (Homogeneous homomorphisms). A map L : G — R is called a homoge-

neous homomorphism if
L(z-y)=L(x)+ L(y) and L(5x(x)) = AL(z) for everyxz,y € G and X >0.

According to the above definition, Pansu’s differentiability reads as follows.

Definition 5.1.2 (Pansu differential). Let G be a Carnot group. Let Q@ C G be an open
subset. A map f : Q — R is Pansu differentiable at x € € if there exists a homogeneous
homomorphism L : G — R such that

i S W) — f@) — L(z7'-y)

y—w de(y, ) -

The map L = Dgf(x): G — R is called Pansu differential of f at x.

Accordingly, the following anisotropic version of Rademacher’s theorem holds.
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Theorem 5.1.3 (Pansu-Rademacher). Let 2 C G be an open set. Let u € W)l(:oo (Q). Then u

loc

is Pansu-differentiable at almost every xqy € €2, that is

o 10) = () — (Xu(ao). w(ag" - )

=0
T—T0 dﬂ(x(), m)

for almost every xy € ), where

T(Yy) = W15 Ym)

for anyy € G.
In our general setting, we extend Definition 5.1.2 in the following way.

Definition 5.1.4 (X-differentiability). Let (£2,dq) be a Carnot-Carathéodory space. We say
that a function uw € C () is X-differentiable at x € Q if there exists a linear mapping L, :

R™ — R such that
i ) —ul@) — Loy — )

=0.
do(z,y)—0 dao(z,y)

In such a case we say that dxu(x) := L, is a X-differential of u at x.

In order to guarantee the existence of a X-differential for a C3% function, we assume that
(€, dq) is a continuous Carnot-Carathéodory space. In addition, we require the following addi-

tional condition on X.
Xi(x),..., X, (z) are linearly independent for any z € . (LIC)

The previous conditions embraces many relevant families of vector fields, such as for instance

Carnot Groups and the class of Carnot-type groups considered in [219] for the same purposes.

5.2 Some technical results

The additional hypothesis (LIC) implies that the matrix C(z)? admits a left-inverse matrix for
any = € ().

Proposition 5.2.1. Assume that X satisfies (LIC). Then, if we define C by
C(z) == (C(a) - C(x)") ™" - C(x)

for any x € Q, then C is well defined and continuous on 2. Moreover it holds that

for any x € Q. Here I, denotes the m x m identity matriz.

Proof. Let us define B(x) := C(x) - C(z) for any z € 2. Thanks to (LIC) we know that C(x)

and C(z)” have maximum rank, and so by standard linear algebra we know that B(zx) is a
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square matrix with maximum rank. Thus B(z) is invertible and C(z) is well defined. Moreover

it holds that _
_ Adj(B)(z) - C()

C@) = =4k B@)
being Adj(B)(z) the adjugate matrix of (B)(z) (cf. [272]), and so it is continuous on 2. Finally,
a trivial calculation shows that C is a left-inverse of C”. [l

Lemma 5.2.2. Assume that (2,dq) is a continuous Carnot-Carathéodory space. Let x,y € €
and € > 0. Assume that v € AC([0,T1],9) is a sub-unit curve such that v(0) = x, v(T) = y
and T < dg(z,y) + . Then it holds that

([0, T]) € Bag (2, da(z,y) + €). (5.2.1)

Proof. Let x,y,v and e as above. Assume by contradiction that there exists ¢ € (0,7") such
that do(z,v(t)) > do(z,y) + €. Then it follows that

which is a contradiction. O

Proposition 5.2.3. Assume that (2, dq) is a continuous Carnot-Carathéodory space. Let g €
C%(Q) and let x € Q. Then

limn sup l9(y) — g(x)|

< | Xg(x)|.
y—z do(z,y) [Xo(x)

Proof. Let z and ¢ be as in the statement. Let Q € Q be an open and connected neighborhood
of z, and let g = Cgl be as in Proposition 2.1.5. Let R > 0 be such that By, (z,2R) C Q.
Choose now y € By, (z, R) and 0 < £ < R. Then, thanks to Proposition 2.1.5, it follows that

Bdﬂ (ZL’, dQ(x7 y) + 5) - B,Bdg(x,y)+ﬁe<x>‘ (522)

Moreover, if we let M be the family of all sub-unit curves v : [0,7] — 2 connecting x and y
and such that T' < do(z,y) + ¢, then it is clear that

do(z,y) =inf{T : v:[0,T] — Q, vy € M}.

Fix now a curve 7 : [0,7] — Q, v € M with horizontal derivative A. Then, thanks to (5.2.2),
[243, Proposition 2.6] and Lemma 5.2.2) it follows that

900) (001 = | [ (X010 A < T Xl 5.2

Bpdg (z.y)+52 (%))
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Therefore, passing to the infimum over M, it follows that

l9(y) — g(x))

< 11Xl oo

Bpdgy (z.y)+52(%))°

The conclusion follows letting ¢ — 07 and y — z, together with the continuity of Xg. [

5.3 The differentiability theorem

Now we state our main differentiability result.

Theorem 5.3.1. Assume that (Q2,dq) is a continuous Carnot-Carathéodory space and that X
satisfies (LIC). Let u € C%(Q) and x € Q. Then u is X -differentiable at x and

dxu(z)(z) = (Xu(z) - C(), 2),

where C is as in Proposition 5.2.1 and z € R™.

Proof. Let x € Q be fixed. Define g : Q@ — R as ¢(y) := u(y) — h(y), where
h(y) = (Xu(z) - C(x),y — ).
Then clearly g € C%(€2). Moreover, by explicit computations, we get that

Xg(y) = Xu(y) — X(Xu(z) - C(z),y — z))
= Xu(y) — D({Xu(x) - C
)

= Xu(y) — Xu(z) - C(x) - C(y)",
which in particular implies that
Xg(x) =0.
The conclusion then follows by invoking Proposition 5.2.3. O

Remark 5.3.2. It is clear from the proof of Theorem 5.3.1 that the X-differential is non-unique

in general. Indeed, Theorem 5.3.1 remains true if we let
dxu(x)(z) = (Xu(z) - D(x), 2),

where D(z) is any left-inverse matrix of C*(z). Since for a non-squared matrix the left-inverse
matrix is non-unique in general, the non-uniqueness of the X-differential follows. As an in-
stance, consider the first Heisenberg group H! (cf. Example 3.2.8). It is easy to see that the

matrices

é( ) 1 1+22 a2y Y D 1 00
x’ = ———— s =
V2152508 | oy 1492 -2 010
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are both left-inverse matrices of

1 0
Clz,y)' =10 1
y —x

Nevertheless, if in a Carnot group we require in addition that the X-differential is a homoge-
neous homomorphism as in Definition 5.1.1, then it is unique and it coincides with the classical
Pansu differential (cf. [237, 262]). Finally, we point out that when n = m and X; (), ..., X, (z)

are linearly independent for any z, i.e. the Riemannian case, then the X-differential is unique
since C(z) = (C(z)")~".
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Part 111

Local functionals depending on vector
fields
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Chapter 6

Introduction and preliminaries

6.1 Introduction and motivations

Starting from the seminal works by E. De Giorgi and T. Franzoni ([114, 115]), the study of
['-convergence has pervaded the evolution of modern mathematical analysis, and has developed
in several different directions, exhibiting important applications to many branches of calculus
of variations, such as homogenization, minimal surfaces and partial differential equations. For
an exhaustive introduction to this topic, we refer to the monographs [105, 59, 60].

Since the late 1970s, G. Buttazzo and G. Dal Maso has investigated I'-convergence in the
framework of Lebesgue spaces, Sobolev spaces and BV spaces (cf. e.g. [66, 68, 104]). A key
tool in the study of I'-convergence properties in these framework consists in the so-called integral
representation of local functionals. By integral representation we mean finding conditions under

which an arbitrary functional F'(u, A), being u a function and A a set, can be expressed as

F(u, A) = /A F(a, u(z), Du(z)) dz

for a suitable Lagrangian f. Again, in the Euclidean setting this problem is very well under-
stood, and we refer the interested reader to the papers [6, 65, 66, 68, 67] for a complete overview
of the subject. More recently, in the seminal papers [138, 150], the authors started the study
of variational functionals driven by a family of Lipschitz vector fields X, while developing the
functional framework introduced in Chapter 1. Since [138, 150], the possibility to extend the
classical results of the calculus of variations to the setting of variational functionals driven by
vector fields has been the object of study of many papers. For instance, many homogeniza-
tion problems have been considered in the Heisenberg group (cf. [118, 50, 145]). The authors
of [205, 206] investigated integral representation and I'—convergence properties of functionals
F(u, A) modelled by suitable families of Lipschitz continuous vector fields X = (Xi,...,X,),

basically assuming that

Xi(z),..., X, (x) are linearly independent for a.e. x € ) (6.1.1)
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and
F(u+ ¢, A) = F(u, A) for any function u, any set A and any constant c. (6.1.2)

According to [205], we call a functional translation-invariant whether it satisfies (6.1.2), while
we say that X satisfies the linear independence condition if it satisfies (6.1.1). Let us be more

precise about this last feature.

Definition 6.1.1 (Linear independence condition). We say that X satisfies the linear indepen-

dence condition on €2 if the set
Nx ={x € Q: Xq(x),...,X,n(z) are linearly dependent} (a.e. LIC)

is such that |Nx| = 0. In this case we set Qx = Q\ Nx.

Let us point out that (a.e. LIC), which is the weaker almost everywhere counterpart of the
aforementioned (LIC), embraces many relevant families of vector fields studied in literature
(cf. [206] for some instances). In particular neither the Hérmander condition nor the weaker
assumption that X induces a Carnot-Carathéodory metric in € are requested. Although (LIC)
and (a.e. LIC) are clearly very similar and may appear as the same notion at a first glance,

there are many relevant settings in which (a.e. LIC) is satisfied and (LIC) fails.

Example 6.1.2 (The Grushin plane). The Grushin plane (cf. [167, 137]) is R2 together
with the family X = (X;, X3) of smooth Lipschitz continuous vector fields

0 0
Xl(lEl,ZEQ) = 871‘1 and XQ(ZL‘l,ZEQ) = xlaigjz
for any (z1,x2) € R?. Notice that
0
X1, X =
[ 1, 2] 81’2

everywhere in R?, whence X is bracket-generating in R2. Moreover, it is clear that X satisfies
(a.e. LIC), but clearly it does not satisfy (LIC).

In [205, Theorem 3.12], the authors found conditions under which F' can be represented as

Flu, A) = /A flz, Xu(z)) de (6.1.3)

for any A C Q open and u € LP(2) such that u|4 € W)lgfoc(A), and for a suitable f : Q x R™ —
[0,00). Moreover, they applied this characterization to prove a I'-compactness theorem for
integral functionals of the form (6.1.3), when 1 < p < oo. We refer to [207] for similar results
under stronger conditions on the family X. The aim of Part III is to generalize the above-
mentioned results in order to avoid both (6.1.2) and (a.e. LIC). More precisely, in Chapter 7 we
extend the integral representation result of [205] avoiding (6.1.2) but still assuming (a.c. LIC).

Again assuming (a.e. LIC), in Chapter 8 we deal with I' compactness properties of integral
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functionals for which (6.1.2) fails. Finally, in Chapter 9, we show how to avoid (a.e. LIC).
Before enter into further details, it is convenient to recall some relevant preliminaries, for which

we mainly refer to [105].

6.2 Local functionals

Throughout Part ITI, Unless otherwise specified, we let 1 < p < oo, and we denote by {2 an
open and bounded subset of R". We set Ay to be the subfamily of A of all the open subsets
A of € such that A € Q and by By the subfamily of B of all the Borel subsets B of 2 such
that B € ). In this section we collect some definitions about increasing set functions and local
functionals (cf. [105]). The latter, heuristically, behave like variational functionals in the first
entry and like measures in the second one. Accordingly, it is worth introducing some general

definitions regarding set functions.
Definition 6.2.1. Let o : A — [0, +00] be a function. We say that « is

(1) increasing if it holds that
o(4) < a(B)

for any A, B € A such that A C B;
(71) inner regular if it is increasing and
a(A) =sup{a(A) : A" e A}
for any A € A;
(77i) subadditive if it is increasing and
a(A) < a(B) 4+ a(C)
for any A, B,C € A with AC BUC,;
(1v) superadditive if it is increasing and
a(C) > a(A) + a(B)

for any A,B,C € A with ANB =0 and AUB C C;
(v) a measure if it is increasing and the restriction to A of a non-negative Borel measure.

On the other hand, the following definition adapts some standard notation to our anisotropic

setting.
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Definition 6.2.2. Let 2 C R™ be an open and bounded set, let 1 < p < 400 and Let X be a
famaily of Lipschitz vector fields. Consider a functional

F Wb (Q) x A — [0,+00].

We say that F' is:
(i) a measure if, for any u € Wi (Q), F(u,-) : A — [0, +0c] is a measure;

Jloc

(7i) local if
ulgy =v|lp = F(u,A')=F(v,A);

for any A" € Ay and u,v € W)l(’f’zoc(ﬂ);
(i17) convex if, for any A’ € Ay, the function F(-, A") : WP (Q) — [0, +00] is conve;

(iv) p-bounded if there exist a € L},.(Q) and b,c > 0 such that
F(u, A" < /A/ a(x) + b| XulP + clulPdx

for any A" € Ay and for any u € Wi (Q)

(v) lower semicontinuous if

up, —u in WyP(Q) = F(u, A") < liminf F(u, A")

h—+00
for any A" € Ay, (up)n € WiP(Q) and u € WiP(Q);

(vi) weakly (sequentially) lower semicontinuous if

u, —uin WyP(Q) = F(u, A) < liminf F(uy, A

h—+o00
for any A" € Ay, (un)n € WiP(Q) and u € WiP(Q);

(vii) weakly-* sequentially lower semicontinuous if

up = u in WH(Q) = F(u,4) < 1}ilm inf F(uy, A')

—+00
for any A" € Ay, (up)n € WH(Q) and u € WH(Q).

The very same definitions apply in the case in which a local functional is defined on
WP(Q) x A or on LP(Q) x A.

Definition 6.2.3. If we have a functional F : LP(2) x A — [0, 00] (respectively F : WP (Q) x
A — [0,00]), we say that F is:

(i) a measure if F(u,-) is a measure for any u € LP(Q) (respectively u € Wy (Q));
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(i) local if, for any A € A and u,v € LP(Q) (respectively u,v € W5 (Q)), then

ula =vla = F(u,A) = F(v, A);

(i17) convex on Wy (Q) if F(-, A) restricted to Wy (Q) is convex for any A € A;

(iv) LP-lower semicontinuous (respectively WyP-lower semicontinuous) if F(-, A) is LP-lower

. . . 1 . .
semicontinuous (respectively WP -lower semicontinuous) for any A € A;

(v) weakly-* sequentially lower semicontinuous if if F'(-, A) restricted to W>(Q) is seq. l.s.c.
with respect to the weak-* topology of WH>(Q) for any A € A.

To conclude, the following definitions introduce some standard conditions (cf. [67]) in order

to avoid convexity assumptions on the functionals.

Definition 6.2.4. We say that w :  x [0,4+00) — [0, 4+00) is a locally integrable modulus of

continuity if and only if
r— w(x,r) is increasing, continuous and w(x,0) =0 for a.e. x €

and
r > wlr,r) € L () Vr>0.

Definition 6.2.5. Let us consider a functional F' : F x A — [0, 00|, where F is a functional
space such that C*(Q)) C F. We say that:

(i) F satisfies the strong condition (w) if there exists a sequence (wy )i of locally integrable

moduli of continuity such that

|F(v, A') — F(u, A)| g/ wi(z, 1) dz (6.2.1)

!

for any k € N, A’ € Ay, r € [0,00), u,v € CHQ) such that

[u(@)], [v(@)], [Du(z)], [Dv(x)] < k
u(z) — v(z)], [Du(z) — Du(z)| <7

forall x € A'.

(ii) F satisfies the weak condition (w) if there ezists a sequence (wg)x of locally integrable

moduli of continuity such that
[Pt s, A) = Plu, A)| < [ wnla, |s|)da
forany k € N, A’ € Ay, s € R, u € CY(Q) such that

lu(x)], |u(z) + s|,|s| <k VeeA.
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6.3 Carathéodory functions

In order to ensure that an integral functional of the form

Flu, A) = /A e, u(z), Xu(z)) de

is well-defined, we need to impose some conditions on the Lagrangian f in such a way that the

function

x— f(z,u(z), Xu(z))

is integrable on Q) for any u € W)I(%OC(Q) To this aim, it is customary to work in the class of
Carathéodory functions (cf. [100]).

Definition 6.3.1 (Carathéodory functions). Let f : Q x R x R™ — [0, 00| be a function. We
say that f is a Carathéodory function if:

(i) f(-,u,n) is measurable for any u € R and any n € R™;
(ii) f(x,-,-) is continuous for a.e. x € S).

Carathéodory functions constitute the right class of Lagrangians, as the next proposition
shows (cf. e.g. [125])

Proposition 6.3.2. Let f : Q x R x R™ — [0,00| be a Carathéodory function. Let u €
W}(%OC(Q) Then the function
z— f(z,u(z), Xu(z)) (6.3.1)

is measurable for any u € W;(%OC(Q) In particular, being f non-negative, it is integrable on €.

6.4 Basic notions of ['-convergence

In this section we collect some basic definition and results about I'-convergence, for which
we refer to [105]. We recall that, if (X, 7) is a first-countable topological space and (F},)y, is
a sequence of functions defined on (X, 7) with values in R, we define the T'-lower limit and

["-upper limit respectively as
I — h}gg}f Fy(u) := inf {h}llgglf Fy(up) : up — u}
and
I' — limsup Fj(u) := inf {limsup Fr(up) @ up — u} :
h—o0 h—o0

and we say that (F},), I'-converges to F : (X, 7) — R if it holds that

[' — liminf Fj(u) = ' — lim sup Fj(u) = F(u)

h—o0 h—00
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for any v € X. In this case we say that F' is the ['—limit of (F}), and we write F = I' —
limj,_, Fj,. The next proposition presents some basic properties of I'-limits which will be

useful later on.
Proposition 6.4.1. The following facts hold.

(1) For any u € X and for any sequence (uyp), converging to w in X, it holds that

I'— li}llrn inf Fj,(u) < liin inf Fy(up) and T —limsup F),(u) < limsup F,(up).
—00 —00

h—o00 h—o00

(13) For any u € X there exist two sequences (up)n and (vp)n, converging to u in X, which we

call recovery sequences, such that

[' = liminf Fy(u) = liminf Fy(up) and T —limsup F,(u) = limsup Fj,(vp,).
h—o0 h—o0 h—o0 h—o0

(1ii) For any u € X and for any sequence (uy)y converging to u in X, it holds that

I'— lim Fj(u) < liminf Fj(up); (6.4.1)
h—o0 h—o00

(iv) For anyu € X there exists a sequence (uy), converging to u in X, which we call recovery

sequence, such that
['— lim Fy(u) = hlim Fr(up). (6.4.2)
—00

h—o00

Beside the notion of I'-convergence there is a related one, which is more suitable to deal
with sequences of local functionals, usually known as I'-convergence. If we have a sequence of
increasing functionals (cf. [105]) such that £}, : X x A — R for any h € N, and we define

F'(bA) =T — h,{ii‘.}f Fu(-,A) and F"(-,A):=T —limsup Fj(-, A)

h—o00

for any A € A, we say that F}, T-converges to a functional F : X x A — R if it holds that
F(,A) =sup{F'(-,A") : A e A A €A} =sup{F"(-,A") : Ale A, A" € A}.

In other words we say that (F},), T'—converges to F whenever the inner reqular envelopes of
F" and F” coincide and are equal to F. It is easy to check (cf. [105, Remark 16.3]) that any
['—limit is increasing, inner regular and lower semicontinuous. In the sequel, when we will deal
with I'-convergence with respect to the strong topology of L” or with respect to the strong
topology of Wy”, we will refer respectively to I'(LP)—convergence or I'(Wy")—convergence.
The notions of I'—convergence and I'-convergence, as one could expect, are strongly related.
Indeed, assume for instance that a sequence of increasing functionals F}, : LP(§2) x A — [0, 00]
is such that

F(-,A) =T(LP) — lim Fy(-, A) (6.4.3)

k—00
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for any A € A and for a suitable measure functional F' : LP(Q2) x A — [0,00]. Then F is
LP-lower semicontinuous, since it is a I-limit (cf. [105, Proposition 6.8], and also increasing
and inner regular, since it is a non-negative measure (cf. [105, Theorem 14.23]). Therefore,

[105, Proposition 16.4] allows to conclude that

F=T(LF)— hh_)nolo Fy. (6.4.4)
The converse implication is usually more delicate because, in general, the f(Lp)—limit is not
a measure. Indeed, even if the I'—limit is always increasing and inner regular, and even if
superadditivity behaves usually well, there are examples (cf. [105, Example 16.13]) in which F
fails to be subadditive. Therefore, when dealing with these issues, it is practise to work within
milder classes of local functionals. To this aim, the so-called uniform fundamental estimates are
introduced. These estimates, although depending in their definition on the chosen topological
space, are usually sufficient conditions for the subadditivity of the I'—limit. To give an instance,
we introduce here the standard notion of uniform fundamental estimate (cf. [105, Definition
18.2]) for functional defined on LP(€2) x A. We recall here that, as we will deal also with
functionals defined on Wx”(Q) x A, in the forthcoming Chapter 8 we will need to slightly

modify the current notion to guarantee a better compatibility with the new functional setting.

Definition 6.4.2. If we have a class F of non-negative local functionals defined on LP(Q) x A,
we say that F satisfies the uniform fundamental estimate on LP(QQ) if, for any € > 0 and for
any A", A" B € A, with A" € A”, there exists a constant M > 0 such that for any u, v € LP(Q)
and for any F' € F, there exists a smooth cut-off function ¢ between A" and A’, such that

F(gou +(1—p)v, AU B) <(1+¢) (F(u, A") + F(v, B)>+
(6.4.5)
+ e (ulogsy + 0y + 1) + Ml = vllzncs,

where S = (A" \ A") N B.

The following result, which can be found in [105, Theorem 18.7], tells us that (6.4.4) is
sufficient to guarantee (6.4.3), provided that our sequence satisfies the uniform fundamental

estimate and that some reasonable boundedness properties hold.

Theorem 6.4.1. Let F}, : LP(2) x A — [0,00] be a sequence of functionals for which there
exists a functional F : LP(2) x A — [0, 00] such that (6.4.4) holds. Assume in addition that
(Fn)n satisfies the uniform fundamental estimate and that there exist constants e; > 1 and
es > 0, a non-negative increasing functional G : LP(2) x A — [0, +0o0] and a finite measure

i oon ) such that
G(“? A) < Fh(uv A) < elG(“? A) + 62”“”;[),17(14) + M(A)

for any u € LP(Q2), A€ A and h € N. Then (6.4.3) holds.
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Chapter 7

Integral representation

7.1 Introduction

We refer to [128] as main reference for this chapter. Inspired by the results proved in [66, 67],
the aim of the present chapter is to extend the results achieved in [205] when the assumption of
translation-invariance (6.1.2) is dropped. More precisely, we find some sufficient and necessary

conditions under which a local functional

F Wb () x A — [0, 4]

Jloc

admits an integral representation of the form

Jloc

F(u,A) = /Af(x,u(x),Xu(x)) dr Yue Wb (Q),VAE A, (7.1.1)

for a suitable Carathéodory function f :  x R x R™ — [0,00). We point out that in this
new framework, due to the lack of translation-invariance, a dependence of the integrand with

respect to the function is expected. Let us observe that if F' is defined on L} (€) x A instead

loc

of W)l(’fzoc(Q) x A, under reasonable improvements of some assumptions it is easy to extend the

integral representation to get
F(u, A) = / f(z,u(z), Xu(z))de YAeA Yue Ll (Q) such that u|4 € Wit (A).
A )

Our main goal is to obtain a representation formula as in (7.1.1) for the following three different

classes of functionals:
(i) convex functionals (cf. Theorem 7.4.1);
(i) W1 weakly-* sequentially lower semicontinuous functionals (cf. Theorem 7.5.2);
(iii) none of the above (cf. Theorem 7.6.1).

As already pointed out in Chapter 1, unlike in Euclidean Sobolev spaces, in this context no

analogue of approximation results by a reasonable notion of piecewise X-affine function holds
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in general (cf. [205, Section 2.3]). To overcome this difficulty we rely on the method employed

in [205], consisting of three steps.

1. Apply one of the classical results for Sobolev spaces ([66, 67]) to the functional, obtaining

an integral representation with respect to a Euclidean Lagrangian f, of the form

F(u, A) = /A (e, uz), Du(z))de  Yu € WEP(Q), VA € A.

2. Find sufficient conditions on f. that guarantee the existence of am anisotropic Lagrangian
f such that

/A fu(a, u(z), Du(x))dz = /A flo,u(z), Xu(z))de VYA€ A Yue C®(A). (7.1.2)

3. Extend the previous equality to the whole space W}gﬁOC(Q).

The second step crucially exploits the third-argument convexity of the Euclidean Lagrangian
fe- Indeed, convexity of fe(x,u,-) is sufficient to guarantee (7.1.2) (cf. Proposition 7.4.2). This
is shown in [205], and the same ideas can be adapted to the cases (i) and (ii) of convex and
weakly-* sequentially lower semicontinuous funtionals, for which the convexity of f.(z,u,-) is
granted. On the contrary, due to the weaker assumptions on the functional, case (iii) is more
demanding and requires a further step. In Section 7.6 we show that the convexity of f.(z,u, )
is not necessary for (7.1.2). Thus, in order to find a more suitable notion of convexity, we
define the weaker concept of X-converxity (cf. Definition 7.6.3), which strongly depends on
the chosen family of vector fields. We show that, under a classical growth assumption on the
functional, this new condition is equivalent to (7.1.2) (cf. Proposition 7.6.4). Finally, by sligthly
modifying a well known zig-zag argument (cf. [67, Lemma 2.11]), we show that X-convexity
is a consequence of a reasonable lower semicontinuity assumption (cf. Lemma 7.6.5). This
procedure allows to generalize the final case as well. Finally, for each of the previous results
we show that our hypotheses are also necessary, in order to give a complete characterization of

the classes of functionals studied.

7.2 When the Euclidean approach fails

7.2.1 Approximation by regular and affine functions

When dealing with representation theorems for local functionals defined on classical Sobolev
spaces, a typical strategy is to exploit classical differentiation theorems for measures to get an

integral representation of the form

F(u, A) :/Afe(x,u,Du)dx
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for classes of simple functions, that is for instance linear or affine functions of the form

Paue(y) =1+ (§y— ) (7.2.1)

for given x € R", u € R and £ € R™. Then one can combine some semicontinuity properties of
the functional together with approximation results by means of piecewise affine functions (see
for instance [125, Chapter X, Proposition 2.9]), in order to extend the integral representation
to all Sobolev functions. We already know from Example 1.3.8 that, in our general setting,
this last approximation property fails. On the contrary, we saw from Theorem 1.3.3 that a
Meyers-Serrin type property is still available. We want now to reformulate Theorem 1.3.3 in a

way that is more suitable for our purposes. Let us begin with the following simple proposition.

Proposition 7.2.1. Let Q C R"™ be an open and bounded set, take 1 < p < +00 and consider
a function u € W)l(’f’l’oc(Q). Then, Given u € W)lgﬁoc(Q) and A" € Q), then there exists a function
v € WyP(Q) which coincides with u on A'.

Proof. Let ¢ be a smooth cut-off function between A" and Q. It is straightforward to verify

that the function v(x) := p(z)u(x) satisfies the desired requirements. O
The previous proposition, together with Theorem 1.3.3, allows to prove the following result.

Proposition 7.2.2. Tuke a function u € W)%ﬁoc(Q) and an open set A" € Q. Then there exists
a sequence (uz). € Wy (Q) such that

Ue‘A’ € W)l(’p(A/) N COO(A/) and UE‘A/ — u]A/ m W)l(’p(A/)

Proof. Let us fix u € W)l(’fl)oc(ﬂ) and A" € A,. By Proposition 7.2.1 we can find a function
i € WyP(Q) such that u|s = @4, and by Theorem 1.3.3 there exists a sequence (u.). C
WP (Q)NC>® () converging to @ in Wy (). It is easy to see that (uejar)e WP (A)YNC=(A");

moreover, since u|x = |4, we conclude that ug| 4 — ul 4 in Wi?(A). O

7.2.2 Failure of a Lusin-type theorem

When dealing with integral representation in classical Sobolev spaces one might exploit the

following Lusin-type result (cf. [69, Theorem 13]):

Proposition 7.2.3. Let Q C R™ be open and bounded, 1 < p < +oo and u € WHP(Q). Then,
for any € > 0, there exists A. € A and v € C*(Q) such that |A.| < e and ulova. = VoA, -

Under reasonable assumptions (cf. [67, Lemma 2.7]) this result allows to extend an in-
tegral representation result from C'(Q2) x A to W'P(Q) x A. Again, Example 1.3.9 gives a

counterexample to the validity an analogous of Proposition 7.2.3 in our general setting.

90



7.3 The coefficient matrix

Here we present some algebraic properties of the coefficient matrix C :  — R"™*™ | for which
we refer to [205, Section 3.2]. The careful reader will certainly notice several similarities with
Chapter 5. Although some of the following results are actually analogous to some of the former,
we present them in their entirety for the sake of clarity. For any x € 2, we define the linear
map L, : R" — R™ by

for any & € R™. Moreover, we let
N, = ker(L,) and V, = {C(x)T ‘m o neE Rm} :

From standard linear algebra (cf. e.g. [272]), we know that R" = N, @ V,. Hence, for any
x € ) and £ € R", there are unique ¢y, € N, and &y, € V, such that

§=¢&n, + v,

Therefore, the map I, : R" — V, defined by II,(§) = &, is well-posed. These definitions
make sense for a generic family of Lipschitz vector fields. Nevertheless, under the additional

assumption (a.e. LIC), the following invertibility and continuity properties hold.

Proposition 7.3.1. Let X be a family of Lipschitz vector fields satisfying (a.c. LIC) on Q.
Then the following facts hold.

(i) dimV, = m for each x € Qx and L,(V,) =R™.

In particular L, : V, — R™ is an isomorphism.

(ii) Let
B(z) = C(z)CT(x) x€Q.

Then, for each x € Qx, B(x) is a symmetric invertible matriz of order m. Moreover the

map B~ Qx — L(R™ R™), defined by
B Yz)(2) := B(x) 'z ifz€R™,

1S continuous.

(iii) For each x € Qx, the projection 11, can be represented as

IL(E) = &, = Co)"B(x)'Cla) €, VEER.

Remark 7.3.2. It is easy to see that Nx = {x € Q : det B(x) = 0}. Hence Ny is closed in €.
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Proposition 7.3.3. Let X be a family of Lipschitz vector fields satisfying (a.e. LIC) on Q.
Then the map L, : V, — R™ is invertible and the map L™ : Qx — L(R™ R") defined by

L™ z):= L. ifv € Qx

belongs to C°(Qx, L(R™,R™)).

We refer the reader to Chapter 9 for weaker statements outside the (a.c. LIC) setting.

7.4 Convex functionals

In this section we completely characterize a class of convex local functionals defined on Wy”.

As announced, we exploit [66, Lemma 4.1] to get an integral representation of the form
Flu, A) = / fulz,u, Du)de YA € A, Yu € W(Q).
A

Then the forthcoming Proposition 7.4.1 and Proposition 7.4.2 guarantee the existence of a non

Euclidean Lagrangian f such that
/Af(:z:,u, Xu)dx = /Afe(x,u, Du)dz VAe A, Yue C™(A).

Finally, we extend the integral representation to the whole W;{’ﬁoc(Q). The following proposi-
tions, which are almost totally inspired by [205, Theorem 3.5] and [205, Lemma 3.13], allow us

to pass from an Euclidean to a non Euclidean integral representation.

Proposition 7.4.1. Let f.: Q xR x R™ — [0, 00| be a Carathéodory function. Let us define
f: QxR xR™—[0,00] by

floyuyy = § JAD BT D) () € xR R (7.4.1)
0 otherwise.

Then the following facts hold:
(1) f is a Carathéodory function;
(13) if fe(z,-,-) is convex for a.e. x € Q, then f(x,-,-) is convex for a.e. x € Q;

(131) if fe(z,u,-) is convex for a.e. x €  and for any u € R, then f(z,u,-) is convexr for a.e.

x € Q and for any u € R;

(1v) If we assume that

fe(x,u, &) = feolz,u,11,(§)) forae z €, V(u,&) € R xR", (7.4.2)
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then it follows that

/A fule, u, Du) dx = /A flo,u, Xu)de VA€ A, Yue C®(A). (7.4.3)

Proof. (i) First we want to show that, for any (u,n) € R x R™, the function x — f(x,u,n)
is measurable. Let us fix then (u,n) € R x R™, define the function ® : Qx — R x R" as
®(x) := (u, L7(z)(n)) and extend it to be zero on Q \ Qx. By Proposition 7.3.3, ®|q, is

continuous, and so in particular ® is measurable. Noticing that

flz,u,m) = fo(z,P(x)) Vz e Qy,

being f. a Carathéodory function and recalling [100, Proposition 3.7] we conclude that = —
f(z,u,n) is measurable. Let us define now the function ¥ : Qy x R x R"™ — Qx x R x R"
as U(z,u,n) := (x,u, L7 (x)(n)). Since on Qx we have that f = f. o ¥, then, for any fixed
x € Qx such that f.(z,-, ) is continuous, f(z,-,-) is the composition of a continuous function
and a linear function, and so it is continuous.

(17) If = € Qx is such that f.(z,-,-) is convex, then f = f. o ¥ is the composition of a convex
function and a linear function, and so it is convex.

(7i7) Follows as (7).

(iv) Assume that (7.4.2) holds. Let us fix A € A and u € C*(A). From the regularity of u we
have that Xu(z) = C(x)Du(x). By Proposition 7.3.1 we get

L,(Il,(Du)) = L,(C(z)" B(z)'C(x) Du)
= C(x)C(x)" B(x)~'C(z)Du
= B(x)B(z)"'C(z)Du
= C(x)Du
= L.(Du),

and

fz,u, Xu) = f(z,u,C(x)Du)

Now (7.4.3) follows by integrating over A.

In the following result we provide some sufficient conditions to guarantee (7.4.2).
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Proposition 7.4.2. Let f. : Q2 x R x R" — [0, +0o0] be a Carathéodory function such that
(1) fe(x,u,-) is convex for a.e x € ), for any u € R;
(ii) there exist a € L,.(Q?) and b,c > 0 such that
el u,&) < alz) +b|C(2)E]" + clul” (7.4.4)
for a.e. x € Q, for any (u,§) € R x R™.
Then f. satisfies (7.4.2).
Proof. Follows with some trivial modifications as in [205, Lemma 3.13]. O]
Let us now state and prove the main result of this section.
Theorem 7.4.1. Let F : Wy (Q) x A — [0, +00] be such that:
(i) F is a measure;
(ii) F is local;
(iii) F is convex;
(iv) F is p-bounded.
Then there ezists a Carathéodory function f:Q x R x R™ — [0, +00) such that

(u,&) = f(x,u,§) is convex for a.e.x € Q, (7.4.5)

flr,u, &) < alx)+bEP +cul’  foraexeQ, V(u,g) € RxR" (7.4.6)

and the following representation formula holds:

F(u, A) = /A flz,u, Xu)de  Yu € W (Q), VA € A, (7.4.7)

loc

Moreover, if fi, fo : QX RXR™ — [0, +00) are two Carathéodory functions satisfying (7.4.5),
(7.4.6) and (7.4.7), then there exists Q C Q such that |Q| = |Q| and

filz,u, &) = folw,u, &) Vo e Q, V(u, ) e RxR™ (7.4.8)

Proof. We divide the proof into several steps.
Step 1. Let

C = max{sup{|c;;(z)] : x€Q} :i=1,....,n,j=1,...,m}.

Then from our assumptions on X it follows that 0 < C' < +o0. Let b := CPb. Using (iv) and
recalling that for all u € W?(Q) we have that Xu(x) = C(x)Du(z) it follows that
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Flu, A) < /A “ale) + cul? + BDuPdr VA € Ao, Vu € W(Q). (7.4.9)

Thus we can apply [66, Lemma 4.1] to get a Carathéodory function f, : @ X R x R" — [0, 4+-00]
such that

Flu, A) = /A fulw,u, Du)de YA € A, Yu € WP (Q), (7.4.10)
folz,u, &) < alz) +DEP + clulP  for ae. z€Q, V(u,&) €R x R" (7.4.11)

and
fe(z,-,-) : RxR"™ — [0, 00] is convex for a.e. x € Q. (7.4.12)

Step 2. We want to prove that f, satisfies (7.4.2). By Proposition 7.4.2 and (7.4.12) we only
need to prove (7.4.4). Let us take then €' C Q such that || = |2] and

(u, &) = fe(z,u,§) is convex and finite Vo € (7.4.13)

and fix z € ', v € Q and £ € Q". By (7.4.10), for any R > 0 small enough to ensure that
Bgr(z) € €, we have that

F(pee Ba(@) = [ Jelyut (6y =) ) dy

Br(z

and from (iv) we have that

F(paues Br@)) < [ aly) +clu+ (€5 = D) +C(y)EP dy,

Br(z)

where ¢, ¢ is as in (7.2.1). Combining these two facts and dividing by |Br(x)| we obtain that

][BR((E) fe(y,u+(§,x—y>v§)dy< ][ a(y)+C|u+<€7y_x>|p+b|0(y)£|pdy. (7‘4‘14)

Br(z)

Since the right integrand is in L. (Q), and (7.4.14) holds indeed for all A’ € Ay, the left one
is in L}, () as well. Therefore, thanks to Lebesgue theorem (cf. [285]) we can find Q,¢ C

loc

such that [, ¢| = || and
fe(z,u, &) < a(z) + clulP +b|C(2)E|P Vo € Q.
Setting Q 1= Nejcoxgr Quge, it holds that [Q] = |2 and
folz,u, &) < alz) + cJulP + b|C(z)EP Yz € Q, V(u, &) € Q x Q™.

Since the map (u, &) — fo(z,u,§) is continuous for any z € Q and Q x Q" is dense in R x R”
then (7.4.4) holds and the conclusion follows.
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Step 3. Thanks to the previous step we can apply (iv) of Proposition 7.4.1. Hence we get
/ fe(x,u, Du)dz :/ flz,u,Xu)dr VA€ A ue C*A), (7.4.15)
A A

where f: Q2 xR x R™ — [0, +0o0] is the function defined in (7.4.1). First of all we can assume
that f is finite up to modifying it on a set of measure zero. Moreover, thanks to (7.4.12) and
(17) of Proposition 7.4.1 we have that f satisfies (7.4.5). Now we want to prove that f satisfies
(7.4.6). Let us fix x € 2, u € Q and £ € Q™: by (iv), (7.4.10) and (7.4.15) we have that

/ f(y> pr,u,ga X@x,u,&) dy g / a<y) + C’@x,u,{‘p + b’Xsox,u,f’pdy
Br(z) Br(z)

= [ alw)+ clut €y =)l +HC@E dy.

and so, dividing by |Bg(x)|, we get that

N

£t ey—aCwedy < £ aly)+clu+ (€y— 2P +HCw)EPdy.
BR((E) BR({E)
Arguing as in the second step we can conclude that

flz,u,C(x)€) < a(z) + b|C(x)E|P + clulP  for ae. z € Q, V(u,§) € R x R".

Finally, recalling that for = € Qx the map L, : V, — R™ is surjective, (7.4.6) follows.
Step 4. Here we want to prove that (7.4.7) holds. Let us fix u € Wy"(Q2) and A’ € Ay, and

consider the two functionals
FasGa s ({vlae 5 0 € WR L - lyisgay) — [0.40]

defined by Fur(v|ar) := F(v, A") and G4 (v|ar) := [4 f(z, v, Xv)dz respectively. Thanks to (i),
(iv), (7.4.5) and (7.4.6), they are convex and bounded on bounded sets on {v| 4 : v € WxP(Q)}.
Hence, they are continuous (cf. [125, Lemma 2.1]). Moreover, from Proposition 7.2.2 we can
find a sequence (u.). € WP (Q) such that

(u|a)e € WRP(A) N C®(A) and ue| g — ula in WP (A).
From (7.4.10) and (7.4.15) we get that
! _ . ! _ . _ . _
F(u,A") = ll_I}T(l)F(ug,A) = ll_r}% B felz,us, Du, = ll_I}’é N fz,ue, Xue) = /A’ f(z,u, Xu)dz,

and so we assert that
Flu, A') = /A Flo,u, Xu)de Yue WP(Q), VA € A,. (7.4.16)

Let us take now u € W}gﬁoc(ﬁ), A e Aand A" € A, and, thanks to Proposition 7.2.1, take a
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function v € W5?(Q) such that u|4 = v|4. Thus, from hypothesis (ii) and from (7.4.16), we
have that
F(u, A = F(v,A)= | f(z,v,Xv)dx = /A f(x,u, Xu)dz. (7.4.17)
A/ /

Since by hypothesis the function B — F'(u, B) is inner regular (cf. [105, Theorem 14.23]), and
noticing that the function B — [ f(x,u, Xu)dx is inner regular, thanks to (7.4.17) we have
that

F(u, A) =sup{F(u,A") : A’ € A} = sup{/A/f(x,u,Xu)dx Al e A} = /Af(x,u,Xu)dx,

and so we can conclude that (7.4.7) holds.
Step 5. Let us show the uniqueness of the Lagrangian. Fix then z € 2, u € Q and £ € Q™:
since (7.4.7) holds both for f; and fy, for any R > 0 small enough we have that

]{BR(@ fily,u+ (& y — ), C(y)&)dy = ]{9 . Foly,u+ (&, y — z), Cly)€)dy

R\T

Since both integrand functions satisfy (7.4.6), then they are both in L], (). Again, thanks to
Lebesgue theorem, there exists €, C € such that |, ¢| = |Q] and

filz,u,C(2)€) = folz,u,C(x)€) Vr € Q.
If we set

Q= (1 Quen{zeQ: (7.45) and (7.4.6) hold for f; and fo} N Qx,
(u,§)eQxQn

clearly we have || = |Q| and it holds that

filz,u,C(2)€) = fo(x,u,C(x)E) Vo e Q, Y(u, ) e Qx Q. (7.4.18)

Since (u, &) — fi(x,u, &) and (u, &) — fo(x,u, &) are continuous for any z € €, and recalling
again that for any x € Qx L, is surjective, then (7.4.8) follows. O

The following theorem tells us that all the hypotheses of Theorem 7.4.1 are also necessary.

Theorem 7.4.2. Let f: Q) x R x R™ — [0,4+00) be a Carathéodory function such that
(u,&) = f(x,u,§) is convex for a.e. x € S, (7.4.19)

flz,u, &) <alx) +blEP + clul?  for ae. € Q, V(u,&) € RxR™ (7.4.20)

for some b,c >0 and a € L}, (). If we set the functional F : W)l(’foc(Q) x A — [0, 400] as

F(u, A) := /Af(x,u,Xu)dx Yu € W}gﬁ’oc(ﬂ), VA€ A,
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then F satisfies hypotheses (i) — (iv) of Theorem 7.4.1.

Proof. Let us fix u € W)lgfl’oc(Q): our aim is to prove that a(A) := F(u, A) is a measure. Notice
that, being f > 0, a is increasing, and of course a(()) = 0. Then, according to [105, Theorem
14.23], it suffices to show that « is subadditive, superadditive and inner regular. The first two

properties are trivial, so let us focus on the third one. Let us fix A € A and define the sequence
of sets (Ap)n as A = {x € A : dist(z,04) > %} We have that (Ap), € Ay, Ay € A1 €A
and Upen, An = A. Thus by the Monotone Convergence Theorem we conclude that

/Af(x,u,Xu)dx:/AhEIEOOXAhf(x,u,Xu)dx: lim f(z,u, Xu)dx,

h—+o00 J A,

and so « is a measure. Property (i7) is straightforward, noticing that the X-gradients of two

a.e. equal functions coincide a.e. Finally, (i77) and (iv) follow from (7.4.19) and (7.4.20). O

7.5 Weakly-* sequentially semicontinuous functionals

In this section we characterize a class of local functionals defined on Wy* for which we do not
require neither translation-invariance nor convexity, but which are weakly-* sequentially lower

semicontinuous in W It is well known (cf. [2]) that, for an integral functional of the form

F(u, A) ::/Afe(a:,u,Du)dac,

the weak-* lower semicontinuity is equivalent to the convexity in the third entry of f.. Therefore
we can adopt the same strategy employed in the previous section, exploiting [67, Theorem 1.10]

to get an Euclidean integral representation of the form
F(u, A) :/ fe(z,u, Du)de VA€ A, Vue lep(Q)'
A

Again, Proposition 7.4.1 and Proposition 7.4.2 guarantee the existence of a non Euclidean

Lagrangian f such that
/ f(z,u, Xu)dx :/ fe(z,u, Du)dz VAe A, Vue C*(A).
A A

We start by proving an useful continuity result in W)l(’p , whose classical version is usually known

as Carathéodory continuity theorem (cf. [100]).

Theorem 7.5.1. Let f: Q x R x R™ — [0, +00] be a Carathéodory function such that there
exist a € L}, () and b,c > 0 such that

loc

flz,u, &) <alx)+b|EP +culP  for a.e. x€Q, V(u,§) € R xR™. (7.5.1)
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Then it holds that, for any A" € Ay, the functional
F:WgP(A) — [0, +00)
defined by
F(u) := //f(x,u,Xu)da:
s continuous with respect to the strong topology of W)lgp (A").

Proof. Let us prove that F is lower semicontinuous. Fix u € Wy?(A') and take a sequence

(up)n € WyP(A") converging to u and such that

3 lim F(uy) < +00.

h—+o00

Up to a subsequence we assume that (up(x)), converges to u(z) and (Xuy(z)), converges to
Xu(zx) for a.e. x € A'. Being f Carathéodory, limy, o f (2, up(x), Xup(z)) = f(x,u(x), Xu(x))
for a.e. x € Q. Thanks to Fatou’s lemma (cf. [285]) we conclude that

F(u) = / flz,u, Xu)de = [ liminf f(x,up, Xuy) < liminf [ f(z,up, Xup) = lim F(uy,).
A/

A’ h—4o00 h——+oc0 J A’ h——400

We are left to prove that F is upper semicontinuous. Again, fix u € Wy”(A') and take a
sequence (up), € Wy?(A') converging to u and such that
3 lim F(up) > —o0.

h——+o00

Up to a subsequence, we can assume that (uy(z)), converges to u(z) and (Xwuy(z)), converges

to Xu(x) for almost every x € A’. Let us define the sequence of functions
gn(@) == —f (@, up, Xup) + C(|Xup]” + |un?)
where C':= max{b, c} > 0. Using (7.5.1) we get
gn(x) > —a(x) for ae. v € A,

and so, since the right side belongs to L*(A’), we can apply Fatou’s Lemma and get that

// —f(x,u, Xu)dx + HUHW)l(’p(A’) =/, llizrili{.lofgh(x,u,Xu)dx
= lim inf(— f(z, up, Xup) + C(| Xup|P + |un|?))dz
A’ h—+oco
<liminf [ —f(z,up, Xup) + C(| Xup|P + |up|P))dzx
h—+o00 J A’
= hl_])I—il_’loo " —f(fL”Uh,XUh) + Ch1—1>1-11—100 HuhHW)l(’p(A/)
= hl_igloo " — [ (@, up, Xup) + HUHW;P(A/)-
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[]

In the following proposition we prove that the notion of lower semicontinuity introduced in

Definition 6.2.2 is actually equivalent to a more useful condition.
Proposition 7.5.1. Let F': W)l(’fl’oc(Q) X A — [0, +00] be such that:
(i) F is a measure;
(ii) F is local.
Then the following conditions are equivalent:
(a) F is lower semicontinuous;

(b) \V/A/ S ./40, FA/ . ({U|A/ U € W)lép(Q)}, || : ”W)l(’p(A’)) — [O, +OO] deﬁned by FA’(U|A’) =

F(u, A") is lower semicontinuous.

Proof. (b) = (a). It is straightforward.

(@) = (b). Fix an open set A" € Ay and take (up)p,u in Wy?(Q) such that |jus|a —
u]A/HWLp(A/) — 0. Now, for any k& € N, take an open set A; such that A, € A1 € A" and
U290 Ay = A’) and a smooth cut-off function ¢, between A; and A’. For any h,k € N, define
the functions v* := @pu and v¥ := @ruy,. We have that, for any h,k € N, vf, v* belong to
WP (Q), vE|a, = un|a,, v*|a, = u|a, and moreover limy, o ||vF — Uk”w)l(,p(g) =0 for any k € N.
Using (i) and (ii) we get

F(u, A") = lim F(u, Ay)

k—ro0
= lim F(v*, A,

k—o0

k—oo h—oo

)
< lim liminf F(vf, A)
= lim lim inf F'(up, Ax)
k—o0 h—oo

< lim liminf F(uy,, A")

k—oo h—oo

= lim inf F'(uy, A").
h—o00

We are ready to state the main result of this section.
Theorem 7.5.2. Let F' : W)l(’fl’oc(Q) X A — [0, +00] be such that:
(i) F is a measure;
(ii) F is local;
(iii) F satisfies the weak condition (w);

(iv) F is p-bounded;
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(v) F is weakly-* sequentially lower semicontinuous;
(vi) F is lower semicontinuous.

Then there ezists a unique Carathéodory function f:Q x R x R™ — [0, 4+00) such that
& f(z,u,§) is convex for a.e. x € Q, Yu € R, (7.5.2)

flz,u, &) <alx)+bEP +culP  for a.e. x€Q, V(u,&) € RxR™ (7.5.3)

and the following representation formula holds:
Flu, A) = /A Fla,u, Xu)de Yue W (Q), VA € A (7.5.4)

Remark 7.5.2. If we substitute hypotheses (v) and (vi) with
(V') F is weakly sequentially lower semicontinuous,

then the conclusions of Theorem 7.5.2 still hold. Indeed, thanks to Proposition 1.3.7 the latter

is stronger than both (v) and (vi), even if not equivalent in general.

Proof. Arguing as in the first step of the proof of Theorem 7.4.1, the restriction of F' to
WLP(Q) x A satisfies all the hypotheses of [67, Theorem 1.10]. Thus there exist b > 0 and a
Carathéodory function f. : Q2 x R x R — [0, +00] such that

F(u, A) = /A fulw,u, Du)dz VA € A, Yu € WEP(Q), (7.5.5)
folz,u, &) < alx) +DEP + clulP  for ae. z € Q, V(u,&) € R x R" (7.5.6)

and
fe(z,u,-) : R® = [0,00] is convex for a.e. x € Q, Yu € R. (7.5.7)

Now, arguing as in the second step of the proof of Theorem 7.4.1, from (7.5.6) and (7.5.7) and
recalling Proposition 7.4.1 and Proposition 7.4.2, we obtain that

/Afe(x,u, Du)dx = /Af(x,u,Xu)dx VAe A ue C®(A), (7.5.8)

where f : Q2 x R x R™ — [0,400] is the Carathéodory function defined in (7.4.1). Up to
modifying f on a set of measure zero, we can assume that it is finite. Moreover, arguing as in
the third step of the proof of Theorem 7.4.1, f satisfies (7.5.2) and (7.5.3).

Let us prove that (7.5.4) holds. Let us start by fixing u € Wx”(Q) and A’ € A;. Thanks to

Proposition 7.2.2 we can find a sequence (uy), € Wx?(€) such that

(uh]A/)h g W)l(’p<A/) N COO(AI) and uh]A/ — U‘A/ in W)l(’p(A/)
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From this, (vi), (7.5.5), (7.5.8), Theorem 7.5.1 and Proposition 7.5.1 it follows that

F(u, A" < liilm inf F(uy, A"

—+00

— l}lbgligof § fe(z, up, Duy)dx

- h1—1>I-Poo A f(iL‘, Uh, th)d$

= /A/f(x,u,Xu)d:B,

and hence we obtain that

Flu, A) < / Fla,u, Xu)de VA € Ay, Yu € WE(Q). (7.5.9)
A/

To prove the converse inequality, fix uy € Wy?(Q) and set H : W)lgf’l’oc(ﬂ) x A — [0,400] as
H(u, A) := F(u+uo, A). It is straightforward to check that H satisfies all the hypotheses of the
theorem. Hence there exist a Carathéodory function h: Q2 x R x R™ — [0, +00), ay € L},.(Q)
and by, cyg > 0 such that

h(z,u, &) < ag(z)+ by |E|P + cylulP  for a.e. x € Q, V(u,&) € R x R™,
Moreover, it holds that
H(u, A) = / h(z,u, Xu)dr VA€ A, Yu e C®(A) (7.5.10)
A

and

!

H(u, A) < / h(z,u, Xu)de YA € Ay, Yu € W(Q). (7.5.11)

Fix then A’ € Ay. Arguing as before we can find a sequence (uy), € Wy () such that

(Uh|A’)h g W)l(’p(A/) N COO(A/) and uh|A/ — u0|A/ in W)lf’p(A/)
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Thus, thanks to Theorem 7.5.1, and the following chain of inequalities we get that

(7.5.10)

/A h(x,0,0) H(0, A)

= F(Uo, Al)
(7.5.9)

< f(l’,UO,XUO)dCC
A/

= lim [z, up, Xup)dz

h—4o00 J A’
— ] /
- h1—1>r—l{loo F(um A )
= hl_l>I-|I—loo H(Uh — Up, A/)

(7.5.11)
< lim h(z, up, — ug, Xup — Xug)dx
h—+oo J A/

= [ h(z,0,0)d
/, 1w.0.0)dz,

and all inequalities are indeed equalities. Being u arbitrarily chosen, we conclude that

Flu, A') = / Fla,u, Xu)de Yu € WP(Q), VA € Ay, (7.5.12)
A/
The rest of the proof follows as in the proof of Theorem 7.4.1. m

The following theorem shows that the hypotheses of Theorem 7.5.2 are also necessary.

Theorem 7.5.3. Let f: Q x R x R™ — [0,4+00) be a Carathéodory function such that
¢ f(z,u,§) is convex for a.e. x € Q, Yu € R, (7.5.13)

flz,u, &) < alz)+b|EP +culf  for a.e. x € Q, V(u,&) € R x R™ (7.5.14)

forb,c> 0 and a € L}, (Q), and define the functional F : W3 (Q) x A — [0, +00] as

Jloc

Flu, A) == / Fla,u, Xu)de Yue Wi (Q), VA € A.
’ |

Then F' satisfies hypotheses (i) — (vi) of Theorem 7.5.2.

Proof. (i) follows as in the proof of Theorem 7.4.2, while (i¢) is trivial. In order to prove (ii7)
let us show that F' satisfies the strong property (w). This suffices, according to [67]. Since
f is Carathéodory, then the set ' = {x € Q : (u,§) — f(z,u,§) is continuous} satisfies
|| = |]. For any k € N and € > 0 set EF CR x R x R™ x R™ as

Ef = {(u,v,&,n) < Jul, vl €], In] <k u—ol,|§ —nl <e}
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and the function

- {sup{f(x,u,f) — flz,v,n)| : (w,v,&,n) € E*}  ifx e,
wi(z,€) ==

0 otherwise.

We show that, for any k, wy is a locally integrable modulus of continuity. Let us fix then
e > 0: since (u, &) — f(x,u,§) is continuous for almost every x € €, then the supremum in the
definition of wy, can be taken over a countable subset of E¥. Since for any (u,v, £, n) the function
x| f(z,u, &) — f(x,v,n)| is measurable, then wy (-, €) is measurable. We are left to show that
it belongs to L} (). Observe that by (7.5.14) it follows that, for any (u,v,&,n) € E¥,

(2, u, ) = [z, 0,m)] < 2]al@)] + b[EP + bl + cluf” + clvf”

<

< 2la(x)| + 4k(b + ¢).

Since the right side does not depend on (u,v,&,n) € EF, we conclude that
wi(z,€) < 2|a(z)| + 4k(b + ¢).

Hence wi(-,e) € LL.(Q). Fix now x € . Since E¥ C E¥ for any ¢ < 4, then wy(z,-)
is increasing, and wy(x,0) = 0. Finally its continuity follows from the continuity of f(-,u,¢).
Then (wy)y is a sequence of locally integrable moduli of continuity. Let us recall that, if we define
C = max{sup{|c;;(z)] : x € Q} :i=1,...,n,j=1,...,m}, it holds that 0 < C < 400. Let

us define now, for any k € N, the function
Wp(z,€) == w(c)+nk(x, Ce) Vo € Q, Ve > 0.

Of course we have that (@) is still a sequence of locally integrable moduli of continuity: we
show that such a sequence satisfies (6.2.1). Take A’ € Ay, k € N, ¢ > 0, u,v € C'(Q) such that

[u(@)], [o(@)], [Du(@)], [Du(@)] < k, [u(z) — v(@)], |Du(x) — Du(@)| <e Vo€ A.
Then it follows that
[ Xu(z)| = [C(z)Du(z)| < C[Du(z)| < Ck < ([C] + 1)k,

[ Xv(z)| = |C(z) Du(z)| < C|Dv(z)] < Ck < ([C] + 1k

and

| Xu(z) — Xv(z)| = |C(z)(Du(x) — Dv(x))| < C|Du(z) — Dv(x)| < Ce.

Thus we conclude that

|F(u,A") — F(v, A")| < /A/ |f(z,u, Xu) — f(z,v, Xv)|dx < /A,dzk(:c,e)dw,
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and so also (ii7) is proved. (iv) follows easily from (7.5.14), while (vi) is a direct consequence
of Theorem 7.5.1. Let us now define H : Wh*(Q) x A — [0,+00] as the restriction to
Whe(Q) x A of F. Then, since for every u € WH(Q) it holds that Xu(x) = C(z)Du(z), if
we define f. : Q@ x R x R" — [0, +00) as

fE(xvu7£) = f(I,U,C(I)g)

we can easily notice that f. is a Caratheodory function, convex in the third argument and such
that

H(u, A) :/Afe(x,u,Du)dac.

Applying [2, Theorem 2.1], condition (v) holds for H and hence for F. O

7.6 Non-convex functionals

In this section we want to exploit [67, Theorem 1.8] to characterize a class of local functionals
for which again we do not require neither translation-invariance nor convexity, and for which
we want to weaken the assumption of weak-* sequential lower semicontinuity in Theorem 7.5.2.
Convexity was a crucial assumption in Proposition 7.4.2 to guarantee the validity of (7.4.2),
which can be easily seen to fail if we drop it. To justify this assertion let us give an instance of

this problem.

0
X i=z—.
1 Iay

Then X is a Lipschitz continuous vector field satisfying (a.e. LIC) on Q, with Nx := {(z,y) €
Q : x = 0}. Clearly, for all (x,y) € Qx we have

0 1 00
C(x.y)" - B ((2,9)) - Cll(x.y)) = H 5] o 4] - [ ] ,
thus by Proposition 7.3.1 it follows that
iy (&1:62) = (0,&) V(&1.&) € R%Y(2,y) € Qx. (7.6.1)

Let us define the map f. : Q x R x R? — [0, +00) by

1-¢-& ifg+6<1

otherwise

fol(2,9),u, (&,8&)) =

Clearly, f. is a bounded Carathéodory function, not convex in the third entry. Moreover, for
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any (z,y) € Qx and (&1, &) € R? with £ + €2 < 1, thanks to (7.6.1) it holds that

fe((2,9),u, Ty (61, 62)) = 1 = &

We conclude that (7.4.2) does not hold.

On the other hand it is easy to see that there are cases when Proposition 7.4.2 still holds

even if the Lagrangian is not convex in the third argument, as the following example shows.

Example 7.6.2. Let us take n, m, X and €2 as in the previous example, and define the function
fe: QxR xR? — [0,+00) by

1-& iff&l <1

0 otherwise

fe(<x7 y)? u, (€17 52)) =

Then f, is again a bounded Carathéodory function which is not convex in the third entry.

Anyway we can easily see that f. satisfies (7.4.2).

At this point we may ask ourselves if there is a way to weaken the convexity of f, in the
third entry which is still able to guarantee the validity of (7.4.2). In the previous example we
see that, even if f. is not globally convex in the third entry, it is anyway convex along the

direction indicated by N,. This leads us to the following

Definition 7.6.3 (X-convexity). We say that a Carathéodory function f. : @ x R x R" —
[0, +00] is X-convex if, for a.e. x € Q and for any u € R, t € (0,1) and & ,& € R™ such that
& — & € N, it holds that

fe(xvua tgl + (1 - t)f?) < tfe($7u>€1) + (1 - t)fe(x>u7£2)'

The following proposition tells us that X-convexity is the proper requirement that we have

to assume on the Euclidean Lagrangian.

Proposition 7.6.4. Let f. : O x R x R" — [0,400] be a Carathéodory function such that
there exist a € L}, () and b,c > 0 such that

loc
folz,u,€) < az) + b|C(x)E|P + c|ul? for a.e. z € Q, V(u, &) € R x R". (7.6.2)
Then the following facts are equivalent:
(i) fe is X-convez;

(ii) for a.e. x € Q and for any (u,€) € R x R, the function g : N, — [0, +0o0] defined by
g(n) := felz,u, &+ n) is constant;

(ii7) fo(x,u,&) = fo(z,u,11,(£)) for a.e. z €, V(u,&) € R x R"
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Proof. (ii) < (iii) Fix x €  such that (i7) holds. For any (u,{) € R x R", we have that

fe(m,u,8) = fe(z,u,én, +12(E)) = felw, u, ().

Conversely, take = € Q such that (7i7) holds. For any (u,§) € R x R™ and n € N,, it holds that

fe(x7u7£ + 77) = fe(xvuvnr(£ + 77)) - fe(x7u>H$<€>> - fe(x7u7§>‘

(1) < (4i) The right implication is trivial. Conversely, assume (i) and fix = € Q such that (7)
holds and a(z) < +oo. Thanks to (7.6.2) we have that, for any fixed u € R, { € R" and n € N,,

9(n) = fe(w,u, € +n) < a(z) +b|C(2)€ + C(x)n|” + cful”
= a(x) + b|C(z)&|P + c|u|P < +o0.

Since the right side does not depend on 7, then g is bounded on N,. Since by assumption it is

also convex on NN, then ¢ is constant. ]

In order to guarantee the X-convexity of the Euclidean Lagrangian we establish a zig-zag

argument according to it celebrated Euclidean counterpart available in [67, Lemma 2.11].
Lemma 7.6.5. Let F: WLP(Q) x A — [0, +00] be such that

(i) Yu € WLP(Q), the map A — F(u,A) is a measure;

(ii) Yu,v € Wi (Q), YA € Ao, u|p = v|p = F(u, A') = F(v, A');

(iii) F satisfies the weak condition (w);

(iv) For any A’ € Ay and (up,), C WHP(Q),u € W'P(Q) such that limy,_,o ||uh—u||W)1(,p(Q) =0,
then F(u, A") < liminf), o F(up, A');

Then, if for any x € ), u € R and £ € R™ we define

BN F(SO%U@BR(x))
fe(x,u,§) = lugﬁsgp B0 (7.6.3)

it holds that f. is X -convex.

Proof. A slight modification of [67, Lemma 2.10] ensures the existence of a sequence (wy)y of
locally integrable moduli of continuity and a set €' C €2 such that [Q'| = |2] and all the points

in € are Lebesgue points of x +— wy(z,r) for any k£ € N and for any » > 0. Moreover

|f€(I7ua§) _fe(xavafﬂ <Wk($, |U—U|) (764)
forany x € ', k € N, u,v € R and £ € R" such that

€, [ul, v < k.
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Take v € ', 2z € R, t € (0,1), & # & in R such that & — & € N, and set £ := t& + (1 —t)&,.
We want to prove that

fe(wa?g) g tfe(xa 2751) + (1 - t)fe(x727£2>' (765)
Let us define
(. b
e -al

and, forany h e N, k € Z and 1 = 1,2, set

k-1 k—1+t
Q}Lk = {?JEQ : h<<§0’y><h};
k—1+t k
Qik = {yEQ : Tg (6o, v) <h};
Q;z = UQZk,
kEZ

u(y) ==z4+(§,y—x) Yye
on(y) - (I-t)5 s -Gl +2+(Gy—2) ifye,
n(y) = .
—t31& = &l + 2 + (&, y — 2) if y € Q3

Arguing as in the proof of [66, Lemma 2.11] we have that v, — w uniformly on Q. Hence, in
particular, v, — u strongly in LP(Q2). Moreover, since £ — & belongs to N, and & is a convex
combination of & and &, then both & — & and & — & belong to N,. Thus for « = 1,2 and for
any y € €U, we have that

[ Xu(y) = Xon(y)| = [C(2)§ = C(2)&| = [C(2)(€ = &)| = 0.

Therefore vy, converges to u strongly in W)l(’p (Q). Take now k € N, such that, for any y € Q
and for any h € N,

|€1’7 |€2‘7 |ul(y)’7 |u2(y)\, |/Uh(y)‘ < k.

Then, thanks to (7.6.4) and noticing that (see [67, Lemma 2.4])
F(u,A) = / fe(z,u, Du)dxr Yu affine on Q, VA € A,
A

arguing as in [66, Lemma 2.11] and setting Bj, p(z) := Bgr(z) N, for i = 1,2 and for any
R > 0 such that Bgr(z) € €, it holds that

b
F(v,, B g/ (g, uy, Duy)d / (4, tz, Duy)d / aR+2),
(vn, Br(x)) Bi,R(l’)f (v, u1, Duy)dy + Bi,R(w)f (y, uz, Dug)dy + Q’wk (y alt + h)

with a == |& — & and b := at(1 — t). Since vy, converges to u strongly in Wy?(€) and thanks
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to hypothesis (iv) it is easy to see that
F(u, Br(z)) < tF(u1, Br(x)) + (1 — t)F(ug, Br(x +/ wi(y, €

where this inequality holds for any ¢ > 0 and for any R € (0, £]. Dividing both sides by | Br()],
passing to the limsup and recalling that z is a Lebesgue point of y — wy(y, ), we have that

fe(x,2,8) < tfe(x,2,&) + (1 —t) fe(x, 2,&) + wi(z, €).
Letting ¢ go to zero, the thesis is proved. O]
We are now ready to state and prove the main result of this section.
Theorem 7.6.1. Let F : W)l(’fl’oc(Q) X A — [0, +00] be such that:
(i) F is a measure;
(ii) F is local;
(iii) F satisfies the strong condition (w);
(iv) F is p-bounded;
(v) F is lower semicontinuous.

Then there ezists a unique Carathéodory function f :Q x R x R™ — [0, +00) such that
flz,u, &) <alx)+bE)P +culP  for a.e. x€Q, V(u,&) € RxR™ (7.6.6)
and the following representation formula holds:
F(u, A) = /A fz,u, Xu)de Yu € WP (Q), VA € A, (7.6.7)

Proof. Let us consider the restriction of F' to W,2?(Q) x A. Arguing as in the first step of the
proof of Theorem 7.4.1 it is easy to see that it satisfies all the hypotheses of [67, Theorem 1.8].
Thus, if f. is defined as in (7.6.3), it is a Carathéodory function and moreover there exists b > 0
such that

Flu, A) = /A fulw,u, Du)de YA € A, Yu € WEP(Q)

and
folz,u, &) < azx) +DEP + clulP  for ae. z € Q, Y(u, &) € R x R™.

Moreover, thanks to Lemma 7.6.5, f, is X-convex. So, recalling Proposition 7.6.4 and (iv) of

Proposition 7.4.1, we get that

/Afe(a:,u,Du)dx:/Af(x,u,Xu)dx VAe A ue C*(A),
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where f: QxR xR"™ — [0, +00] is the function defined in (7.4.1). Such an f can be supposed
to be finite up to modifying it on a set of measure zero. Arguing as in the third step of the
proof of Theorem 7.4.1, (7.6.6) holds, while (7.6.7) follows exactly as in the last step of the

proof or Theorem 7.5.2. Finally, uniqueness follows as usual. [

Proceeding exactly as in Theorem 7.5.3 we have the following
Theorem 7.6.2. Let f: Q xR x R™ — [0,4+00) be a Carathéodory function such that
flz,u, &) < alx) +bEP + clulP  for a.e. z € Q, V(u,&) € RxR™,

forb,c >0 and a € L},.(Q). Setting the functional F : W)l(’fl’oc(Q) X A — [0, +0o0] as

loc

F(u, A) := /Af(x,u,Xu)dx Yu € Wih (Q), VA € A,

Jloc

then F satisfies hypotheses (i) — (v) of Theorem 7.6.1.
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Chapter 8

['-compactness

8.1 Introduction

We refer to [129] as main reference for this chapter. In this chapter we continue the generaliza-
tion of [205], providing I'-compactness results for different classes of integral functionals which
are not assumed to be translation-invariant in the sense of (6.1.2), and which can be defined

both on LP(Q) and on Wy”(2). To be more precise, we show the three following results.

o I'(LP)-compactness, under standard boundedness and coercivity requirements, for a class

of non-negative convex integral functionals defined on LP(§2) x A.

o D(Wy")-compactness, under standard boundedness requirements, for a class of non-

negative convex integral functionals defined on Wy?(Q) x A.

o I'(WyP)-compactness, under standard boundedness requirements, for a class of non-
negative and possibly non-convex integral functionals defined on W)l(’p (Q) x A which

satisfies the strong condition (wX) uniformly on the class.

Here the strong condition (wX) is a suitable continuity condition which is strongly inspired by
its Euclidean counterpart introduced in Definition 6.2.5, and is properly defined in Section 8.3.
Again, the lack of translation-invariance implies in general a dependence of the Lagrangian on
the function variable. Moreover we point out that in the last two cases no coercivity assump-

tion is requested, and differently from the LP situation, we can allow also the case in which p = 1.

Our general strategy is classical and consists of two main steps:

Step 1 given a sequence (F},); in an appropriate class of integral functional Z, find a subsequence
(Fh, )k and a local functional F' such that

F( A) =T = lim Fy, (-, A)

for any A € A, and moreover show that such an F' satisfies some structural properties;
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Step 2 choose a suitable subclass J C Z and show that, whenever (F});, belongs to J, then F
belongs to J.

Working in the L? framework the approach is quite standard. Indeed, for achieving Step 1 we
exploits classical results of I'-convergence in LP, for which we refer to [105], and some properties
of the X-gradient, for which we refer to Chapter 1. On the other hand, Step 2 is based on
the new integral representation result for convex local functionals introduced in Chapter 7, and

consists in verifying that the abstract I'-limit F satisfies the hypotheses relative to J.

When instead we consider functionals defined on W”(Q) and we perform the I'-limit with
respect to the strong topology of W)l(’p (), the situation is more delicate. In particular, in
order to achieve Step 1, we need to understand how to modify some arguments of [105]. More
precisely, we introduce a suitable notion of uniform fundamental estimate which is inspired by
the classical notion of fundamental estimate but which turns out to be more useful for our
purposes. Indeed it allows us to drop the coercivity assumptions, and to mimic the results that
allowed the conclusion of Step 1 in the LP case, adapting them to this new framework. Again,
Step 2 relies on the possibility to exploit Theorem 7.4.1 and the integral representation result
for non-convex integral functionals proved in Theorem 7.6.1 to represent the I'(Wy?)—limit in
integral form. To this aim, we show that the strong condition (wX) well behaves with respect
to the passage to the I'-limit, provided we perform this operation with respect to the strong
topology of W}(’p (Q). For the sake of completeness, we want to point out that some of the
results achieved in the non-Fuclidean framework were, to our knowledge, unsolved even in the
classical Sobolev setting W'?(€Q). To conclude, in the final section we list some remarks and
problems that are still open. In particular, we show some critical aspects and we prove some

results with the hope that they may be useful to anyone who will try to handle this analysis.

8.2 [-compactness in L”

In this section we prove a I'-compactness result for a class of convex integral functionals defined
on LP(2) with respect to the strong topology of LP(€2). Our strategy is based on classical results
of I'-convergence in LP spaces and on the possibility to exploit Theorem 7.4.1. First of all we
introduce a large class of integral functionals for which some important properties, such as the
uniform fundamental estimate introduced in Definition 6.4.2, are satisfied. Therefore we let
1 < p < oo, and we fix a € L'(2) and constants 0 < ¢y < ¢; and ¢ > 0. We say that a
functional F' : LP(2) x A — [0, 00| belongs to Z,, ,(a, co, ¢1, ¢2) if there exists a Carathéodory
function f: Q x R x R™ — [0, 0o such that

colnl’ < f(x,u,n) < a(x) +cafnl? + colul? (8.2.1)
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for any (u,n) € R x R™, for a.e. x € , and it holds that

F(U7A) _ fA f(.%',U(iL‘),XU(J?)) der ifAe A’ = W)lfp(A) |

+00 otherwise

In particular, we say that F' € K, ,(a, co, ¢1,c2) whenever F' € T, ,(a, ¢, ¢1,c2) and it holds
that
f(z,-,-) is convex for a.e. x € Q. (8.2.2)

As announced, the main result of this section is the I'-compactness for the class of convex

integral functionals.

Theorem 8.2.1. For any sequence (Fy)n C Ky p(a, co, c1,c2) there exists a subsequence (Fy, )y

and a local functional F € K, ,(a, co, 1, ca) such that
F(-,A)=T(LF) — khrf Fy, (+, A) for any A € A.
—+00

In order to prove the latter we first describe some properties of I'( LP)-limits within the class

T p(a,co, c1,ca). To this aim, we recall the following result, which can be found in [205, Lemma
4.15).

Proposition 8.2.1. Let us define the functional ¥, : LP(Q2) x A — [0, 00] by

, .
U, (u, A) == [ Xullfp sy if A€A ueW'(A) |

+00 otherwise

Then W, is a LP-lower semicontinuous measure.

Proposition 8.2.2. For any sequence (Fp)n, C I p(a,co,c1,c2) there exists a subsequence
(Fh, )k and a functional F: LP(2) x A — [0, 00] such that

o F' is a measure
e I is local
o I is LP-lower semicontinuous

o For any u € Wy"(Q) and A € A it holds that

/A col Xu(z)Pdr < F(u, A) < /A a(z) + e | Xu(@)? + eo|u(z)Pde (8.2.3)

and moreover it holds that

F(,A) =T(LP) — lim Fy, (-, A) (8.2.4)

k—4o00

for any A € A.
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Proof. The proof is based on general results of [105]. Indeed, according to [105, Theorem 19.4],
we introduce a suitable superclass of Z,, ,(a, ¢, ¢1, c2). To this aim, we say that a functional
F: LP(Q) x A — [0,00] belongs to M, (dy,ds,ds,ds, pv) if F' is a measure and if there exist
dy > 1, dy,ds,ds > 0, a finite measure p, independent of F', and a measure G : LP(2) x A —»
[0, 00], which may depend on F, such that

G(u, A) < F(u, A) < diG(u, A) + da||uf[zeca)y + 1(A) (8.2.5)
and
Glpu+ (1 =¢)v, A) < da(G(u, A) + G(v, A)) + dyda(max | D) [u = vl[oa) + 1(A), (8.2.6)

for any u,v € LP(2), A € A and ¢ € C(Q) such that 0 < ¢ < 1. We are going to show that
Tnp(a,co,c1,ca) € Mp(dy,ds,ds, dy, p). For this purpose, let us define p: B — [0, +00] as

u(B) = [ la(x)|da.

Then g is a finite measure on 2. Moreover, thanks to Proposition 8.2.1, the non-negative local
functional G : LP(Q2) x A — [0, +o0] defined by

G(u, A) == co¥,(u, A) for any u € LP(Q2), Ae A

is a measure. Let us show (8.2.5). Let us set d; := ¢t and dy :=cp. f A€ Aand u ¢ WP (A),
the estimate is trivial, while if u € W?(A), it follows from the definition of I, ,(a, co, ¢1, ¢2). So
we are left to show (8.2.6). Fix then A € A. If either u & Wy”(A) or v ¢ WiP(A) the estimate
is trivial. Hence assume that u,v € Wy?(A) and take ¢ € C(9) such that 0 < ¢ < 1. Then,
recalling Proposition 1.3.6, Proposition 1.3.4, the fact that n — |n|? is convex on R™, and
setting

C:=max{|/¢jillec : j=1,....m,i=1,...,n}
it follows that 0 < C' < oo and

Glpu+ (1 —p)v, A) = ¢ /A|ch(u —v)+pXu+ (1 —¢)Xv|Pdz

Xo(u— Xu+ (1—¢)Xvl|’
:Cozp/ 90(1; v) ¢ u+(2 p)Xvl”
A

< 002p_1/|X<p(u—v)|pdx+002p_1/ lpXu+ (1 —¢)XvPde
A A

< 0027’_1/ | Xo(u—v)[Pdz + 2" HG(u, A) + G(v, A))
A
< 2" 1 (Cy/m)P(max | DulP)|Ju — v|| zo(ay + 2P (G (u, A) + G(v, A)).

Thus (8.2.6) follows. Hence Z,, ,(a, ¢, ¢1,c2) € Mp(dy, da, ds, dy, pt). Therefore, thanks to [105,
Theorem 19.5], there exist a subsequence of (F}), still denoted by (Fj)n, and a LP-lower

semicontinuous functional F' € M, (dy, ds, ds, dy, 1) such that (F}), I'(LP)-converges to F. In
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particular F' is a measure. By [105, Proposition 16.4] and [105, Proposition 16.15], F' is also
local. Furthermore, by Proposition 8.2.1 G is a LP-lower semicontinuous measure and, since
(Fy)n satisfies the uniform fundamental estimate on LP(2) according to [105, Theorem 19.4],
we can apply Theorem 6.4.1 to conclude that (8.2.4) holds. Finally, we show that F' satisfies
(8.2.3). Let us fix A € A and u € Wy"(Q), and a sequence (uy,), such that

F(u,A) = hETw Fy(up, A). (8.2.7)

Arguing as above we can assume that (us), C WyP(A). Therefore, thanks to (8.2.7) and
Proposition 8.2.1, it follows that

co/ | XulP dz < lim inf/ | Xup|P de < iminf Fy(up, A) = F(u, A), (8.2.8)
A h—+oo JA h—+00
and so the first inequality follows. Finally we have that

F(u,A) < l}ilm inf Fj,(u, A)

—+00

<liminf [ a(z) + c1| Xul’ + co|ulf dz
A

h—+o00
= / a(x) + 1| Xul? + co|ulP dz.
A
This proves the thesis. [

In order to represent the I'-limit achieved in the previous proposition in an integral form,
we wish to exploit Theorem 7.4.1. Following a previous remark, we present here a slight variant

which is more suitable to our purposes.

Theorem 8.2.2. Let F': LP(Q2) x A — [0, 00] be such that:
(i) F is a measure;
(ii) F is local;

(iii) F is convex on WP (Q);

(iv) F satisfies (8.2.3).

Then there exists a Carathéodory function f:Q x R x R™ — [0, co] which satisfies (8.2.1) and
(8.2.2), and such that

Flu, A) = /A Fla, ulz), Xu(z))de (8.2.9)
for any A € A and for any u € WP (A).

Proof. We point out that in Chapter 7 we did not take into account the possible equivalence
between the bound from below of the Lagrangian and the bound from below of the functional,
as the latter is actually not necessary to represent an abstract convex local functional in integral

form. On the other hand, it is clear from the previous proofs that such an equivalence is trivial,
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so that we take it for granted. From [128] we know that there exists a a Carathéodory function
[: QxR xR™— [0,00] which satisfies (8.2.1) and (8.2.2), and such that

F(u, A) :/Af(x,u(x),Xu(x))dx

for any A € A and for any v € Wy?(Q). Fix now A € A, A" € Ay with A’ € A and
u € LP(Q)NW3P(A), and let v := pu, where ¢ is a smooth cut-off function between A’ and A.
Then clearly v € Wy?(Q) and v|4 = u. As F is local, it follows that

F(u,A’):F(v,A’):/ f(x,v(x),Xv(x))dx:/ o, u(z), Xu(z))de.

A/

Since F' is a measure, it is in particular inner regular, and so we conclude that (8.2.9) holds. [
We are now ready to prove Theorem 8.2.1.

Proof of Theorem 8.2.1. As F' € Ky, ,(a,co, c1,¢2), thanks to Proposition 8.2.2 there exists a
functional F': LP(Q) x A — [0, +o0] which is a measure, local, satisfies (8.2.3) and such that
(8.2.4) holds. Let us show that F is convex on Wy*(Q). Fix then A € A and take ¢t € (0,1)
and u,v € Wy?(Q). Let (uy), and (vy)n be two sequences converging respectively to u and v
in LP(Q2) and such that

F(u,A) = lim Fjy(up, A), F(v,A) = lim Fy(vp, A). (8.2.10)
h—s+00 h—+o0
Since F'(u, A) and F(v, A) are finite we can assume that the sequences (up)p, (v)n belong to
WP (A). Therefore, since each Fj,(-, A) is convex on Wy (A), recalling (8.2.10) and the fact
that (tup + (1 — t)vp), converges to tu + (1 — t)v in LP(Q2), it follows that
F(tu+ (1 —t)v, A) < liminf Fj,(tu, + (1 — t)vp, A)

h—+o00

< lim inf(ch(uh, A) + (1 - t)Fh(Uh, A))

h——o00

=t lim Fh(uh,A)+(1 —t) lim Fh(vh,A)

h—+o0 h—+o00

= tF(u, A) + (1 — t)F(u, A).

Therefore we are in position to apply Theorem 8.2.2. Finally, we notice that if A € A and
u € LP(Q) \ WyP(A), arguing as in (8.2.8) we conclude that +o0o = oW, (u, A) < F(u, A),
which implies that

{ue LP(Q) : F(u,A) < +o0} = WiP(A),

and so the thesis follows. O
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8.3 I-compactness in Wy?

In this section we show two I'-compactness results for suitable classes of integral functionals
defined on W”(Q) and with respect to the strong topology of Wy”(Q). Working in this new
framework has surely some advantages. For instance we do not have to assume any coercivity
assumptions on the sequence of Lagrangians, and we can allow the case p = 1, since, among
the other things, Proposition 8.2.1 is not needed anymore. Therefore, throughout this section,
we let 1 < p < +00 and, as in the previous one, we fix a € L*(), c¢1,co > 0. We say that a
functional F': Wy (Q) x A — [0, 0c] belongs to Uy, ,(a, c1, cs) if there exists a Carathéodory
function f: Q x R x R™ — [0, 0o] such that

fla,u,m) < a(x) +alnf” + eoful” (8:3.1)
for any (u,n) € R x R™ and for a.e. x € Q, and it holds that
Flu,4) = [ fla.u(e), Xu(a))dr
A

for any A € A and any v € WyP(Q). Similarly to the previous section, we will show that
this large class of functionals satisfies many nice properties, among which a suitable notion of
uniform fundamental estimate that will be introduced below. However, this class is too general
to hope to achieve I'-compactness. Therefore we define two sub-classes which will be shown to
be I'-compact. For the first case we consider the sub-class of the convex functionals belonging

to Upp(a, c1,c2), i.e. we say that F' € V,, ,(a, c1,c2) whenever F' € Uy, »(a, c1, c2) and
f(z,-,-) is convex for a.e. x € Q.

In the second case we want to drop the convexity assumption. To this aim, we introduce a
notion of strong condition which is strongly inspired by the Euclidean condition introduced in
Definition 6.2.5.

Definition 8.3.1. We say that w = (ws)s>0 is a (generalized) family of locally integrable moduli
of continuity if ws :  x [0, +00) — [0, +00) and

r— ws(x,r) is increasing, continuous and w(x,0) =0 (8.3.2)
for a.e. x € Q and for any s > 0,
s — ws(z, 1) is increasing and continuous (8.3.3)
for a.e. x € Q and for any r > 0, and

x> wy(x,r) € L, (Q)  for any r,s > 0.
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Moreover we say that a functional F = WiP(Q) x A — [0,00] satisfies the strong condition
(wX) with respect to w if there exists a family w = (ws)s>o0 of locally integrable moduli of

continuity such that

|F(v, A) — F(u, A)| </

S ) d
Y (x,r)dx

forany s >0, A € Ay, r >0, u,v € WP(Q) such that

u(@)], [v(@)|, [ Xu(2)], | Xv(x)] < s
lu(z) — v(z)|, | Xu(z) — Xo(z)] < r

for a.e. x e A.

This new notion seems to be more flexible and to fit better with our non-Euclidean setting,
and allows to deal with more general classes of functions. On the other hand, it is quite easy
to see that our condition is stronger than the one introduced in Definition 6.2.5, and so all
the integral representation results proved in Chapter 7 remain valid. Moreover, we point out
that our family of moduli of continuity, unlike in [67], is indexed over a continuous set, and
the assumption on the behaviour of s — wg(x,r) is completely new. Nevertheless we will see
in a while that, at least when dealing with integral functionals, this new requirement is quite

natural. Indeed the following fact holds.
Proposition 8.3.2. Let F' € Uy, ,(a,c1,c2). Then F' satisfies the strong condition (wX).

Proof. Since f is Carathéodory, then the set Q' :={z € Q : (v, &) — f(z,u,&) is continuous}
satisfies |Q'| = |€2|. For any s, > 0, set £ C R x R x R™ x R™ as

EY = {(u,v,&m) < |ul, ol (€], [n] < s, [u— o], |§ —nl <}

and the function

sup{[f(z,u, &) — f(z,0,m)| : (u,0,6,m) € B} ifw €,

0 otherwise.

ws(x,r) =

We show that (ws)s>o is a family of locally integrable moduli of continuity. Let us fix then
s, > 0: since (u,&) — f(x,u,§) is continuous for almost every = € €, then the supremum
in the definition of w, can be taken over a countable subset of E¥. Since for any (u,v,&,n)
the function = +— |f(z,u,&) — f(x,v,n)| is measurable, then w(-,r) is measurable. Moreover,
thanks to (8.3.1), it follows that, for any (u,v,&,n) € EF,

(2,0, 6) = fz,0,m)] < 2]alz)] + i€l + alnl” + colul” + cafvl?

2la(z)| + 4s(c1 + c2).
Since the right side does not depend on (u,v,§,n) € E?, we conclude that
ws(z, 1) < 2|a(z)] + 4s(cy + ca).
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Hence wy(-,e) € L}, .(). Fix now x € ' and s > 0. Since £ C E; for any r < ¢, then
ws(z, ) is increasing, wg(z,0) = 0 and the continuity follows from the continuity of f(-,u,£).
Finally, taking z € € and r > 0 we have again that E¥ C E! for any r < ¢, hence s —
ws(x,r) is increasing. Once more, from the continuity of f(-,u,£) we conclude that s
ws(z,r) is continuous. Then (wy)s is a family of locally integrable moduli of continuity. It is

straightforward to check that F' satisfies the strong condition (wX') with respect to (wg)s>o. [

On the other hand, if (F},), C U p(a, ¢, c2), even if each F), satisfies the strong condition
(wX), in general the family of moduli of continuity strongly depends on h. Therefore we
introduce suitable subclasses of U, ,(a,c1, c2) which present uniformity in the choice of the
family of moduli of continuity. Hence, if a family w = (ws)s>¢ is fixed, we say that a functional
F - WP(Q) x A — [0,00] belongs to Wi p(a, ¢1,ca,w) if F € Uy, p(a,cy,cs) and it satisfies

the strong condition (wX) with respect to w.

Remark 8.3.3. Let (F},)n C U, ,(a, c1,c2) be such that there exists K € Lj,.(Q2) such that

loc

|fu(@,u,8) — ful@,v,n)| < [K(@)|(Ju—v]+ 1€ —nl) (8.3.4)

for any u,v € R, £&,n € R™ and h € N. If for any s,r > 0 we define E; as in Proposition 8.3.2

and
@s(z, 1) == [K(z)|sup{(ju — o[+ [ = n]) : (u,v,&,n) € E}},

then it is easy to see that (F});, belongs to W, ,(a, co, 1, c2,@).
We are ready now to state the two main results of this section.

Theorem 8.3.1. For any sequence (Fy)n C Vi p(a, c1, ca) there exists a subsequence (Fy, )x and
a functional F € V,, ,(a, c1,ca) such that
F(-, A) =T(WgP) — khgl Fp. (-, A) forany A e A.
—+00
Theorem 8.3.2. For any sequence (Fy)n, C Wi p(a, c1, co,w) there ezists a subsequence (Fp, )y
and a functional F' € Wi, ,(a, c1, c2,w) such that

F(-,A) =T(Wg") = lim F, (-, A) forany A e A.

k—4o00

As already said, one of the key step for the proof of these results is introducing a suitable
notion of uniform fundamental estimate. Therefore, inspired by the classical notion stated in

[105], we give the following definition.

Definition 8.3.4. Let F be a class of non-negative local functionals defined on Wi?(Q) x A.
We say that F satisfies the uniform fundamental estimate on W)lgp (Q) if, for any e > 0 and
for any A, A", B € A, with A’ € A", there exists a constant M > 0 and a finite family
{o1,.. ., or} of smooth cut-off functions between A’ and A" such that for any u, v € WiP(Q)
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and for any F € F, we can choose ¢ € {¢1,...,pr} such that

F(gou +(1—p)w AU B) < (F(U,A”) + F(v, B))—i—

e (lullysnsy + 1011, + 1) + Mlu = vllogs)

where S = (A”\ A')NB

Let us point out the differences between the two definitions. From one hand, this estimate
is stronger, since it requires that the choice of the cut-off function must be done among a
finite family of candidates which depends only on e, A’, A” and B. This requirement, as we
will see, is crucial to guarantee a uniform estimate for the X-gradients of the test functions.
However, we replace some of the L norms on the right hand side of (6.4.5) with Wy”-norms,
thus weakening some of the requirements. This choice, as we will see, is crucial to avoid
the coercivity assumptions on the Lagrangians. The following results and their proofs are

respectively the counterparts of [105, Proposition 19.1] and [105, Proposition 18.3].
Proposition 8.3.5. U, ,(a,c1,cy) satisfies the uniform fundamental estimate on Wy (Q).

Proof. Let us set dy := ¢y, dy := ¢y and dy := 2P"" and o(C) := [, |a(z)|dx for any C € B. Fix
e>0,BeAand A, A" € A with A’ € A”. Choose A € A with A’ € A € A” and k € N with

max{d1+d2d4 O'(A\A)} < e

k ’ k

Moreover, choose open sets Ay, ..., Aryq such that A’ € A; € ... € Apy1 € A, and, for any

i=1,...,k take a smooth cut-off function y; between A; and A;,;. Finally, set
didy
. ()P
M := ;. [nax max | X pi(x)|P.

Let F' € Upp(a,c1, o) and u,v € WP(€). Then, for any i = 1,...,k, from the choice of y; it
follows that

F(piut+(1—¢)v, AUB) < F(u, (AUB)NA;)+ F(v, B\ Aiy1)+ F(piu+(1—p;)v,S;), (8.3.5)

where S; := B N (A;1 \ A;). Setting I; = F(p;u + (1 — ;)v,S;), from the bound on the
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Lagrangian and arguing as in the proof of Proposition 8.2.2; we get that

I <d /S X (it + (1 — p;)v)|Pdz + dz/s i+ (1 — )olPde + o (Sy)

— d, / WX i+ piXu — vX o+ (1 — ) Xv)[Pda + dy / lufPdz + do / o[Pda + o (S)
S; Si Si

= di [ |(piXu+ (1= p)Xv) + Xei(u— v)Pde +dy [ (Jul’ + o) +o(S)

<dids [ [ JpiXu+ (1= )Xol + [ [XeiPlu— olde| +da [ (ul? + |oP)da + o (S)
d U |Xu|”dx—|—/ |Xv|pdx] +k;M/ |u—v]pdx+d2/(
Si S Si S

< (a4 duds) ([0l g + 10010, ) + EM e = vl s, + (S0,

+ |v|P)dx + o (S;)

Noticing that ¢ is a measure and that
SiU...US, C(A\A)NBCS,

and recalling the choice of k, it follows that

) 1 & d2+d1d4 » » P a(A\A)
min i< g (ull sy + Nl sy )+ Ml = ol + T
<& (0l gy + 101 sy + 1) + Ml = ol
(8.3.6)
Therefore, if ; € {p1, ..., x} is chosen to realize the minimum, observing that F' is a measure,
(AYUB)NA; C A” and B\ A;;1 C B, thanks to (8.3.5) and (8.3.6) the thesis follows. O
Proposition 8.3.6. Let (F},)y € Upp(a,c1,c2). Then it holds that

F"(u, A' U B) < F"(u, A") + F"(u, B) (8.3.7)

for any u € W¢"(Q), B € A and A', A" € A with A’ € A”.

Proof. Let u, A, A", B as above fix ¢ > 0, and let (up)n, (vp)n C W)l(’p(Q) be two recovery
sequences for u with respect to F”(-; A”) and F"(-, B) respectively. From Proposition 8.3.5
we know that (F}), satisfies the uniform fundamental estimate on Wy?(€2). Therefore there
exists M > 0 and a finite family {o!, ..., ©*} of smooth cut-off functions between A’ and A”,
depending only on ¢, A’, A” and B, and a sequence (¢n)n C {¢", ..., "}, such that

Fy, <g0huh + (1 - @h)vh, AU B) < (Fh(uh, A”) + Fh(vh, B))+

e (unll s, + 1001 0y + 1) + Mllun = wnlzogs
(8.3.8)
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where S = (A" \ A’) N B. Let us define wy, :== @pup + (1 — ¢p)vp. Then it follows that
lwn = ullze@) = llen(un — vi)llzo@) + v — ullzr@) < llun = vallLe@) + lon — ullLo @),

and moreover

Hth — XUHLp(Q) = ”X(ph s uUp + gOthh — X(ph - U+ (1 — goh)th — XUHLP(Q)

< [ Xon(un — vn)l o) + lon(Xun — Xop)||lze@) + ([ Xvn — Xull e
< 1IT<116L<)§C H|Xg0k|p||Loo(Q) . ||uh — UhHLP(Q) —+ ||th — XUhHLp(Q) + ||Xl)h — XUHLp(Q).

Therefore we conclude that wy converges to u € W)l(’p (©). This fact, the choices of u;, and vy,
and (8.3.8) allow to conclude that

F"(u, AU B) < limsup F"(wy, A" U B)

h—o0
< limsup F”(uy,, A”) + lim sup F" (vy, B)
h—o00 h—00

p p
(Il gy + 10110y + 1)

= F"(u, A”) + F"(u, B) + 5(HUH€V;’P<S> oIy s + 1>'

Being ¢ arbitrary, the thesis follows. O
We are ready to complete Step 1 of our general scheme.

Proposition 8.3.7. For any sequence (Fy,)n C U, ,(a, c1,ca) there exists a subsequence (Fy, )y
and a functional F : W"(Q) x A — [0, 00| such that

e F'is a measure;

F is local;

. 1 . .
F is WP —lower semicontinuous;

for any uw € WiP(Q) and A € A it holds that

F(u,A) < /A a(x) + 1| Xu(x)|P + colu(x)|Pde (8.3.9)

and moreover we have that
F(,A) =T(Wg") = lim Fy (-, A) (8.3.10)
k—+o00

for any A € A.

Proof. Since (Wx"(Q), |- Hw)l(,p(ﬂ)) is a metric space, by [105, Theorem 16.9] we know that, up
to a subsequence, (F},), T'(W?)-converges to a functional F : Wy?(Q) x A — R. Being F a

T-limit, we know from [105, Remark 16.3] that F is increasing, inner regular and Wy”— lower
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semicontinuous. Moreover, thanks to [105, Proposition 16.12], we know that F is superadditive.
Let us show that F is non-negative. Indeed, fix A € A and u € Wy?(Q), then we know that

F(u,A) = Sup{inf{lilgn inf Fj,(up, A') : up — uin WiP(Q)} - A€ A A e A}.
—00

As each Fj,(up, A’) is non-negative, then F'(u, A) > 0. Moreover, in the same way we can see
that F(u, ) = 0 for any u € W"(Q). Now, adapting the proof of [105, Proposition 16.15], we
show that F is local. Let us fix A € A and u,v € Wy?(Q) coinciding a.e. on A. Fix A’ € A4,
take a smooth cut-off function ¢ between A’ and A and let (uz), € Wy (Q) be a recovery

sequence for u with respect to F'(-; A"). We define a new sequence (vy);, requiring that
v = up + (1 — p)v.

It is clear that

|vn — vlze) = lo(un — v)||zr) = le(un — v)|lray < llun — ullLr(a),
and moreover

||X?}h — X’UHLP(Q) = ||X90(uh — U) + QO(X’LLh — XU)HLP(Q)
< [ Xo(un = v)||leea) + [lo(Xun — Xv) | oa)
< X PP llLee@llun = ullLeay + | Xun — Xul| 1o a).

Therefore we have that v;, converges to v in W)l(’p (Q). As each Fj, is local and wj, = v, on A’,

we conclude that
F'(v, A") < liminf F}, (v, A') = lim inf F},(up,, A") = F'(u, A").
h—o00 h—o0

As the converse inequality can be proved exchanging the roles of v and v, we conclude that
F'(u, A') = F'(v, A’). Finally, being A’ € A arbitrary and recalling the definition of a T'—limit,
we conclude that F' is local. Moreover, thanks to Proposition 8.3.6, we can repeat essentially
the same steps of the proof of [105, Proposition 18.4] and achieve that F' is subadditive. Notice
that, thanks to [105, Theorem 14.23] and the previous steps, this suffices to conclude that F is
a measure. If we define now G : W”(Q) x A — [0, +00] by

G(u, A) == /Aa(x) + co|ul? + 1| Xul?

for any u € W?(€Q) and for any A € A, it is clear that G is a measure and that, thanks to our
hypotheses, Fj, < G for any h € N. Therefore, if u € W?(Q) and A € A, it follows that

F(u,A) < limhinf Fy(u, A) < G(u, A).

Finally, thanks again to Proposition 8.3.6 and repeating the proof of [105, Theorem 18.7], we
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conclude that

F(,A) =T(Wg") — lim Fy(-, A), (8.3.11)

h—+o00

for any A € A. O
We have developed all the tools that we need to prove Theorem 8.3.1.

Proof of Theorem 8.5.1. Since (Fp,)n € Vip(a,c1,c2), from Proposition 8.3.7 we know that
there exists a functional F : W?(Q) x A — [0, 4+00] which is a measure, local, satisfies
(8.3.9) and such that (8.3.10) holds. Moreover, arguing as in the proof of Theorem 8.2.1, F'
is convex. Therefore F' satisfies all the hypotheses of Theorem 7.4.1, and so we conclude that
F e Vnpla,c,ca). O

In order to prove Theorem 8.3.2, we wish to apply Theorem 7.6.1 to a suitable functional
F. Anyway, among the other things, we need to guarantee that I’ satisfies the strong condition
(wX). With the two following propositions we are going to show that, whenever we work in
Winp(a, c1, c2,w), the strong condition (wX) with respect to w is preserved by the operation of
I (WyP)-limit.

Proposition 8.3.8. If a functional F : WyP(Q) x A — [0, +00] is a measure, it is WyP-
continuous, it satisfies (8.3.9) for any u € W)lgp(Q) and for any B € B and it satisfies the
strong condition (wX) with respect to w, then it holds that

|F(v, B') — F(u, B')| < / ws(z, r)de (8.3.12)

!

forany s >0, B' € By, 7 >0, u,v € Wy (Q) such that

u(@)], [o(2)], | Xu(z)], | Xov(z)]
u(z) = v(@)], [Xu(z) = Xo(z)]

’ (8.3.13)

NN

r

fora.e. x € B.

Proof. Tt is not restrictive to assume that ¢; = ¢o = 1. First we show the thesis for regular
functions u,v € Wx?(Q) N C>(Q). Let us fix B’ € By, and s, 7, such that (8.3.13) holds, and
let us take m, M > 0. Since F(u,-) and F(v,-) are Borel measures, there exists a decreasing
sequence of open sets (A4,), C A such that B’ = N2, A,, and moreover

F(u,B") = lim F(u,A,) and F(v,B")= lim F(v, A,).

n—oo n—oo

Furthermore, as B’ € ), we can assume that A, € Q for each n € N. Finally, as u,v € C'(Ay)

we can assume that

|u(m)|, |U(I)|7 |Xu(«77>|, |XU(J,’)| < s+ i

S

lu(z) — v(z)], | Xu(r) — Xv(z)] <r+ -~
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for any x € A,, and for any n > 0. We obtain that

|F(u, B") — F(v,B")| = lim |F(u, A,) — F(v, A,)|

n—o0

1
glim/ w5+1<x,r+>dx
n—o0 An M m

1
= [ w1 (m, r+ ) dx.
B/ M m

Therefore, thanks to (8.3.2), (8.3.3) and the Monotone Convergence Theorem we conclude that

’ ' . . 1
|F(u, B") — F(v,B")| < lim lim B/wHﬁ (5577’+m)d13

m—0o0 M —o00

1
= lim Wy (x, r+ ) dx
B/

mM— 00 m

= //ws(x,r)da:.

Let now B’ € By, u,v € Wy (Q) and s, r, such that (8.3.13) holds, and fix again m, M > 0. By
Theorem 1.3.3 there are two sequences (up)n, (vp)n € Wi () NC®(Q) converging respectively
to v and v in the strong topology of W)l(’p (). Therefore, thanks to the previous step and the

continuity of the functional, we get that
|F(u,B") — F(v,B")| = Jim |F(up, B") — F(uvn, B')|.
—00
Now we want to estimate the right term. For doing this let us define, for any h > 0,

1 1
Ap = {xe B : Jup(x)| > s—i—} By, = {xe B’ op(x)] > S—i-}

M M
1 1
Cp = {x € B : | Xup(x)| > s—l—M} Dy, := {x € B : | Xu(z)| > S—i-M}

1
E), = {x € B : |up(x) —op(z)| > 7+ m}
1
Fy, = {x € B : [ Xup(x) — Xop(z)] > r+ },
m
and let
Zh = AhUBhUChUDhUEhUFh. (8314)

We claim that

g 12 =0

Here we only show that limy, .. |An| = 0, being the other parts of the proof similar. Assume
that x € Ay, and assume that (8.3.13) holds in z. Then it follows that

un (@) = w(@)| = [un(z)| = lu(z)] > ]\14

and hence

x € {ZGQ u(z) — up(2)| > ]\14}
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. . 1 . . .
Since uy, converges to u in Wy?(€), then in particular u;, converges to u in measure, and so the

measure of the right set goes to zero as h goes to infinity. We can now estimate in this way.
Jim [F(up, BY) = F(vn, BY)| < limsup [F(up, B'\ Z) = F(vn, B'\ Zy)| + [F(un, Zn) — F(0n, Z3)|
—o0 h—o00

1 )
< [ ey, (@7 + )+ limsup | F(un, Z0)| + [F (o, Z0)

h—o00

1
< Vst (m, r+ m) dz + ligl_)Solij . la(x)|dx

+ lim sup |uh|pda:+/ |Uh|pdx—i—/ ]th|”dx+/ | Xvp, [Pda
Zn Zn Zp, Zn

h—o0
1

< | we (x,r + > dz +limsup2 [ |a(x)|dx
m

B’ M h—00 h

+ lim sup 27~ (/ |uh—u|pda7—|—/ |u|pdx+/ |th—Xu|pd:v+/ |Xu|pd:p>
Zn Zn Zp, Zn

h—o0

+ lim sup 2°~* (/ |vh—v|pdx+/ |v|”dx—|—/ |th—Xv|pdx+/ |Xv|pdx>
Zn Zn Zp Zh

h—o00
1 :
< L Wsr g, (93,7‘ + m> dx + Khh_g)lo (||u - uh||W)1<,p(Q) + Jjv — Uh||W)1<,p(Q))

+limsup [ xgz,b(x)dz,
B/

h—o0

for a constant K > 0 and a suitable function b € L'(B’). Therefore, thanks to the dominated

convergence theorem, we conclude that
!/ / ]'
|F(u, B") — F(v,B")| < Vst :L‘,?“—i-% dz.

Arguing as in the first step and letting M, m go to infinity, the thesis follows. O]

Proposition 8.3.9. Let (F},), be a sequence in Wi, ,(a, c1, c2,w) and assume that there exists
a functional F : WP (Q) x A — [0, 00] such that

F(-, A =T(Wg) — hh_}rgo Fu(, A" for any A" € A,.

Then F' satisfies the strong condition (wX) with respect to w.

Proof. Let A" € Ay, u,v € WyP(Q) and s,r > 0 such that (8.3.13) holds, and fix m, M > 0.

Let (up)n and (vp,)n be recovery sequences respectively for u and v. Then it follows that
|F(u,A") — F(v, A")| = hlim | Fy(up, A") — Ej (v, A')|.
—00

Notice that, since Fj, € W, »(a, ¢1, c2,w) then it is a measure, it satisfies the strong condition
(wX) with respect to (ws)s>0, and thanks to a slight variant of Theorem 7.5.1, it is Wy*-
continuous. Moreover, thanks to (8.3.1), it satisfies (8.3.9) for any v € Wy”(Q) and for any
B € B. Therefore it satisfies the hypotheses of Proposition 8.3.8. Hence, repeating exactly the
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same estimates performed in the proof of Proposition 8.3.8, we conclude that

hlim | Fy(up, A") — Fy, (v, A')] </ ws(x,r)dx,
—00

!

and so the thesis follows. O
We are now in position to give the proof of Theorem 8.3.2.

Proof of Theorem 8.3.2. Since (Fp)n, € Wi p(a, c1, c2,w), from Proposition 8.3.7 we know that
there exists a functional F : Wy?(Q) x A —» [0,00] which is a measure, local, Wy"-lower
semicontinuous and satisfies (8.3.9), and such that (8.3.10) holds. Moreover, thanks to Propo-
sition 8.3.9, F' satisfies the strong condition (wX) with respect to w. Therefore F' satisfies all
the hypotheses of Theorem 7.6.1, and so we conclude that F' € W, ,(a, 1, c2,w). O

8.4 Further remarks and open problems

The classical strong and weak condition (w) were introduced in [67] in order to guarantee
the continuity of the candidate Lagrangian when proving an integral representation result. In
particular, the strong condition (w) guarantees that f(z,-,-) is continuous, while the weak
condition (w) implies the continuity of f(z,-,&). Moreover, it is easy to see that the strong
condition (w) implies the weak condition (w). Anyway, in many situations it is difficult to
verify the strong condition (w), whereas the weak condition (w) is easier. On the other hand,
if we require only the weak condition (w), we have to add an extra hypothesis in order to get
the equivalence, i.e. the weak-*sequential lower semicontinuity of the functional, which is well
known (cf. [2]) to be equivalent to the convexity of f(z,u,-). In Chapter 7, inspired by [67],
we exploited these ideas in order to achieve two integral representation results when the local
functional is not assumed to be convex. In Section 8.2 we obtained a I'(L?) —compactness result
for a class of convex integral functionals defined on LP(€2), but we did not generalized it when
the convexity assumption is dropped. On the other hand, in Section 8.3 we considered also the
non-convex case, working in a suitable class of integral functionals where the strong condition
(wX) is required uniformly on the class. Therefore there are some questions still unsolved. Let

us begin by properly extending Definition 8.3.1.

Definition 8.4.1. If w = (ws)s>0 s a family of locally integrable moduli of continuity (cf.
Definition 8.3.1), we say that a functional F : LP(Q) x A — [0,400] satisfies the weak

condition (wX) with respect to w if
\F(u+r A — Flu, A)| < / ws(z, |r]) dz
A/
forany s >0, A’ € Ay, r € R, u € WP(Q) such that

u(@)|, [o(z) + 7], [r] < s
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for a.e. v € A
Indeed, if w is a fixed family of moduli of continuity it is reasonable to ask:

o if the subclass of Z,, ,(a, ¢o, ¢1, c2) of those integral functionals satisfying the strong con-

dition (wX') with respect to w is I'(LP)—compact;

o if the subclass of Z,, ,(a, ¢, ¢1, ¢2) of those integral functionals satisfying the weak condi-

tion (wX) with respect to w and which are weakly-*seq. l.s.c. is I'(L?)—compact;

« if the subclass of U, ,(a, c1, c2) of those integral functionals satisfying the weak condition

(wX) with respect to w and which are weakly-*seq. Ls.c. is T'(Wy”)—compact.

In view of Proposition 8.2.2, Proposition 8.3.7 and the integral representation results in [128],

the only questions left open are the following.

(a) Is the I'(LP)-limit of a sequence of (possibly not weakly-*seq. l.s.c.) functionals a weakly-

*seq. l.s.c functional?

(b) Is the T(Wy")—limit of a sequence of (possibly not weakly-*seq. ls.c.) functional a

weakly-*seq. l.s.c functional?

(c¢) Does the I'(L?)-limit of a sequence of functionals satisfy the weak condition (wX') provided

that the sequence does satisfy it?

(d) Does the T'(Wy”)—limit of a sequence of functionals satisfy the weak condition (wX)
provided that the sequence does satisfy it?

(e) Does the T'(LP)-limit of a sequence of functionals satisfy the strong condition (wX') pro-

vided that the sequence does satisfy it?

Unfortunately we have not been able to answer to questions (b), (¢) and (e). Anyway we are

going to show that the questions (a) and (d) have a positive answer.

Proposition 8.4.2 (Answer to question (d)). Let w be a family of locally integrable moduli
of continuity. Let (F})n be a sequence in U, ,(a, c1,c2) and assume that each Fj, satisfies the
weak condition (wX) with respect to w. Assume in addition that there ezists a functional
F:WgP(Q) x A — [0, 400] such that

F(-, A =T(WgP) — hl_ig{loo Fu(, A" for any A" € A,.

Then F' satisfies the weak condition (wX) with respect to w.

Proof. The proof of this result is totally similar to the proofs of Proposition 8.3.8 and Propo-

sition 8.3.9, and so we take it for granted. O
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Proposition 8.4.3 (Answer to question (a)). Let Fj, : LP(Q2) x A — [0, +00] be a sequence of
(not necessary integral) functionals, and assume that there exists a functional F : LP(Q)x A —
[0, 00] which is a measure and such that

F(-, A" =T(LP) — lim Fy(-, A" for any A" € A,.

h——+o00
Then F' is weakly-*seq. l.s.c

Proof. Let A e A, A’ € A with A’ @ A, u € W1*°(Q) and take a sequence (uy), C W1h°(Q)
which is weakly-*convergent to u. Then, since A’ € A, it is well known that u; converges to
u strongly in L>°(A’), and so in particular strongly in LP(A’). Being F(-, A") a I'(LP)—limit, it
is L”—lower semicontinuous. Moreover, being F' a measure, it is also increasing. These facts
imply that

F(u,A") < li}{gg}f F(up, A") < li’gng(uh, A).

Since F' is inner regular and since A" € A is arbitrary, the conclusion follows. O
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Chapter 9

How to avoid the linear independence

condition

9.1 Introduction

We refer to [276] as main reference for this chapter. In the previous chapters, as we already

pointed out, (a.e. LIC) plays a crucial role to upgrade Euclidean representations as in

Flu, A) = /A fu(e, u, Du) dz (9.1.1)
to suitable anisotropic representations as in

Flu, A) = /A o, u, Xu) da. (9.1.2)

More precisely, since (9.1.1) gives rise to a representation depending on an Euclidean Lagrangian
fe(z,u, &), in Chapter 7 we exploited (a.e. LIC) to define a new anisotropic Lagrangian f(x, u,n)
in such a way that

fe(z,u, Du) = f(z,u, Xu) (9.1.3)

for any sufficiently regular function u. Further to [128, 129, 205], an interesting open question

was whether these results could be generalised beyond the (a.c. LIC) setting.

In this chapter, we provide an affirmative answer to the above issue, showing that all the
results in [128, 129, 205] still hold even without requiring (a.e. LIC). The value of this result
is at least twofold. On the one hand, avoiding (a.e. LIC) allows to consider anisotropies in the
greatest generality. In particular, our results apply to the whole sub-Riemannian framework of
Carnot-Carathéodory spaces. Indeed, while (a.e. LIC) is general enough to cover many relevant
settings, among which Carnot groups and Grushin spaces (cf. [205] and Example 6.1.2), it is
easy to provide instances of Carnot-Carathéodory spaces whose associated generating vector
fields do not satisfy (a.e. LIC) (cf. Example 9.2.1). On the other hand, our generality allows

to consider the case in which a fixed family X is replaced by a sequence of families (X"),
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converging to a limiting family X in any reasonable sense. Even assuming that each family X"
satisfies (a.e. LIC), not even the strongest convergence (say, for instance, C*°) can guarantee

in general that X will do the same (cf. Example 9.2.2).

Our approach starts from noticing that (9.1.3) is essentially the only point where (a.e. LIC)
proves fundamental in the approach of [128, 129, 205]. Therefore, the crucial part of this chapter
is to achieve (9.1.3) without requiring (a.e. LIC). To explain our approach, we briefly recall the
strategy that we followed in the previous chapters. To this aim, fix a point z € 2 and assume
that Xi(z),..., X,n(x) are linearly independent in R™. This implies that the projection map
C(x) : R" — R™ induced by X;(z), ..., X,u(x) is surjective. In this case, it is possible to set

Fleum) = fo (2,u,C(2) " () | (9-1.4)

being C(x)~! a suitable right-inverse map of C(x), and to show, under additional assumptions
on f., that (9.1.4) suffices to infer (9.1.3). Since our vector fields may be in general linearly
dependent, C(x) may not be right-invertible. To this aim, we replace C(z)~* with the so-called

Moore-Penrose pseudo-inverse of C(x) (cf. [165]), say Cp(x), and we set

flx,u,m) = fo(z,u,Cp(x)-7n). (9.1.5)

A careful analysis of the properties of Cp(x) (cf. Proposition 9.3.1) will allow us to exploit
(9.1.5) to provide anisotropic representations as in (9.1.3) (cf. Proposition 9.3.2). Once (9.1.3)
is achieved, we devote the rest of the chapter to the generalization of the results in [128, 129, 205]
(cf. Section 9.4). We decided to make this last part of the exposition as concise as possible, both
to emphasise the crucial importance of Proposition 9.3.2, and because, once Proposition 9.3.2
is obtained, the proofs work exactly like their counterparts in [128, 129, 205]. We stress that
our results are substantially analogous to those proved in [128, 129, 205]. Nevertheless, the
possible non-surjectivity of C(z) brings out some interesting new phenomena. First of all, a
deep look at the shape of f in (9.1.5) reveals that it is constant outside the range of C(x) (cf.

Proposition 9.3.2). More precisely, if we orthogonally decompose any n € R™ as

n:C(m)'fnJrﬁL

for some &, € R", then f satisfies

flx,u,n) = f(z,u,C(x) - &,). (9.1.6)

Anyway, (9.1.6) is verified only if f is defined as in (9.1.5). Indeed, it is possible to provide
integral representations as in (9.1.2) by arbitrarily choosing the value of the corresponding
anisotropic Lagrangian outside the range of C(x) (cf. Example 9.4.1 and Theorem 9.4.2).
Notwithstanding, we prove that (9.1.6) is a sufficient property to guarantee uniqueness in the

integral representation (cf. Theorem 9.4.1). Another consequence of (9.1.6) is that f as in
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(9.1.5) cannot inherit from f, full coercivity in the gradient argument. Nevertheless, one can
easily observe how the structural properties of an integral functional depend, in our case, solely

on the behaviour of the Lagrangian on the range of C(x) (c¢f. Theorem 9.4.2).

9.2 Relevant vector fields

As already known, many relevant families of vector fields can already be found when (a.e. LIC)
holds, such as the Euclidean space, Carnot groups and Grushin spaces (cf. [205]). Neverthe-
less, avoiding (a.e. LIC) is crucial to ensure that the results of [128, 129, 205], gain sufficient

generality to be applied, for example, to the Carnot-Carathéodory setting.

Example 9.2.1. As an instance, consider the the family X = (X, X3) of vector fields defined
on Q= (—1,1)2 C R? by

0 0 if x, € (—1,0)
I‘laim if x| € [0, 1) .

for any x = (z1,29) € Q. Is is easy to check that 2, endowed with the Carnot-Carathéodory
induced by X, is a Carnot-Carathéodory space. Moreover, X, Xy are Lipschitz continuous on
2. Nevertheless, they do not satisfy (a.e. LIC).

Moreover, as pointed out in the introduction, (a.e. LIC) may not in general be preserved

under even strong notions of convergence.

Example 9.2.2. For any h € N\ {0}, consider the the family X" = (X, X2) of vector fields

defined on R? by
0 10

~ 9, ~ b,

for any * = (z1,72) € R% For any h as above, X" is made of smooth and globally Lips-

Xi(x) and Xh(z)

chitz continuous vector fields which satisfy (a.e. LIC) on R? Nevertheless, (X"); convergence

uniformly, with all its derivatives, to X = (X7, 0), which clearly does not satisfy (a.c. LIC).

9.3 Anisotropic representation of Euclidean Lagrangians

This section constitutes the core of this chapter. More precisely, we show how to express a

Euclidean Lagrangian in terms of an anisotropic Lagrangian, proving (9.1.3).

9.3.1 Algebraic properties of the Moore-Penrose pseudo-inverse

Let us recall, for the reader’s convenience, some notation from Section 7.3. For any = € €2, we

define the linear map L, : R* — R™ by



for any & € R™. Moreover, we let
N, =ker(L,) and  V,={C(x)"-n : neR"}.

We recall that R® = N, & V,, whence, for any x € (2 and £ € R", there are unique £y, € N,
and &y, € V,, such that

£=¢n, + &vas (9.3.1)

and the map II, : R™ — V,, defined by I1,(§) = &y, is well-defined. In Section 7.3 we exploited
in a crucial way (a.c. LIC) to ensure the existence of a right-inverse map associated to C(z).
Precisely, if Xi(x),..., X,,(z) are linearly independent at some x € €2, then any n € R™ can
be expressed in the form n = C(x) - , for some &, € R". In the general case, we decompose
n € R™ as

n=Clx)-&+n,

where 7t € Im(C(x))*. We stress that &, is uniquely defined only modulo ker(C(z)). Since C(z)
may not have full rank, our approach must therefore differ from the one of Section 7.3. Let
Cp : 2 — M(n,m) be defined so that Cp(z) is the Moore-Penrose pseudo-inverse of C(z) (cf.
[165]) for any = € Q. Precisely, for a fixed x € Q, Cp(x) is the unique matrix in M (n, m) such
that (cf. [165])

A
g
—
N
2
&

A
g
—~
N

I
A
=
N

C(z)-Cp(x) - C(x) = C(x),

(9.3.2)
Cp(z)-C(z) =C(z)" - Cp(x), C(x)-Cp(z) = Cp(z)" - C(x)".
Our anisotropic representation is based on the following properties of Cp.

Proposition 9.3.1. Let Cp be the above-defined map. Moreover, for any x € Q, let Cp(x) :
R™ — R™ be the linear map defined by

Cp(x)(n) = Cp(x) -1

for any n. Then the map
z = Cp(x)(n)

is measurable for any n € R™. Moreover, for any x € ), the following facts hold.
(1) Im(Cp(z)) = V2.
(ii) TL,(€) = Cp(x) - C(x) - € for any € € R".

(iii) ker(Cp(x)) = Tm(L,)*.

Proof. For a given n € R", it is well-known (cf. [165]) that

Cp(z)-m= lim (C(x)T-C(a:)+1[n)_ C@) .

h—400 h
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for any = € Q. In particular, being C continuous over ), x +— Cp(x) - 1 is the pointwise limit of

continuous functions, and hence it is measurable. Now we fix x € Q. Notice that, by (9.3.2),
Cp(x) - n=Cp(x) ) - Cp(x) - = C(x)" - (Cr()" - Cp(x) - m)

for any n € R™, so that Im(Cp(x)) C V,.. To prove the other inclusion, it suffices to show (ii).
To this aim, fix £ € R”. by (9.3.1) and (9.3.2),

Clx) - Cp(x) - Clx) - & = C(x) - & = C(x) - (a(€) + &n,) = Cx) - (&),

Since we already know that Cp(z) - C(z) - £ € V,, and being C(z) injective on V,, (ii) follows.
To prove (iii), fix n € ker(Cp(z)) and £ € R™. Then, by (9.3.2),

W' Clx)-E=n"-Clx)-Cp(x) - Clx) - & = (Co(x)-n)" - Cla)" - Clx) - £ =0,

so that n € Im(C(z))*. Hence ker(Cp(x)) C Im(L,)*. Assume by contradiction that there
exists 1 # 0 such that n € Im(L,)* Nker(Cp(z))t. In view of (9.3.2),

Cp(z)-n=Cp(x)-C(x)-Cp(z)-n. (9.3.3)

Since we know that ker(Cp(z)) C Im(L,)*, then Im(L,) C ker(Cp(x))*, so that both n and
C(x)-Cp(x)-n belongs to ker(Cp(z))*. Being Cp(x) injective on ker(Cp(z))*, we conclude from
(9.3.3) that n = C(z) - Cp(x) - 1, a contradiction with € Tm(L,)*. O

9.3.2 The anisotropic representation result

We exploit Proposition 9.3.1 to show that the anisotropic Lagrangian in (9.1.5) satisfies (9.1.3).

Proposition 9.3.2. Let f. : Q xR x R" — [0, +00] be a Carathéodory function. Assume that
fe(@, u, &) = fe(z,u, 115(£)) (9.3.4)
for a.e. x € Q, any u € R and any & € R™. Define the map f: QxR x R™ — [0, +00] by
flz,u,m) = fez,u,Cp(x) - 1) (9.3.5)
for any x € Q, any u € R and any n € R™. Then f is a Carathéodory function such that
fla,um) = flz,u,C(z) - &) (9.3.6)

and

fe(z,u, §) = f(z,u,C(x) - ) (9.3.7)

for a.e. © € Q, anyu € R, any n € R™ and any £ € R™. Moreover, f enjoys the following
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properties.

(i) If there exist a € L}, () and some b,c > 0 such that
fe(w,u,8) < alz) + bluf” + c|C(z) - £]7 (9.3.8)
for a.e. x € Q, any u € R and any & € R"™, then
flz,u,Clx) - &) < a(x) + blu” + c|C(z) - |7 (9.3.9)
fora.e. x € Q, any u € R and any £ € R™.
(i) If there exist d > 0 such that
d|C(x) - ¢P < felw, u,€) (9.3.10)
fora.e. x € Q, any u € R and any & € R™, then
dlC(z) - &P < flz,u,C(x) - &) (9.3.11)
fora.e. x € Q, any u € R and any n € R™.

(iii) If fo(z,u,&) = fe(x,§) fora.e. x € Q, anyu € R and any § € R™, then f(z,u,n) = f(x,n)
for a.e. x € Q, any u € R and any n € R™.

(i) If
fe(x,u,-) is convex (9.3.12)

for a.e. x € Q and any u € R, then
f(z,u,-) is convex (9.3.13)
for a.e. x € Q and any u € R.

(v) If

fe(z,-,+) is convex

for a.e. x € §Q2, then
flz,-,-) is convex (9.3.14)

for a.e. x € Q.

Proof. Let f be the function in (9.3.5). First we show that f is a Carathéodory function. To
this aim, fix v € R and n € R™, and define the function ®,,, : 2 — R x R" by

Oy () = (u,Cp(2) - 1)
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for any « € Q. Being « — Cp(z) - 7 measurable by Proposition 9.3.1, then ®,, is measurable.

Since
[z, u,m) = fe(z, Puy(x)) (9.3.15)

for a.e. z € Q, and being f. a Carathéodory function, we deduce from [100, Proposition 3.7]
that  — f(x,u,n) is measurable for any u € R and any n € R™. Fix now z € 2 and define
U, :RxR™ — R x R" by

W, (1) = Do)

for any © € R and any n € R™. Clearly, ¥, is a linear function. In particular, by (9.3.15)
and being f. a Carathéodory function, then (u,n) — f(x,u,n) is continuous for a.e. x € Q,
so that f is a Carathéodory function. Moreover, in view of (9.3.15), the linearity of ¥, and
the definition of f, (iii), (iv) and (v) easily follows. Moreover, (9.3.6) follows directly from (iii)
of Proposition 9.3.1. Let us prove (9.3.7). In view of (ii) of Proposition 9.3.1, (9.3.4) and the

definition of f, we infer that

f(‘%u’c(x) 5) = fe(x,u,Cp(m) C(:E) f) = fe(xauvﬂw(g)) = fe(x>u’§)

for a.e. x € 2, any u € R and any £ € R”, so that (9.3.7) follows. Finally, (i) and (ii) are direct

consequences of (9.3.7). O

9.4 Avoiding (a.e. LIC) in a prototypical example

In this section we prove integral representation and ['-compactness results in the setting of
translation-invariant local functionals as in (6.1.2) proposed in [68, 205]. As already pointed

out, our proofs will be concise and focused on the application of Proposition 9.3.2.

9.4.1 Integral representation

Let us begin with the generalization of [205, Theorem 3.12] to our general setting.

Theorem 9.4.1. Let p € [1,400). Let F : LP(Q) x A — [0,400]| satisfy the following

properties.
(i) F is a measure.
(ii) F is local.
(iii) F is LP-lower semicontinuous.
(iv) Flu+k,A) = F(u,A) for any A € A, any u € C*(A) and any k € R.

(v) There exist a € L},.(Q) and ¢ > 0 such that
F(u,A) < /Aa(x) + | Xu|P dx
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for any A € A and any u € C*(A) N LP(Q).

Then there ezists a Carathéodory function f: Q x R™ — [0, +00) such that
Flu, A) = / (o, Xu(z)) de (9.4.1)
A

for any A € A and any u € W)15500<A) N LP(Q). Moreover, f satisfies (9.3.6), (9.3.9) and
(9.3.13). In addition, if f : Q x R™ — [0,400) is a Carathéodory function which verifies
(9.3.6), (9.3.9) and for which (9.4.1) holds with f in place of f, then

flz,m) = f(z,n) (9.4.2)

for a.e. x € Q and any n € R™. Finally, if there exists d > 0 such that
d/ | Xul? de < F(u, A) (9.4.3)
A

for any A € A and any u € C°(A) N LP(QY), then f satisfies (9.3.10).

Proof. Arguing verbatim as in the first step of the proof of [205, Theorem 3.12], our assumptions

allow an Euclidean integral representation for F', meaning that
Flu, A) = / fu(w, Du(x)) dz (9.4.4)
A

for any A € A and any u € W,5(A), where f. : Q@ x R" — [0, 400) is a suitable Carathéodory
function satisfying (9.3.4), (9.3.8) and (9.3.12). Therefore, by Proposition 9.3.2, f : @ xR"™ —
[0, 4+00) defined as in (9.3.5) is a Carathéodory function which satisfies (9.3.6), (9.3.7), (9.3.9)
and (9.3.13). Therefore, combining (1.3.2), (9.3.7) and (9.4.4),

F(u,A) = /Af(a:,Xu(x))da: (9.4.5)

for any A € A and any u € C*°(A). In order to achieve (9.4.1), one exploits (9.4.5) to argue
verbatim as in the third step of the proof of [205, Theorem 3.12]. If (9.4.3) holds, arguing
verbatim as in the first step of the proof of [205, Theorem 3.12] we infer that f. satisfies
(9.3.10), so that, by Proposition 9.3.2, f verifies (9.3.11). Finally, assume that there exists a
Carathéodory function f : Q x R™ — [0, +-00) which verifies (9.3.6), (9.3.9) and (9.4.1). By
(9.3.9), (9.4.1) and proceeding as in the fifth step of the proof of [128, Theorem 3.3], one infer
that

fla.C(x)-§) = fla,C(x) - §) (9.4.6)
for a.e. 2 € Q and any ¢ € R™. Since both f and f satisfy (9.3.6), we conclude by (9.4.6) that

f(l‘777) = f(m,C(x) ’ 577) = f(x,C(x) ) 577) = f(%n)
for a.e. x € Q and any n € R™, so that (9.4.2) follows. O
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We point out that the statement of Theorem 9.4.1 is sharp. On the one hand, neither in
(9.3.9) nor in (9.3.13) it is reasonable to expect global bounds rather than partial bounds on
Im(C(z)). On the other hand, a uniqueness property as in (9.4.2) may fails dropping (9.3.6).
This is to say, roughly speaking, that the structural properties of F' translates into structural
properties of f only as regards the part of f acting on the image of C. This fact is not
surprising. Indeed, for a fixed = € Q, we already know that the action of C(x) is surjective only
when Xj(z),...,X,,(z) are linearly independent. Since we are not assuming (a.e. LIC), this

property may trivially fail in general.

Example 9.4.1. As an instance, consider the the family X = (X, X3) of vector fields defined

on Q = (0,1)? C R? by
0

~ ony

for any x = (x1,25) € Q. Clearly X7, X, are Lipschitz continuous on 2 and linearly dependent

Xi(x) = Xo(7)

for any x € 2. The associated matrices C and Cp are respectively

10

10

C(x):[ 0 0

] and Cp(x) = [ 1/2 172 ]

for any x € (2. In particular,
N, ={(0,) eR*: XeR}  and  Im(L,) ={(\\) €R*: AR} (9.4.7)

for any x € 2. Consider the functions fi, fo : Q x R? — [0, +00) defined by

2 2
fi(z,n) =2 (771—;-772) and fo(x,m) =2 <771;772) 4+ em—m)* _q

for any z € Q and any n = (11,72) € R% They are clearly Carathéodory functions. In view of
(9.4.7), they both verify (9.3.9), (9.3.11) and (9.3.13) with a,b =0 and ¢,d = 1. Moreover,

for any x € Q and any ¢ € R?, but they differ otherwise. In particular f; satisfies (9.3.6), while
f2 does not. Consider the local functionals F, Fy : L*(Q2) x A — [0, +00] defined by

(z, Xu(z))de fAe A ueWy? (A
) — | Ja 5@ Xu(@) Whoeld)
+o00 otherwise

for j = 1,2. Clearly Fy and F, verify (i), (ii) and (iv) in Theorem 9.4.1. By means of the
forthcoming Theorem 9.4.2, it holds that

Fi(u,A) = Fy(u, A) =: F(u, A) (9.4.9)
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for any A € A and any v € L*(Q). In particular coupling (9.4.9) with [205, Lemma 4.14],
we conclude that F' verifies also (iii) and (v) in Theorem 9.4.1, with a = 0 and ¢ = 1, so
that F' verifies all the hypotheses of Theorem 9.4.1. In addition, F' satisfies (9.4.3) with d =
1. Nevertheless, on the one hand we know by (9.4.8) that the integral representation of F'
drastically lack uniqueness. On the other hand, neither fi(z,n) > ||* for a.e. z € Q and any
n € R% nor fo(x,n) < |nj? for a.e. x € Q and any n € R2

Despite these differences with respect to the (a.e. LIC) framework, we show that the struc-
tural properties of f that one can derive from an integral representation as in Theorem 9.4.1 are
essentially the only ones relevant for deducing structural properties of the associated functional.

More precisely, the following holds.

Theorem 9.4.2. Letp € [1,4+00). Let f: QxRXR™ — [0, +00| be a Carathéodory function.
Let F: LP(Q2) x A — [0, +00] be defined by

Plu, A) = [a f(zu(z), Xu(z))dz  if Ae A ueWyh (A) |

+00 otherwise

The following facts hold.

(i) If f satisfies (9.3.9), then
Flu, A) < /A a(x) + blu(@)]? + e| Xul do

for any A € A and any u € W)l(’ffoc(A) NLP(Q).

(ii) If [ satisfies (9.3.11), then
d | | XulPde < F(u, A
/A| ul? dz (u, A)

for any A € A and any u € W)l(’foc(A) NLP(Q).

(iii) If f: Q x R x R™ — [0, +00] is another Carathéodory function such that

fz,u,C(x) - &) = f(x,u,C(x) -§) (9.4.10)

for a.e. x € Q, any u € R and any & € R"™, then
Flu, A) = [ flau(@), Xu(x)) do
A

for any A € A and any u € W)l(’fl’oc(A) NLP(Q).

Proof. In view of (1.3.2), the three statements are clearly true for any A € A and any u €
C*>®(A) N LP(QY). Noticing that all the involved functionals are continuous with respect to the
metric topology of W)l(’p , the general statement follows by means of standard localization and

continuity arguments (cf. [205, 128]) coupled with Theorem 1.3.3. O
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9.4.2 TI'-compactness

We conclude this section with the generalization of [205, Theorem 4.10].

Theorem 9.4.3. Let p € (1,400). For any h € N, let f, : Q@ x R™ — [0,+00] be a
Carathéodory function satisfying (9.3.9), (9.3.11) and (9.3.13) witha € L*(Q), b=0, ¢ > 0 and
d > 0 independent of h € N. For any h € N, define the integral functional Fy, : LP(2) x A —»
[0, +o0] by

S fole, Xu(z))dz  if A€ A ue WyP(A)

+00 otherwise

Fh(U,A) = {

Then, up to a subsequence, there exists an integral functional of the form

bl
+00 otherwise

where f : Q x R™ — [0,400) is a Carathéodory function which satisfies (9.3.6), (9.3.9),
(9.3.11) and (9.3.13) with a,b,c,d as above, for which

F(-,A) =T(LP) — lim F(-, A) (9.4.11)

h—+o00

for any A € A.

Proof. By means of (i) and (ii) in Theorem 9.4.2, it is simply a matter of retracing the steps
of the proof of [129, Proposition 3.3] to ensure the existence of a functional F': LP(Q2) x A —»
[0, +-00] which verifies (i), (ii), (iii), (v) and (9.4.3) in Theorem 9.4.1 and such that (9.4.11) holds.
We claim that F verifies (iv) in Theorem 9.4.1. To this aim, fix A € A, u € C*Aand k € R. We
only show that F'(u, A) > F(u+k, A), being the other inequality analogous. If F'(u, A) = 400,
the claim is trivial. Assume otherwise that F'(u, A) is finite. Let (up), C LP(2) be a recovery
sequence for u as in (6.4.2). Since F(u, A) is finite, up to a subsequence (uy ), € Wy (A)NLP(Q).
Therefore, by our choice of (u)p, (6.4.1), (6.4.2) and the definition of (F})s,

F(u, A) = liminf F(up, A) = hIIllIlth(uh +kA)>Flu+k,A).

h—+o00 h—+o00

To conclude, F satisfies the hypotheses of Theorem 9.4.1, so that there exists a Carathéodory
function f : Q x R™ — [0,400) which satisfies (9.3.6), (9.3.9), (9.3.11) and (9.3.13) with
a,b, ¢, d as in the statement, such that (9.4.1) holds for any A € A and any u € WyP(A)NLP(Q).
Finally, fix A € A and let u € LP(Q) \ WP (A). If it was the case that F(u, A) < +oo, then u
would admit a recovery sequence (up), € Wx?(A) N LP(Q). But then, in view of (6.4.2), (i) of
Theorem 9.4.2 and [205, Lemma 4.14],

F(u, A) = liminf F},(up, A) > hmmfd/ | Xup|P do > d/ | XulP drv = 400,

h—4o00

from which a contradiction would follow. O
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Part 1V

Weak solutions in

Carnot-Carathéodory spaces
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Chapter 10

Viscosity solutions: introduction and

preliminaries

10.1 Introduction and motivations

The theory of viscosity solutions to first and second-order partial differential equation provides
a powerful tool which allows to overcome some criticalities arising both in the classical and in
the distributional theory. The interested reader is refereed to [96] for a wonderful introduction
to the second-order viscosity theory in the Euclidean setting. First of all, this framework allows
to admit solutions which are, a priori, only continuous functions. Moreover, the equations to
which the viscosity theory applies need very weak structural assumptions. Indeed, it allows to

deal with fully non-linear equations of the form
F(x,u, Du, D*u) = 0, (10.1.1)

where F' is usually only a continuous function. In particular, the viscosity theory circumvents
the restrictive quasi-linearity conditions imposed for instance by the classical Leray-Schauder
theory for quasi-linear elliptic equations (cf. [194, 157]), as well as the the need to work
with equations in divergence form typical of the weak theory (cf. [61]). Also, the ellipticity
assumptions which characterize most of the classical and the weak theory are replaced by a
more flexible degenerate ellipticity condition. Roughly speaking, we say that F' is degenerate
elliptic if

F(z,u,p, A) < F(z,u,p, B) (10.1.2)
as soon as A — B is positive semi-definite. Notice that (10.1.2) is automatically satisfied by

first-order equations
H(z,u,Du) =0

which are known in literature as Hamilton-Jacobi equations. Another remarkable advantage of
the viscosity theory consists in the fact that the very mild assumptions on the structure of the

equations guarantee a great flexibility in the existence, comparison and stability results. Before
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entering in the core of the definitions, let us give them an heuristic motivation. Assume that
u € C?(Q), where Q C R™ is open, is a classical subsolution to (10.1.1), i.e.

F(z,u(x), Du(x), D*u(z))

for any x € €). First, notice that the twice-differentiability properties of u let the property
of being a classical subsolution be a pointwise property. Let us fix xg € ). Now, instead of
considering the behavior of u at xy, we wish to approximate u via suitable test functions, and
to test the value of F over the latter. To this aim, consider a function ¢ € C?(Q) whit the
property that

u(o) = ¢(w0) = u(z) — () (10.1.3)

for any x in a neighborhood of xy. The reader can interpret the above property noticing that,

in the particular case in which
u(zo) = ¢(xo),

¢ touches u from above at xy. Since z( is a maximum point of u — ¢, and this function is of
class C?, then

Du(xg) = Dp(zo) and D?u(xq) — D*p(0) < 0.

Therefore, (10.1.2) implies that

F(x0, u(xo), Dp(x0), D*¢(x0)) = F(20, u(x0), Du(xo), D*p(0))

so that
F(x0,u(z0), De(z0), DQSO(%)) < 0.

Notice that the above inequality does not involve any first or second-order differential property
of u, and thus it can be adapted itself as a definition of (sub)solution as soon as we wish to
consider merely continuous solutions. So far we have considered equations depending on the
Euclidean gradient Du and the Euclidean Hessian D?u. Nevertheless, the above situation can

be clearly generalized by considering more general equations of the form
F(z,u(z), Xu(z), X*u(z)) =0,

being X a suitable family of vector fields. Indeed, assume for instance that X induces a

continuous Carnot-Carathéodory space over Q. Assume in addition that u € C% () satisfies

F(z,u(z), Xu(z), X?u(r)) <0
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for any = € €). Arguing as above, we can exploit Proposition 4.3.2 to infer that
F(I(], U(Io), XSO(‘TOL X290<x0)> <0

for any ¢ € C%(€) which satisfies (10.1.3). Therefore the notion of viscosity solution emerges
in the Carnot-Carathéodory context as naturally as it does in the classical setting. Apart from
its intrinsic interest, there is also a deep Euclidean motivation which justifies the rising interest
around the anisotropic viscosity theory. A relevant instance can be already found in the case

of Hamilton-Jacobi equations. Indeed, in the study of Hamilton-Jacobi equatios of the form
H(z, Du(z)) =0,

a typical structural assumption on H consists in requiring that there exists a positive constant
£ > 0 such that
H(z,p) <0 = |p| <P (10.1.4)

for any x €  and any p € R”. This condition, which can be seen as a weak coercivity
requirement, turns out to be fundamental in many situations (cf. [198]). However, there are
many interesting situations in which (10.1.4) fails (cf. e.g. [269]). As a significant instance, one

can consider the eikonal-type equation
|Du-C(z)"| =1 (10.1.5)

on 2 C R3 where C(z) is the coefficient matrix associated to the generating horizontal vector
fields of the first Heisenberg group (cf. Example 3.2.8), that is

0 0 0 0
Xl'QZaTlJ“yl& and Y1|q:07y1_x1§’

where we denoted points ¢ € R® by ¢ = (x1,%1,t). Being the kernel of C(z)T non-trivial,
it is easy to notice that the Hamiltonian associated to (10.1.5) does not satisfy (10.1.4). A
standard approach to overcome this difficulty consists in changing the underlying geometry of

the ambient space, rephrasing (10.1.5) by considering the corresponding anisotropic equation
| Xu| =1, (10.1.6)

whence introducing a sub-Riemannian viewpoint.

10.2 Main definitions

In this section we introduce the relevant structural assumptions on the equations that we will

consider, together with the definition an the main properties of viscosity solutions.
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Definition 10.2.1 (Horizontally elliptic equation). Given a function
F:OXxRxR"™xS" —R,
we say that F' is horizontally elliptic if
F(z,s,p,A) < F(x,s,p, B)

wheneverz € 0, s € R, p € R™ and A, B € S™ with B < A (i.e. A—B is positive semidefinite).

As already pointed out, it is clear that when F is independent of A, i.e. it describes a
first-order differential operator, then it is automatically horizontally elliptic. Another common

assumption in literature requires F' to be increasing in the function variable.

Definition 10.2.2 (Proper equation). Given a function
F:OxRxR"xS" — R,

we say that F' is proper if
Flx,5,p, A) < F(a,t,p, A) (10.2.1)

whenever x € Q, s;t € R, p € R™ and A € S™ with s < t.

Definition 10.2.2 provides a fundamental tool in the establishment of comparison properties
(cf. [96]). Nevertheless, although Definition 10.2.2 applies to a broad class of equations, among
which we recall all the equations which are independent of the function variable, there are many
interesting cases in which (10.2.1) fails. Some relevant instances of this phenomenon will be
the object of Chapter 12 and Chapter 13. Let us begin with the definition of viscosity solution

to Hamilton-Jacobi equations.

Definition 10.2.3 (Viscosity solutions to first-order PDEs). Let
H:OxRxR" —R
be continuous. We say that u € C(£2) is a viscosity subsolution to
H(z,u,Xu)=0 in$) (10.2.2)

if
H(z,u(xo), Xp(20)) < 0

for any xo € Q and for any o € C%(Q) such that
u(o) — ¢(w0) = u(x) — p(x)
for any x in a neighborhood of xo. We say that u € C(2) is a viscosity supersolution to (10.2.2)
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H(zo,u(xo), Xp(xg)) >0

for any xo € Q and for any ¢ € C%(Q) such that

u(zo) — ¢(wo) < u(r) — ()

for any x in a neighborhood of xy. Finally we say that u is a viscosity solution to (10.2.2) if it

is both a viscosity subsolution and a viscosity supersolution.

Similarly, we recall the definition of viscosity solutions to second-order horizontally elliptic

PDEs.

Definition 10.2.4. [Viscosity solutions to second-order PDEs] Let
F:OxRxR"xS" —R

be continuous and horizontally elliptic. We say that uw € C(U) is a viscosity subsolution to the
equation
F(x,u, Xu, X?u) =0 in (10.2.3)

if
F (20, u(x0), Xo(x0), X2p(20)) <0 (10.2.4)

for any xo € Q and for any ¢ € C%()) such that

u(zo) = p(wo) = u(x) — p() (10.2.5)

for any x in a neighborhood of xy. We say that u € C(2) is a viscosity supersolution to (10.2.3)
if
F (2o, u(wo), Xp(0), X*¢(x0)) > 0

for any xo € Q and for any ¢ € C%(Q) such that

u(o) = p(w0) < u(r) — () (10.2.6)

for any x in a neighborhood of xy. Finally we say that u is a viscosity solution to (10.2.3) if it

is both a viscosity subsolution and a viscosity supersolution.

Remark 10.2.5. As usual, when dealing with viscosity solutions to partial differential equa-
tions, there are many equivalent ways to define this notion. For instance, one can check the
inequality (10.2.4) only in the more restrictive case when in (10.2.5) x is a strict minimum
point. Indeed, assume that (10.2.5) holds, and define ¢(z) := () + |z — zo|*. Then it is clear
that

F (o, u(xo), X B(x0), X*@(0)) = F (20, u(xo), Xep(0), X*@(0))
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and that
u(zo) — 4(x0) > u(z) — @()

for any x in a neighborhood of xy3. Moreover, one can equivalently require that

F(xo, (0), Xp(20), X?¢(20)) <0

for any zy € Q and for any ¢ € C%(f2) such that

0 = u(xg) — ¢(w9) > u(zx) — ()
for any x in a neighborhood of xy. Similar equivalences hold for the other cases.

Notice that the only difference between Definition 10.2.3 and Definition 10.2.4 is the required
regularity of the test function ¢. With the following proposition, we formalize the fact that the

viscosity theory embeds the classical one.

Proposition 10.2.6. Assume that X induces a continuous Carnot-Carathéodory space. Let
F:OxRxR"xS" —R

be continuous and horizontally elliptic. Then u € C%(Q) is a wviscosity solution to Equa-
tion (10.2.3) if and only if it is a classical solution to Equation (10.2.3).

Proof. 1f u is a classical solution, the thesis follows as described above with the help of Propo-
sition 4.3.2. Conversely, if u is a viscosity solution, then it suffices to choose u = ¢ in (10.2.5)
and (10.2.6). O

Arguing verbatim as in the previous proof, the following first-order statement holds.

Proposition 10.2.7. Assume that X induces a continuous Carnot-Carathéodory space. Let
H:OxRxR"—R

be continuous. Then u € C%(Q) is a viscosity solution to (10.2.2) if and only if it is a classical
solution to (10.2.2).

Remark 10.2.8. Beside Definition 10.2.3 and Definition 10.2.4, which provide the natural
extension of the Euclidean notion of viscosity solution to the anisotropic setting, it is also
common in the literature (cf. e.g. [278]) to consider weaker notions of viscosity solution.
Accordingly, we call a function u € C(QQ) a weak viscosity solution to the Hamilton-Jacobi
equation (10.2.2) if Definition 10.2.3 the space C% () is replaced by C*(2). In the second-
order case, Definition 10.2.4 has to be modified replacing C% () with C?(€2). Since X is made

of locally Lipschitz continuous vector fields, it is always the case that
Cx () € CY(9),
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whence viscosity solutions to (10.2.2) are always weak viscosity solutions to (10.2.2). As ex-
plained in the forthcoming Chapter 11, there are particular cases in which the two definitions

are actually equivalent.
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Chapter 11

Further properties of viscosity

solutions to Hamilton-Jacobi equations

11.1 Viscosity and almost everywhere solutions

We refer to [78] as main reference for this section. In this section we relate the notion of viscosity
solutions to Hamilton-Jacobi equations to solutions defined through horizontal jets, extending
the results of [42] to the Carnot-Carathéodory setting. Exploiting this relation we prove that
almost everywhere subsolutions to quasiconvex Hamilton-Jacobi equations associated to a fam-
ily of Hormander vector fields turn out to be viscosity subsolutions. Before proceeding, we

recall that a Hamiltonian H(x,u,p) is quasiconver whenever
{peR™ : f(x,u,p) < K} is convex (11.1.1)

for any x € Q, any u € R and any K € R. (cf. (4.4.1)). In particular, Proposition 4.4.1 applies.
In the following, we will actually need (11.1.1) only for K = 0, so that our general statement
is slightly more general with respect to the quasiconvex one. Our proof is divided in two steps.
First we deal with a family X = (X7,...,X,,) of vector fields, defined over a domain €, which

satisfies both the bracket-generating condition
Lie(span{ X1(p), ..., Xn(p)}) = R" (11.1.2)

for any p € €2, and the additional linear independence condition (LIC) introduced in Chapter 5,
in order to exploit Theorem 5.3.1. We recall that X satisfies (LIC) in  if

Xi(x),..., X, (z) are linearly independent for any z € .

Then, thanks to a lifting argument a la Rothschild-Stein (cf. [253]) we extend the result to
an arbitrary family of Hérmander vector fields, thus avoiding (LIC). We begin by introducing
the first-order horizontal subjet and superjet. The main reason for requiring (LIC), and hence

the validity of Theorem 5.3.1, lies in the fact that the the definition of first-order jets typically
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relies on the differentiability structure of the ambient space. Therefore, (LIC) allows to rely on

the notion of X-differentiability introduced in Chapter 5.

Definition 11.1.1 (Horizontal jets). Assume that X satisfies (11.1.2) and (LIC). Let C be as
in Proposition 5.2.1. If u € C(Q) and x¢ € ), we define the first-order horizontal superjet of

u at o by

Xut () := {p eR™ : u(z) <ulzo) + (p-Clxo),x — z0) + o(da(z, 20)) as do(z,z0) — 0} :
If u e C(Q) and x¢ € Q, we define the first-order horizontal subjet of u at xo by

Xu™(xg) := {p eR™ : u(z) > ulzo) + (p-Clxo),x — o) + o(da(z, 20)) as do(z,z0) — 0} :

In the Euclidean setting, it is well known that the notion of viscosity solution given in terms
of comparison with sufficiently smooth tests functions is equivalent to the notion involving jets.

Accordingly, we introduce the following definition.

Definition 11.1.2 (Jet solutions). we say that a function u € C(§2) is a jet subsolution to
(10.2.2) in Q if
H{(zo,u(z0),p) <0

for every xo € Q and every p € Xut(xq). Similarly, u is a jet supersolution to (10.2.2) in Q if
H(SL’(), U(l’g),p) Z 0

for every xg € Q and every p € Xu~(x¢). Finally, u is a jet solution to (10.2.2) if it is both a

jet subsolution and a jet supersolution.
Even in our general framework, the following result holds.

Proposition 11.1.3. Assume that X satisfies (11.1.2) and (LIC). Let u € C(Q2). If u is a jet
subsolution (respectively supersolution) to (10.2.2), then u is a viscosity subsolution (respectively
supersolution) to (10.2.2).

Proof. Since the two statements follow from similar arguments, we prove only the first one. Let
1o € Q and let p € C%(Q) be an admissible function in the definition of viscosity subsolution.
Then, thanks to Theorem 5.3.1, we obtain

u(z) = u(zo) + u(x) — u(zo) < u(xo) + ¢() — ¢ (zo)

u(zo) + (X (o) - C(x0), 2 — To) + 0o(dx (2, 20)).

Therefore one has X¢(xy) € Xut(zg). In view of the hypothesis then one has
H{(zo, u(xo), X¢p(20)) <O,

concluding the proof. O]
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To establish our desired implication we need some technical, but still intuitive, preliminary

results, which are based on the notion of (X, N)-subgradient introduced in Definition 4.1.1.

Proposition 11.1.4. Assume that X satisfies (11.1.2) and (LIC). Let 2o € Q, u € Wy5o.(Q)

Jloc

and let N be a negligible set which contains the non-Lebesque points of Xu and dq(-, o). Then
Xu't(xg) UXu™ (x) C Ix nu(xg).

Proof. Fix zyp € Q and N as in the statement. We only show that Xu™(zg) C dx yu(xg), being
the proof of the other inclusion completely analogous. Let p € Xu™(xg). For any n € N\ {0},
we define

v () = u(z) — (p-C(xo), x — o) — :Ldg(x,xo).
Owing to [151] it is easy to see that v, € W)I(?ZC(Q) and that v, (o) = u(xo). Moreover, since
p € Xut(xg), it follows that

O () = v (20) + u(z) — u(zo) — (p-C(xo), x — 20) — ledg(x’ xo)

N

1
vn(z0) — ﬁdg(x,xo) + o(dq(z, x))
as dg(x, ) — 0, thus

n0) 2 v0(w) + ~dol, 20) + olda(z,70)

o(do(z, xo))]

1
=vu(z) + ﬁdﬂ(m’ o) [1 + do(x, )

as do(x,z9) — 0. Therefore zg is a point of local maximum of v, which together with Propo-

sition 4.3.3 and Proposition 4.1.5 gives

0 € O vu(ro) = Dx((p- C(wo). - = 7)) (w0) = Oxx (ol o)) (o)

We start by noticing that = — (p - C(x), — 20) is in C'(Q) C C%(Q), and so, thanks to
Proposition 4.1.4, it follows that

Ox.n((p - Clwo), - = w0))(wo) = {X ((p - Clwo), - — w0))(wo)} = {p- Clwo) - Cw0)"} = {p}.

Moreover, thanks for instance to [151], we know that | X (1do(-,20))(z)| < + for ae. z € Q,
and, by the very definition of (X, N)-subgradient, we infer

Dxn <idﬂ(-,x0)> () C B (0).

1
n

Putting all together we get that

0 € dx.vu(zo) —{p} — B1(0)
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for any n € N'\ {0}. Since N2, B1(0) = {0}, we conclude that

0 € Ox.nu(zg) — {p} — {0} = Ox nu(zo) — {p},

which is the thesis. O
We have developed all the tools that we need to prove the main result assuming (LIC).

Proposition 11.1.5. Assume that X satisfies (11.1.2) and (LIC). Let H : Q@ x Rx R* — R
be a continuous function such that (11.1.1) holds for K = 0. Let u € W;(CZZC(Q) be such that

H(z,u(x), Xu(z)) <0 (11.1.3)

for a.e. x € Q. Then u is both a jet subsolution and a viscosity subsolution to (10.2.2).

Proof. We already know from (2.3.1) that v € C'(2). In view of Proposition 11.1.3 it suffices
to show that
H(x(b U(l‘o),p) <0

for any xy € Q and for any p € Xu™(zg). Fix then g € 2, and let N be a negligible set which
contains the non-Lebesgue points of Xu and of Xdq(+,z¢) and the points where (11.1.3) is not
satisfied. Then thanks to Proposition 4.4.1 and (11.1.1) we know that

H(z,u(x),p) <0 (11.1.4)

for any x € Q and for any p € dOx yu(x). Therefore, thanks to the choice of N, we can apply
Proposition 11.1.4, which combined with (11.1.4) allows to conclude that

H(x()? U(l’g),p) < 0

for any p € Xu™(x). Being zq arbitrary, the thesis follows. O

Exploiting the previous result and a lifting scheme proposed in [253], we can finally drop

(LIC) and prove the following theorem.

Theorem 11.1.1. Let X satisfy (11.1.2). Let H : Q x R x R" — R be a continuous function
such that (11.1.1) holds for K = 0. Let u € W)%?ZC(Q) be such that (11.1.3) holds for a.e.
x € Q. Then u is a viscosity subsolution to (10.2.2).

Proof. As above, u € C(9). Let 2o € Q and let p € C%(Q2) be such that there exists an open
neighborhood U of z in 2 such that

u(x) = uwo) < p(x) — (o) (11.1.5)

for any € U. Invoking an argument as in [253, Part II], there exists an open and connected
neighborhood V- C U of 2o, r € N with 0 < » < m, and § > 0 such that, setting Vj :=
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V x (—5, 5)T, t= (tl, NN ,tr),

fori=1,...,m—r and
- 0
Xz' ,t = Xz -
(@.0) = Xilo) + 5
for i = m —r+1,...,m, (where we have assumed that, up to reordering, the vector fields

X1,..., X, are linearly independent at x), then X := (X1,..., X,,) are linearly independent
and satisfy the Hormander condition at every point (z,t) € V5. Denote by dg the Carnot-
Carathéodory distance induced by X on Vj. It is clear that given v € W;(%OC(Q) and setting
v(x,t) := v(z) for any (x,t) € Vs, then

Xv(z,t) = Xov(x). (11.1.6)
Therefore it is easy to see that u € W}(";ZC(V(;) and ¢ € C%(Vs). Moreover, (11.1.5) implies that
’l_L(ZL‘,t) - l_L(ZL‘(), O) < 95($7t) - @(l’o, O)

for any (z,t) € Vs, which is an open neighborhood of (z¢,0). Therefore, proceeding as in the
proof of Proposition 11.1.3 and using (11.1.5) and (11.1.6) we get that

Xo(x0) € Xa™(w0,0), (11.1.7)

where the horizontal superjet is considered with respect to the Carnot-Carathéodory distance

induced by the family X, dg on V;. To conclude the proof, set

H(I,t, S7p) = H(Q?,S,p)

for any (z,t) € V3, s € R and p € R™. Tt is clear that H is continuous and that {p € R™ :

H(z,t,u,p) < 0} is convex for any (z,t) € V5 and s € R. We show that (11.1.3) implies that

H(x07t0>ﬂ(x07t0)>p) g 0 (1118)

for any (o, o) € Vs and for any p € Xt (z¢,tp). This and (11.1.7) allow to conclude. To prove
(11.1.8) it suffices to notice that by (11.1.3) it holds that

H(z, t,u(z,t), Xu(x,t) = H(z,u(z), Xu(zr)) <0

for a.e. (z,t) € Vs. Then (11.1.8) follows as in the proof of Proposition 11.1.5. O
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11.2 Viscosity solutions in Carnot groups

We refer to [126] as main reference for this section. In this section we derive further properties
of viscosity solutions to Hamilton-Jacobi equations in the Carnot groups setting, where a richer
algebraic structure allows to strengthening some of the achievements of Section 11.1. Let us fix
a Carnot group G of dimension n and rank m. According to Proposition 3.3.2, we can choose

a frame of generating vector fields X = (X3,..., X,,) in such a way that

C(x)=| L. D(x) |

for any x € G and for a suitable polynomial matrix D(x). In particular, X satisfies (11.1.2)

and (LIC), and an easy computation shows that

Cx) = In O |

is a left-inverse of C’(J;)T for any = € G, being 0,_,, the null matrix of n — m rows and
m columns. Therefore, according to Remark 5.3.2 our notion of X-differential introduced in
Definition 5.1.4 with this particular choice reduces to Pansu differential (cf. Definition 5.1.2),
whence both Theorem 5.1.3 and the results of Section 11.1 apply. The jets Xu™ and Xu™ asso-
ciated with the chosen particular X-differential will be denoted by d%u and d%u respectively.

More precisely,
O%u(ze) = {v € R™ : u(x) < ulzg) + (v, m(xy" - 2)) + o(do(xo, 7))}

and
Oxu(ze) = {v € R™ : u(x) > u(wg) + (v, 7(x5" - 1)) + o(da(xo, 7))}

In view of Proposition 3.7.1, in the previous definition dq can be equivalently replaced by d, or
dg. We already know from Proposition 11.1.3 that jet solutions to Hamilton-Jacobi equations
are viscosity solutions. In Carnot groups, these two notions are actually equivalent, as the next

proposition shows (cf. [208, 273] for further insights).

Proposition 11.2.1. Let Q2 C G be open. Let H : QxR X R™ — R be a continuous function.
Then v € C(Q) is a jet subsolution (resp. supersolution) to (10.2.2) if and only if it is a

viscosity subsolution (resp. supersolution) to (10.2.2).

Proof. In view of Proposition 11.1.3, we just need to prove that viscosity solutions are jet
solutions. We prove only the half of the claim concerning subsolutions, being the other half
analogous. Assume that w is a viscosity subsolution to (10.2.2), let xy € Q and p € dju(xy).
Let dy be the invariant distance induced (cf. (3.4.1)) by the Gauge-Koranyi norm defined in
Example 3.4.4. It is well known that y — d4(zo,y) is smooth outside zy and its horizontal

gradient is bounded near zy. Since p € d%u(xo), then

u(z) < u(zg) + {p,w(xy" - 2)) + o(dy(z0, 7)). (11.2.1)
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Let R > 0 be such that By, (2o, R) € 2, and define g : (0, R] — R by

L max{0.u(e) — uley) = (el - a)}
g(T) - z€Bg, 80»7") dg<x07 :B) .

Then g is nondecreasing and, by the choice of p, lim, .o g(r) = 0, Hence there exists g € C([0, R])
such that g is nondecreasing, (0) = 0 and § > g. Let G(r) := [; g(7)dr. Then G € C'([0, R])
and G(0) = G’(0) = 0. Moreover, for any 0 < r < £, it holds that

G > | T G(r)dr > () > rg(r). (11.2.2)

Let us define ¢(z) = u(zo) + (p,m(zg" - x)) + G(2dg(z,20)). Then ¢ € Ck(By, (xo, g)),
u(zo) = p(zo) and X¢(z) = p. Finally, notice that (11.2.2) and the definition of ¢ imply that

u(r) < ¢(r) on By, (:ro, %) Therefore, being u a viscosity subsolution, we conclude that

H (o, u(xg),p) = H(xg,u(zo), Xp(x0)) < 0.

In addition, the following finer version of Proposition 11.1.5 holds.

Proposition 11.2.2. Let €2 be an open subset of G. Let H : Q@ x R xR — R be a continuous
function such that (11.1.1) holds for K = 0. Let u € W)l(?zc(Q) Then the following conditions

are equivalent.
(1) w is a viscosity subsolution to (14.2.1).
(13) w is a jet subsolution to (14.2.1).

(13) H(z, Xu(z)) <0 for almost every x € (.

Proof. The implication (i) <= (it) follows from Proposition 11.2.1. Moreover, (iii) = (i)
follows from Proposition 11.1.5. Finally, we prove (ii) = (i4i). Let x € ) be such that u is
Pansu-differentiable at x. Then clearly Xu(x) € 0%u(x), and so H(z, Xu(z)) < 0. O

To conclude this section, we point out that the sub-Riemannian Hamilton—-Jacobi equation
(10.2.2) can be viewed as an Euclidean equation in the following sense. We define the auxiliary
Hamiltonian H : Q@ x R x R* — R by

H(z,u,p) = H(z,u,p-C(x)T) (11.2.3)

for any (z,u,p) € QxR x R™. It is easy to see that H € C'(Q x R x R") when H is continuous.
With the next result, we show that sub-Riemannian viscosity solutions to (10.2.2) coincides

with Euclidean viscosity solutions to the Hamilton—Jacobi equation associated to (11.2.3).
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Proposition 11.2.3. Let Q be an open subset of G. Let H be as in (11.2.3). Then u € C(Q)
s a viscosity solution to
H(x,,u,Xu)=0 (11.2.4)

if and only if u is a viscosity solution to

H(z,u, Du) = 0. (11.2.5)

Proof. Since C*(Q2) € C%(€), then a viscosity solution to (11.2.4) is a viscosity solution to
(11.2.5). To prove the converse implication we only show that viscosity subsolutions to (11.2.5)
are viscosity subsolutions to (11.2.4), being the other part of the proof analogous. Therefore,
assume that u is a viscosity subsolution to (11.2.5), let o € Q and let ¢ € C% () be such that
u(zg) = p(xo) and ¢(x) > u(x) for any x € By, (g, 2r), for some r > 0 small enough to ensure
that By, (7o,2r) € . Thanks to Proposition 2.1.8, there exists a sequence (@), € C*(£2)
converging to ¢ in Ck(By,(xo,2r)). For any h € N, let 2, be a maximum point for u — ¢
in W. We claim that z;, — x¢ as h — +o0o. Otherwise, we can assume that, up
to a subsequence, x;, — x; for some x; # =z such that z; € W. Recalling that
u(zn) — on(zn) > u(zg) — @n(zo) for any h € N, and since z;, — 1 and ¢;, — ¢ uniformly on
B, (0, 2r), we pass to the limit and we infer that u(xq) — (z1) > u(zo) — ¢(x) = 0. Therefore

o(x1) < u(xy), a contradiction. By our choice of xy, and thanks to (11.2.5), we get that

H(xp, u(zn), Xon(an)) = H(zp, u(zn), Don(zn)) < 0.

Therefore, since H is continuous, z, — x and X, — X uniformly on By, (x¢,2r), passing to

the limit in the previous inequality we conclude that
H (o, u(xo), Xp(z9)) < 0.

Hence u is a viscosity subsolution to (11.2.4). O

156



Chapter 12

The Aronsson equation for absolute

minimizers of supremal functionals

12.1 Introduction

We refer to [243] as main reference for this chapter. The study of variational problems in L>
is very often a good starting point to set up problems coming both from theoretical issues and
from real applications. The earliest works in this direction are due to Aronsson (cf. [20, 21]). In
these seminal papers, the author studied the connection between Lipschitz extension problems
and PDEs, introducing the notion of absolute minimizing Lipschitz extension (AMLE) and

showing that a C? function is an AMLE if and only if it satisfies the infinity Laplace equation

" Ou du  O%u
— - = 12.1.1

Aronsson observed (cf. [22]) that there are examples of AMLE which are not of class C?
and thus solving equation (12.1.1) only in a formal sense. The problem was solved by Jensen
in [175], exploiting the machinery of viscosity solutions. Indeed, Jensen showed that being an
AMLE is equivalent to being a viscosity solution to (12.1.1). Moreover, he showed that viscosity
solutions to (12.1.1) are unique, provided a Dirichlet boundary datum is assigned. We advise
the reader that the above-mentioned notions will be extensively discussed in Chapter 13. One
step further was made by Barron, Jensen and Wang (cf. [37]), who started the study of L*

variational functionals F' which are usually known as supremal functionals, that is
F(u,V) = | f(z,u(x), Du(x))|| e v u € Wh>(Q),V e A

where throughout this chapter €2 is a domain of R and f is a suitable continuous non-negative
function. In particular, they generalized the notion of AMLE to the one of absolute minimizer
of the functional F, that is a function u € WH*°(U) such that

F(u,V) < F(v,V)

157



for any V' € Q and for any v € WH(V) with v|sy = u|sy. The authors of [37] showed that any
absolute minimizer of F' is a solution, in the viscosity sense, to the so-called Aronsson equation
"0 of
=3 (f (. ule), Du(e)) 5 (@, u(w), Du()) =0,

i

provided that, among the other things, f is C? and p — f(x,s,p) is strictly quasiconvez, where

we call a function g : R — R strictly quasiconvex whenever

g(tpr + (1 = t)p2) < max{g(p1), 9(p2)}

for any p;, p2 € R™ with p; # py and t € (0,1). This result generalizes the previous ones, in the
sense that, in the particular case in which f(p) = |p|?, the notion of absolute minimizer reduces
to the one of AMLE and the Aronsson equation becomes the infinity Laplace equation. Many
improvements of the results in [37] have been achieved by Crandall (cf. [94]), both weakening
some assumptions and exploiting a concise and elegant proof, and by Crandall, Wang and Yu
([99]), dealing with the more natural assumption of C' Hamiltonians. More recently, Bieske
and Capogna (cf. [40, 44]) studied the derivation of the Aronsson equation, and the question of
uniqueness of absolute minimizers, in the setting of Carnot groups and for the case f(p) = |p|>.
Later, Wang ([278]) moved the focus on the possibility to extend the previous results to more
general frameworks, and started the study of supremal functionals defined in the setting of
Carnot-Carathéodory spaces. In [278] the author adapted in the obvious way the notion of
absolute minimizer to this framework. He showed, under mild assumptions on the vector fields,

that any absolute minimizer of the supremal functional defined by
F(u,V) = [[f(z, Xu(z))|| L= v)

is a weak viscosity solution, in the sense of Remark 10.2.8; to

=3 X Xu()

i=1

(z, Xu(z)) = 0,

provided that p — f(x,p) is quasiconvex in the sense of (4.4.1), f is homogeneous of degree
a > 1 and D,f(0,0) = 0. Finally, Wang and Yu ([279]) improved the previous result by
requiring only C' regularity for f and dropping the assumption that D,f(0,0) = 0 (cf. also
[123] for some more specific results for the case f(p) = |p|?). However, neither [278] nor [279]
studied the problem for Hamiltonian functions f that allow s-variable dependence. Accordingly,
the aim of the present chapter is to generalize the results in [94] and [278], showing that any

absolute minimizer of the functional

F(u,V) = || f(z,u(z), Xu(z))| Lo
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is a weak viscosity solution, again in the sense of Remark 10.2.8, to the Aronsson equation

- 30X ule), X)) 5

=1

(33, u(az), Xu(a:)) = 07

provided that the following conditions hold.

(X1)
(X2)

(f1)

(Q,dq) is a continuous Carnot-Carathéodory space.
X; € C*(Q,R") for any i = 1,...,m.

feC* QxR xR™ [0,00)).

(f2) p— f(x,s,p) is quasiconvex for any x € €2 and for any s € R.

The strategy of our proof, strongly inspired by [94], is divided into five steps.

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.

Arguing by contradiction, we assume that there is an absolute minimizer which fails to be
a viscosity subsolution to the Aronsson equation. Therefore, without loss of generality,
we assume that there exists a function ¢ € C*(2), which touches u from above in 0, such
that

Exploiting ideas from [94, 278], we build a family (W.). of classical solutions to the

Hamilton-Jacobi equation

f(%, \Ds(x>7X‘Ijs(x)) = f(O, (b(()) - €,X¢(O)),

in order to approximate in a suitable way the behavior of ¢ in 0. We stress that, since
this passage strongly relies on the arguments in [94, pages 275-276], the C? regularity of

f is crucial to guarantee that U, is a classical C? solution.

We find and open set N, which allows to consider ¥, as a competitor in the definition of

absolute minimizer.

By an appropriate change of variables we reduce to the case in which s — f(x,s,p) is
non-decreasing in a neighborhood of (0, ¢(0), X #(0)).

We show the solvability of a suitable system of ODEs to get a family of C! curves (7. )., and

we show that there is a choice among such curves which allows to reach a contradiction.

The previous scheme is formally analogous to the one employed in [94]. Nevertheless, our

non-Euclidean framework presents some technical difficulties that require some new tools. In

particular, the last step is strongly supported by the new differentiability results proved in

Chapter 4. Moreover, differently from [94], the aforementioned system of ODEs cannot be

solved by means of the classical Cauchy-Lipschitz existence theorem. From one hand, our

result generalizes [94] to the more general setting of Carnot-Carathéodory spaces. Moreover,
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differently from [278], we allow also the function dependence of the Hamiltonian and we drop
the requirement D, f(0,0) = 0. Finally, the results in [279], apart from not allowing the
function dependence of the Hamiltonian, are achieved under the Hormander condition as in
Definition 2.2.4, which, as we already know from Theorem 2.2.6 and Example 2.2.7 is a stronger
requirement with respect to (X1). On the other hand the construction of (V.)., according to
(94, 278], strongly relies on the C? regularity of the Hamiltonian, which, on the contrary, is
weakened in [279]. We point out that our assumptions are too general to ensure uniqueness
for the associated Dirichlet problem, as shown in [176] in the Euclidean setting. Nevertheless,
many uniqueness results are available in particular settings and under suitable hypotheses on
the Hamiltonian (cf. for instance [175, 278, 176]).

12.2 Supremal functionals and absolute minimizers

In this section we recall the notion of supremal functional associated to suitable Hamiltonian
functions, together with the related notions of absolute minimizers and absolute minimizing

Lipschitz extensions. We refer to [23, 37, 94, 278] for an extensive account of the topic.

Definition 12.2.1 (Supremal functionals). Given a non-negative function f € C(2xRxR™),

we define its associated supremal functional
F:Wy™(Q) x A — [0, +o]

by
F(u’ V) = ”f(m?quu)HLm(V)
foranyV e A ju € W)lgoo(V), where we recall that A is the class of all open subsets of 2.

Definition 12.2.2 (Absolute minimizers). We say that u € Wy () is an absolute minimizer

of I if
F(u,V) < F(v,V)

for any V € Q and for any v € W™ (V) with v|sy = ulsy.

Definition 12.2.3 (Aronsson equation). If f belongs to C*(2 x R x R™), we can define
A i QX RxR" xS™ — R

by
Af([L’,S,]?,Y) = _(Xf(x787p) + Dsf(I,S,p)p—i- Dpf(‘r787p) ' Y) ’ Dpf<l’,8,p),

and we say that

Aglgl(z) == Ag(x, ¢, X6, X?¢) =0 (12.2.1)

1s the Aronsson equation associated to F'.
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It is easy to check that A; is continuous and horizontally elliptic. Moreover, for any ¢ €
C?*(Q2) and z € Q it holds that

Agld)(x) = =X (f(x, 6, X)) - Dpf (x,0,X¢)".

Throughout this chapter, unless otherwise specified, we talk about viscosity solutions meaning

weak viscoaity solutions in the sense of Remark 10.2.8.

12.3 The main theorem

Before stating and proving the main theorem, we just recall the following straightforward

property of quasiconvex functions (cf. [94]).

Lemma 12.3.1. Let g € C'(R™) be a quasiconvez function. Then

9(p) =2 9(q) = Dyg(p) - (¢—p) <0

for any p,q € R™.

Theorem 12.3.1. Assume that (2,dq) is a continuous Carnot-Carathéodory space induced by
a family X = (Xy,...,X,) of class C?. Assume in addition that (f1) and (f2) hold. Then
any absolute minimizer of F' is a weak viscosity solution, in the sense of Remark 10.2.8, to the

Aronsson equation.

Proof. We divide the proof into several steps:

Step 1. Let u be an absolute minimizer for F. It suffices to show that w is a viscosity
subsolution to (12.2.1), the other half of the proof being completely analogous. Arguing by

contradiction, we assume that wu fails to be a subsolution, that is there exists g € €2, Ry > 0

and ¢ € C?(Q) such that (10.2.5) holds for any = € Bg, (x¢) and
A¢[@)(xo) > 0. (12.3.1)

Without loss of generality we assume that zog =0 € €.

Step 2. We combine ideas form [94] and [278] to achieve the following

Lemma 12.3.2. There exist 0 < Ry < Ry, €1 > 0, u > 0 and a continuous function W : [0, 1] X
Bpg,(0) — R such that, if we denote U(e,z) by ¥ (z), it holds that v — V. (x) € C?*(Bg,(0))
for any € € [0, €| and

DV, is continuous in (x,€) = (0,0). (12.3.2)
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Moreover, it holds that

T.(0)=¢(0) —e.  DT(0)=D¢(0),  D*T.(0) - D*$(0) > 2ul,,

(12.3.3)
fla, Ve(z), XU (x)) = f(0,0(0) — €, X¢(0)),
for any x € Bg,(0).
Proof of Lemma 12.5.2. Let us define a new function f on 2 x R x R" by
fl@,s,8) = f(z,5,C(x) - §) (12.3.4)
for any z € 0, s € R and £ € R™. Then, since f and X are C?, it follows that
FeC*(QxRxRY).
Moreover, trivial computations show that
Def(w,u,€) = Dyf(w,u,C() - €) - C(a), (12:3.5)
and that
fz,0(z), Xo(2)) = f(z, 0(z), Dp(2)) (12.3.6)

for any z € U and any ¢ € C*(Q). Finally, if we let A7 € C(Q2 xR xR" x S") be the Euclidean

Aronsson operator associated to f, i.e.

Zf(.l?,S,f,Z) = _(DI?(x787§) + Ds?(xas7€)£ + Dg?(.T,S,f) ' Z) : Dg?(ﬂ?,S,f)T,

it follows from (12.3.5) and (12.3.6) that

A7l¢l(x) = Du(f(x, ¢(x), Dp(x))) - Def(w, s, Dip)"
= Do(f (@, p(2), Xp(2))) - (Dpf (x, p(x), Xep(2)) - ()"
= Dy (f(z,0(2), Xp(2))) - C(2)" - Dpf(z, (), Xep(2))"
) -

= X(f(z,0(x), Xo(x))) - Dpf(z,0(x), Xp(x)" = Af[e](x),

whence A£[¢](0) > 0. The claim then follows as in [94, Theorem 1] and thanks to (12.3.6). [

Step 3. Now we want to exploit W, as a test function in the definition of absolute minimizer

on a suitable neighbourhood of 0. For doing this let us notice that (12.3.3) implies that

U (z) = U (0) + DU (0) -z + 27 - D*¥(0) - = + of|z|*)
= ¢(0) — e+ Dp(0) -z + 27 - D*¥(0) - = + o(|x|*)
> ¢(0) — e + Do(0) - x4+ 7 - D?*¢(0) - & + 2u|z|* + o|z|?)
P(z) —

x) — e+ 2u|z|* + o(|x]?)
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as x goes to zero. Therefore we have that
Vo (z) > p(x) — €+ pla? (12.3.7)

for any = € Bg,(0) \ {0}, for any € € [0, ¢] and for some R3 < R, sufficiently small. Let now
0 < €3 < €; small enough such that \/E < Rj for any € € [0, €3] and define N, as the connected
component of

{x € Bg,(0) : U (z) <u(x)}

containing zero (note that ¥.(0) = u(0) — e < w(0) if € > 0). Therefore N, is an open and
connected neighborhood of 0 for any € € (0, €2]. Moreover, since (12.3.7) implies that

U (z) > ¢(x) > u(x) on 83\/5(0),

it follows that
N, C B\/—(O) ; Bg,(0), (12.3.8)

i
which implies that
ulon. = Yelan..

Being u an absolute minimizer, and recalling (12.3.3), we conclude that

fla,u(z), Xu(z)) < Fu,No) < F(Ve, No) = f(0,6(0) — €, X6(0)) = f(z, Ve(z), X V()
(12.3.9)

for a.e. © € N, and for any € € [0, €.

Step 4. At this point we wish to achieve the situation in which s — f(x,s,p) is non-
decreasing locally in a neighborhood of (0, ¢(0), X¢(0)). Therefore we follow the strategy of
[94] and we show that, via a suitable change of variables, this assumption is possible. Let us

define then a new function g by
g(w,5,p) = f(w,u(0) +¢q- 2+ G(s),q-C(0)" +G'(s)p)

for any (x,s,p) in a suitable neighborhood of (0,¢(0), X¢(0)), where ¢ € R™ has to be de-
termined and G € C*°(—4,4) is a local increasing diffeomorphism such that G(0) = 0 and
G'(0) > 0. Let us notice that g is C* and quasiconvex in the third argument. Moreover, if we

define @ and ¢ in a neighborhood of 0 by requiring that

u(z) = u(0) +¢q- =+ G(u(x)),

o(x) = 9(0) +q -z + G(o(x)), (12.3.10)

it is easy to see that (10.2.5) holds for 7 and ¢ and that ¢(0) = u(0) = 0. If H is the supremal

functional associated to g it is easy to see that @ is an absolute minimizer for H (we stress that
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we are working in a suitable neighborhood of 0). Easy computations show that

D,g=D,f+ D,fq, Dyg = G/(S)DSJC + GH(‘S)Dpf 'pT> ng = G/(S)Dpf-

Therefore, noticing that

9(z, ¢(z), Xo(x)) = f(x, ¢(z), Xo(x))
for any x in the usual neighborhood of 0, we have that

Ag[o)(x) = =X (g(x, 6(x), Xd(2))) - Dyg(x, $(x), X ()"
= —X(f(,¢(x), X¢(2))) - Dyg(x, é(x), X(x))"
= —X(f(,8(x), X¢())) - (G'((2)) Dpf (x, $(x), Xo(2))") = G'(6(x)) Af[¢] (),

and so A,[¢](0) = G'(0)A[¢](0) > 0. Moreover, (12.3.10) implies that

R

Therefore we have that

D.6(0.5(0),X5(0)) = G'(0)D.7(0,6(0), Xo(0))+ 50 (X0(0)~:CL01)- D0, 6(0), X(0))"

Hence, if we choose G as G(s) = s + 65 , where 8 > 0, and we choose ¢ as

q = D(0) + Do f(0,6(0), Xp(0)) + Dy f(0,¢(0), X$(0)) D (0) + Dy f (0, ¢(0), X$(0)) - B

where B is the m x n matrix defined by

0
J 81'] Qb(]f) o
forany i =1,...,m and j =1,...,n, and noticing that

p-B-C0)"-p" =p-X?6(0) - p"
for any p € R™, thanks to (12.3.1) we conclude that
D,g(0,6(0), X¢(0)) = Dy f(0,6(0), X¢(0)) + BAf[](0) > 0,

provided we choose [ sufficiently big. Therefore in this new setting we can assume that s —
f(z,s,p) is increasing in a neighborhood of (0, ¢(0), X¢(0)). This fact and (12.3.9) allow to
find 0 < €3 < €3 such that

flz,u(x), Xu(x)) < f(z,u(x), XV (1)) (12.3.11)
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for any € € (0, €3] and for a.e. x € N_.

Step 5. We are going to exploit (12.3.11). For doing this let us consider the first-order system
of ODEs

Y(t) = =C(v()" - Dpf (v(t), u(y(t), X Te(v(1)))"
7(0) =0

(12.3.12)

and, for any € € [0, €3] and a suitable Ry < R, we define g, : Bg,(0) — R" as

ge(x) = _C($)T ’ Dpf(xv U,($), X\Ije(x))T
It is easy to see (recall (2.3.1)) that g. € C'(Bg,(0),R™). If we define

C = rrlle}x{ sup |cij|}s

BR4 (0)

it follows from our assumptions that 0 < C < +o00. Moreover, thanks to (2.3.1) and (12.3.2),
there exist 0 < ¢4 < €3 and 0 < R5 < Ry such that

| DU (z) = Dg(0)
|

|
() = u(0)]

//\ //\

for any x € Bg,(0) and € € [0,e4]. Therefore, if we let M, := max{g.(z) : = € Bg,(0)}, it
follows that

HDpf( u(z )7X\I/E(‘r))“L°°(BR5(O))

CllDpf (8, D) L2 (B (0% B1 (u(0)) x Be (Do(0)) = M

19e(2) || < (BR, (0)) <
<

for any € € [0, ¢4]. Since (12.3.1) implies that M, > 0, we conclude that 0 < M, < M for any
€ € [0, €4). Therefore, if we let
. { Rs}
€5 :=mingeq, — o,

M
Peano’s Theorem (cf. e.g. [275, Theorem 2.19]) guarantees the existence, for any € € [0, ¢5], of
a curve v, € C'((—es, €5), R™) which solves (12.3.12). Moreover, from (2.1.2) and the first line

of (12.3.12) it follows that 7. is a horizontal curve. Then, Proposition 4.2.1, Proposition 4.4.1,
Lemma 12.3.1 and (12.3.11) imply that

7 (Tere(®) —u(ve(®)) | = Dpf(relto), u(re(to)), X V(7 (ko)) - (9(to) = XTc(7(20))) <O

for a.e. ty € (—es5,¢5) and for any € € [0,¢€5), and where g(tp) is as in Proposition 4.2.1.
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Therefore, if we fix tg € (0, €5), the previous inequality implies that

Veltn) = w(0)+ [ C“’ege(%t

to du(
u(0 +/ U’Ye

= (’76(t0)) —€< u(Vé(tO)%

N

hence we conclude that v.(tg) € N, which implies, together with (12.3.8), that

Yelto) € B /=(0) (12.3.13)

Tln

for any ¢y € [0, €5) and any € € (0, €5). On the other hand, the classical Taylor’s formula applied
to 7. implies that

Ye(t) = =C(0)" - (D, f(0,6(0), X(0))"t + o(t) (12.3.14)

as t tends to zero and for any € € (0, €5). If we let 2K :=|C(0)"- (D, f(0, ¢(0), X¢(0))T], (12.3.1)
says that 2K > 0. Therefore, thanks to (12.3.14), we know that there exists 0 < ¢ < €5 such
that

|7e(t)| > Kt (12.3.15)

for any for any ¢, ¢ € (0,¢5). Let us choose € € (0, €g) such that

K\/><66

Then (12.3.15) yelds that |vz(to)| > 2\/5, which is a clear contradiction with (12.3.13).
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Chapter 13

The p-Poisson equation as p — o0

13.1 Introduction

We refer to [78] as main reference for this chapter. In Chapter 12 we studied the relations

occurring between general supremal functionals
Fu, V) o= | f (2, u, Xu)| o= (v)
and their associated Aronsson equation
~X(f(x,u, Xu)) - Dpf(x,u, Xu)" =0.

As we already pointed out, in the particular case in which f(x,u,p) = |p|?, then absolute
minimizers are known as absolute minimizing Lipschitz extensions (AMLE for short). Moreover,

their associated Aronsson equation becomes the infinite Laplace equation
—Ax ¢ =0.

As already evidenced, the interest around these topics began to emerge in [20, 21] in connection
with the study of the so-called Lipschitz extension problem Indeed, the problem of finding the
best possible Lipschitz extension of a given sample of a scalar function presents connections
with many fields of mathematics and has several real-world applications. Although issues of
existence of minimizers date back to the early 30’s in the work of McShane and Whitney (cf.
[23] and references therein for a detailed history), the work of Aronsson [20, 21] in the mid 60’s
represented truly a turning point, bringing a PDE point of view in the picture. A key novelty
in Aronsson’s approach was the notion of absolutely minimizing Lipschitz extensition (AMLE):
a Lipschitz function u is an AMLE of its boundary datum on the boundary of an open set

Q C R™ if for every subdomain V' C €2 one has Lip(u, V') = Lip(u, dV'), where we have set

. u(z) — ul(y)
Lip(u, V)= sup ———.
( ) r#y, T,yeV d(flf, y)
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This definition in a sense characterizes a canonical optimal Lipschitz extension for Lipschitz
boundary data, since we already know that it provides uniqueness. This notion is meaningful
in every metric space, with no additional structure needed. As already mentioned, following in
the footprints of Aronsson, who had studied the C? case, Jensen proved in [175] that AMLE

are viscosity solutions to the infinity Laplacian equation

Ao = > uguu; =0, (13.1.1)

ij=1
along with a uniqueness theorem for such solutions. The infinity Laplacian operator arose from
the work of Aronsson though a formal argument, based on L” approximation. Namely, for

every p > 1 Aronsson considered C? minimizers u, of the energy

/ |Du|Pdz.
Q

These minimizers are p—harmonic, i.e.
i p—2 —
div(|Du,|P~*Du,) = 0.

Taking the formal limit of this PDE as p — oo one obtains (13.1.1). Since p—harmonic
functions are not in general C?, it took several years to build a rigorous framework for Aronsson’s
asymptotic approach. This was eventually accomplished thanks to the work of Bhattacharya,
DiBenedetto and Manfredi [39, Propositions 2.1 and 2.2]. In this chapter we prove an extension
of [39, Propositions 2.1 and 2.2] to the non-Euclidean setting of Carnot-Carathéodory spaces,
and we also extend the non-homogeneous case studied in [39]. Specifically, we are concerned

with the asymptotic behavior, as p — 0o, of vanishing trace critical points for the functionals

1
E,(w,Q) :/Qp]Xw|pdx—/wadx,

where X is a family of smooth vector fields satisfying the Hormander condition in a neighbor-
hood of an bounded open set Q@ C R™, and f € L” () is a given datum. More specifically we

consider weak solutions u, € W"(Q) to the non-homogeneous boundary value problem

divx (| Xu,[P?Xu,) = —f in Q,
u, =0 in 0f2.

(13.1.2)

In the homogenous case f = 0 we will also consider non-zero Lipschtiz boundary values. We
will denote by {u,},>1 the net of weak solutions to (13.1.2). As in the Euclidean case, it is
plausible to expect that its cluster point(s) us, solve an equation analogue to (13.1.1) which
is derived by (13.1.2) in the limit p — oco. A formal computation, in the special homogeneous

case f = 0, indicates that a likely candidate for such a limit is the X — co—Laplace equation
Ax colloo = 0, (13.1.3)
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where . noyx Y x
AX,oou = Z XZX]UXZUXJU = Z : ju_g ke

ij=1 ij=1

XZ‘UX]‘U

denotes the subelliptic co—Laplacian. Our main result in the homogeneous case f = 0 is the

following

Theorem 13.1.1. Let g € W)l(’oo(Q), and for each p > 1 consider the weak solution u, of the
boundary value problem

divx (| Xup|P2Xu,) =0  in Q

x([ X 2 (13.1.4)

u=gq on 0f)
Every sequence {uy,} of weak solutions to (13.1.4) admits a subsequence converging locally
uniformly on Q and weakly in Wy™(Q), for any m > 1, to a function us € W™ (Q) N C(Q)
satisfying:

L [ Xtss oo < [[Xgllco-

2. Usy — g € W;(%(Q) for any p € [1,00).

3. Use — g € CX*(Q) N Co(Q) for any o € [0,1).

4. If g e W™(Q) N C(Q), then us € W™(Q) N C(Q) and us(z) = g(z) for any z € Q.
5. Us 1S a viscosity solution to (13.1.3).

6. us s an AMLE.

In the case of the Heisenberg group, this theorem is due to Bieske [42]. Infinite and p-
harmonic functions have been studied by the same author in the setting of Carnot groups [275],
Riemannian vector fields [275] and Grushin spaces [41, 43]. Theorem 13.1.1 can also be proved,
more indirectly, by invoking results from three earlier papers [278, 180, 123], all of which draw
from the geometric significance of equation (13.1.3) in the study of minimal Lipschtz extensions:
in 2006, Juutinen and Shanmugalingam [180], studied the asymptotic limits as p — oo of
p—energy minimizers in the setting of metric measure spaces satisfying a doubling condition, a
p—Poincare inequalities and a weak Fubini property, proving that such limits are AMLE. In that
paper, the notion of viscosity solution for the infinity Laplacian was substituted with the notions
of comparison with cones and strongly Absolutely Minimizing Lipschitz Extensions (sSAMLE),
which they prove to be equivalent to AMLE. In the Carnot-Carathéodory setting the notion of
sAMLE is equivalent to the notion of Absolutely Minimizing Gradient Extension (AMGS) (cf.
[123], i.e. a Lipschitz function u is an AMGS of its boundary data in €2, if for every subdomain
UcQandve WygeU) with u —v € W;?(U), one has || Xu||r~@w) < || Xv|| o). In [123],
Dragoni, Manfredi and Vittone prove that Carnot-Carathéodory metrics satisfy the weak Fubini
property and that AMGS is equivalent to SAMLE. Since the latter is equivalent to AMLE, it
follows that the limits of p—energy minimizers u, as p — oo converge to a function u., which is
an AMGS. At this point one can invoke Wang’s result [278] (cf. also [44] in the case of Carnot
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groups), where it is proved that AMGS are viscosity solutions to (13.1.3). By contrast, our
proof is quite direct and it mirrors the strategy in [39]. It also has the advantage of containing
several technical steps upon which the non-homogeneous case rests. Before proceeding to the
non-homogenous case, we want to note that the properties of AMLE and comparison by cones
are equivalent in every length space [79]. In the presence of a weak Fubini property, they
imply sAMLE. In the setting of Riemannian and subriemannian manifolds the latter agrees
with AMGS and so it implies the property of being a viscosity solution to the co—Laplacian.
The reverse implication follows from the uniqueness of solutions, and is known only for Carnot
groups and Riemannian manifolds. Further connections have been studied in the setting of
doubling metric measure space that satisfy a weaker condition, the co—weak Fubini property
(cf. [124]).

In the general non-homogenous case f # 0, analogously to [39], one can prove that u,, solves

a hybrid first and second order PDE in the viscosity sense. Our main result is the following

Theorem 13.1.2. If f € L*(Q)NC(Q), and f > 0, then every sequence {u,,} of weak
solutions to (13.1.2) admits a subsequence converging uniformly on Q and weakly in W™ (),
for any m > 1, to a function us € Lip(2) N C(Q) vanishing on the boundary. Moreover, s
s a solution of

Ax oolloc =0 on WC,

| Xtuoo| =1 on {f >0},

(13.1.5)

in the viscosity sense.

To our knowledge, the present paper is the first extension of the results for the non-
homogeneous problem in [39] beyond the Euclidean setting. One of the main challenges in
this extension comes from the lack of linear structure and its role in the definition of viscosity
solutions. Accordingly, a key contribution is provided by the new differentiability results pre-

-

sented in Chapter 5, an namely by Theorem 5.3.1, in view of their applications to the results

presented in Chapter 11.

Remark 13.1.1. We note that the property of being a (viscosity) solution of either PDE in the
mixed problem (13.1.5) could be separately be expressed in the setting of metric measure spaces:
for the first order PDE cf. [200], while for the infinity Laplacian one could use comparison by
cones or AMLE, or (with a Fubini property hypothesis) sAMLE. One could then pose the
question whether the conclusions of Equation (13.1.2) could continue to hold in the setting of
PI spaces satisfying a weak Fubini property. Unfortunately, in our proof of the convergence for
the non-homogeneous case f # 0 we use in a crucial way the differential structure associated to
the Hormander vector fields. More specifically, we rely on the non-divergence form formulation
of (13.1.2), which is not allowed in a general metric measure space, even with the additional

hypotheses of doubling and Poincaré inequality.

Remark 13.1.2. It is interesting to note that in Theorem 13.1.1 we do not require any reg-

ularity of the boundary of the domain. While this is sufficient to guarantee global Lipschitz
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continuity of u, there is no parallel regularity theory for p—harmonic functions. Indeed, even
the case p = 2 is quite involved and boundary regularity may fail even for smooth domains, in

connection with their characteristic points (cf. [178]).

13.2 Some properties of the p-Poisson equation

In this section we study some properties of the p-Poisson equation associated to a family X
of vector fields. From now on, unless otherwise specified, we assume that X satisfies the
Hoérmander condition on a domain €2y, with 2 € €)y. The reason for which we require the
Hoérmader condition to be satisfied on €2y is twofold. On the one hand, we will need to exploit
Theorem 2.3.1. On the other hand, at some stage we will need to give a meaning to the
Carnot-Carathéodory distance from 0. Let p € (1,+00) and p’ = . We say that a function

u € WyP(Q) is a weak subsolution (weak supersolution) to the p—P01sson equation
—divx (| Xw[P 2 Xw) = f in €, (13.2.1)
for a given datum f € L (Q), if
/ | XuP~2(Xu, X)d /fgodx

for any non-negative ¢ € W)lc%(Q) Finally, u is a weak solution to the p-Poisson equation if it

is both a weak subsolution and a weak supersolution, i.e. if
/ | XulP"*(Xu, X¢) dx = / fedz (13.2.2)
Q Q

for any ¢ € W)l(%(Q) We begin our investigation with an existence result to the minimization

problem associated to (13.2.1).

Proposition 13.2.1. Let p € (1,00), f € L¥ (), g € W"(Q) and let us define the functional
I, WP (Q) — R by

1
:p/Q|Xu|pdx—/qudx. (13.2.3)

Then there exists a unique u, € W;(’;(Q) such that

I(u,) = uevl;l/l}g(ﬂ) L,(u). (13.2.4)
X9

Moreover, if p > 2, u, is the unique weak solution to (13.2.1).

Proof. We wish to apply the direct method of the calculus of variations. To this aim, we notice
that W)l(f](Q) is a closed and convex subset of WyP(€2), and so it is weakly closed. Moreover,

I, is strictly convex and strongly lower semicontinuous, and so it is weakly sequentially lower
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semicontinuous. Finally, thanks to Corollary 2.3.5 and Hoélder’s inequality it follows that

(11 1
[xupde = [ fuzmin{ S, oMl = 17 e =

> min {2 bl = 1L el — 5 = +oo
272K Wx Wx o2

as HuHW)l(p — 400. Therefore I, is sequentially weakly coercive. Hence there exists u, €
W;Z(Q) which minimizes I,. The strict convexity of I, yields the uniqueness of such a mini-
mizer. It is now standard calculus to observe that a function u minimizes I, if and only if it is
a weak solution to (13.2.1). O

As in the Euclidean setting (cf. [197] for an elementary proof) the following comparison

principle holds.

Lemma 13.2.2. Let u,v € C°(Q) be a weak subsolution and a weak supersolution to (13.2.1)
respectively. Then the following facts hold:

(i) If u <v on 0, thenu < v on €.

(13) It holds that

sup(u — v) < sup (u — v).
xeQ) z€oN

Moreover, if u,v are both weak solutions, it holds that

[ = vljcc0 < 1 = lloo.00-

Proof. Let us prove (i). Fix e > 0 and set D. := {x € Q : u(x) > v(x) +€}. Since u and
v are continuous, then D, is open. Assume by contradiction that D. # (). Then let us define
ne := max{u — v — ¢,0}. Since by assumption u < v on 0% it holds that 7. € W)l(%(Q)
Therefore, from our assumtpions on u and v, and thanks to Simon’s inequality (cf. [267]), it
follows that

/ | Xu — Xv|Pdx < / (]Xup’QXu - ]Xv\p’2Xv]) (Xu— Xv)dr <0,
D, D,

which implies that ©u — v — € is constant and positive on every connected component of D..
A contradiction then follows. For proving (ii) it suffices to notice that v + « is still a weak
supersolution for any a € R. Then, noticing that u < v 4 supyq(u — v) on 02, and thanks to

(1), (i7) follows. Finally, the last statement follows exchanging the roles of v and v in (i7). [

In the next result we study the relationships between weak and viscosity solutions to (13.2.1).

It is easy to see that when evaluated on C% () functions, equation (13.2.1) becomes

—|Xw\p_2AXw —(p— 2)\Xw]p_4AX700w = f.

172



The associated differential operator, that is

_ o -
Fle.6,X) = —[¢P? (trace<X> Y34 ) — (=2 X8 = f()
j=1i=1 i
is horizontally elliptic and continuous, provided that p > 4 and f is continuous. Therefore we
require in addition that p > 4 and that f € L” () N C(Q). The proof of the following result is
inspired by [212].

Proposition 13.2.3. Let p > 4, f € L (Q) N C(Q) and let u € WP(Q) N C(Q) be a weak
solution to (13.2.1). Then u is a viscosity solution to (13.2.1).

Proof. We only prove that wu is a viscosity subsolution, being the other half of the proof com-
pletely analogous. We already know that u € C'(€2). Therefore, arguing by contradiction, we
assume that there exists 2o € Q, v € C%(Q2) and R > 0 such that Bg(zo) € 2,

0 =v(zg) —u(zg) < v(x) —u(x) on Br(xo) (13.2.5)

and
—|Xv(2o) P~ Axv(z0) — (p — 2)| X (o) [P Ax 0ot (o) > f(0)-

Hence, thanks to the continuity of the p-Poisson operator, the continuity of f and the fact that

v € C%(), up to choosing R small enough we can assume that
—|Xv(@)[P T Axv(z) = (p = 2)|Xv(@)[P T Ax v (@) > f(2)

for any © € Bpg(wxg). Therefore v is a classical supersolution to the p-Poisson equation on
Br(z0), and so it is in particular a weak supersolution. Since u € C(Bg(x¢)) it is well defined
the number m := mingp,,(4,) (v — u) and by (13.2.5) we get m > 0. Now we notice that v —m
is still a weak supersolution to the p-Poisson equation and u < v — m on 0Bg(xg). Therefore,
thanks to Lemma 13.2.2, we conclude that v < v —m on Bg(zg). Recalling that v(zg) = u(x)
we get m < 0 which is a contradiction. Hence w is a viscosity subsolution, and the proof is

complete. [

13.3 Variational solutions: the homogeneous case

In this section we study the limiting behavior of solutions to (13.1.4) and we prove Theo-
rem 13.1.1.

13.3.1 Existence and properties

Our approach follows the scheme employed in [39]. We fix a function g € Wy™(Q) and
p € (4,00). Let us denote by u, the unique weak solution to (13.2.1), coming from Proposi-

tion 13.2.1, with boundary datum g and f = 0. Since u, — ¢ is an admissible test function in
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(13.2.2), it follows from Holder’s inequality that

p—1 1
X pdg/x pleg(/X P)‘”(/Xp>’”,
[ 1XuPdr < [ (X Xglde < ([ 1Xupl?) " (] 1]

which implies that
/|Xup]pd:z:</ X g|Pdz. (13.3.1)
Q Q

Let us fix a non-decreasing sequence (my)r C (4,00) with limy_,., mj = co. We are going to
show that the family (Xu,)psm, is bounded in L™°(Q). Indeed, if p > mq then using (13.3.1),
Holder'’s inequality and the fact that g € W™ (Q), we get

p—mg

v =Xyl ) (1332)

m m ALY %
[ X < X250 20 F < (1Xal i) ¥ 12

Thanks to Corollary 2.3.5 and (13.3.2), we can conclude that the family (u,)y>m, is bounded
in W™ (Q). Therefore, by reflexivity (cf. Proposition 1.3.2), we know that there exist a

subsequence (u,, ), and a function us, € W™ (Q) such that

Uy, — Uy 0 W™(Q) as h — oo.
We call uy, a variational solution to the oo-Laplace equation. Next, we prove points (1)-(4) in

Theorem 13.1.1.

Proof of (1)-(4) in Theorem 13.1.1. The proof of the weak convergence in Wy™(Q) for any
m € (1,00) follows repeating the same steps employed for finding u,, for each £ € N and by a
standard diagonal argument. The uniform convergence follows by the previous fact and thanks
to Proposition 2.3.4. Let us prove (1). From the lower semicontinuity of the L™ -norm with

respect to the weak convergence, and the analogous of (13.3.2) with my, in place of mg we get
[ Xtlams @) < 1975 | X gll 2o
for any k € N. Therefore, passing to the limit as k goes to infinity, we conclude that
[ X too | oo () < 1 X gl L= (0)-

This, together with Corollary 2.3.5 and Proposition 2.3.4, allows to conclude that u. €
Wx™(Q) N C(Q). To prove (2) we show that us € Wy (Q) for any k € N. Indeed, fix
k € N. For any h with p, > my, there exists a sequence (gp?)j C C*(Q2) converging to u,, — g
strongly in W™ (Q), and so, since p, > my, strongly in W™ (Q). Therefore we can find a
sequence (p,) C (¢7)) such that

1
lon = (p = 9l ime ey < 5 (13.3.3)

for any h > 0. We claim that (), converges weakly to s — g in Wy (Q). Indeed, for any
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Y € L™(Q), thanks to (13.3.3) and Holder’s inequality it follows that
[ nvde = [ (e = g)vda| < [ lon = (= g)llokd + | [ty — i

™ () + ‘/Q<uph — Ueo)Ppdz

1
< 10l g+ | (0, = o)

< llen = (up, = )l @[]

The conclusion follows letting h — co. Reasoning in a similar way for the X-gradients, thanks
to Proposition 1.3.5, the claim is proved. Therefore, thanks to Mazur’s lemma (cf. e.g. [61,
Corollary 3.9]), for each j € N there are convex combinations of ¢} converging strongly to

Use — g in W™ (Q), that is, for any j € N there exist natural numbers M; < N; and real

numbers a; ;- - -, ajn;, With lim; . M; = +00, 0 < a;, < 1 and zﬁbﬁM]_ a; = 1, such that
N
. 1,
Gj =D Ajnoh — Uss — g in W™ (Q).
h=M,;

Since each ¢; belongs to C:°(€2), it follows that u., — g € W}(’(;““(Q) The proof of (3) follows
from (2) and thanks to Proposition 2.3.4. Finally, (4) follows trivially from (3). O

The remaining part of this section is dedicated to the proof of the last two statements in
Theorem 13.1.1.

13.3.2 Variational solutions are AMLEs

In this section we show that variational solutions, as one might expect, are absolutely mini-
mizing Lipschitz extensions. We point out that this result has already been proved, in greater

generality, in [180]. Nevertheless we prefer to give here a shorter and more direct proof.
Proposition 13.3.1. u, is an AMLE.

Proof. Let v € Wx™(Q) and V' € Q with v|gy = use|ov. Let (my), and (py), as above. For

any h € N, consider the unique weak solution v, to the problem

— divx (| XulPr 2 Xu) =0 inV
{ x(}Xul ) (13.3.4)

U =0 on OV

Up to a subsequence, we can assume that (v, ), converges to a variational solution v, in the
sense of Theorem 13.1.1. We claim that v,, = us on V. First of all notice that, for A big enough

and thanks to Proposition 2.3.4, being v € C(V), it holds that u,,,v,, € C(V). Moreover,

observe that both w,, and v,, satisfies the equation

/ | XulP2Xu- Xpdr =0
v
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for any ¢ € W)l(’f)(V). Therefore, thanks to Lemma 13.2.2 and Theorem 13.1.1, it follows that

Huph - UPhHLOO(V) < ||uph - UPhHL‘X’(aV) < Huph - U’OOHL‘X’(@V) —0

as h goes to infinity. Therefore, again thanks to Theorem 13.1.1, we conclude that s, = Vs
On the other hand, arguing as in the proof of Theorem 13.1.1 and thanks to the previous claim,
we conclude that

[ Xtoo| oo vy = [ X Voo [ Lo v) < [[ X0 Lo (v

The previous equation yields at once that
11X oo | e vy < X0 [ (vy,

and the thesis follows. O

13.3.3 Variational solutions are oco-harmonic

To complete the study of variational solutions, we conclude by showing that they are viscosity
solutions to the co-Laplace equations. We point out that we cannot combine Proposition 13.3.1
with Theorem 12.3.1 to conclude that u.,, being an AMLE, is co-harmonic. Indeed, as men-
tioned before, since the notion of viscosity solution adopted in Theorem 12.3.1 is the weaker
version of Remark 10.2.8. Therefore we need to give a direct proof which exploits again the

approximation scheme employed for obtaining ...

Proposition 13.3.2. u., is a viscosity solution to the oo-Laplace equation
—Ax 0olUoo =0 on €. (13.3.5)

Proof. We only show that u., is a viscosity subsolution to (13.3.5), being the other half of the
proof analogous. To this aim, let zp € Q, v € C%(Q) and R > 0 be such that u, — v has
a strict maximum at x¢ in Bgr(zg) € Q. If Xv(xg) = 0, the thesis is trivial by the definition
of Ax . So we can assume that |Xv(zg)| > 0. Let uy := u,, be a sequence which allows to
define u.,. We can assume without loss of generality that p, > @ for any h € N, where @ is as
in Proposition 2.3.4. Then it follows that u; € C°(Q). Moreover, thanks to Theorem 13.1.1 we
can assume that wu;, converges to s, uniformly on Br(xg). Let now xj be a maximum point of
up — vV on m. We claim that z; has a subsequence, still denoted by x;, which converges
to xg. If it is not the case, assume without loss of generality that z, — x; # x(, for some
x1 € Bgr(zp). Then it follows that

un(@n) — v(zn) = un(wo) — v(wo),
and so, passing to the limit and thanks to uniform convergence, we get that

Uoo(T1) — V(T1) 2> Uoo(T0) — v(20),
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which contradicts the strict maximality of zy. Hence, up to a subsequence, we assume that

xp, — xo. By Proposition 13.2.3 we know that uy, is a viscosity solution to (13.2.1), therefore

—|Xv(zp)

p’L’QAXU(:L’h) — (pn — 2)\Xv(a:h)]p”’4AX7oov(xh) < 0.

Since | Xwv(xg)| > 0, then for h big enough we have that | Xv(z)| > 0. Therefore we can divide
both sides by (pr, — 2)|Xv(zp,)[P»~4, and get that

[ Xv(zn)PAxv(ws)
Pr— 2

— Ax v(zp) < 0.

Passing to the limit as h — oo, the proof is complete. O

13.4 Variational solutions: the non-homogeneous case

In this section we prove Theorem 13.1.2 and study the limiting behavior of weak solutions to
the p-Poisson equation as p — oo with a non-negative datum f € L>=(Q2) N C°(Q). In analogy
with the previous section we introduce the notion of variational solutions u., as suitable limits
of the sequence (uy,),. Moreover, we show that u, is the solution of a constrained extremal
problem which can be understood as the limiting problem arising from (13.2.4). Finally, we
study the limiting partial differential equation satisfied by u... In particular we show that u. is
a viscosity supersolution to the oo-Laplace equation and a viscosity subsolution to the eikonal
equation. Unlike the homogeneous case, 1, is not in general oo-harmonic. Nevertheless, it

satisfies in the viscosity sense the system (13.1.5).

13.4.1 Existence and properties

We follow again the approach of [39]. From now on we fix f € L*>°(2) and we denote by
u, € W;(%(Q) the unique solution to (13.2.1) with f > 0 and p > 4. Let us denote by I, the

variational functional that we get taking the (formal) limit as p — +o0 in (13.2.3), namely
L) = = | foda

with ¢ € W™®(Q) N Co(Q). Clearly, I, does not admit a minimum in Wy () N Cy(9).
Nevertheless, in analogy with the Euclidean setting, we are going to show that imposing the

extra condition || X ¢||r~) =1 is enough to find a solution.

Theorem 13.4.1. There exists uo € Wy™(Q) N Co(Q) such that
Io(too) < Ino(9) (13.4.1)
for any o € W™ (Q) N Co(Q) such that | X ||~y = 1. Moreover, it holds that

0 < Uso() < dg,(7,00) Ve Q, (13.4.2)
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where dg,(z,0Q) = inf,coq do, (z, ).

Before proving the theorem we construct the candidate solutions u., in analogy with the
previous section, as suitable limits of subsequences of (u,),. To this aim, let us define the real
number £, by

E,=E,Q,f): / | X, |Pda.

By (13.2.2) and Hoélder’s inequality we have

[ reas| < BT ([ 1xer)”

for each ¢ € W)l(’(’)(Q) Therefore it holds that

=1
 max <W> <E, (13.4.3)
wih @20 \ (Jo [ X olP)7?

where by possibly changing ¢ into —¢ we have assumed that

/fsodm>0
Q

Testing (13.2.2) with ¢ = u, we get

Ep:/ |Xup|pdx:/fupdx. (13.4.4)
Q Q

From this we have

D

E, = (o |X“p|p>f _ ( Jo f up - )pl < maX ( foSdel/ >”1 (13.4.5)
(Jo [ Xupl?) =T A\ (g [Xup[?) Wxh@we#0 \ (Jo [ Xl?) "

which together with (13.4.3) gives

Jo | pda )fl

Ep = ¥nax <l/p
peW (0720 \ (fo | X p|P)

that is the anisotropic analogous of the so-called Thompson principle (cf. [39]). Using equation
(13.4.4) we have
E, = / (V, Xu,) dr,
Q

where V' € Lﬁ(Q,Rm) is any vector-valued function satisfying — divx(V') = f. By Holder’s

B, < [ VI

with equality if V' = |Xu,|P"?Xu,. Therefore the Thompson principle is equivalent to the

inequality
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Dirichlet principle given by
E, - mm{/Q VIEide Ve LET(QR™), —divy(V) = f}. (13.4.6)

p—1

Lemma 13.4.1. The function p — (|Q7'E,) » is monotonically decreasing as p — +00.

Proof. Let 1 < ¢ < p. For all V in Lq%l(Q,]Rm) such that —divx(V) = f, we have

p=1 a1
127 B)F < (J007 [ 1viFTas) < (1o [ vi#Tde) ©
Q Q

Then we have

qg—1

p—1 q g g—1
Q'E) 7 < inf (Q—l/vqld) <(Q7'E) T,
(o 5% < o (e [ vidan) T < (0 s
where the last inequality follows by (13.4.6). O

By Lemma 13.4.1 we get that {E,}, converges and we set Eo = lim, , o E,. Fix m > 1,
by Holder’s inequality we have

/Q | X u,|™ de < (/Q | X u,|P dx)p Q7 = Ep%|Q|1_% for all p > m. (13.4.7)

Let us fix a non-decreasing sequence (my ), C (4, +00) with limg_,o my = +o0. By (13.4.7) and

1,myg

By = limy,, 1o Ep, the family (up)p>m, is bounded in Wyg*(€2) for each k € N. Therefore, by

reflexivity, there exists a subsequence (u,, ), and a function ue, € W)l(g”“(Q) such that

Up, — Uso in W)l(%““(ﬂ)
as h goes to infinity for each £ € N. In analogy with the homogeneous case, we call uy, a
variational solution. It is now possible to repeat the same arguments of the previous section to

see that u,, — U in Wy?(Q) for any p > 4. Moreover by (13.4.7) we conclude that

p——+00

1
E P
X Ul < lim <‘QP|> ~1 (13.4.8)

Therefore u,, € W™ (). Moreover, by Proposition 2.3.4 we know that us, € Wy (Q)NCo().

Finally, again by Proposition 2.3.4 we conclude that u,, — u. uniformly on Q.

Proof of Theorem 13.4.1. Let us consider a variational solution u,, relative to sequences (my )
and (pp)n. For the sake of simplicity, we denote p, by p and we write p — oo meaning that
h — co. We already know that us, € Wy™(Q) N Cy(Q). Therefore, if we extend us, to be zero
outside €, then clearly us € W5 (). Hence (cf. [151]) it follows that ue € Lip;,.(Q0, dg, )-
Since Q € , we conclude that us, € Lip(Q,dg,). By (13.4.8) we get

|thoo () — oo ()| < day(z,y)
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for each x,y € Q. Taking the infimum for y € 9Q and recalling that u.(y) = 0, we obtain
oo (7)| < doy (z,09).

On one hand, by (13.4.3) it follows that for ¢ € W™ (Q) N Co(Q), ¢ # 0 fixed we have

(o IXlp d)? ="

and letting p — +o0

fo%de
= < Freo(q). 13.4.9
Xl S Fr@ (13.4.9)

On the other hand, recalling (13.4.4) and by the weak convergence, we have

Eoo:/fuoo d. (13.4.10)
Q

Combining (13.4.8), (13.4.9) and (13.4.10) we get that || Xte||L=(@) = 1 and that
/ fuo dr > / fodx
Q Q

for any ¢ € Wy™(Q) N Cy(Y) such that | X || () = 1. This concludes the proof.
[

To conclude this section, in analogy with [39], we show that when f > 0 variationals
solutions are unique and coincide with the Carnot-Carathéodory distance from the boundary

of €. Before we need a technical lemma.

Lemma 13.4.2. The distance function z — dq,(x,09) belongs to W™ (Q) N Co(Q). In par-
ticular, dq,(-,00) belongs to W)lf%(Q) for all p > 1. Moreover, || Xdq,(:,09Q) 1@y = 1.

Proof. 1t is well known that dg,(-,0) € Lip(Q2, dg,) and that || Xdg,(-,02)]~ =1 (cf. [151]).
Since Lip(Q,dg,) C Lip(Q,dg) and Lip(Q,dg) C Wx™(Q) (cf. [151]), we conclude that
da, (-, 00) € Wx™(Q). Moreover, dg,(-,0Q) is continuous and d,(z,0Q) = 0 for z € 9Q,
thus dg, (7, 0) € Co(R2). Finally, in order to prove that d(z,9Q) belongs to W)l(%(Q) we argue
as in [61, Theorem 9.17]. O

Proposition 13.4.3. Assume that f > 0 in Q. Then there exists a unique variational solution
Use. Moreover, every sequence (uy,); C (up), converges to us strongly in Wy™(Q) for any
m > 1. Finally, it holds that

Uoo () = dgy (T, 09), Va € Q.

Proof. Let uy, be asin Theorem 13.4.1, relative to sequences (myg )y and (pp)p. By Lemma 13.4.2,
do, (-, 00) is a suitable test function in (13.4.1), and so

/Q f(@)use () dr > /Q f(z)dg,(x,09) d,
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which together with f > 0 in Q gives uq(z) > dg,(z,08) for all  in Q. This inequality and
(13.4.2) imply that us = do, (-, 0S2). Fix now a sequence (uy,); C (u,), and m > 1. Since every
subsequence of (u,,); has a subsequence that weakly converges to do, (-, Q) in Wx™(£2), then
the (u,,); weakly converges to u., = d(z,0%) in W)l(gm(Q) In particular we gain that (u,,);
converges to do, (-, Q) in C¥*(Q) for a = 1 — Q/my and (Xu,,); converges weakly in L™ to
Xdg,(+,00). The rest of the proof follows exactly as in the proof of [39, Part II, Proposition
2.1]. O

Corollary 13.4.4. Let 1 be a domain such that Q € Q C Qqy. Then

dQl (', 69) = dQO(-, 89) on g

13.4.2 The limiting PDE

In this final section, in analogy with [39], we want to understand which is the limiting partial
differential equation that variational solutions have to satisfy. As in the Euclidean setting we
show that the limiting equations depend on the fact that we are in the support of f or not.
Indeed we show that a variational solution is co-harmonic outside the support of f and that it
satisfies the eikonal equation inside the support of f. We begin our proof with the following

result.

Proposition 13.4.5. u., is a viscosity supersolution to the etkonal equation
| Xtu| =1 in  {f>0}.

Proof. We begin by showing that it suffices to consider tests functions in C%(£2). Indeed,
let zg € {f > 0} and v € C%(Q) such that u, — v has a strict minimum at zo in a ball
Br(zo) € {f > 0}. Thanks to Proposition 2.1.8, there exists a sequence (vy), € C%(f2) such
that v, = v and Xv, — Xv uniformly on m. Let now x5, be a minimum point of u., — vy,
on m. Arguing as in the proof of Proposition 13.3.2, up to a subsequence we can assume

that x, — xg. Therefore, passing to the limit in

| Xvp ()] > 1,
thanks to uniform convergence we get that

| Xv(z)| > 1.

Hence we can work with tests functions in C% (). Let zo € {f > 0}, v € C%(Q2) and R > 0 be
such that u., — v has a strict minimum at z in Br(z¢) € {f > 0}. If uy, := u,, is a sequence
which allows to define u,, then we can assume that u, converges to us, uniformly on Bg(xg).
Let now x5, be a minimum point of u;, — v on m. Arguing as above we can assume that,

up to a subsequence, x; — zo. Let us assume without loss of generality that p, > @ for any
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h € N, where @ is as in Proposition 2.3.4. Then it follows that u;, € C°(2). Therefore we can
apply Proposition 13.2.3 and obtain that wy, is a viscosity solution to (13.2.1), i.e.

| Xv(x) P2 Axv(zy) + (pr — 2)| Xv(zp) PP Xo(zy) - X20(a) - Xo(zn)T < —f(zn), (13.4.11)

and recalling that =, € {f > 0}, we also get |Xv(z,)| > 0 for any h € N. Assume by
contradiction that | Xv(zg)| < 1, then there exists § > 0 such that | Xv(zo)| < 1—26 and without

loss of generality we can also assume that | Xov(z,)] < 1 — 0 for any h € N. Consequently,
0 < lim (pn, — 2)| Xv(zy)|P»~* < lim (p, — 2)(1 —6)~* = 0. (13.4.12)
h—00 h—o00
Dividing (13.4.11) by (pn — 2)|Xv(zp)|P*~* and using (13.4.12) we conclude
Xv(zo) - X?v(zg) - Xv(z9)' = —00

which contradicts v € C%(Q). O

Exploiting the previous result we can prove that variational solutions are co-superharmonic

on the entire domain.
Proposition 13.4.6. u., is a viscosity supersolution to the oco-Laplace equation
—Ax solloo =0 on €.

Proof. Let zy € Q, v € C%(Q)) and R > 0 be such that u,, — v has a strict minimum at x
in Br(zo). Assume without loss of generality that |Xv(zg)| # 0. We argue exactly as in the

previous proof to get that

) T (o)
—Xv(zg) - X*v(xg) - Xv(x0)" > limy, o0 (P — 2)‘Xv(xh)|ph—4‘

If f(z¢) = 0 the thesis is trivial. If instead zo € {f > 0}, we know by the previous proposition
that limy,_, o (pr, — 2)| Xv(xp)|[P*~* = +00, and so the thesis follows. O

Since the notion of viscosity solution is of local nature then proceeding exactly as in the

proof of Proposition 13.3.2 the following result holds.

Proposition 13.4.7. u., is a viscosity subsolution to the co-Laplace equation
—Ax solloo = 0 on {f > O}c.

To conclude our investigation we show that u., is a viscosity subsolution to the eikonal
equation on ). For doing this we invoke Theorem 11.1.1, together with the fact that, thanks
to (13.4.8), || X too|loo < 1.
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Proposition 13.4.8. u., is a viscosity subsolution to the eikonal equation
| Xl =1 on €.

We summarize our results as follows.
Theorem 13.4.2. Let uy, be a variational solution. Then the following facts hold.
(1) oo 18 @ viscosily supersolution to the oo-Laplace equation on Q.
(71) uwo is a wviscosity solution to the co-Laplace equation on WC.
(191) us 15 a viscosity subsolution to the eikonal equation on €.

(1v) us is a viscosity solution to the eikonal equation on {f > 0}.
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Chapter 14

Monge solutions to Hamilton-Jacobi

equations

14.1 Introduction

We refer to [126] as main reference for this chapter. So far we have dealt with the study of
viscosity solutions to at least continuous equations. The purpose of this chapter is to lay out
the framework for the study of discontinuous Hamilton-Jacobi equations in Carnot groups. In
this regard, we generalise the Euclidean theory by addressing the major challenges implied by
the degenerate structure that characterises sub-Riemannian geometry. The study of Hamilton-
Jacobi equations plays an important role in modern analysis, and its applications are related
to many research areas, e.g. control theory and mathematical physics. The interested reader
can find complete surveys of this topic in the monographs [198, 28, 71]. We already met
the anisotropic counterpart of the prototypical Hamilton—Jacobi equation, that is the eikonal
equation

|Du| = f(x), (14.1.1)

where f is a continuous function. The study of this kind of equations is typically carried out
in the setting of viscosity solutions (cf. [98, 96]). Thanks to the effort of many authors (cf.
[98, 198, 95, 30, 34, 36, 29, 110] and references therein), problem (14.1.1) has been generalized

by considering first-order differential equations of the general form
H(z,u,Du) =0

on (), together with their evolutionary counterparts. Here H is a continuous function which
usually satisfies suitable convexity and coercivity properties. A further step has been made by
taking into account the case in which the Hamiltonian is not assumed to be continuous (cf.
[174, 233, 268, 70, 62]). In all these papers the authors had to adapt the definition of viscosity

solutions taking into account the new measurable setting. In particular, in [233] the authors
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introduced the notion of Monge solution to the eikonal-type equation
H(Du) = n(z)

on {2, where H is convex and continuous and n is lower semicontinuous. The importance of
this notion, which is shown by the authors to be equivalent to the viscosity one when n is
continuous, is motivated by the fact that the classical Hopf-Lax formula (cf. [198]) does not
provide in general a viscosity solution if n is only lower semicontinuous. On the other hand,
the setting of Monge solutions is shown to be the right one to establish existence, uniqueness,
comparison and stability results. The results in [233] have been later generalized in [62], where
the authors extended the notion of Monge solution to discontinuous Hamilton—Jacobi equations

of the form

H(z, Du) =0 (14.1.2)

on 2. Here H is only assumed to be Borel measurable, together with some mild assumptions
in the gradient variable. As already pointed out, a sub-Riemannian approach to the study
of Hamilton-Jacobi equations is very useful in order to avoid typical coercivity assumptions.
The sub-Riemannian eikonal equation has been studied in the viscosity setting in [122] in
general Carnot—Carathéodory spaces, whereas more general equations has been considered for
instance in [208, 273, 49, 269, 78, 45, 31]. In the broad generality of metric spaces the notion
of viscosity solution to Hamilton-Jacobi equations has been studied by [156, 10]. In [149] the
authors introduced a different notion of metric viscosity solution for continuous Hamiltonians
H(z,u,|Dul|) based on the local metric slope |Dul, that is a generalized notion of the gradient
norm of u in metric spaces, and they showed several comparison and existence results. Moreover,
in [200] the authors studied the eikonal equation (14.1.1) in complete and rectifiably connected
metric spaces, providing the equivalence between their notion of viscosity solutions and Monge
solutions when the right hand side f is continuous with respect to the metric distance. To the
best of our knowledge, in a general metric space a notion of metric gradient is not available,
and only the local metric slope |Du| can be considered (cf. [12]). Accordingly, the last entry of
the metric Hamiltonian is a scalar and not a vector. However, in Carnot—Carathéodory spaces,
that are examples of length metric spaces, in light of the functional framework introduced in
Chapter 1, general stationary discontinuous Hamiltonians H(x, Xu) can be considered. In this

chapter, inspired by [62], we study sub-Riemannian Hamilton—Jacobi equations of the form
H(z,Xu)=0 (14.1.3)

on 2, where here and in the following €2 denotes a subdomain of a Carnot group G = (R",-)
of step k, rank m and dimension n > m. Moreover, we fix an adapted basis Xi,..., X,
that coincides with the canonical basis of R™ at the origin. We endow G the standard sub-

Riemannian structure associated to X, ..., X, (cf. Section 3.2). The Hamiltonian

H:QxR"™ —R
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satisfies the following structural assumptions (H):
(Hy) H:Q xR™ — R is Borel measurable;

(Hg) The set
Z(x) ={peR™ : H(z,p) <0}

is closed, convex and 0Z(z) = {p € R™ : H(x,p) = 0} for any x € ;

(Hs) There exist o > 1 such that
B1(0) € Z(x) C B4(0)

for any x € €2, where Ba(O) is the Euclidean open ball of radius « centered at the origin

in R™,

The structural assumptions (H) allows us to associate a suitable norm to the Hamiltonian H.

More precisely, inspired by [62], we define o* : Q2 x R™ — [0, 00) by

o*(z,p) = sup{(—&,p) : £ € Z(x)} (14.1.4)

for any z € 2 and any p € R™. It is easy to observe that ¢* is a sub-Finsler norm defined on the
horizontal bundle GS2, that is the subbundle of T2 of the horizontal vector fields. Accordingly,
we exploit o* to induce a distance d,+ on €2, whose Euclidean counterpart is known in literature

as optical length function, by

1
do+(z,y) = inf {/ a*(y(t),4(t))dt = ~:]0,1] — Q, v is horizontal, y(0) = z, v(1) = y}
0
(14.1.5)
for each x,y € 2. Being €2 open and connected, Theorem 2.2.6 implies that d,« is finite for any

x,y € (), since every two points in an open and connected set can be joined by a horizontal

curve. Again inspired by [233, 62], we are ready to state our main definition.

Definition 14.1.1 (Monge solution). Let Q@ C G be an open and connected subset of G. If
u € C(Q), we say that u is a Monge solution (resp. subsolution,supersolution) to (14.2.1) in
Qif
lim inf u(z) — u(zo) + dye (o, x)
r—T0 dﬂ<x0’ x)

=0 (resp. >,<) (14.1.6)
for any xo € Q, where dg is the Carnot-Carathéodory distance on €.

The aim of this chapter is to investigate the main aspects of this definition in the sub-
Riemannian setting, recovering the Euclidean results achieved in [62]. A first step consists
in relating this notion to notion of viscosity solution introduced in Chapter 10. To this aim,
after describing some properties of the optical length function (14.1.5) (cf. Section 14.2), and
exploiting some results from Chapter 11, we show that the theory of Monge solutions embeds
the theory of viscosity solutions, proving the equivalence of these two notion as soon as the

Hamiltonian is continuous.
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Theorem 14.1.2. Let Q C G be a domain. Let H be a continuous Hamiltonian satisfying (H).
Then uw € C(R) is a Monge subsolution (resp. supersolution) to (14.1.3) if and only if it is a

viscosity subsolution (resp. supersolution) to (14.1.3).

Despite some similarities with the Euclidean method, the sub-Riemannian structure requires
some adjustments. Indeed, in order to prove Theorem 14.1.2; we first need to recover a suitable
Hopf-Lax formula for the Dirichlet problem associated to (14.1.3). In this respect, the first
striking difference with the Euclidean environment emerges. Indeed, in the classical theory of
Monge solutions (cf. [233, 62]) the optical length function is defined on the whole Q. This
possibility relies on the fact that every two points in € can be joined by an Euclidean Lipschitz
curve as soon as the boundary of € is locally Lipschitz. Unfortunately this property is no longer
true in our setting, since it is not always the case that two points on 02 can be connected by a
horizontal curve lying in €. A useful consequence of the Euclidean approach is that the optical
length function is a geodesic distance (cf. Section 14.1.1), which is no longer true in our case.
The solution to this first major problem relies on some delicate localisation arguments. The
key point in which one would like to exploit the fact that the optical length function is defined
up to the boundary is the validity of the classical Hopf-Lax formula. To be more precise, in
the Euclidean setting it is the case (cf. [62, Theorem 5.3]) that if 2 is a bounded domain with
Lipschitz boundary and g € C'(992) satisfies the compatibility condition

9(z) — g(y) < do+ (7, y)

for any z,y € 9Q. Then (cf. [62, Theorem 5.3]) the function w defined by
w(z) = nf {do(z,y) +9(y)}

is a Monge solution to (14.1.3) and coincides with g on 9. Since our optical length function
is defined only on €2, this formula would become meaningless. We overcome this difficulty by

suitably extending our original Hamiltonian. To this aim, we let
K(H,Q):={K:R"xR™ — R : K satisfies (H) and K = H on  x R™}. (K)

Notice that IC(H, Q) is always non-empty, as every Hamiltonian can be extended to the whole
R™xR™ by letting H(x,p) = |{|—a outside 2 xR™. For any fixed K € IC(H, (), we consider the
associated metric o and optical length function dyx . The advantage of this approach consists
in the fact that, in view of the aforementioned Chow-Rashevskii connectivity theorem, every
two points in R™ can be connected by a horizontal curve. Therefore, dy+ is actually a finite
distance on the whole R™, whence in particular on €. Surprisingly (cf. Proposition 14.3.2),
the definition of Monge solution on €2 is invariant by replacing H with any K € K(H, ). In
this way, what a priori constitutes a considerable problem ensures a posteriori a more accurate

understanding of Monge’s notion of solution. These facts motivate the following result.

Theorem 14.1.3 (Hopf-Lax formula). Let Q@ C G be a domain and let H satisfy (H). Let
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g € C(09) be bounded and such that there exists K € Ko()) for which

9(x) = g(y) < dos (2, y) (14.1.7)

for any x,y € 0N). Let us define
wla) = nf 1oy (r,0) + o(0)} (11.18)
Then w € Lip(Q, dg) N C(Q) and w is a Monge solution to the Dirichlet problem

H(z,Xw)=0 in$
w=g¢g on .

Notice that the compatibility condition (14.1.7) is trivially necessary for the function w
given by (14.1.8) to attain the boundary datum g on 0. After proving Theorem 14.1.2 and
Theorem 14.1.3, we continue the study of Hamilton—Jacobi equations in the discontinuous

setting. First, we show the validity of the following comparison principle for Monge solutions.

Theorem 14.1.4 (Comparison Principle). Let Q@ C G be a bounded domain. Let H be an

Hamiltonian satisfying (H), let u € C(Q) be a Monge subsolution of (14.2.1) and v € C(Q2) be
a Monge supersolution of (14.2.1). If u < v on 0, then u < v in Q.

Notice that, combining Theorem 14.1.3 and Theorem 14.1.4, we guarantee existence and
uniqueness for the Dirichlet problem associated to (14.1.3) under the compatibility condition
(14.1.7). Finally, inspired by [62], we show that the notion of Monge solution is stable under

suitable notions of convergence for sequences of Hamiltonians and Monge solutions.

Theorem 14.1.5 (Stability). Let Q C G be a domain. Let (H,)nen and Hy satisfy (H) with

a uniform choice of a. For anyn € N, let u, € C(Q) be a Monge solution to
H,(z, Xu,(z)) =0

on §). Assume that dyx — dys locally uniformly on €2 x Q, where, for any n € N, d,» is the
optical length function associated to H,, and d,s is the optical length function associated to H.
Assume that there exists uy, € C(2) such that u, — us locally uniformly on Q. Then uy s a
Monge solution to

Hoo(z, Xus(z)) =0

on €.

14.1.1 Length and geodesic distances

Let us briefly recall some general facts about metric spaces for the sake of completeness. We

refer to [64] as main reference. Let (M, d) be a possibly non-symmetric metric space. We stress
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that, in light of [64, Remark 2.2.6], the statements of [64, Chapter 2] which we are going to
recall hold as well in the non-symmetric setting. If v : [0,7] — M is a continuous curve, we
define its length by

Lg(7y) = sup {Zd(’y(tjl),fy(tj)) 0=ty <t <... <ty <ty = T} : (14.1.9)
=1

The length functional L, is lower semicontinuous with respect to the uniform convergence of
continuous curves (cf. [64, Proposition 2.3.4], and allows to define a second distance, say dr,,,

by letting
dy,(z,y) = inf {L4(y) : v:[0,1] — M is d-Lipschitz, v(0) = z and (1) = y}. (14.1.10)
Accordingly, (M, d) is a length space (cf. [64, Definition 2.1.6]) whenever
d—d, (14.1.11)

and it is a geodesic, or complete, space (cf. [64, Definition 2.1.10]) whenever it is a length space
such that the infimum in (14.1.10) is attained by a suitable d-Lipschitz curve. We shall refer
to such curves as optimal curves. We point out (cf. [64, Section 2.5.2]) that, if z,y € M and
v :[0,1] — M is an optimal curve for d connecting = to y, then

d(a,y) = d(z,(8)) + d((t). ) (14.1.12)

for any ¢ € [0, 1].

14.2 Some properties of o and d,«

Let us consider the Hamilton—Jacobi equation
H(z,Xu)=0 (14.2.1)

on 2, where ) is a subdomain of G and H satisfies the structural assumptions (H).
Since the notion of Monge solution heavily depends on the properties of the associated
optical length function, and hence on the properties of o*, let us make some preliminary con-

siderations on these objects. First, notice that condition (Hs) is equivalent to the estimate

1
—|v], < o*(x,v) < alv|, for every (z,v) € HG. (14.2.2)
a

Moreover the following simple result, which is the sub-Riemannian analogous of [62, Lemma 4.2],
will be useful to state the equivalence between Monge and viscosity solutions in the continuous

setting. We refer to [127] for an account of sub-Finsler metrics.
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Lemma 14.2.1. o* : GQ — R is a sub-Finsler convex metric. Moreover, for any v € R™,
the following hold.

(i) If H is upper semicontinuous on GS2, then o*(-,v) is lower semicontinuous on €.

(ii) If H is lower semicontinuous on G2, then o*(-,v) is upper semicontinuous on §2.

Regarding the optical length function, an easy computation shows that

dy+(z,y) = inf {/OT a*(y(t),4(t)) dt : v :[0,T] — Q is sub-unit, v(0) =z ,v(T) =y
(14.2.3)
for any z,y € Q. The quantity (14.2.3) is well-defined, both because the map ¢ — o*(y(t), ¥(t))
is Borel measurable on the horizontal bundle, and because, as already mentioned, every two
points in 2 can be connected by a horizontal curve. However, d,~ can presents some pathological
behaviour without some semicontinuity assumptions (cf. [127, Example 5.5]). Let us discuss

some properties of d,+ which will be useful in the sequel.
Lemma 14.2.2. The following properties hold.
(1) do+ 1s a non-symmetric distance on €.

(73) dy,» is equivalent to dg on €, i.e.

1
adﬂ(‘ray) < d(f*(xay) < OédQ(LL’,y)

for any x,y € Q.

(13i) dy« is do-Lipschitz on Q x Q, that is

|do+ (2, y) = dor (2, w)| < aldao(z, 2) + do(y, w))

for any x,y, z,w € €.

Proof. The proof of (i) follows as in [127, Lemma 5.7]. (4i) is an easy consequence of estimate
(14.2.2). Let us show (ii7). To this aim, fix z,y, z,w € Q. Being d,» a distance and thanks to
point (i7), we have that

da*(%y) - dg*(Z,w> - d(,*(x,y) - dﬂ*(zay) + dg*(Z,y) - dU*(Z7w>
d

and

dor (2, W) — dos (x,Y) = dor (2, W) — dps (x, W) + dox (T, W) — dos (x, y)
< do (2, 2) + doe (Y, w)
< a(da(z, 2) + da(y, w)).
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[]

Therefore (2, d,+) is a non-symmetric metric space. In view of general results in metric
spaces (cf. [64, Proposition 2.4.1], d,~ is a length distance in the sense of Section 14.1.1.
However, we already know that it is not geodesic in general, since, for instance, (2, dq) may
not be geodesic. Nevertheless, exploiting standard arguments of analysis in metric spaces (cf.

[17]) it can be shown that (2, d,«) is locally geodesic in the following sense.

Proposition 14.2.3. For any xy € § there exists v > 0 such that for any x,y € Bq,(xo,7)
there exists a horizontal curve y : [0,1] — Q, v(0) =z, v(1) =y and

do’* (Q?, y) = Ldo’* (7)7
where Lq_, is as in (14.1.9).

We first need the following technical lemma, whose proof is omitted being analogous to the

proof of the forthcoming Lemma 14.3.1.

Lemma 14.2.4. For any xy € Q, and for any R > 0 such that Bg,(xo, R) € ), there exists
0 <7 < R and & > 0 such that, for any x,y € Ba,(xo,7) and for any 0 < ¢ < £, every
horizontal curve 7 : [0, 1] — © such that v(0) = z, y(1) =y and

do+ (2, y) 2 La,.(7) =€
lies in Bag, (o, R).

Proof of Proposition 1/.2.5. Let xy € 2 and R > 0 be such that By, (zo, R) € Q. Then let
r > 0 be as in Lemma 14.2.4. Let z,y € By, (xo,7) and let (75,), be a sequence of horizontal
curves such that v(0) =z, y(1) = y and

1
La,. () < do+(2,y) + 7. (14.2.4)

In view of Lemma 14.2.4, we can assume that 7,([0,7}]) € B, (7o, R) C Q for any h € N.
Clearly (Bg(zo,dq),d,+) is a compact metric space and the sequence (y;)pen is uniformly
bounded. Arguing verbatim as in the proof of [17, Theorem 4.3.2], (74)nen is also equicontinuous
with respect to d,«. Therefore Ascoli-Arzela’s theorem implies the existence of a horizontal
curve v : [0,1] — € such that (), converges uniformly to 7. In particular, v(0) = x and
7(1) = y. Hence, combining (14.1.11) and (14.2.4) with the lower semicontinuity of Lg_, (cf.
Section 14.1.1) we infer that

1
dos(z,y) < Lg . (7) <liminf Ly , (7,) < liminf (dg* (x,y) + > = dy+(2,7).
i h—o0 i h—o0 h

Therefore we conclude that v is optimal for d,«(x,y), and the thesis follows. O
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Proposition 14.2.5. Assume that H is upper semicontinuous on G). Then it holds that

da* (flf, €z - 575(57 77))
t

lim inf > 0" (z,§)

t—0t
forany x € Q, £ € R™ and n € R*™™.

Proof. Let us fix x € Q, £ € R™ and n € R"™. Since H is upper semicontinuous on G2, then
o*(+,€) is lower semicontinuous on Q by Lemma 14.2.1. This is equivalent to say that, for any
e > 0 and for any € € S™!, there exists r = r(z,¢, &) such that o*(y,&) > o*(z,€) — ¢ for
any y € By, (x,r). Recalling that o* is Lipschitz in the second entry and exploiting a standard

compactness argument, we infer that for any € > 0 there exists r = r(x,e) > 0 such that
o*(y,&) > 0" (x,8) —¢ (14.2.5)

for any y € By, (z,r) and any £ € S™ 1. Let us choose a sequence of sub-unit curves 7, :
[0,t,] — Q in such a way that v,(0) = x, Y (tn) = x - &, (€, 1) and
da* g T d ) s t 2
lim inf 2B OUEM) e L ot o (8), A () .
0

t—0+ t h—o00

Since lim; g+ x - 6;(£,17) = =, and in view of Lemma 14.2.4, the sequence of curves can be
choosen in such a way that 7,([0, t]) C By, (x,r) for any h € N. Therefore, exploiting (14.2.5),

we infer that

lim n Oth o* (1), 3n (1)) dt > lim inf Oth o* (2, (1)) di — e.
For any h € N, set v, = (vi, ..., 7 vt ..., 4%). We recall that in the previous equations 4y,
is the m-tuple of the components of 4; along the generating vector fields. In other words, we
mean Y5, (t) = (ay(t), ..., a7 (t)), where 4, (t) = X7, al (1) X;(yn(t)). Tt is then easy to see that
A7 = aj, for any j = 1,...,m. Therefore, by Proposition 3.3.2 and the fundamental theorem of

calculus for absolutely continuous functions, we infer that

]gth () dt = w(%(th))t— 7(7(0)) _¢ (14.2.6)

for any h € N, where 7 is the projection map defined in (3.2.2). Combining (14.2.6) with the

convexity properties of o* and Jensen’s inequality, we get that

ty tp,
. . * . o > . . * . _ — * _ .
hlﬂg)lf o (,An(t)) dt —e > h}rlr_1>1£fa <:c, ][0 An(t) dt) e=o0"(x,§) —¢
The thesis follows letting € go to 0. O]
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14.3 A Hopf-Lax formula for the Dirichlet problem

As already mentioned, the properties of Monge subsolutions and supersolutions strictly depend
on those enjoyed by the optical length function d,«. Moreover, as it happens in the viscosity
setting, do can be equivalently replaced by dy or dg. Now we explain how to replace d,~ with
suitable extensions as already explained in the introduction. According to the latter, we recall
the family defined in (), that is

K(H,Q):={K:R"xR™ — R : K satisfies (H) and K = H on Q x R™}.
As already mentioned, KC(H, ) is always non-empty. For instance, it is always the case that

K(z.€) = H(z,§) if (z,6) € Q xR™ (143.1)
o €] — « otherwise -

belongs to K(H, (). For a fixed K € K(H,(2), we can consider the associated 0% and d,: . We
want to show that the notion of Monge solution is independent of the choice of K € K. To this

aim, we prove the following preliminary result.

Lemma 14.3.1. For any K € K, for any xy € Q2 and for any R > 0 such that By, (xo, R) C Q
there exists r > 0 and &€ > 0 such that, for any x € By, (zo,7) and for any 0 < & < &, any curve
v :[0,T] — R™ such that v is sub-unit, v(0) = zo, v(T') = = and

Do) > [ kea(0), (1) dt — <

lies in B, (o, R).

Proof. Assume by contradiction that there exists K : R" x R™ — R such that K € K, xg € €,
R > 0 with By, (x¢, R) € Q and sequences (z), and 7y : [0,7;] — R™ sub-unit such that
Y1(0) = o, Y(Th) = 1, and

1

dox (20, Tn) 2> Lox (20, Th) — 7

such that z, — o and for any h there exists 0 < t;, < T}, such that z, := y(t,) € 0Bq,(z0, R).
Since K satisfies (H) on R", it follows that

o (w0, 21) < adg(wo, z1) < ado(Te, ) — 0

as h — o0o. On the other hand, in view of the choice of v, and Proposition 3.7.1, there exists
C > 0 such that

11 1 _C 1 _CR
do+ (20, @) 2 do= (0, 2) + o+ (20, 20) = 3 2 —dg (2o, 2n) = 5 = —da(wo, 2n) = 5 = 5=
for any h big enough. A contradiction then follows. O]
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Proposition 14.3.2. Let K : R" x R™ — R be such that K € K. A function u € C(Q) is a
Monge solution (resp. subsolution, supersolution) to (14.2.1) in Q if and only if

. u(w) —u(xo) + dox (20, 1)
lim inf K

— . >.< 14.3.2
T—T0 dg(l’()?l') 0 (Tesp -’ ) ( 3 )

for any xq € Q.

Proof. 1t suffices to observe that, thanks to Lemma 14.3.1 and the definition of IC(H, (), for
any o € ) there exists r > 0 such that

do+ (20, 7) = dys (20, 7)

for any x € By, (zo,7) and for any K € K(H, (). O

Thanks to the results of Section 14.2; we are in position to prove Theorem 14.1.3. The proof

of this result is inspired by [62].

Proof of Theorem 14.1.53. Let K : R" x R™ — R be as in the statement. First, notice that,
since ¢ is bounded, then w is well-defined. Fix x,z € € and, for any h € N, let y, € 9€) be
such that w(z) > dys (2, yn) + g(yn) — +. Then

1 1 1

<dor (2,2) + — < dor (v, 2) + 7 < adg(x, z) + —.

w(z) —w(z) < do (T, yn) — dox (2, yn) + . h

| =

Letting h — oo, and since w(z) — w(z) can be estimated similarly, we conclude that w €
Lip(Q2,dq). Fix x € 0Q. Then, by definition of w, it follows that w(z) < g(z). On the other
hand, if y € 99, (14.1.7) implies that

dos (2, y) + 9(y) > g(2),

and so, taking the infimum over 092, we conclude that w(xz) > g(x). Therefore w = g on 9.
Let now x € 99 and let (xp,), C Q2 be such that x;, — x as h — oo. Then

w(ry) — w(x) < dos (zh, ) + g(x) — g(z) < adg(zh, v)

and there exists (y)n, C 02 such that

1
< da;(($,$h)+ﬁ-

| =

< doy (2, Yn) — doy, (Th, yn) +

SHES

w(z) —w(zn) < 9(x) = g(Yn) — doy (xn, yn) +

Hence we conclude that w € C(2). Let us show that w is a Monge subsolution. To this aim,
let zyp € 2 and let (xy), C €2 be such that x;, — x¢ as h — co. For any h € N, by definition of
w, there exists y;, € 02 such that

gl
w(zn) > dox (xh, yn) + 9(yn) — HOhhHa
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where || - || is the homogeneous norm defined in Example 3.4.4. Therefore we infer that

w(zp) — w(wo) + da;{(xoa ) > dos, (o, yn) + 9(yn) — w(zo)

1
- = - -T2 -
lzg " - lzg " - h

SN

Letting h — oo, being the sequence (z},), arbitrary and recalling Proposition 14.3.2, we infer
that w is a Monge subsolution. Conversely, let xq € €2 and assume without loss of generality
that By, (2o, ) € for any h € N,. Fix such an h and choose y, € 9 such that

1
w(z0) > dox (o, yn) + 9(yn) — e

Moreover, for any h, let 73, : [0,7},] — R™ be a sub-unit curve with the property that 7 (0) =
o, Yn(Th) = yn and " X
oy (o) 2 [ o (8),3(8)) it - .

Pick ¢, € (0,T}) such that (t,) € 0Bq, (o, %) and set z;, := 7(ty). Then clearly x;, — z as

h — oo and therefore, by definition of w and the choice of (v;)s, we infer that

1 2
w(zn) — w(xo) + doy (2o, Tn) < dot (Tns yn) — doy, (o, yn) + doy, (o, T1) + 2 < 2
Noticing that ||z - zp]| =  for some C' > 0, we conclude that
w(xy) — w(xg) + dox (x9, x 2
T (_01) 00 i 2 2o,
h—o00 on :)th h—oo h
and so w is a Monge supersolution. O]

14.4 Monge and viscosity solutions

In this section we show that, as in the Euclidean setting (cf. [233, 62]), when H is continuous
the notions of Monge and viscosity solution coincide. We begin to prove that Monge solutions

are viscosity solutions.

Proposition 14.4.1. Let H be continuous. If u € C(Q) is a Monge subsolution (resp. super-

solution) to (14.2.1), then u is a viscosity subsolution (resp. supersolution) to (14.2.1).

Proof. Let u be a Monge supersolution to (14.2.1), fix o € Q and p € dxu(xg). Then it follows
that

- do’* —1 . do_* ,
0> lim inf %) “(xﬂz o (00, 2) g 27 x_)l> + dy+ (w9, )
%0 [Ed =0 g™ - ||
Let (), be a minimizing sequence for the right hand side. Let us set ¢, := ||zg" - 23] and
En = if@al -xp). In this way, t, — 07 when h — co. For any h € N, let n, € R"™™ be such
that

61 (xg" - xn) = (&)

th
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By construction, (0 K (o' - zn))n is bounded. Then there exists ¢ € R™ and n € R"™™ such

h
that, up to a subsequence, (&,,m,) — (£,71) as h — oo. Then, by Proposition 14.2.5 and the

choice of (zp)n, we infer that

lim inf —
=0 |zg™ - ||

—1 . * *
(p,m(xg" - 0)) + doe(@0,2) _ <<p, &) 4 J (F0:7n) )
h—o0 th,
do‘* (l’o, Zo - 6th <§h7 77h))
th
. . . da* (x()a Xo - 5th (57 7]))

> (p,€) + " (20, 6)-

= (p,§) + h}rggolf

Therefore we conclude that (—&,p) > o*(x0,§). If it was the case that H(xg,p) < 0, then
p is an interior point of Z(xp). But then (=&, p) < 0*(x¢,&), since ¢ — (—=£,q) is a linear
and non-constant, and so it achieves its maximum on 0Z(zy). A contradiction then follows.
Assume now that u is a Monge subsolution to (14.2.1), let 2y € Q and p € dFu(xy). Assume
by contradiction that H(xg,p) > 0. Hence, by Hahn-Banach theorem (cf. [61]), there exists
¢ € S™! such that (—¢&,p) > 0*(x0,€). For any h € N\ {0}, let @), := zq - &, (£, 0), where
(tn)n € (0,1) goes to 0 as h — oo. Then zj, — o as h — oo, and moreover zy " -z, = (£4¢,0).
Therefore, being u a Monge subsolution, it follows that

0 < lim inf w(z) — u(xo) + do+ (2o, 7)

70 lvg " - ]
R a2l

-1
< liminf {p, (2 @) + do+ (T, 1)
hvoo |z - x|

. . . da* (.1'0, Zo -+ 5th (67 O))
=(p,&) + ll}{ggf 0 :

Let us set v : [0,1] — Q by v(t) := zo - 6:(&,0). Notice that §(t) = £, and so 7 is sub-unit.
Moreover v(0) = x¢ and () = x,. Hence, since the continuity of H implies the continuity of
o*(+,€), we infer that

da* (-CEO) To - 5th (67 O)) th

lim inf < lim inf a*(v(t), &) dt = o*(xo,§).
h—o0 th h—00 0

Therefore we conclude that (—¢, p) < 0*(xo, &), a contradiction.

In order to prove the converse implication, we need some preliminary results.

Proposition 14.4.2. Let H be continuous. Let u € C(Q) and assume that u is a viscosity
subsolution to (14.2.1). Then u € W}(TEC(Q)

Proof. Let xp € Q and p € 9%u(xo) with p # 0. Then H(zg,p) < 0, which implies that
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p € Z(xg). Therefore it holds that |p| < « by (Hs3). Hence u is a viscosity subsolution to
| Xu| < « (14.4.1)

on . Thanks to Proposition 11.2.3 and [269, Proposition 2.1], we conclude that u € W}(C{;’C(Q)
[l

Proposition 14.4.3. Assume that H is continuous. If u is a viscosity subsolution to (14.2.1)
in 1, then
u(z) —u(y) < do+(z,9) (14.4.2)

for any x,y € Q.

Proof. Let z,y € Q. If x = y the thesis is trivial. If instead x # y, let v : [0,T] — Q be a
sub-unit curve such that v(0) = = and v(7T') = y for some T' > 0. Thanks to Proposition 14.4.2
and Proposition 11.2.2 we know that u € W;ijc(ﬁ) and that

H(z,Xu(z)) <0 (14.4.3)

for almost every z € . Let N be a Lebesgue negligible subset of {2 containing all the non-
Lebesgue points of Xu and all the points where (14.4.3) does not hold. Then, in view of
Proposition 4.4.1, we infer that H(z,p) < 0 for any z € Q and for any p € dx nyu(z). Therefore,
in particular,

pE Z(z) (14.4.4)

for any z € 2 and for any p € Jx yu(z). Hence, thanks to (14.4.4) and Proposition 4.2.1, we

conclude that . .
u(w) —uly) = [ G0, ~gO) e < [ 0 (0,500 dt,

where ¢ is as in Proposition 4.2.1. Since 7 is arbitrary, the thesis follows.
O

Proposition 14.4.4. Let H be a continuous Hamiltonian satisfying (H). Let u € C(£2) be a
viscosity subsolution to (14.2.1). Then u is a Monge subsolution to (14.2.1).

Proof. Let xy € ). Hence, in view of (14.4.2), we infer that
u(z) — u(zg) + dpr (29, ) > 0

for any x € €2, from which the thesis easily follows. m

In order to prove that viscosity supersolutions are Monge supersolutions, we argue as in
[233]. To this aim, we combine Theorem 14.1.3 and Proposition 14.4.1 to show the solvability
of the Dirichlet problem associated to a continuous Hamiltonian in the setting of viscosity

solutions.
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Theorem 14.4.5. Let H be a continuous Hamiltonian satisfying (H), and let g € C(092) be
bounded and such that (14.1.7) holds. Then the function w defined by (14.1.8) is a viscosity

solution to the Dirichlet problem

H(z,Xw)=0 inQ
w=g¢g on 0.

We need also the following sub-Riemannian comparison principle, whose proof is inspired
by [33].

Proposition 14.4.6. Let Q) be a bounded domain. Assume that H is continuous and satisfies
(H). Assume that u € C(Q) N W}ﬁgc(ﬁ) is a viscosity subsolution to (14.2.1) on Q and that
v e C(Q) is a viscosity supersolution to (14.2.1) on Q. If u < v on 0, then u < v on (.

Proof. We can assume without loss of generality that u,v > 0. Let us fix 6 € (0,1) and set
w := du. Clearly w € C(Q) N W;TEC(Q) and w < v on ). If we prove that w < v on €2, then
the thesis follows letting 6 — 1.

Step 1. We first claim that for any Q € Q there exists n > 0 such that w is a viscosity

subsolution to

H(z,Xw)+n=0 on Q.

If it was not the case, then there exists Q € Q and sequences (1), C Q, (pp)n € R™ such that
pn € O3w(zy,) and

1
H(.ﬁEh,ph)—FE >0

for any h € N,. Since by assumption Z(x,) € B.(0) for any h € N, then we can assume
up to a subsequence that z;, — & € Q2 and p, — p € R™. Being H continuous, we infer that
H(Z,p) > 0. On the other hand, notice that 2= € d%u(x;) for any h € N, and so, being u a

subsolution, we infer that H (azh, %’1) < 0. Since H is continuous, we conclude that

Selisl

The last equation implies that £ € Z(Z). But then, being Z(Z) convex and since [p| < @, we
conclude that p is an interior point of Z(z), and so H(Z,p) < 0, a contradiction.
Step 2. Let us define M := maxg(w — v), and assume by contradiction that M > 0. Let us

define, for any ¢ € (0, 1),

dg (I‘, y)Qk!

pelay) = wlw) — oly) - 2,

Being . continuous on Q x Q, there exists (z.,v.) € Q x Q such that

M, := max p. = @.(vc,y:).
Qx0
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Step 3. We claim the following facts.
(1) M. — M ase — 0.
(13) w(z:) —v(ye) > M as e — 0.
(iii) %=yl 5 0 as e — 0.
(iv) Let us set

(2kNdy (e, yo )M 1 X dy (2, )

Pe = .
3 62

Then (pe). is bounded.

(v) There exists Q € Q such that z.,y. € Q for any ¢ small enough.

Indeed, since from the choice of (z.,y.) it is easy to see that M < M, for any € € (0,1). Let

us set R := max{||w|eo, ||V]|oc }. Then we have that

dy (e, yo)™
Since we assumed that M > 0, we infer that
dg(Isa ys>2k! < 2R.

)
This implies in particular that dy(z.,y.) — 0 ase — 0. This fact, together with the compactness
of Q, allows to assume up to a subsequence that there exists z € ) such that

lim dy (e, 7) = lim do (ye, 7) = 0. (14.4.5)

Moreover, notice that M < M. implies that M < w(z.) — v(y.) for any € > 0. This last
inequality, together with (14.4.5), implies that

M <liminfw(z.) —v(y.) < limsupw(z.) —v(y.) < M. (14.4.6)

=0 e—0

This proves (i7). The fact that M < M., combined with (14.4.6), allows to conclude that
M < lu;n_}:lglf M. < ll_l)r(l)w(l‘s) —v(ye) = M.
This proves (i) and (éiz). To prove (v), it suffices to observe that
M = liII(l) w(z:) —v(y:) = w(x) — v(z),
E—r
and thus, recalling that M > 0 and that w < v on 012, (v) follows. Finally, we prove (iv).

Indeed, notice that, in view of the choice of ., y., then

dg (xm ye)%!

w(ye) - U(ys) = 905(3/57 yz-:> < 90(1:57ys> = w($€> - U<y€) - 2

)
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which implies that

dg (xaa y£)2k!

62 < ’U)([Eg) - w<y6) < Cdg<5l75, ys)a

where C' > 0 is the dy—Lipschitz constant of w on Q). Therefore

dg(ze,ye)2H 1

o<

The proof is concluded noticing that z — Xdg(29,2) is bounded on €\ {zp} uniformly with
respect to zp € (2.
Step 4. Let us define

dy (2, y)*" dy(,ye)*

piy) == w(z:) — and  ¥(z) = v(ye) + =

for any x,y € . These are smooth function on 2. Moreover, z. is a maximum point for
r — w(r) — p?(x) and y. is a maximum point for y — —v(y) + pl(y). Therefore, if n > 0 is

the constant coming from Step 1 and relative to Q as in (v), then

H(xe,pe) + 1 < H(ye, pe)-
Being (p.). bounded, we can assume that p. — p as € — 0. Therefore we conclude from the

previous inequality that

a contradiction. O

Proposition 14.4.7. Let H be continuous. Let uw € C(Q2) be a viscosity supersolution to
(14.2.1). Then u is a Monge supersolution to (14.2.1).

Proof. Let u be as in the statement. If by contradiction w is not a Monge supersolution to
(14.2.1), there exists o € Q, r > 0 and 0 > 0 such that

u(z) — u(z) + dor (20, 7) > 6|25 " - 2| (14.4.7)

for any « € By, (2o,7). Notice that, without loss of generality, we can assume that u(zo) = 0.
Set Y(r) = —dg+(wg,x) + 0r. Notice that, as By, (xo, R) € Q, then H € Ko(H, By,(xo,7)).

Moreover, notice that

() = 9(y) = do (0, y) — dov (20, ) < dox (2, Y)

for any xz,y € 0Bg,(wo,7), and so (14.1.7) is satisfied by 1. Therefore we know from Theo-
rem 14.4.5 that, if we define w : By, (9,7) — R as in (14.1.8) with Q = By, (zo,7) and g = 1,
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then w € C(By,(z0,7)) and w solves in the viscosity sense the Dirichlet problem

H(x,Xw)=0 1in By, (xo,7)
w=1p on dBqg,(xg,7).

Moreover, in view of (14.4.7), u > 1) on 0Bg,(xo, 7). Therefore, recalling that w € C(By, (o, 7))N
W)l(’ffgc(Bdg(xo,r)), we conclude from Proposition 14.4.6 that w(xy) < u(xg) = 0, but this is

impossible, since w(zy) = or > 0. O

Proof of Theorem 14.1.2. Tt follows from Proposition 14.4.1, Proposition 14.4.4 and Proposi-
tion 14.4.7. O

14.5 Comparison Principle

In this section we prove Theorem 14.1.4. This result, as customary, yields uniqueness for the
Dirichlet problem associated to (14.2.1). The proof of Theorem 14.1.4, strongly inspired by
[109], is based on the validity of the following two properties of Monge subsolutions.

Proposition 14.5.1. Let u € C(Q). Assume that u is a Monge subsolution to (14.2.1). Then
u € Wyt ().

Proof. Assume that v € C(2) is a Monge subsolution to (14.2.1). Then

lim inf U(ZE) B u('xo_)l"i_ OédQ(fUQ, x) Z lim inf U(l’) — U(xg?[ + do‘* (1'0, m)
v [ | 20 lzg ! - |

>0

for any o € Q. Let K(z,§) := [{| — a. Then ok (z,€) = al¢] and d,+ (z,y) = adq(z,y). This
implies that u is a Monge subsolution to (14.4.1) on Q. Since K is continuous, then u is also
a viscosity subsolution to (14.4.1), in view of Proposition 14.4.1. The conclusion follows as in
the proof of Proposition 14.4.2. ]

Proposition 14.5.2. If u is a Monge subsolution to (14.2.1) in 0, then for any x¢ € §2 there
exists r > 0 such that

u(r) — u(y) < do+(,y)
for any x,y € B, (xo,7).

Proof. Let r > 0 be as in Proposition 14.2.3. Then in particular By, (zo,7) € §2. Moreover,
since u and d,- are continuous on By, (7, ), it suffices to consider points in By, (o, 7). Let
z,y € Ba,(xo,7). If x =y the thesis is trivial. If instead = # y, in view of Proposition 14.2.3
there exists a sub-unit curve 7 : [0,7] — Q such that v(0) = =, v(T") = y for some T" > 0
and v is optimal for d,«(z,y) in the sense of Section 14.1.1. In particular, (14.1.12) holds for
v. Set f(t) == dy«(x0,7(t)) and g(t) := u(~y(t)). Therefore Proposition 14.5.1 implies that both
f,g € VVli’COO(O, T). We infer that the derivative of f + ¢ exists almost everywhere on (0,7). To
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conclude, it suffices to show that it is non-negative. To this aim, recalling that u is a Monge

subsolution to (14.2.1) and by the choice of -y, we observe that

g(f+g)t:to=hlgg+ ( 'l )h ( ) — f(to)
~ iy 4O+ 1)) = u(y(E)) + o (0, v(to + 1)) = dov (20, 7(t0)) [[7(0) ™" - (0 + A)|
h—0t [7(to) =" - v(to + R h
> liminf u(’Y(tU + h)) B u(’Y(tO)) + do*(’Y(tO)’ 7(t0 + h)) ) ||/7(t0)71 : ’Y(to + h)”
- oot 17 (t0) ™ - v(to + R h
>0
for almost every ¢y € (0,7). Finally, integrating %( f+g)in [0,T] we get the result. O

Lemma 14.5.3. Let Q C G be a bounded domain. Let H, K : Q x R™ — R satisfy (H), and
assume that there exists € (0,1) such

for any x € Q. Assume that u € C(Q) is a Monge subsolution to K(x,Xu) = 0 and that
v € C(Q) is a Monge supersolution to H(x, Xv) = 0. If u < v on 0, then u < v on Q.

Proof. Assume by contradiction that there exists xy € € such that u(zg) > v(xg). Let us define
H,K by
H(z,§) if (z,£) € QA xR™

H(z,§) =
€] — « otherwise

and
- K(z,¢) if (z,€) € @ x R™
K(x,¢) =
[ otherwise.
Then H € K(H,Q) and K € K(K, Q). Notice that, since H, K are defined on the whole G x R™,
then dy+ , dy+ are geodesic distances in the sense of Section 14.1.1 (cf. [127]). Moreover, (14.5.1)
and the definition of H, K imply that

Zi(x) CoZz(x) (14.5.2)

holds for any = € 2. We claim that there exists € > 0 such that

2
do;} (l’, y)
19

fe(,y) = u(z) = vly) -

achieves its maximum over 2 x Q on Q x Q. If not, then for any h € N, there exists (zy,y5) €
(2 x Q) \ Q x Q which realizes the maximum for f 1. Up to a subsequence, we can assume that
xn, — T and that y, — y. Moreover, we can assume without loss of generality that z € 0f).

Notice that
0< f%(:vo, xo) < u(xp) —v(yn) — hdag (2, yn)?. (14.5.3)
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Therefore hdg;.[(xh, yp) is bounded, an hence dg(xp,y,) — 0. This implies that £ = 3. Hence,
noticing that f%(xo,xo) does not depend on h, (14.5.3) implies that u(z) > v(Z), which is
impossible since £ € 0. Let then (Z,7) € Q x Q be a maximum point for f., and let
v :[0,T] — G be a sub-unit curve such that v(0) = Z, v(T') = ¢ and, recalling (14.1.12),

oy (7.9) = oy (7 9(8)) + o, (1(0),9) (1454

i
for any ¢t € [0, 7. Set

(t) = (o (7,9) + o (1), ).

We claim that h(0) < . If £ = g, the thesis is trivial. So assume Z # 7. Notice that
fe(Z,9) > f(~(t), ) for any ¢ small enough, and so
w(Z) — u(y(t) = h(t)(do: (2,9) — dor (7(£),§)) = h(t)dor (T,7())

H H H

for any ¢ small enough. Since w is a subsolution to K(z, Xu) = 0, we can apply Proposi-
tion 14.5.2 to infer that
da;-{ (537’7(75)) > h(t)do;-{ ('%afy(t))

for any ¢ > 0 small enough. Moreover (14.5.2) implies that dyx (Z,7(t)) < 0do= (,7(t)) for any
t € [0,T]. We conclude that

0dor (2,7(t)) = h(t)de (T,7(1))

x
H

for any ¢ > 0 small enough, which yields the claim. Noticing that f.(Z,7) > f.(Z,y) for any y

close enough to g, we see that

U(g) - U(Z/) = fs('%vy> - f€<j7g) + l(dgt <j7y)2 - d0*~ <j737)2)

£ H H
1 2 ~ 2
S g(do}l(xvy) dU*H<:U7y) )
< - (dg* (%y) + da* (SC, ?J) do"}il (g7y

o ~ ~
< <6 +—ds(y, y)) dos (9, Y)
1+0

< Tda% (ga y)

for any y in a neighborhood of §, where the last inequality follows provided that y is sufficiently

close to ¢ to ensure that
e(1—9)
200

dG(y7 g) <
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Therefore we can conclude that

1-6 1-6
——dox (U,Yy) =
5o, (:y) 2 —~

U(y) - U(g) + da;} (g7y> > dG(?j?y)a

which is a contradiction since v is a Monge supersolution to H(x, Xv) = 0. ]

Proof of Theorem 14.1.4. The proof, in view of Proposition 14.5.1, Proposition 14.5.2 and

Lemma 14.5.3, follows with the obvious modifications as in [109, Theorem 5.8]. [

14.6 Stability

Finally, following [62], we prove Theorem 14.1.5, which is the analogue of [62, Theorem 6.4].

Proof of Theorem 14.1.5. Fix xy € Q and let > 0 be such that By, (zo,7) € © and Proposi-
tion 14.2.3 holds. Then H,, € Ko(H,, By, (zo,7)) for any n € N and He, € Ko(Heo, Bag, (70,7))-
Moreover, in view of Proposition 14.5.2, u,(x) — u,(y) < dos, (z,y) for any n € N and for any

z,y € 0Bg,(xo,7). Hence, in view of Theorem 14.1.3,

w@) = dnt (e (.) + ()}

for any x € By, (2o, 7) and any n € N. By the local uniform convergence assumptions we infer
that

too (l‘) - yealgrf(mo){d"%m (l’, y) + Uoo (y)}

for any x € By, (x¢,7), and so we conclude thanks to Theorem 14.1.3. [
Remark 14.6.1. The convergence condition in the hypotheses of Theorem 14.1.5 is based
on the optical length functions rather than on the Hamiltonians. Arguing as in [62], one can

easily find sufficient conditions on the Hamiltonians in order to guarantee the local uniform

convergence of the optical length functions.
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Part V

Regularity of almost minimizers in

Carnot groups
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Chapter 15

Lipschitz approximation of almost

perimeter minimizing boundaries

15.1 Introduction

We refer to [241] as main reference for this chapter. The study of geometric measure theory
in Carnot groups started from the pioneering work [140], and the regularity of sets that are
local minimizers for the horizontal perimeter as defined in Definition 1.4.4 is one of the most
important open problems in the field. All regularity results known so far are limited to the
Heisenberg groups H", n > 1, and assume either some additional strong a priori regularity
or some restrictive geometric structure of the minimizer (cf. [73, 74, 86, 264, 223]). On the
other hand, as discussed more in detail in Part VI, there are examples of minimal surfaces in
the first Heisenberg group H' that are only Euclidean Lipschitz continuous (cf. [239, 249]) or
even discontinuous (cf [264]). The first step in the celebrated De Giorgi’s regularity theory for
sets of finite perimeter in R™ is based on a good approximation of the boundary of minimizing
sets (cf. [163, 202]), namely, the so-called Lipschitz approximation. In the original strategy,
the approximation is made by convolution and the estimates strongly rely on a monotonicity
formula. However, the validity of such a formula is an open problem in the sub-Riemannian
setting (cf. [106]). A more flexible approach has been proposed in [258] by means of Lipschitz
graphs. Although the boundary of sets with finite horizontal perimeter may be quite irregular
from an Euclidean point of view (cf. [182]), the natural notion of intrinsic Lipschitz graph
(cf. [144, 143]) turns out to be effective in the approximation within this framework (cf.
[221, 227, 223]). In the present chapter, we provide an extension of the approximation by means
of intrinsic Lipschitz graphs in the Heisenberg groups H" for n > 2, achieved in [221, 227], in
a more general class of Carnot groups of step 2, that we call plentiful groups. In a nutshell,
plentiful groups are characterized by the property that any 1-codimensional linear subspace
of the first layer of their Lie algebra still generates the second layer (cf. Section 15.6). The
class of plentiful groups not only includes (cf. Theorem 15.6.3) the important family of H-type
groups (cf. [181]), but also other interesting examples (cf. Example 15.6.4). Although our

results hold for the general case of almost minimizers (cf. Theorem 15.8.2), for the sake of
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notational simplicity we propose here a statement for minimizers, for whose notation we refer

to the following sections.

Theorem 15.1.1 (Intrinsic Lipschitz approximation). Let G be a plentiful group. For any
L € (0,1), there exist e,C > 0, depending on L only, with the following property. If v is a
horizontal direction and E C G is a minimizer of the G-perimeter in the cylinder Csoq with

intrinsic cylindrical excess e(E,0,324,v) < € and 0 € OF, then, letting

M =C,NOE, Moz{qu: sup e(E,q,T,u)ga},

0<r<16

there exists an intrinsic Lipschitz function ¢: W — R such that
sup o] < L, Lipw(p) <cs L,

My C MNT, T =graph,(p;Dy),
SCH(MAT) < Ce(FE,0,324,v),
/D Wep2dL™ ! < Ce(E, 0,324, v),
1
where cg > 0 is a structural constant independent of L.

Theorem 15.1.1 perfectly generalizes [221, Theorem 5.1] to the class of plentiful groups, in
fact providing a sub-optimal version of the Lipschitz approximation proved in [227, Theorem
3.1] in H", for n > 2 (cf. [202, Theorem 23.7] for the analogous result in the Euclidean setting).
In Theorem 15.1.1, differently from the corresponding result in [227], the constants ¢ and C
may depend on the chosen Lipschitz constant L. This is due to the current lack of an analog of
the deep height estimate proved in [228] for H", with n > 2, in plentiful groups. However, we
believe that the algebraic framework provided by plentiful groups is the correct setting where

to possibly extend Theorem 15.1.1 to its optimal version.

15.2 Carnot groups of step 2

We begin specializing some terminology as in Chapter 3 to our specific framework. Let (G, )

be a Carnot group of step 2. Then
g =01 D g,

where

(91, 01] = 92, (g1, 92] = {0}, n=mp+ ms and Q = my + 2ma.

We let m = m; be the rank of G. We fix an adapted orthonormal basis X, ..., X, 11, ..., Ty

of g, sothat Xy,..., X,,, and T}, ..., T},, are orthonormal bases of g; and g, respectively. As we

2

know, exploiting exponential coordinates of the first kind associated to X1, ..., Xy, 11, ..., T,
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we can write
prg=(z,t)-(&7) = (z+&t+7+ 5(Br,§)) (15.2.1)
for D,q € Gv Wlthp = (f,t), q = <€77—)a maf S lea taT S Rm2a where B = (817"'7Bm2) Is an

mo-tuple of linearly independent skew-symmetric m; X m; matrices and

(Bz,&) = ((B'z,¢),..., (B™x,8)) € R™.

With this notation, we recognize that

Iplloe = max{ o], cay/ ]

and
6x(p) = 6x(z,t) = Az, \*t)

for A > 0 and p = (x,t) € G, where || - ||« is as in Example 3.4.5. Moreover, we denote by d
the invariant distance induced by || - ||». Finally, we let M € (0, +00) be such that

|(Bz,&)| < M |z| [¢] for all 2, € R™. (15.2.2)

Since our representation of G in Euclidean coordinates depends on the chosen orthonormal
basis of gy, it is worthy to have the possibility to change coordinates in a stratified way. Let
X{,..., X, beanother orthonormal basis of g;. Given p € G, let p = (2/,1) be the exponential
X! Ty, ..., Ty,. Then o/ = Mz, for a

o “myo

coordinates associated with the adapted basis X7, ..
suitable orthogonal m; x m; matrix M. Being M orthogonal, || - || is not affected by this

change of coordinates. Moreover, in these new coordinates,
prg=(21)-(€,7) = (o + & +4(B.¢)),

where B = (|§17 e |§m2) and B/ = MBIMT for any j = 1,...,ms. Notice that

|B7a| |MBIMTy/| B/ MTa'| |BIMT2/| |BI x|
Ssu = —_— = —_— = S E———
e R o= R F T P VEE T F
for any j = 1,...,msy, which in turn implies that
(B, )| < M| €], (15.2.3)

with the same constant M as in (15.2.2). We stress that, although the above change of
coordinates induces an isometry of g, it may not be a group morphism (cf. [203, Example

2.15]). In fact, a simple computation shows that M induces a group morphism if and only if
B'M = MB’
forany j = 1,...,msy. Following [141, Theorem 5.1], we fix the distance d, as in Example 3.4.5.
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15.3 Complementary subgroups
According to [144, Section 4], we give the following fundamental definition.

Definition 15.3.1 (Complementary subgroups). Let V and W be two subgroups of H". They

are complementary when
VNnWw = {0} and  V-W =0G.
If V' is one-dimensional, then it can be proved that
V = span{V;}

for some V; € g; with |V3] = 1. In this case V is called horizontal. In the following, in the
spirit of Section 15.2, we will often choose an orthonormal basis X, X5 ..., X,,, of g; adapted
to the decomposition W - V|, that is X; = V; and

V =exp(span{X1}), W =exp(span{Xs,..., X0, ,T1,---,Tm,})-
We naturally identify
V=R, W={p=(2,t)€G:2,=0}=R"".

In particular, w € R"! is identified with (0,w) € G. Consequently, given A C W = R any
function ¢: A C W — V can be identified with a function p: A C R*! — R. For a given

v € R™ with |v| = 1, we let the group homomorphism
h:G—=R, 4h(p) = (v,z) forp=(z,t) G,

be the height function. We let my: G — V, my(p) = h(p)v for p € G, be the projection
on V, where, with a slight abuse of notation, we identify v with (v,0) € G. Moreover, we let

mw: G — W, uniquely given by the relation

p = mw(p) - my(p) forpe G, (15.3.1)

be the projection on W. Notice that V and W as above are homogeneous subgroups, meaning
that
Hh(W) Cw and nVv)cv

for any A > 0. Therefore, it is easy to verify that

ox (mw(p)) = mw(dx(p))  and & (mv(p)) = mv(oa(p)) (15.3.2)

for any p € G and any A > 0. Using the shorthands z!l = g(p)u and 2+ = 2 — zll for x € R™,
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and exploiting (15.2.1) we easily get that, for p = (z,t) € G,

7TV<p) - (Illﬂ 0)7 71-W(p> - (xlvt - %<B$Lax”>) )

owing to the fact that (By,y) = 0 for any y € R™ by skew-symmetry. Let us also observe that,
for w € R* ! and s € R,
w - (sv) = exp(sv)(w) in G,

where, again with an abuse of notation, we identify v with its associated left-invariant vector

field. Finally, by definition, we can estimate

17y (D) lloe = [z, V)] < |2| < [IPlloo (15.3.3)

and, consequently,

17w (®)lloe = lIp - 79 (2) " Hloo < IPlloo + 17w (p) oo = IPllso + v (P)lloo < 2[plloc.  (15.3.4)

We let
D, ={weW:|w|w<r}

be the open disk centered at 0 € W of radius r > 0, and we set D,.(w) = w - D, for any w € W.
Note that £" (D, (w)) = L 1(D;) r®! for all » > 0 and w € W. We also let

C.=D, - (—r,r)={w-(sv):w € D,, s€(—r,r)}

be the open cylinder with central section D, and height 2r, and we set C,.(p) = p - C, for any
p € G. We also let
A-R={w-(sv):weA seR}

be the open infinite cylinder with central section A C W. In virtue of (15.3.1), we have that
p€Cr < mu(p) € Dr, h(p) € (—r,1) = [lmw(p)lle <7, [h(p)| <.

Thanks to the inequalities (15.3.3) and (15.3.4), the left-invariant map || - ||c: G — [0, +00),

Iplle = max{||mw(p) oo, [B(p)|} for p € G, (15.3.5)

is a quasi-norm such that C, = {p € G : ||p||c < r} and

Iplle < 2llplleos  llpllee < 2[lplle,  for p e G. (15.3.6)

Consequently, dc: G x G — [0,4+00), do(p,q) = |l¢! - pllc for p,q € G, is a left-invariant

quasi-distance on G and

Ba. (0, ;) C Co(p) C B (0,27) forallpeG, r> 0. (15.3.7)
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15.4 Perimeter minimizers

In the following, we denote by divg the X-divergence as in Definition 1.1.2 associated with
the generators Xy, ..., X,,. Moreover, we denote by vg: {2 — R™! the measure-theoretic inner
horizontal normal of a G-Caccioppoli set E in €2, whence, if compared to Definition 1.4.5, we

choose the opposite sign. The (measure-theoretic) boundary of a measurable set £ C G is
OE ={peG:|ENBqy,(p,r)>0and |[E°NBy_(p,r)| >0 forall r > 0}. (15.4.1)

Up to modifying a set £ C G of locally finite G-perimeter in an L£L"-negligible way, arguing
verbatim as in [202, Proposition 12.19], we can always assume that OE coincides with the
topological boundary of E. Let  C G be a (non-empty) open set and let E C G be a set with
locally finite G-perimeter in G. We say that the set E is a (A, rq)-minimizer of the G-perimeter
in € if there exist A € [0,4+00) and 7y € (0, +00] such that

Pe(E; Ba..(p, 7)) < Po(F; Ba (p, 7)) + A|EAF|

for any measurable set ' C G, p € Q and r < ry such that EAF € By_(p,vr) € Q. f A =0

and ro = oo, then F is a local G-perimeter minimizer in (), that is,
Pg(E; Ba, (p; 7)) < Po(F; Ba, (p; 7))

for any measurable set FF C G, p € Q and r > 0 such that EAF € B, (p,r) € Q.

Remark 15.4.1 (Scaling of (A, rg)-minimizers). If the set E is a (A, rp)-minimizer of the G-
perimeter in 0 C G, then the set E,, = §1(7,-1(E)) is a (A’,rj)-minimizer of the G-perimeter
in Q,, = 01(7,-1(Q)) for every p € G and > 0, where A’ = Ar and r{, = r¢/r. In particular,
the produc€ Arg is invariant by dilation, and thus it is convenient to assume that Arg < 1, as

we shall always do in the following.

In a Carnot group G of step 2, locally finite G-perimeter sets enjoy further regularity
properties (cf. [141, 204, 262]). In particular, for any set £ C G with locally finite G-perimeter,

Pe(E; A) = S HOL,EN A)  for each Borel A C G.

We can state the following results concerning the properties of (A, rg)-minimizers of the G-
perimeter in Carnot groups of step 2. The proofs are straightforward adaptations of those for

(A, ro)-minimizers of the Euclidean perimeter in R” as in [202, Chapter 12].

Theorem 15.4.2 (Density estimates). There exist ¢y, ca,c3,¢4 > 0 such that, if E C G is a
(A, ro)-minimizer of the G-perimeter in the open set Q C G, Arg < 1, p € OENQ, By (p,r0) C
Q, then

PG(E7 Bdoo(p7 T))
re@-1

¢ < 0 < and c3 <
T

<eq forr e (0,r).
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In particular, S¢1 ((8E \OLE) N Q) =0.

Proof. The result follows by adapting the proof of [202, Theorem 21.11] and invoking[141,
Lemma 2.21] and [141, Proposition 2.23]. O

Theorem 15.4.3 (Compactness). If (E;)jen is a sequence of (A, ry)-minimizers of the G-
perimeter in the open set Q@ C G, Arg < 1, then there exist a subsequence (Ej, )ren and a
(A, ro)-minimizer of the G-perimeter E C G in € such that

E;, - E inL..(Q) and |Ps(E;,")| > |Ps(E,")| ask— +oo.

k?

Moreover, (OE;, )yen converges to OF in the sense of Kuratowski, i.e.:

(1) if pj, € OF;, NQ and pj, = p € Q as k — +o0, then p € OF;
(11) if p € OE N, then there exist p;, € OE;, NQ such that pj, — p as k — +oo.

Proof. The result follows by adapting the proof of [202, Proposition 21.13] and [202, Proposition
21.14], and exploiting the density estimates provided by Theorem 15.4.2. [

15.5 Cylindrical excess

A concept which plays a key role in the regularity theory of (A, r¢)-minimizers of the G-perimeter
is that of the cylindrical excess (cf. [202, Chapter 22] for the Euclidean setting and [221, 228,
223, 227] for the Heisenberg group).

Definition 15.5.1 (Cylindrical excess). The cylindrical excess of a locally finite G-perimeter
set E C G atp € OF, at scale r > 0, and with respect to the horizontal direction v, is

1
2,01 /wp) lv6(p) — v|* dPs(E,-)(p)

1 ) B
= 1— Q=1(p)
o= /C (p)m%E( (va(p),v)?) S (p)

e(E,p,r,v)=

If no confusion arises, we set e(p,r) = e(E,p,r) =e(E,p,r,v) and e(r) = e(0,r).

The basic properties of the cylindrical excess introduced in Definition 15.5.1 can be plainly
recovered from the corresponding ones known in the Euclidean setting (cf. [202, Chapter 22])
and in the Heisenberg groups (cf. [221, Section 3] and [228, Section 3B]). The following result
corresponds to [228, Lemma 3.4] and [228, Corollary 3.5], which were stated in the setting of
the Heisenberg groups H", n > 2 (cf. [202, Lemma 22.11] for the Euclidean case). The very

same results hold for any Carnot group of step 2, with identical proof.

Lemma 15.5.2 (Excess measure). Let E C G be a set with locally finite G-perimeter with
0 € OF. If there exists so € (0,1) such that

sup{HZ’(p)] :peCinN 8E} < s,
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£rt ({p e ENC :4h(p) > 30}) =0,
' ({pe i\ E4(p) < —s0}) =0,

then, for a.e. s € (—1,1) and any ¢ € C.(Dy), letting
M=CNOE, M.=Mn{h>s}, E,={weW:w-(sv)€cE},

we have
/ pdL" = / ¢ o mw {vg, v) dASEL
E.ND; M,

Consequently, for any Borel set G C Dy,
LG = | ) dSe,
R R USTZE

LG <8 (M (@) (15.5.1)

Moreover, we have
0<SYHM,) - LN E,ND)) <e(FE,0,1) fora.e s€(—1,1),

SN (M) — £V(Dy) = e(E,0,1).

15.6 Plentiful groups

Contrarily to what happens in R™, the fact that e(E,p,r) = 0 for some p € OF and r > 0
does not necessarily imply that OF is flat in a neighborhood of p. This indeed happens in the
first Heisenberg group H! (cf. [226, 221]). Nevertheless, this is not the case for any Heisenberg
group H" with n > 2, as proved in [221]. Consequently, in order to avoid minimal surfaces
with zero excess that are not flat, we need to restrict our attention to a special class of Carnot

groups, defined as follows.

Definition 15.6.1 (Plentiful group). We say that a Carnot group G of step 2 is plentiful if
any V C gy with dim'V = m — 1 satisfies [V, V] = ga.

The property of being plentiful is well behaved with respect to Lie group isomorphisms.

Proposition 15.6.2. Let G; and Gy be two Carnot groups of step 2. If Gy is plentiful and
¢: Gy = Gg is a Lie group isomorphism, then also Go is plentiful.

Proof. Set g1 = g1®gs and h = bh1Bhy, with go = [g1, g1] and hs = [hy, h;]. Note that dp: g — b
is an isomorphism preserving the stratification of the corresponding algebras. Hence, letting
W C by be as in Definition 15.6.1 for Go, V' = (d¢)~'(W) is an (m — 1)-dimensional vector
subspace of g;. Thus, since G; is plentiful, we get that

(W, W] = [do(V), dp(V)] = do([V, V]) = do(g2) = b,
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proving that also Gy is plentiful. ]

We observe that the first Heisenberg group H!' is not plentiful. More generally, every free
Carnot group of step 2 (cf. [54, Section 3.3] for the precise definition) is not plentiful. On the
other hand, the Heisenberg group H" is plentiful for any n > 2. More in general, we have the

following result.
Theorem 15.6.3. An H-type group is plentiful if and only if it is not isomorphic to H'.

We recall that a Carnot group G of step 2 is of H-type if, for any Z € go, the map
Jz: g1 — g1 given by

(J7(X),Y)=(Z,[X,Y]) forany X,Y € gy (15.6.1)

is orthogonal whenever |Z| = 1. Notice that H" is of H-type for all n > 1.

Proof of Theorem 15.0.5. Let Ti, ..., T,,, be an orthonormal basis of go and let X € g;. By [54,
Proposition 18.1.8], for any X € gy, it holds that X, Jp, (X),..., Jr,, (X) is an orthonormal
subfamily of gy, hence yielding that m; > mq + 1. Fix V C gy as in Definition 15.6.1 and let
v € g1 NV be such that |v] = 1. We now distinguish two cases.

Case 1. Let us assume that my > ms + 1. In view of (15.6.1) and [54, Proposition 18.1.8],
Jr,(v), ..., Jr,, (v) is hence an orthonormal subfamily of V. Moreover, again owing to the fact
that m; > my + 1, there exists w € V which is orthogonal to Jp, (v), ..., Jr,, (v) and satisfies
|w| = 1. Again by [54, Proposition 18.1.8], we get

<v, JTj(w)> =— <w, Jr, (v)> =0

for any j = 1,...,my, which implies that Jr, (w) € V for any j = 1,...,ms. Since [w, Jr,(w)] =
T; for each j =1,...,my by (15.6.1), we conclude that [V, V] = g, as desired.

Case 2. Now assume that m; = my + 1. We can assume that m; > 2, since otherwise G is
isomorphic to H'. We recall that G is of H-type if and only if, for any X € g; with |X| = 1,
the map ady = [X, -] is a surjective isometry from ker(adx)* Ng; to gy (cf. [181, 93]). Since
my = my + 1, we infer that ker(adx)t Ng; = X+ Ng;. Let X € V be such that |X| = 1. By
the previous considerations, dim(adx (VN X1)) =my—1. Let T € goNadx(V NX4)* be such
that |T'| = 1. Since [X, Jr(X)] = T and ady is injective, we infer that, up to a sign, v = Jp(X).
Since my > 2, and hence dim(V') > 1, let Y € V be such that |Y| = 1 and (X,Y) = 0. By [181],

we infer that
(Jr(Y),0) = (Jr(Y), Jo(X)) = = (Y, J2(X)) = (Y, X) =0,

and so Jp(Y) € V. Since [Y, Jp(Y)] =T, we get [V, V] = go, concluding the proof. O

We point out that the class of plentiful groups is broader than that of H-type groups.
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Example 15.6.4. Consider the stratified Lie algebra g7 52 of dimension 7, rank 5 and step 2,

with only non-trivial commutation relations given by
(X1, Xo] = [X3, Xu] =Th, [X1, X5] = [Xo, X3] =T

(for a construction, cf. [187, (27B)]). Let G752 be its associated Carnot group. In view of
[54, Proposition 18.1.5], G754 is not of H-type. We claim that Gz is plentiful. To this aim,
let us fix V C gy as in Definition 15.6.1 and let v € g; N V+ be such that |v| = 1. We let
v = Z?Zl a;X;, where a; = (v, X;). We now observe that W; = X; —av € Vfor j=1,...,5

are such that
(W, Wy + [Wa, W3] = a1y,  with o = (a% + (ot?1 — aqas + a§)> >0, (15.6.2)
and
(W, Wa] = (1 —a? — a%) Ty + (araz — asas) Ty,
(W, Ws] = —agas T + (1 —a? - ag) Ts, (15.6.3)
(W3, Wy] = (1 — a3 — ai) Ty + asay Ts.

We now distinguish two cases, depending on whether a = 0 or & > 0 in (15.6.2). If & = 0, then

a; = ag = a5 = 0. Due to (15.6.3), we get

[Wla W5] = T2a
[Wl, WQ] = ag Tl
and
[W3, W4] = a% T,

proving the claim, since either as # 0 or ag # 0. If @ > 0 instead, then T € [V, V] by (15.6.2).
Therefore, by (15.6.3), we get
(1—a3—a))TL €V

and
(1—aj—al)T, € V.
If a3 + a2 # 1, then Ty € V. If a3 + a3 = 1 instead, then a; = ay = 0 and so Ty € V, proving

the claim.

Our interest for plentiful groups is encoded in the following result, which is a sort of localized
version of [Lemma 3.6][141]. This is essential in the proof of Theorem 15.6.6 below, where we

prove that plentiful groups do not admit non-flat surfaces with zero excess.

Lemma 15.6.5. Let G be a plentiful Carnot group. Let Q@ C G be a non-empty domain
and let Zy, ..., Zmy, be an orthonormal basis of g1. If f € Li.(G) is such that Z,f > 0 and
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Zif =0 fori=2,...,mq in Q, then the level sets of f in Q) coincide with left translations of
{p€G:(p, 2:(0)) = 0}.

Proof. We can assume f € C*(G), since the general case can be recovered by approximation.
Clearly, Z;Z;f = 0 for all ¢,j = 2,...,m; and thus, since G is plentiful, T'f = 0 in € for any
T € go. Since the left-invariant distribution & generated by the vector fields g \ span{Z;} is

involutive, G is foliated by smooth (n — 1)-dimensional manifolds tangent to & which, in Q,

coincide with the level sets of f. Since 7y, ..., Z,,, are orthonormal and left-invariant, each leaf
of the foliation coincides with the leaf passing through 0 € G, that is, {p € G : (p, Z1(0)) = 0},
up to a left translation. n

The following crucial result extends [221, Proposition 3.6] to plentiful groups. We notice that
Theorem 15.6.6 below can be achieved as [221, Proposition 3.6] by a straightforward adaptation
of [Lemma 3.5][221]. However, we prove Theorem 15.6.6 via a different and plainer argument,

somewhat reminiscent of the proof of [Claim 3.7][141], by exploiting Lemma 15.6.5.

Theorem 15.6.6 (Locally constant normal). Let G be a plentiful Carnot group. Let E C G be
a set with finite G-perimeter in By (p,r), for p € OE and r > 0. If vg(q) = v for Pg(E,-)-a.e.
q € Ba(p,r), then

EN By (p.7) = {a € Ba(p.7) - $(a) > 5(p)}

up to L™-negligible sets.

Proof. We can clearly assume that p = 0 up to a translation. Take ( € R™' and consider
the left-invariant differential operator L = 37 (;X; and the test horizontal vector field
¢ = (p € CH(By, (0,7); R™) for some arbitrary ¢ € C}(Bgy_(0,7);R). By assumption, we can

compute
frewact= [Laveoder == [ towey=— [ w(Cv) (B, ),
yielding that L;lp = 0if ((,v) =0and L;lg > 0if ( = v in By_(0,7). By Lemma 15.6.5,
ENB; (0,r)=m, ({q e G :4(q) > O}) N B, (0,7) for some g € G.
To conclude, we just need to show that Jj(q) = 0, as this yields
Ty ({QEG:JZ’(Q) >0}) = {qe@:g(cj) >0}.
Indeed, if £(¢q) > 0, then By_(0,p) N7, ({q~ e G:4h(q) > 0}) = {) for some p € (0,r), yielding
|Bi,(0,p) N E| = |Ba (0,p) N7, ({G € G : 4(g) > 0})| =0,

against the assumption that 0 € OF, recall (15.4.1). The case 4(q) < 0 can be similarly
addressed by considering E° in place of E. The proof is complete. O]
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15.7 Intrinsic cones, Lipschitz graphs and area formula

Throughout this section, we assume that (G, -) is a Carnot group of step 2 as in Section 15.2.
For a general introduction about the topics of this section, we refer to [144]. Moreover, here
and for the rest of the chapter, we fix an horizontal direction v and we choose an adapted
basis v = X1, Xo,..., X0, T1,..., T, of g as in Section 15.3. In the induced exponential

coordinates, we write p = (z,t) for any p € G.

15.7.1 Intrinsic cones

The following definition rephrases [221, Definition 4.3] and [144, Definition 9].

Definition 15.7.1 (Intrinsic cones). The open Xj-cone with vertex 0 € G and aperture o €
(0,400] is the set
C0,0) ={p € G : [|mw(p)llec < ™y (p)lloc}-

The corresponding negative and positive cones are
CH(0,0) = {p = (2,t) € G : [mw(p)llo < allmy(p)llc, x1 = 0}.

Consequently, we let C(p,a) = p-C(0,a) and C*(p,a) =p - C*(0,a) forp € G.

In view of (15.3.2), intrinsic cones as in Definition 15.7.1 are closed under the action of
intrinsic dilations. Note that, given p = (z,t) € G and o > 0, ||7w(p) |0 < ||y (p)]| 00 rewrites

as

maux{’yz:L ,52‘t — %<BxJ"gj”> ‘1/2} < o] (15.7.1)

The following result collects some elementary properties of cones in Carnot groups of step 2,

generalizing [221]*Lem. 4.5. We briefly detail its proof for the ease of the reader.
Lemma 15.7.2 (Properties of cones). The following hold:

(i) | CT(p-sv,a)=G foralla>0,p€G and sy € R;

5<50
(i) C~(0,a) C ¢ (C’+ (O,a + 52\/04M)> for all o > 0;

(iii) C*(p, B) C C*(0,7) for all p € C*(0, ), with ., 3 = 0 and

v = max{oz,ﬁ, 2/ (af + QB)M},

where M > 0 is the constant in (15.2.2).

Proof. We prove each statement separately.
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Proof of (i). Assume p = 0 and note that, in virtue of (15.2.3) and (15.7.1), we can compute
C*(sv,a) = sv-C(0,a)
1/2
=sv- {(x,t) €eG: max{’xL’,eg‘t — %<B$L,$”>’ / } < Ozasl}

— {(a:,t) eG: max{’:zcl t— %<BxL,x” — 23u>‘1/2} < oz — s)}

€2
Hence (i) for p = 0 follows from the fact that, for any (z,t) € G, there is o € R such that
| 1/2
52‘t — §<Bx !l — 2sy>‘ <oz —s) forall s <o.

By left translation, (i) holds for any p € G.

Proof of (ii). For any f > 0 we have that
 (C7(0,0) = {(@.0) € G s max{|o* |, oft + L(Bat )} < .
Hence, if (z,1) € C~(0,a), then |(B*, a)| < Mat{[2!] < am]z!|” and so
&oft + 3(Bat, o) < esft — 1(Bat, )| + 5[ (Bat, 2l) [ < — (o + exvaM) i,

proving (ii).

Proof of (iii). If p= (x,t) € C*(0, ), then
1 1/l I\ [Y/2
max ‘JJ ‘,62‘t— 5<Bx X >’ < . (15.7.2)
Moreover, if ¢ € C*(p, 3), then ¢ = p *x w with w = (§,7) € G such that
L 1/pel I\|Y2
max{ ], o7 — 1(BeH, € < Ber. (15.7.3)
Now, since ¢ = (x,t) - ({,7) = (3: +&t+T7+ %(Bx,ﬁ)), we can write

t+7+ 3Bz, &) — J(Bt +&4),20 + 5”}1/2

, €2

(@) :max{‘:vl—l—fL }
Since <Bx”,£”> =0, by (15.2.3) we easily see that

(B2.&) - (Bart,¢') - (Behal)| = |(Bot.6") +2(Bal )
< M (|at|[g4] + 2f2!][¢*]) (15.7.4)
< M (aB +28) |21 |¢h).
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Therefore, by the triangle inequality, (15.7.2), (15.7.3) and (15.7.4) yield that

52’t+7 + 3(Bz,&) — %<B(9§L +&4), 2l +€H>‘1/2 < 62’15 - %<BxL,$”>’1/Q

+aafr = 1B, e + 2|(Br, ) — (Bat,€l) — (Bet, o)

< axy + 86 + 2/ M (af +28) 2176},

immediately implying that ¢ € C*(0,~). The case of negative cones is similar. m

15.7.2 Intrinsic Lipschitz graphs and functions

As already mentioned in the introduction, the right notion of Lipschitz graphs to deal with
in this setting is that of intrinsic Lipschitz graph. In this section we propose some general
definitions, while a more detailed discussion is postponed until Chapter 16, where we derive
further properties in the Heisenberg group framework. The following definition rephrases [221,
Definition 4.6] and [144, Definition 11].

Definition 15.7.3 (Intrinsic Lipschitz graph and function). The intrinsic graph of ¢: A — R
over the non-empty set A CW is

graph, (¢; A) = {®(w) 1w € A} ={w - p(w) : w e A} CG,

where ®: A — G, ®(w) = w - p(w) for w € A, is the graph map. We say that ¢ is intrinsic
Lipschitz on A with intrinsic Lipschitz constant L € [0,400), and we write ¢ € Lipy(A) and
L = Lipy(: A), if, for L >0,

graph, (¢; A) N C(p,1/L) =0  for all p € graph, (¢; A),
and ¢ constant on A for L = 0. Equivalently, for all p,q € graph,(p; A), it holds that

o(mw (p) — e(mw(q))] < Lllmw(g™" - p)lloo-

We use the shorthand Lipy(¢) = Lipy(¢; W).

As established in [144, Proposition 3.8], intrinsic Lipschitz functions are continuous (in
fact, %—Hélder continuous, since G is a Carnot group of step 2). The following result, which
generalizes [221, Proposition 4.8], is a particular instance of [144, Theorem 4.1] and [277,
Theorem 1.5]. The key point here is to provide an explicit bound on the intrinsic Lipschitz

constant of the intrinsic Lipschitz extension.

Theorem 15.7.4 (Intrinsic Lipschitz extension). There is ¢ = ¢(eq, M) > 0 with the following
property. If ¢ € Lipw(A) for some 0 # A C W, with L = Lipyw(p; A), then there exists
b € Lipy(W) such that () = o(w) for all w € A, [|¢]l oy = lillzea) and

Lipw(v) < ¢ maX{L, L4}.
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Here M > 0 is the constant in (15.2.2).

Proof. Assume L > 0 to avoid trivialities, let « = 1/L, and define the open set

E= ] CH(®(w),a) 0.

weA

Setting [ = T+2 4+M52, by Lemma 15.7.2(iii) we get that, if ¢ € F, then C"(¢q,3) C E. By an

elementary continuity argument, the latter inclusion also holds for any ¢ € JF, the topological
boundary of E. Consequently, if p,q € OF, then p ¢ C%(q,8). As in the proof of [221,
Proposition 4.8], we thus get that ¢: W — R given by

Y(w) = suv, where s, = min{inf{s eER:w-sveE}, ||go||Loo(A)} for w e W,

is well defined and such that 1(w) = ¢(w) for all w € A, graph, (v; W) C OE and ||| Lo (w) =
||l Loe (). Finally, given p,q € graph, (1; W), arguing as in the proof of [221, Proposition 4.8]
and in virtue of Lemma 15.7.2(ii), we get that, if p ¢ C*(q, 3), then ¢ ¢ C~(p,~y), where v > 0

2
is chosen such that § = v+4¢e9y/v M, that is, v = i (y/egj\/l + 45 — g9V /\/l> . In particular, ¢ €
Lipyw (W) with Lipy (1)) = 1/, and a simple computation yields that Lipy (/) < cmax{L, L1}
with ¢ = ¢(e9, M)>0, concluding the proof. O

15.7.3 Intrinsic gradient

Intrinsic graphs are naturally associated with an intrinsic notion of gradient, which determines
in a sense their intrinsic differentiability properties. Again, a finer discussion is postponed until
Chapter 16. The following definition rephrases [18, Definition 3.1].

Definition 15.7.5 (p-gradient). Let A C W be a non-empty open set and ¢ € C(A). The
p-gradient of f € C°(W) is We¢f = (W{f,. o f)s A= R™ where

W f(w) = Xisa (f o mw)(2(w))

forallw € A and eachi=1,...,m; — 1.

We can hence give the following definition (cf. the first lines of the proof of [18, Proposition
4.10] and [117, Definition 3.2].

Definition 15.7.6 (Intrinsic gradient). Let A C W be a non-empty open set. The intrinsic
gradient of ¢ € C(A) is the distribution W¥¢p = (W¥py, ... , WPy, ) acting as

(Vig,0) = [ @ (VEy 9L for any v € CL(A),

where (V)* is the formal adjoint of W, for eachi=1,...,my.

The following result, which is an immediate consequence of [117, Proposition 5.3], general-

izes [91, Proposition 4.4] to any Carnot group of step 2.
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Theorem 15.7.7 (Bound on the intrinsic gradient). Let A C W be a non-empty open set. If
¢ € Lipy(A), then W¢p € L>(A;R™ 1), with ||W?p| 4y < Cf, for some Cp, > 0 depending
on L = Lipw(p; A) only.

15.7.4 Intrinsic area formula

The following result follows from [117, Lemma 5.2] and [117, Theorem 5.7] (also cf. [18, Propo-

sition 4.10] for more regular functions).

Theorem 15.7.8 (Intrinsic area formula). Let A C W be an non-empty open set. The intrinsic

epigraph of ¢ € Lipy(A) over A,
E,a={exp(sXi):we A s>¢w)}CGq,
has locally finite G-perimeter in A - R, its inner horizontal normal is given by

1 —Weo(w)
VIH Wep@)2 /14 [Wep(w)]?

VE, (W p(w)) = ( ) for L -a.e. w € A,

and its G-perimeter satisfies the intrinsic area formula

Pe(Ey,a; A -R) = /A/ \/1 + |[Wep(w)|2dL™ (w)  for any A’ C A. (15.7.5)

It is worth noticing that, via well-known standard arguments, the area formula (15.7.5) can

be generalized as

/E)E AOA,,Rg(p) dPg(E,-)(p) = //g((I)(w))\/l W ep(w)P AL (w)

whenever g: OF, 4 — R is a Borel function.

15.8 Intrinsic Lipschitz approximation

Throughout this section, we assume that (G, -) is a plentiful group as in Definition 15.6.1. Our
approach adapts some ideas of [221, 228, 227] to the present more general setting. The following
result corresponds to [228, Lemma 3.3], which was stated in the setting of the Heisenberg groups
H", n > 2 (also cf. [202, Lemma 22.10] for the Euclidean case). The very same result holds for
any plentiful group, with identical proof, thanks to Theorem 15.6.6.

Lemma 15.8.1 (Small-excess position). For any s € (0,1), A € [0,400) and r € (0, 400] with
Arg < 1, there exists w(s, A, 1) > 0 with the following property. If E C G is a (A, ro)-minimizer
of the G-perimeter in Cy, with 0 € OF and e(2) < w(s, A, rg), then

Sup{HZ’(p)| peCiN 8E} < s,
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£t ({p e ENC :h(p) > s}) =0,
L ({pe Ci\E hp) < —s}) =0.

We are now finally ready to state and prove our main result, which generalizes [221, Theorem
5.1] and, only partially, [227, Theorem 3.1] to the setting of plentiful groups. Its proof revisits
that of [227, Theorem 3.1], closely following the usual approach in the Euclidean setting (cf.
[202, Theorem 23.7]).

Theorem 15.8.2 (Intrinsic Lipschitz approximation). For any L € (0,1), A € [0,+00) and
ro € (0,4+00], with Arg < 1, there exist ,C > 0, depending on L, A and ry only, with the
following property. If E C G is a (A, ro)-minimizer of the G-perimeter in Csoq with €(324) < e
and 0 € OF, then, letting

M=C,NOE, M,= {q €M: sup e(qr)< 6},
0<r<16

there exists an intrinsic Lipschitz function ¢: W — R such that

sup|¢| < L, Lipy(p) < ¢(eg, M) L, (15.8.1)
W
My C MNT, T =graph,(p; D), (15.8.2)
ST (MAT) < Ce(324), (15.8.3)
/ Wep2dLm! < Ce(324), (15.8.4)
Dy

where c(g2, M) > 0 is the constant given by Theorem 15.7./.

Proof. Let L € (0,1), A € [0,400) and ry € (0,+00] be fixed and let E, M and M, be as in

the statement. With the notation of Lemma 15.8.1, we choose

. Jw(L, A o) )
g = mln{le,w (L, 8A, 8> . (1585)

The proof is then divided into three steps.

Step 1: construction of p. Since €(324) < w(L, A, ro) by (15.8.5), by Lemma 15.8.1 we have
sup{|42’(p)| peCin 8E} < L. (15.8.6)

Given p € M and q € M,, we have p,q € Cy, so that A\ = de(p,q) < 8 by (15.3.7). By
Remark 15.4.1, the set F' = 0y-1(¢™"- E) is a (AA, Z2)-minimizer of the G-perimeter in Clss (1)
with 0 € OF. Since C%(q_l) D C%(q_l) D (, for all ¢ € C, by the invariance properties of

the excess and by definition of My, we infer that

e(F,0,2) =e(F,q2)\) <ec. (15.8.7)
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Recalling that A < 8, F'is a (8A,"®)-minimizer of the G-perimeter in C%(q*). Since £ <
w(L,8A, %) due to (15.8.5), by (15.8.7) and again by Lemma 15.8.1, we infer that

sup{]fj(v)] cveCi N 8F} < L.
In particular, choosing v = dy-1(¢"! - p) € C; NOF, we get that

1h(g™" - p)| < Lde(p,q).

Since L < 1, the above inequality, combined with the definition in (15.3.5), yields that d¢(p, q¢) =
7w (g - p)||oo, SO that

g p)I < Llmw(a" - p)llw forallp € M, g€ M, (15.8.8)

As a consequence, the projection myw is invertible on M,, and we can thus define a function
¢: mw(Moy) — R by letting ¢(mw(p)) = 4(p) for all p € My. Due to (15.8.8), we get that

lo(mw(p)) — e(mw(q))| < Lllmw(g" - p)lls  for all p,q € My,

so that ¢ € Lipy (mw(M))) with Lipy (¢; mw(Mp)) < L < 1, in virtue of Definition 15.7.3. Since
My C M, from (15.8.6) we also get that |p(mw(p))| < L for all p € My. By Theorem 15.7.4,
we can find an extension of ¢ to the whole W (for which we keep the same notation) such
that Lipy(p) < (g9, M) L and |p(w)| < L for all w € W. By construction, we also get that
My € M NT, where I' = graph, (¢; Dy). This proves (15.8.1) and (15.8.2).

Step 2: covering argument. We now prove (15.8.3) via a covering argument. By definition
of My, for each ¢ € M \ M, there exists r, € (0, 16) such that

e —vP g0t Q-1
/o (g)maETdsoo = ETg (15.8.9)

The family of balls {B%(q) cq€ M\ MO} is a covering of M \ M,. By Vitali’s Covering
Lemma, there exist g, € M \ My, for h € N, such that the countable subfamily

{Ba..(qn,2ry) :mh =1q,, an € M\ My, h € N}

is disjoint, and the family {Bg_ (qn, 10rp) : h € N} is still a covering of M \ M. Therefore, by

Theorem 15.4.2, we can estimate

SLTHM N\ Mo) < D 8L (M \ M) N Ba, (gn, 103))

< Y SEHM N Ba(qn, 10m)) < e Yo
heN heN

(15.8.10)

where ¢ > 0 is a constant that does not dependent on L, A or ry. Now note that By__(qp, 10r;,) C
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(394 for all h € N, since, in virtue of (15.3.6), any p € By__(qn, 107,) satisfies

[plle < 2|[plloe < 2das(p, qn) + 2||anllce < 20r4 + 4lgnllc < 324

Moreover, since C,, (gn) C B, (qn,2ry) by (15.3.7), also the cylinders {C;, (qs) : h € N} are
disjoint and contained in C3gq4. Therefore, by combining (15.8.9) with (15.8.10), we get that

c

S (M N\ M) < /C T lve — vl dS9 1 < ~e(324).

e heN 5
Consequently, since M \ T' C M \ My, we conclude that

SEHMN\T) < Se(k),

(“f)

which is the first half of (15.8.3). To prove the second half of (15.8.3), we observe that
324\ 97!
e(2) < (2) e(324) < w(L, A, 19),
thanks to the properties of the excess and (15.8.5). Hence, by (15.5.1) in Lemma 15.5.2,

ST\ M) = / @\ Y L+ [Wepldcm™
Ty

VI Wy £ (i (D M))
VIUH WL gy S (M N (e (D M)))).

<
<

In virtue of Theorem 15.7.7, we can estimate

V1+ IWep|3 ) < Cr,

where C, > 0 depends on L only. Since M N 7y (myw(I'\ M)) € M \ T, we get that

SO\ M) < €8T T) < Pelh),

completing the proof of (15.8.3).

Step 3: estimate on the L? energy. Finally, we prove (15.8.4). By Theorem 15.7.8 and [Corol-
lary 2.6][15], for S271-a.e. p € M NT there exists o(p) € {—1,1} such that

(1, = W¥e(mw(p)))
P .
1+ [Wep(mw(p))?

ve(p) =0

Taking into account that, for S¢'-a.e. p€ M NT,

|VG(p) ; V(p)|2 -1_ <VG(p),V<p>> > 11— <VG(]29>7V(p)>27
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we get that

o)z [ AU VO) b gy L VR DE g )
MAD 2 2 Junr 1+ [Wep(mw(p))]

1 [Wep(w)|?
2 Jagunr) 14 |Wep(w)]?

AL (w).
By Theorem 15.7.7 and the scaling property of the excess, we get that
/ [Wep|2dL9 ! < Cpe(324),
ﬂw(MﬂF)

where C';, > 0 depends on L only. Moreover, by Theorem 15.7.8, we can estimate

_ Weo(mw(p)) |
W(p 2 d,CQ 1 < / |
/TrW(MAF) W7ol Mar 1+ [Wep(mw(p))|?

APs(E,)(p) < S (MAD),

and (15.8.4) immediately follows from (15.8.3). The proof is complete.

225



Part VI

Hypersurfaces in the Heisenberg group
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Chapter 16

Hypersurfaces in the Heisenberg

group: an introduction

16.1 Introduction

Recently, the study of geometric properties of hypersurfaces in sub-Riemannian structures has
been the object of a considerable interest among the sub-Riemannian community. A non-
exhaustive list of related works include [83, 84, 85, 107, 120, 158, 160, 164, 238, 240, 249, 264].
These issues are particularly relevant in the sub-Riemannian Heisenberg group H" since, as
we know, the latter constitutes a prototypical model in the setting of Carnot groups, sub-
Riemannian manifolds, CR manifolds and Carnot-Carathéodory spaces. One of the key differ-
ences between the Euclidean and the Heisenberg setting is that, as pointed out in Section 3.6,
the classical Federer’s notion of rectifiability in metric spaces (cf. [131]) is not suitable for the
Heisenberg group. To solve this issue, the authors of [140] introduced the intrinsic notion of H-
reqular hypersurface, which is the Heisenberg counterpart of Definition 3.6.1, together with the
related notion of intrinsic rectifiability as in Definition 3.6.3. Roughly speaking, an H-regular
hypersurface is a subset of H" which can be described locally as the zero locus of a Ci-function,
i.e. a continuous function whose horizontal gradient is continuous and locally non-vanishing.
A special class of H-regular hypersurfaces is that of non-characteristic hypersurfaces. In this
setting, given a hypersurface S of class O, we say that a point p € S is characteristic as soon

as
M, =1T,9,

being H,, the horizontal distribution that we previously denoted by G, in general Carnot groups
(cf. (3.2.3)). Otherwise, we say that p is non-characteristic. In this last case, the horizontal
tangent space

HT,S =H,NT,S

is a (2n — 1)-dimensional vector space. The set of characteristic points of S is denoted by Sy
and is called the characteristic set of S. After [140], it was clear that the importance of H-

regular hypersurfaces went beyond rectifiability. In the following chapters, we will discuss some
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results which are related to two fundamental open problems, i.e. the isoperimetric problem and
the Bernstein problem. Loosely speaking, the isoperimetric problem consists in characterizing
sets whose boundaries minimizes the horizontal perimeter under a volume constraint. Instead,
by Bernstein problem we mean the characterization of those sets whose boundaries are global
minimizers of the horizontal perimeter, thus without volume constraints. In the following
sections we will collect some basic definitions and preliminaries to properly settle down the

aforementioned problems.

16.2 The Heisenberg group

For the sake of completeness, we recall the definition of Heisenberg groups as in Example 1.2.3.

Definition 16.2.1 (Heisenberg group). The n-th Heisenberg group (H",-) is R*"*1 endowed
with the group law

p- pl = (i‘v ga t) : (j'la gla t/) = ('fi' + j/a g + :'77 t+ t/ + Q((:Ea g)a (fla gl)))a
where

Q((‘f Z 'I y] .ij]

J:

—_

and where we denoted points p € R*" by p = (2,t) = (Z,9,t) = (T1, ..., T, Y1, - - - s Yn, ).

With this operation, it is easy to check that H"™ is a Carnot group. Indeed, let us consider
the vector fields

0 0 0 0 0
N0 Mo N T gy, ot

for j =1,...,n. An easy computation shows that X = (Xj,...,X,,,Y1,...,Y,,T) is a basis of
g, the Lie algebra of H". Let us define

g1 =span{Xy,..., X,,,)Y1,.... Y} and g2 = span{T'}.
Since the only non-trivial commutation relations are
X, = ~[Y}, X,] = 2T (16.2.1)

for any 7 = 1,...,n, then (g;,g2) is a stratification of g. Hence H" is a Carnot group of

dimension 2n + 1, step 2 and rank 2n. In particular H" has homogeneous dimension
Q =2n+2.
Moreover, the intrinsic dilations associated to H" can be written explicitly as
6x(z,t) = (A2, \*)
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for any p = (2,t) € H" and any A > 0. We recall that the horizontal distribution (cf. (3.2.3))

of the Heisenberg group reads as
Hy = span{Xi|p, ..., Xnlp, Yilp, - -, Yalp}

for any p € H". A certain relevance in Heisenberg geometry is played by the ninety-degrees

rotation operator J, defined by

J (Z A X+ A+ AQnHaT) = > A X;+ DAY (16.2.2)
j=1

j=1 j=1 j=1

for any vector field . .

STAX; + Y Ay Y 4 Aoyl

j=1 j=1
This operator, which is usually known as CR structure, is one of the key ingredient of pseu-
dohermitian geometry (cf. [83, Appendix]). Apart from its importance in the establishment
of appropriate variation formulas (cf. Chapter 17), we refer e.g. to [252] for its relation with

sub-Riemannian geodesic equations and to [87] for its connection with rigid Heisenberg motions.

16.3 Riemannian Heisenberg groups

Being a Carnot group, H" can be endowed with a special class of Riemannian structures which
are well-behaved with respect to its Lie group structure. More precisely, for any ¢ # 0, we
consider the unique left-invariant Riemannian metric (cf. Definition 3.2.9) g. = (-,-). on H"
for which {X7,..., X,,,Y1,...,Y,,eT} is an orthonormal basis at every point. We may also use
the compact notation {Z1,...Zs,11} to denote the previous basis, where the dependence of
Zan+1 on € is omitted for the sake of notational simplicity. Let us denote by V¢ the Levi-Civita
connection associated to the metric g.. We recall that V¢ is the unique affine connection on

H" which is torsion-free, that is
4B —V3A=]A, B] (16.3.1)
for any pair of Cl-vector fields A and B, and metric, meaning that
A(g: (B,C)) = ge (Vi B,C) + g- (B, V() (16.3.2)

for any pair of C'-vector fields A and B (cf. [119] for some basic preliminaries about affine
connections). For future convenience, we recall that, if V is any affine connection, its torsion
tensor is defined by

Toryu(A, B) = VaB — VA — [A, B]

for any pair of vector fields A and B of class C! (cf. [119]). In the following, we will need to

know the explicit behavior of V¢. To this aim, its action on the frame (71, ..., Zs,41) can be
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easily computed as follows.

Proposition 16.3.1. The following relations hold.

V%X, =V3yY; =VieT =0 foranyi,j=1,...,n, (16.3.3)
VY =VyX; =0 foranyi,j=1,...,n,1i%# j, (16.3.4)
Vi, Yi=-T and V. Xi=T foranyi=1,...,n, (16.3.5)
%1 =V X; = iY; foranyi=1,...,n (16.3.6)
and |
v.eT = VY = —gXi foranyi=1,... n. (16.3.7)

Proof. Let us recall that, if A, B, C' are orthogonal vector fields, then, combining the well-known
Koszul formula (cf. [119]) with (16.3.1) and (16.3.2), we get

295(07 VEBA) = 95(07 [B7A]> + gE(B7 [Ov A]) + gE(A7 [Cv B])

Therefore
g (X0 V5, X)) = g- (Y, V5, X;) = g (7, V5, X;) =0

for any 7,5,k = 1,...,n. Reasoning similarly, (16.3.3) and (16.3.4) follow. To prove the first
part of (16.3.5), notice that

g (X0 V5,Yi) = g: (Y V,Yi) = 0
for any ¢,k = 1,...,n. Moreover,

2
2g. (T, V5.Yi) = gz (€T, [X, Yi]) = —2¢. (T, T) = ==

€
forany i =1,...,n, and so
2n+1
VY=Y 0 (VYo %) Z = 9. (Vi YieT) eT = =T
k=1

for any ¢ = 1,...,n. The second part of (16.3.5) follows form (16.3.1). The first equality in
(16.3.6) follows from (16.3.1). Moreover

gE(Zk, _iQST):O forany k=1,....2n+ 1, k#n+1

and
2
29 (Yo VieT) = g (T [Yi, Xi]) = 20, (7,7) = ~.
Hence, (16.3.6) follows. Finally, (16.3.7) follows in the same way of (16.3.6). O

In view of Proposition 16.3.1, the CR structure J can be described in terms of the Levi-
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Civita connection by the formula
J(A) = VLT

for any vector field A. As customary in Riemannian geometry, the Levi-Civita connection

allows to define the Riemann curvature tensor associated to (H", g.) (cf. [119]), namely
Ro(A, B,C, D) = g. (V3V5C = V4V5C + Vi, 5 C, D) (16.3.8)

for vector fields A, B,C, D of class C%. Accordingly, recalling that (Z1,...,25,,,) is an or-
thonormal frame with respect to g., the Ricci curvature associated to the metric g. (cf. [119])
is defined by

2n+1

Ric.(A) = 3 R.(A, Z;, A, Z;) (16.3.9)
j=1

for any C?-vector field A € TH". Among the other things, the importance of the Ricci curvature
in Riemannian geometry can be appreciated for instance in the computation of the second
variation formula for the Riemannian perimeter. Accordingly, since Chapter 17 is devoted to
the interplay between Riemannian and sub-Riemannian variation formulas in the Heisenberg

group, an explicit computation of the Ricci curvature is postponed until Proposition 17.2.1.

16.4 Hypersurfaces in Riemannian Heisenberg groups

16.4.1 Some properties of the Riemannian normal

Let € # 0 be fixed. We let S C H” be an embedded orientable hypersurface of class C? with

Riemannian unit normal v¢. We recall that

2n+1

Y (Z5)ws =0 (16.4.1)
=1
for any i = 1,...,2n+1 for any unitary extension of v*, being (v{, ..., v5,,,) the coordinates of

ve related to {Z1, ..., Zoni1}. Indeed, (16.4.1) follows at once taking derivatives of the equation
|¥|?> = 1. Moreover, there exists a particular unitary extension of v° which the special Lie group
structure of H" provides with some additional properties. Indeed, if we denote by d® be the
signed Riemannian distance from S, then d® is of class C? near S, and satisfies the eikonal
equation

IVede| =1

in a neighborhood of S (cf. e.g. [157]). Therefore, v* can be extended to a suitable neighborhood
of S by letting
VE — VEdE

. With this extension, (16.2.1) implies that

Z,(5) = Z;(vf) (16.4.2)



for any 4,7 = 1,...,2n + 1 such that either i =2n+ 1, j = 2n+ 1 or |j — i| # n. Moreover,

205 0
Xi(Vis) = Vi) = 725 and Vi) = Xi(v) + (16.4.3)
for any : = 1,...,n. Hence
2n+1 VE
> (Zv))y; = =22 (), (16.4.4)
j=1

foranyi=1,...,2n + 1.

16.4.2 Mean curvature and second fundamental form

We denote by h® and H€¢ the associated second fundamental form and mean curvature of S
respectively. Let us recall (cf. [270]) that, for a given p € S, the second fundamental form of S
at p reads as

he(v,w) = g=(Viv°, w)

for any v, w € 7,5, while the mean curvature of S at p is

2n 2n 2n+1
He(p) = Z h;(ei, ei) = Zgg(v;uf, €)= Z Zivi (p) (16.4.5)
i=1 i=1 i=1
for any orthonormal basis ey, . . ., es, of T},S, the last equality following for any unitary extension

of . As it is well-known, h® and H* are fundamental objects in the description of the extrinsic
geometry of S, for instance for their role in the celebrated Gauss-Codazzi equations (cf. [270]),
as well as for their appearance in the first and second variation formulas (cf. [270]), as we will

discuss thoroughly in Chapter 17.

16.4.3 Gradient and Laplace-Beltrami operator

A customary, S can be endowed with a Riemannian structure by restricting g. to S, so that the
latter is naturally associated with typical objects of differential calculus, such as for instance the
Laplace-Beltrami operator and the Riemannian gradient. Accordingly, let us denote by V&°
and A®° the gradient and the Laplace-Beltrami operator in (S, g.|s) respectively (cf. [119]).

For future purposes, we provide an explicit description of these two objects.
Proposition 16.4.1. Let f € C*(S). Then
VAT = [V — (V)

If in addition f € C*(S), then
2n+1

NS = Y GUZ(Z,f) — Hog (V) + T I0)),

2,j=1
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where

gyl = 6;5 — ViV, (16.4.6)

Proof. Fix p € S and consider a geodesic frame ey, ..., eq, of 1,5 at p (cf. [119]), i.e. a local
orthonormal frame of T'S such that V&%¢;(p) = 0 for any i,j = 1,...,2n+1, where V=* is the
Levi-Civita connection of (S, g.|s). Let us set e; = Y3t al Z; forany i =1,...,2n + 1. From

the definition of the basis it follow the relations

2n+1 2n+1 2n

Qo0 ie _ k ok _ ls
> ajog =6, > ap=0 and > afak = gL (16.4.7)
k=1 - =

forany i, =1,...,2nand any [,s = 1,...,2n+1. With respect to a geodesic frame (cf. [119])
we have that A f(p) = 7, e;e; f(p). Hence

2n 2n
A f =" g.(Vie, VEf) + 3 g-(ei, VEVES)
=1 i=1
2n 2n
= (9:(VESes, VEF) + go(VEF, 1) 0:(VE €, 05)) + 3 ge(es, VE VES) (16.4.8)
i=1 i=1
2n 2n

= Z _Hags(vsfa VE) + Zg€(€i7 V;st)

i=1 i=1
On the other hand, by (16.4.7) and (16.4.6), we have
2n 2n+1 2n+1
Y 9:(en, VEVES) = > gg-(Z, =Y 4 ( (Z1f) = 9:(Vg ZhVaf)). (16.4.9)

=1 l,s=1 l,s=1

Exploiting Proposition 16.3.1, we see that

2n+1 2n+1
- Z ga ga VaZSZlavaf) = Z ijlaga(vazszlyvaf)
l,s=1 l,s=1

n

Van £ € €€ g
= Z ( — Vi, 9e(VE L, T) + 2;1 Vi9e(VEF, Vi) + vpvy 9 (VE £ T)

n E € VEn g 3 n E €
2;1 Vp1:9=(V° ], Xk)+%ukgs(v fYe) — 2;1 v 1 9:(VE S, Xk)) (16.4.10)

2 1>
=2 S (i X + ).
k=1

Therefore, the thesis follows from (16.4.8), (16.4.9) and (16.4.10). O

16.5 sub-Riemannian Heisenberg groups

Once Riemannian Heisenberg groups are available, H" can be easily equipped with a left-
invariant sub-Riemannian metric, which we denote either by (-,-) or by gg, by restricting any
of the above-introduced Riemannian metrics g. to the horizontal distribution #. Accordingly,

it is natural to introduce another affine connection which is tailored to the sub-Riemannian

233



setting, namely the so-called pseudohermitian connection V2 (cf. e.g. [251]). VH can be

characterized as he unique metric connection with torsion tensor given by
Torye(A, B) = VAB — VEA — [A, B] = 2(J(A), B)T (16.5.1)

for any pair of vector fields A and B of class C'. The most relevant feature of VH (cf. [250])
is the fact that
V3.2Z;=0 (16.5.2)

for any 7,7 = 1,...,2n+ 1. The major consequence of (16.5.2) is that, if one defines a suitable
notion of pseudohermitian curvature tensor basically in the same way as in (16.3.8), then the
latter is identically vanishing, whence the heuristic for which H™ plays the same flat role in

pseudohermitian geometry as the Euclidean space does in Riemannian geometry.

16.6 Hypersurfaces in sub-Riemannian Heisenberg groups

16.6.1 MH-regular hypersurfaces, characteristic points

For the sake of clarity, we specialize some general notions introduced in Section 3.6 to this

specific setting. Let us start by recalling the notion of H-regular hypersurface.

Definition 16.6.1 (H-regular hypersurfaces). We say that S C H" is an H-regular hypersur-
face if, for any p € S, there exists an open neighborhood U of p and a function f € Cx(U) such
that

SNU={¢qeH" : f(q) =0} and  VHf#0 onU.

Here and in the following, we denote by C% the spaces of horizontally differentiable functions
defined in Definition 1.2.1 associated with the family X = (Z1,...,Z3,). Accordingly, the
horizontal gradient and the horizontal divergence as in Definition 1.1.1 and Definition 1.1.2 are
denoted respectively by V¥ and divyg. As we know, H-regular hypersurfaces are, heuristically,
the good hypersurfaces one wishes to deal with in sub-Riemannian geometry. For instance, as
already pointed out in Definition 3.6.3, they play a crucial role in the aforementioned intrinsic
rectifiability. In the smooth setting, there is a relevant class of H-regular hypersurfaces in which

we will be particularly interested.

Definition 16.6.2 (Non-characteristic points and hypersurfaces). If S is a hypersurface of
class C', we define

So:={pesS:H,=T1,5}

and we call it the characteristic set of S. A point in Sy is called a characteristic point, while a
point in S\ Sy is called a non-characteristic point. If Sg =0, S is called a non-characteristic

hypersurface, and otherwise it is called a characteristic hypersurface.

Notice that, since S is of class C! and H is a smooth distribution, then S is closed in S.
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At non-characteristic points, the tangent space to a hypersurface splits into a horizontal and a

non-horizontal part.

Definition 16.6.3 (Horizontal tangent space). The horizontal tangent space of S at p is defined

by
HT,S == H,NT,S

foranyp e S.

When p € Sp, then dim(H7,S) = 2n. On the contrary, when p € S\ Sy, we have
dim(HT,S) = 2n—1. In the non-characteristic part of a hypersurface of class C"!, the horizontal
unit normal defined in Definition 1.4.5 admits a poinwise definition. More precisely, it holds

that
N(p)

vi(p) = NEQ)L, (16.6.1)

for any p € S\ Sy, where N (p) is the projection of the Euclidean unit normal onto H, that is

=Y _((N(p), Xjlp)ren1 Xjlp + > (N (D), Yjlp)rene1 Y], (16.6.2)

7=1 j=1n

being N(p) the Euclidean unit normal to S at p. As already mentioned, non-characteristic

hypersurfaces are H-regular (cf. e.g. [263]).

Proposition 16.6.4. Let S C H" be a non-characteristic hypersurface of class C*. Then S is
H-regular.

On the other hand, there are instances of H-regular hypersurfaces of class C'! which do have
characteristic points. Since an explicit example require some preliminary notions that we have

not introduced yet, we postpone it until Example 16.7.2

16.6.2 Some properties of the horizontal normal

Arguing as in Section 16.4.1, we discuss some basic properties of the horizontal unit normal.
To this aim, let us fix an embedded, orientable hypersurface S of class C?. Again, it is easy to
check that

2n
S vl Z(v)) =0 (16.6.3)
h=1
for any k = 1,...,2n, where by v we mean any C? extension of v|g in a neighborhood of
S such that |v®] = 1. Again, there is a particular choice of such an extension which allows

to derive further relations. Indeed, if we let d™ be the signed Carnot-Carathéodory distance
from S with respect to (Zy, ..., Zs,), then it is well known (cf. [251]) that d¥ inherits the same
regularity of S in a neighborhood of any non-characteristic point p € S. Moreover, since d*

satisfies the horizontal eikonal equation in a neighborhood of S, namely

[VEH| =1,
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then v|g can be extended by letting

V=3 XdNXG + > Yd Y (16.6.4)

Jj=1 J=1

With this particular extension,
Z(vih) = Zn(1vd) (16.6.5)

for any h,k = 1,...,2n such that |h — k| # n. Moreover,
Xp(vph ) =Yi(yh) —2Td™  and V() = Xp(vi,) + 2Td" (16.6.6)

for any £k = 1,...,n. Finally, thanks to (16.6.3), (16.6.5) and (16.6.6), we see that

2n
S vl Zy(vy) = —2Td" J (V™) (16.6.7)
h=1
for any k =1,...,2n. Moreover, a simple computation shows that
Nopy1
Td" = 16.6.8

16.6.3 Horizontal mean curvature and second fundamental forms

In the current literature, different kinds of second fundamental form are available in the sub-

Riemannian setting. Let us recall the main definitions.

Definition 16.6.5 (Horizontal second fundamental form (cf. [171, 106, 87]). The horizontal
second fundamental form of S at p € S\ Sy is the map h]g : HT,S x HT,S — R defined by

ME(XY) = ~(VEY.H) = (VoY)

for any X, Y € HT,S.

The second equality following being V™ a metric connection. We recall that its norm is
defined by

2n—1
[y 12 = D hpless e5)?
ij=1
for any p € S, being ey, ..., es,—1 any orthonormal basis of ‘H7,S. Notice that, in view of

(16.5.1), h may not be symmetric.

Definition 16.6.6 (Horizontal mean curvature). The horizontal mean curvature H)' of S at
p € S\ Sy is defined by

2n—1

H = trace(h,) = Y hy(ej,e)).
=1

p

In analogy with the Riemannian case, the horizontal mean curvature coincides with the
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divergence of the horizontal normal (cf. [106]), meaning that

H(p) = divig v (p)

for any p € S. Accordingly, the following characterization of |h*|?

until Section 16.6.4, holds.

, whose proof is postponed

Proposition 16.6.7. Let p be a non-characteristic point of S. Let v™ be any unitary C?

extension of v%|g. Then

Ry |? h; Zh(v) Z (Vi) + 4(n — 1)(Td™)2.

Moreover, if V™| is extended as in (16.6.4), then

2n

REP =3 (Z0Bp)) — a(Td®y.

ij=1

Beside A", it is possible to introduce another second fundamental form. To this aim, let us

denote by ¥ the symmetric part of A, that is

hE(X,Y) + hE(Y, X)
2

MUXY) =

For any X,Y € CY(S,HTS), where here and in the following we denote by C*(S,HTS) the
family of C*-sections of HT'S. This symmetric second fundamental form has already been
considered, although through different but equivalent definitions, by several authors (cf. e.g.
[106, 250, 251]). The quantities |h| and |h¥| can be related in the following way.

Proposition 16.6.8. Let p be a non-characteristic point of S. Let v be any unitary C?

extension of v2|s. Then
2
P2 = Z Zn(w) Zu () + 2(n — 1) (Td™(p)) .
hk=1

Moreover,

B = E P + 20 = 1) (T (p))

Finally, if ™ is extended as in (16.6.4), then

RE2 = h; (Zu ()" = 2(n+ 1) (Td*(p))”
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16.6.4 Horizontal gradient and horizontal tangential Laplacian

According to [106], we define the horizontal tangential derivatives
Vot = Zi€ — gu (VH, é) v

forany i = 1,...,2n, where £ is a C'' function on an open subset of S and ¢ is any C'! extension
of £. As customary, the horizontal tangential derivatives do not depend on the chosen extension
(cf. [106]). Moreover, letting

2n
Ve = 3V,

i=1

, then
VESE = VHE — gy (VA M) 0% and [V = [VHE — (gu (VP VH))Q. (16.6.9)

Exploiting (16.6.9), we can give the proofs of Proposition 16.6.7 and Proposition 16.6.8.

Proof of Proposition 16.6.7. First, we show that the quantity >3%_; Z, (1) Z (1) does not

depend on the chosen unitary C? extension of v*|g. Indeed, in view of (16.6.3), we have that
2n 2n

Z Zh(V]E{)Zk(V]H;H) = Z V I/k ) Zi( Vh + Z Vh VHVk, )Zk(y,%ﬂ)

h,k=1 k=1 k=1

= Z V I/k st I/EI )+ Z V Vk)l/k <VHVIH;H,VH>

hk=1 k=1
2n
= Z Vi VT W) + Y e (Vg o)
hk=1 k=1
2n 2
- Z V§<VHV§>VH>
k=1
= Z Vi )V ().
k=1

The claim then follows recalling that the horizontal tangential derivatives do not depend on the
chosen extension. Let us extend ™ as in (16.6.4). Let e, ..., e9,_1 be an orthonormal basis of
HT,S. Forany i =1,...,2n — 1, we let a},...,a?" be such that

2n
j=1
Then, by construction,
2n 2n—1
> afa? = 0;j, Z atyl = and N7 elel = Sy — v v, (16.6.10)
k=1 =
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forany i,7 =1,...,2n— 1 and any [,m = 1,...,2n. Hence, recalling (16.6.3) and (16.6.7),

2n—1 2n

|hfjl|2 = Z Z hZh(yk)akalZ( )agn

i,j=1 h,k,lm=1

2n
= > Zu)Zn) (O = v ) Ok — Vi i)
hk,lm=1
2n - 9 2n 2n He 1 2
= 3 (208)' - X2 (X 2080t )
hok=1 k=1 \h=1
o Hy,\ )2 H\2
= > (zaf(p)” —A(Td™).
ij=1
To prove the second identity, notice that
2n 2n 9 n n
> 2z = 3 (Z) +2Td" 3 Xa(vyly) - 2Td" 3 Ya(n)
hok=1 hok=1 hok=1 hyk=1
= 3 (Zuw))” +27d* Y (X, Vil
hok=1 k=1
2n
= > (Zu(w)) - an(Td")
hok=1

]

Proof of Proposition 16.0.85. Let eq,...,es,_1 be as in the proof of Proposition 16.6.7. Notice

that )
(n ()"
1

e = (R (7)) =7

Arguing as in the proof of Proposition 16.6.7,

=gt 5 (02)).

hH2 _2n_1 2n b (U ab a7 () g™
T ( p) = Z Z a; Zn(vy )ajaj Iz
ij=1 hk,Lm=1
2n 2n—1 2n—1
= Y ZuvHZlv Z alal Y afaé-
Rkl m=1 im1 i=1
2n

= S 22 G — VEVE) (61 — V)

h,k,l,;m=1
2n

=Y Z,()Zk(vy).
hk=1

Exploiting Proposition 16.6.7, the thesis follows. O
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Accordingly, the horizontal tangential divergence is defined by

2n 2n
div]f]1 © = Z V]}}Lﬂ’sgoh =divg p — Z ol (VHgoh, yH) vy
h=1 h=1

for any C* vector field ¢ = 32" | , Z),, while the horizontal tangential Laplacian

2n
ABS f =NV (16.6.11)

i=1
Although (16.6.11) is at a first glance the natural sub-Riemannian counterpart of the Laplace-
Beltrami operator of Riemannian hypersurfaces, as nicely pointed out in [106], A™* is not in
general self-adjoint. To this aim, the authors of [106], introduced a modified version of A®S

the so-called modified horizontal tangential Laplacian
ARSf = ARS 4 omd™ (VHF, (V7)) (16.6.12)

The most relevant feature of AES is that, as happens to the Laplace-Beltrami operator, it is
indeed self-adjoint (cf. [106, Corollary 11.4]). Moreover, we refer to Chapter 17 for some con-
sideration about its relation with the Laplace-Beltrami operator associated to the Riemannian
Heisenberg group (H",g.) (cf. [32] for further insights in this direction), as well as for the
derivation of a suitable horizontal Jacobi equation. As for the Riemannian case, we conclude

this section providing an explicit expression of A®S and of AES.

Proposition 16.6.9. [t holds that

2n o
ARSE =N g Z:Z; f — HY(V" f,00)

ij=1
and )
ARSf= 37 g 2:2,f — HH (V0% + 2Td" (V9 f, T(07)) (16.6.13)
1,5=1
where gy = 0;; — vV,
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Proof. Notice that

(2

2n 2n
SOV =S VN (Zif — (VR VTR
=1 =1

1in 2n 2n 2n
i=1 =1

ij=1 ij=1

SN VL, R S TE((VE S, ),

i=1
2n 2n 2n
= S AL~ BN - ) 22 - Y 22

4,j=1 4,j=1 4,j=1

2n 2n 2n
+ > ZjZkf(l/?H)%Eﬂygﬂ%— > ZkujVEI(Vi-H)QVJH—F > ZkaEijfﬂyfﬂygﬂ

i,5,k=1 i,7,k=1 i,5,k=1
2n o 2n 2n
= > g ZZ;f — H (VN = > Z; fZiu;-HIyZI-HI - Z;z, fufﬂy;ﬂ
ij=1 ij=1 i,j=1

2n 2n
+ Z ZjZka}HV,EH—l— Z Z,yfj"Zjl/l]i'Hl/;HI

jk=1 k=1

2n
= Z gﬁJZZZ]f_HH<VHf7 VH)?

1,j=1

and so the thesis follows. O]

16.6.5 The tangent pseudohermitian connection

In this section we introduce the relevant affine connection that is typically associated with sub-
Riemannian hypersurfaces in Heisenberg groups. To this aim, let us fix a non-characteristic
hypersurface S of class C2. Let ™ be its unit horizontal normal. The tangent pseudohermitian
connection V9 . C1(S,TS) x C*(S,HTS) — C*(S,HTS) is defined by

VEYY = VY — (VxV, )8,

Proposition 16.6.10. V™ is well-defined.

Proof. Let X € CY(S,TS) and Y € T(HTS). We show that Vi°Y € C1(S, HTS). Indeed,
Hs 2n
(VXY T) =(VxY.T) =Y X({Y.Z;)){Z;,T) = 0.

Jj=1

Hence V5V is horizontal. Therefore, for any given € # 0 and a suitable function 3 > 0 of class
Cl
(VxY,r%) = B~V Y, M) = 0.

Moreover, V5 is metric in the following sense.
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Proposition 16.6.11. It holds that
X(Y,Z) = VXY, Z) + (Y, Vy°Z)

for any X € CY(S,TS) and any Y, Z € C*(S,HTS).
Proof. If X € C1(S,TS) and Y, Z € C'(S,HTS), then

X(Y,Z) = (VRY, Z) + (Y, VX Z)
= (VXY Z) + (Y, VX° 2) + (VRY, V)2, 05) + (VR Z, )Y, M)
= (VXY Z) + (Y, V7 2).

O

To define the torsion of VH:¥ we have to restrict the classical definition to C*(S, HT'S). We
define Toryss(X,Y) : C*(S,HTS) x C*(S,HTS) — C*(S,TS) by

Torges(X,Y) = VY — Vi X — [XY].

By Frobenious theorem, Toryus is well-defined.

Proposition 16.6.12. Let X, Y € C'(S,HTS). Then
(1, Y], /%) = 9T I(X), V).

In particular

TOI‘VH,S (X, Y) = 2<J(X), Y>8,

where
S=T— (Td")W".
Proof. Let XY € C*(S,HTS). If X = 33", X7Z; and Y = 32", Y/ Z;, then

—([X, Y],/ = (Torge(X,Y), V™) + (Vy X — VY, M)
=2(J(X), Y)W T) + (Vx " Y) — (VyrH X)

2n
= > XYz - Zy)
i,j=1
= —2(Td") Y XY™ +2(Td™) > X"Y?

=1 i=1

= —2(Td")(J(X),Y)).

In particular,

Torgas(X,Y) = Torgs(X,Y) — (Torgs (X, Y), v — (X, Y], /"W = 2(J(X), V)S.
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16.7 Some relevant classes of hypersurfaces

In the following sections, we introduce some particular classes of hypersurfaces, each of which

is of some importance in the overall context of the study of Heisenberg hypersurfaces.

16.7.1 t-graphs

We recall that a hypersurface S is a t-graph whenever there exists u : R?* — R such that

graph(u) := S = {(z,y,u(z,9)) : (z,y) € R*}.

This class of hypersurfaces is particularly relevant in the Heisenberg setting as it allows to
translates many geometric problems, such as the aforementioned Bernstein and isoperimetric
problems,; in terms of PDEs. On the other hand, there are several reasons for which ¢-graphs
are not always the best class of graphs that has to be considered. For instance, t-graphs
associated with an even smooth function u may have characteristic points. Accordingly, for
instance, the intrinsic version of the implicit function theorem fro H-regular hypersurfaces
stated in [140] relies on a better notion of graph, namely the aforementioned intrinsic graphs
(cf. Section 15.7.2), which will be discussed in the forthcoming Section 16.7.2. Nevertheless,
determining the characteristic set of a t-graph is quite simple. To this aim, if Q C R?" is open,

u € CYQ) and p = (Z, ¥, u(Z, 7)), then we recall that the Euclidean unit normal to S at p reads

1 " OJu 0 " OJu 0 0
N(p) = il

\/ 1+ |Dul? =  Dy; 0y;

as

so that, recalling (16.6.2),

O\ _ 3 Vo (2%, \y
M) = ,/1+\Du|2 (]Zl (5‘% )X]|p+jzl<5yj+ ”)mp)'

Therefore, letting
F(z,y) = (=y,7) (16.7.1)

for any (z,7y) € R*", we conclude that

So = {(z,7) € Q : Du(z,7) + F(z,5) = 0}. (16.7.2)

16.7.2 Intrinsic graphs

Another relevant class of hypersurfaces is the class of intrinsic graphs. As we know from
Section 15.7.2, an intrinsic graph is the graph of a function defined on a (2n)-dimensional

subgroup of H", say W, onto its complementary horizontal one-dimensional subgroup, say V.
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Without loss of generality, we will assume that
V= Span{iflb} - {(07-‘-707917---7070) NS R}

and talk about intrinsic Yi-graphs. Standard computations tell us that the complementary
group of V is just

Let us denote points ¢ € R* by ¢ = (&1,..., &, 02, .1, 7) = (£,7,7). We wish to identify
R?*" with {p € H" : y; = 0}. To this aim, we introduce the immersion map ¢ : R*" — H"
defined by

i(&,1,7) = (£,0,7,7)
for any (£,7,7) € R?. Moreover, we identify R with {(0,4:,0,0) : 3 € R} by means of the
inclusion j : R — H" defined by

3(y1) = (0,41,0,0)

for any y; € R. The maps ¢ and j are clearly smooth, injective and open.

Definition 16.7.1 (Intrinsic Y;-graphs.). For a given open set Q C R** and a function ¢ :
Q — R, the Yi-graph of ¢ on € is defined by

graphy, (¢, Q) = {i(¢,7,7) - j (#(&,7,7)) © (&.0,7) € Q}
—{(& e, 7, 7) 77 — Gp(E,7,7) ¢ (E,7,7) € Q).

Moreover, we define its parametrization map W : Q — H" by

V(S 7, 7) = (&9(&7.7), 7.7 = &€, 7, 7))
for any (€,7,7) € Q.
We introduce the intrinsic projection map II : H* —s R?" by
(2, y,t) = (z,9,t + 2191
for any (z,y,t) € H". It is easy to check that
I(¥(g)) =¢ and  Y(Il(p)) =»p
for any ¢ € Q and any p € graphy, (p, Q). If ¢ € C'(Q) and S = graphy, (¢, 2), then

)

ov
T: = —
W(q)S = span <8§1

ov
L

ov
q’ on

ov
-

ov

)
q OT
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Letting Do = (e, - - - Pers Pras - - -+ Pyns Pr), a0 easy computation shows that

ov
| = Xilw) + e (@Yilvg — 20T vy,
&1 lq
ov ov
3| = Xilwig) + ¢, (@) Y1lwg — 0T w(g), o, = Yilvw + en, (@)Y1lwig) + & v
Eilg Njlq
forany 7 =2,...,n and
ov
il RPN e Tlu.
arl, = ¢ (@)Yilwg) + Tl

Therefor (Ey, ..., E,, Fy, ..., F,) constitutes a global frame of HT'S, where

By =X1+W¥%Y,, E;=X;+X;pY7 and F;=Y;+Y;pY; (16.7.3)

for any j = 2,...,n, and where the family of vector fields W% = (W{Dgp,f(g, X Yo ,Yn)
is defined by

0 - - 0 . .
wy +2¢T, X;j=—-—+nT and Y;=_——

0& 85;‘ 8779‘ &

for any j = 2,...,n, where we have set T = %. The differential operator W% is commonly
known as intrinsic gradient (cf. e.g. [16, 47, 48, 46] for further insights). For future convenience,

we may adopt the compact notation

Wf=X;, and WS, =Y (16.7.4)
where j = 2,...,n. Moreover, we complete the previous family to a global frame with the
vector field

Wy, =T,

where again the dependence on € # 0 is left implicit. In this way, W% can be completed to a

Riemannian family of vector fields by letting
Wes = (WY, ..., Ws).
Let us denote by (I/Vf)* the adjoint operator of W with respect to L*(R*"), that is
/ (WF) ¢ dw = / W b dw
R2n RQn
for any ¢,1 € C>°(R?"). An easy computation as in [35] implies that
W) o =-Wfo—26T¢  and (W) ¢ =-W/o. (16.7.5)

j=2,...,2n, whence
*
(Wr) Wi, = —wg,wy.
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On the other hand, as a direct consequence of (16.7.3), we infer that
M=z (W%Xl +Y XjpX; - Vi + > ijwj) : (16.7.6)
j=2 =2

where we have set

W =1+ |W¢y|%.

Notice that v can be smoothly extended to a vector field on the whole H" by the following
construction. Let us define ¢ : H® — R by

for any p € H". Notice that

for any ¢ € R?". Moreover,

Xi9(¥(q) = W¥p(q),  X;8(¥(q) = X;p(q), Yig=0,  Y;p(¥(q)) = Yip(q)

for any ¢ € R*" and any j = 2,...,n. Hence v extends in the obvious way. Notice that, since
[Xj’ }N/J] = —2T
for any j = 2,...,n, then (£,d,) is a Carnot-Carathéodory space when 2 is any domain of

R?" and d, is the Carnot-Carathéodory distance induced by W¥. Moreover, as the previous
computations show, it is worth noting that intrinsic graphs associated with a defining function
¢ of class C' do not have characteristic points. On the other hand, it is not always the case

that intrinsic graphs of class C* have empty characteristic set, as the following example shows.

Example 16.7.2. In the first Heisenberg group, with coordinates (x,y,t), let us consider

S = {(w,y,y!y\%—x@/) : (2,y) ERQ}-

Of course, S is a t-graph associated with the function u(z,y) = y|y|3 — zy. Since u € C'(R?),
then S is a hypersurface of class C!'. We claim that

S = graphy (p, R?), (16.7.7)
where (&, 7) = sign(7)|7|1. Indeed, let first (z,y) € R2. Choosing & = z and
P 4
T =yly[> = sign(y)ly[s,

then
@(1) = sign(y)|y| = v,
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whence
(z,y,u(x,y)) = (£, (1), 7 — £p(T)) € graphy (¢, R?).

If conversely (£,7) € R?, then the choice z = £ and y = ¢(7) implies that

(& o(1), 7= &p(T)) = (z,y,u(z,y)) € 5,

whence (16.7.7) follows. Observe in addition that ¢ € C(R?) and »? € C'(R?). Therefore,
thanks to [16, Corollary 5.11], S is H-regular. We are left to show that Sy # (). Notice that

Ou _ _ and %—ﬁ 5 -z
or Y 8y_3y

for any (z,y) € R% Therefore, in view of (16.7.2), we conclude that
So={(z,y) eR* : y =0}

In Example 16.7.2, we exhibited an instance of a hypersurface of class C'! which is the intrin-
sic graphs of a function which does not share the same regularity. With the next proposition,

we show that degeneration cannot occur for non-characteristic hypersurfaces.

Proposition 16.7.3. Let ¢ € C(Q) be such that W*?p € C(Q,R*"1). Assume that graphy, (o, )
is a non-characteristic hypersurface of class C*®, for k > 1 and a € [0,1]. Then ¢ € Ck’o‘(Q).

loc

Proof. Assume, for the sake of simplicity, that £ = 2 and a = 0. Let us consider the map
g : H" — H" defined by
g(j:7 Y, t) = (‘i‘a Y, t— xlyl)

for any (z,y,t) € H". Notice that g is smooth, bijective and and det(Dg) = 1. Hence g is a
smooth diffeomorphism. Let us set S := g(S). Notice that S is of class C2. Tt is easy to check
that

SngU) ={(& e(&n,7),0,7) : (£7,7) €Q}.

Therefore the thesis follows provided that (N (p))ps1 # 0 for any p € SN g(U), being N(p) the
Euclidean normal to S at p. Assume by contradiction that there exists p € 5N g(U) such that
(N(p))nt1 = 0. This implies that (0,1,0,0) € T;S. Let p € S be such that g(p) = p. Noticing
that

(dg)l,(Y1]p) = (0, 17070) € Tﬁg’

we infer that Yi|, € T,,S. Since S is non-characteristic, (16.6.1) implies that (v™(p)),+1 = 0.
On the other hand, we know from [16, Theorem 1.2] that (v™(p)),.1 # 0, a contradiction.
[
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16.7.3 Intrinsic cones

A set C C H" is a cone if
ne)cco

for any A > 0. We point out that the natural extension of this definition to an arbitrary Carnot
group embeds the particular class of cones considered in Section 15.7.1. It is easy to see that,
if C'is a cone, then 0 € C and §,(C') = C. Moreover, the topological boundary of a cone is

itself a cone.
Proposition 16.7.4. If C is a cone, then 0,(0C) C 9C' for any A > 0.

Proof. Let A > 0. Let p € C and assume by contradiction that ¢ := d\(p) ¢ OC. Then either
q € int(C) or ¢ € H*\ C. Assume first that ¢ € H" \ C. Let (py)n, C int(C) be such that
pn — pas h — oco. Let g, := d\(pr). Since dilations are continuous, then ¢, — ¢. Being C' a
cone, then (g,), € C, and so ¢ € C. This is a contradiction. If instead ¢ € int(C), we argue in

the same way, noticing that H" \ C' is a cone. O]

We say that S is a conical hypersurface if it is both a cone and a hypersurface. Notice
that, in view of the aforementioned properties, if C' is a cone with boundary of class C*, then
OC is a conical hypersurface of class C*. The simplest instance of non-characteristic conical
hypersurfaces is given by vertical hyperplanes passing through the origin (cf. Definition 3.6.2).
Another simple instance is given by the horizontal plane H,. In this case we already know that
(Ho)o = {0}. Finally, if u is an homogeneous quadratic polynomial, then graph(u) is a conical
smooth hypersurface. Moreover, in this last case, Sy may be an infinite set. As an instance,

consider the graph associated to u(Z,y) = >7_; ;9. It is easy to see that
T,S =span{Xy,..., X, Y1+ 2047, ...,Y, + 22,7}
for any p = (&, y,u(z,y)) € graph(u). Therefore in this case
So = {(z,y,u(z,y)) € graph(u) : x; = ... =x, = 0}.
When a hypersurface is a cone, we can say more about the structure of .Sy.

Proposition 16.7.5. Let S be a conical hypersurface of class C*. Then Sy is a cone.

Proof. Let p € Sy and A > 0. We prove that ¢ := d\(p) € So. If p = 0 the thesis is
trivial. Assume that p # 0. We prove that H, = T,S. Since S is a cone, then ) : S —
S is a diffeomorphism, and consequently, recalling (20.2.3), ddy|, : HT,S — HT,S is an
isomorphism. we conclude that dim(H7,S) = dim(H7,S), which means that ¢ € Sp. O

Proposition 16.7.6. Let S be a conical hypersurface of class Ct. Then Sy C Hy. Moreover,
for any p € Sy there is a horizontal half line v : [0,400) — Sy such that v(0) = 0 and

(1) =p.
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Proof. Let p = (z,y,t) € Sp \ {0}, and set y(0) = 0 and (A) := d\(p). Then ~ is a smooth

curve with .

YA) = (7,5, 2M) = > 2, X; + >y, Y + 2AtT.
s =1
Moreover, thanks to Proposition 16.7.5, then v([0, +00)) C Sp. Finally, since y(1) = p, S is a
cone and p € Sp, then §(1) € 7,8 = H,,, and so t = 0. ]

The shape of conical hypersurfaces strongly depends on the size of the associated charac-
teristic set. Exploiting [140, Theorem 4.1], it is easy to see that vertical hyperplanes passing
through the origin are the only possible examples of non-characteristic conical hypersurfaces of
class C1. Instead, when Sy # 0, conical hypersurfaces of class C! are t-graphs (cf. [164, Lemma

4.4] for the same result in H').

Proposition 16.7.7. Let S be a conical hypersurface of class C*. If Sy # 0, then S = graph(u)
for some u € CH(R*").

Proof. Since Sy # (), then Proposition 16.7.5 implies that 0 € Sy. Therefore

0 0
H()—T()S—{al’l,...7ayn}.

Hence there exists r > 0 and a function @ € C*(B2"(0)) such that
50 By (0) = {(z,9,a(z,9)) : (z,§) € Bxr(0)}.
Notice that, being S a cone, then
(A7, A\y) = Nu(Z, )
for any (z,y) € B3"(0) and for any A > 0 such that (AZ, \y) € Bs,.(0). Let us define

uw:R™ R

o= (52 ()

Then u € CY(R?*") and u = @ on B,.(0). Moreover, G := {(z,y,u(z,y)) : (z,y) € R*}
is a conical C''-hypersurface. Let now p = (Z,%,t) € S. Then there exists A > 0 such that
dr(p) € By.(0) N S. Hence

by

N = G(AT, AG) = u(A\T, \j) = N2u(T, §),

which allows to conclude that ¢t = u(Z,y) and p € G. Therefore, being both S and G conical
Cl-hypersurfaces, we conclude that S = G. O]
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Moreover, when a conical hypersurface is of class C?, then it coincides with the ¢-graph of

a homogeneous quadratic polynomial.

Proposition 16.7.8. Let S be a conical hypersurfaces of class C%. Assume that Sy # (. Then

S = graph(u) for some homogeneous quadratic polynomial u.

Proof. We already know from Proposition 16.7.7 that S = graph(u), where u € C'(R*").
Moreover, since S is a hypersurface of class C?, then u € C*(R*"). Finally, since 0 € Sy, then
Du(0) = 0. Therefore

u(p) = Pa(p) + o(|p]?),

where P, is an homogeneous quadratic polynomial. We show that u = P». Let p € R?", and
let & > 0. Then it holds that

P [u(ap) — Pa(ap)| 20(e?[pl?)

- = —

|U(p) 2(p)| o2 |p’ a2|p|2

as @ — +00. The thesis then follows letting a — 4-00. O]

16.8 Perimeters in H"

Since the Heisenberg sub-Riemannian structure is closely related to its Riemannian one, it is
natural to wonder about the relations existing between the different notions of perimeter and
total variation that can be defined. Given an open set A C H" and f € L'(A), the e-variation
Var.(f;A) of f in A is defined, according to our general Definition 1.4.1, as the X-variation
of f with respect to the family of vector fields X = (Z;,..., Zan11). More precisely, we recall
that

Var.(f; A) = sup {/Afdivg(U) de: U € CYA; THY), |Ul.no < 1},

where C!(A; TH") is the space of C'' compactly supported vector fields in A,
|Ulc.00 = sup |U(p)-
peEA

and div. is the divergence associated to g¢., or equivalently the X-divergence as in Defini-
tion 1.1.2 associated to the family X. The space of L'(A) functions with bounded e-variation
is denoted by BV.(A). Accordingly, given £ C H" a measurable set and A C H" an open set,
the e-perimeter of F in A is given by

P.(E;A) = Var.(xg; A).

We point out that, in this particular setting, the e-divergence coincides with the standard
Euclidean divergence. Indeed, if U = Z?;‘J{l U;Z;, then

2n o n n 0
U= Uz—+ U1 + D yU; = > 2iUnij | o,
7j=1 azj 7=1 j=1 6t
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so that

diVE U= ZXJU] -+ Z EUTLJrj + ETUQnJrl
J=1 Jj=1

&l 8U a[]271-‘1-1

Z 023

" AU,

Z]at ]Za

2n 8U n
Z T (5U2n+1 + Zijj - Z%‘Unﬂ')

j=1 j=1

=div U,

whence we conclude that
divU = div,. U. (16.8.1)

Moreover, the Riemannian norm induced by g. turns to be equivalent to the Fuclidean one as
soon as we restrict to vertical cylinders with bounded base. More precisely, if Q2 C R?" is a
bounded open set, then a simple computation shows that there exist constants C'(€2,¢) > 0 and
¢ =c¢(,¢e) > 0 such that

Clv| < |vle < ¢y (16.8.2)

for any v € T,,(©2 x R). Indeed, we assume for clarity that n =1 and let v = Ula% + vga% +03%.
Recalling that (a + b)? < 2a? + 2b* for any a,b € R, we get

2 4 4 1 + max,_ g |2|?
02 <o + 05 + gvg + ;Qyzvf + gx%g <4 (1 + e || ) v|?,

e2

On the other hand,
[v? < vf 4+ v3 + 4203 + 4y*0? + 2(vs — Y1 + 2vp)? < max {1 + 4max |z|?, 252} [v]2.
2€Q

Notice that, in (16.8.2), ¢ can be chosen uniformly in € for || big enough, while C' can be chosen
uniformly in € for |¢| small enough. Accordingly, when we are in vertical cylinders as above,
the Riemannian perimeter and total variation are equivalent to their Euclidean counterparts.
Precisely, given an open set A C Q x R and a vector field U € CL(A; TH") with |Ul. o < 1, it
follows from (16.8.2) that |CU| < |U|. < 1 and

< lVar(f, A)

/A fdiv(U)dgc:(lj /A fAiv(CU)da <

for any f € L'(2 x R). Hence Var.(f,A) < %Var(f, A). Similarly, Var(f, A) < %Varg(f, A),
so that . )
—Var(f,A) < Var.(f,A) < gVar(f, A). (16.8.3)
c
Notice that (16.8.3) implies that BV.(A) coincide, for A C Q x R, with the space of functions
of Euclidean bounded variation BV (A). Moreover, the perimeters P and P. are absolutely

continuous with respect to each other. Hence, the Euclidean reduced and essential boundaries
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of a Caccioppoli set coincide with the ones induced by P.. Beside the Riemannian and the
Euclidean perimeters, we can of course introduce the horizontal perimeter with respect to
the family (Z1,..., Za,), again according to Definition 1.4.4. More precisely, given £ C H"
measurable and A C H" open, the horizontal perimeter of E in A is defined by

ﬁﬂEHM::wp{/deUdLlJECEULHLHﬂumél}, (16.8.4)
E

where C (A, H) is the space of C'!' compactly supported horizontal vector fields in A and divg
is the X-divergence as in Definition 1.1.2 associated to the family X = (Zi,..., Zs,). Notice
that, in view of (16.8.1), then

divU =div., U = divg U

for any € # 0 and any C'-vector field U. For further insights, we refer the interested reader
to [140], where the main properties of the horizontal perimeter in H" are discussed. Although
they differs from many viewpoints, we point out that both P. and Py behave like the Euclidean
perimeter P for vertical sets. More precisely, given a Caccioppoli set £ C R?* and an open
set A C H", arguing as in [76, (3.2)] and observing that the last component of the measure

theoretic Euclidean unit normal to E' X R is zero, then
P.(ExR;A) = Py(E xR;A) = P(E xR, A). (16.8.5)

By the above definitions, the following relations between horizontal and e-perimeter hold.

Proposition 16.8.1. Let A C H" be an open bounded set and F C H"™ be a Caccioppoli set.
Then
Pu(F,A) < P.(F,A) and lir% P.(F,A) = Py(F,A).
e—

Moreover, if (¢5); C (0,1) satisfies €; \y 0 as j — oo, and E and (E;); are measurable sets
such that xg, = Xg in Lj,.(A), then

Pu(E; A) < liminf P, (Ej; A). (16.8.6)

j—00
Moreover, the following compactness result holds.

Proposition 16.8.2. Let A C H" be an open and (Ey), be a sequence of finite H-perimeter
sets in A. Assume that there exists M > 0 such that sup,, Pu(Ey, A) < M. Then there exists a
finite H-perimeter set E in A such that xg, — xg in Li,.(A).

Proof. Let A’ € A open. Let By,..., By be a covering of A’ of Carnot-Carathéodory balls with
respect to the Carnot-Carathéodory distance induced by X = (Z1,..., Za,) such that

A C|JB;eA
j=1

Notice that xp, € BVu(B;) for any j = 1,...,k. Let us consider first By. In view of [138,
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Theorem 2.2.2], there exists v, € C*°(By) N BV(B;) such that

1

1
vk = xB |11 < z and

<=
k

Pa(Ey, By) — /B VEa | de
1

Therefore
HUkHLl(Bl) < |EkﬂB1|+1 and /B |VHUk‘dLL’<SUPPH<Ek,A)+1,
1 k

so that (vg)g is bounded in BVig(B;). Hence, [150] implies that there exists v € BVy(B;) such
that, up to a subsequence, v, — v in L'(B;). This fact trivially implies the existence of a set
E' C By such that, up to a subsequence, xg, — Xt in L'(By). The thesis then easily follows by

a diagonal process and the lower semicontinuity of the H-perimeter (cf Proposition 1.4.2). [

In the development of Part VI, we will be interested in explicit ways of computing the perime-
ter of subgraphs of t-graphs. Since a wide range of results in the sub-Riemannian framework
is available in [264], we mainly focus on some further properties of the Riemannian perimeter.
Given a bounded open set 2 C R?*” and a measurable function u : Q@ — [—00, +00|, we write
the subgraph of u as

E,={(zt) e QxR : t <u(z)}. (16.8.7)

A simple computation shows that, for v € W, (Q) and Q C Q open, the perimeter of E, in

Q) x R can be computed as

A (1, Q) :/Q\/52+|Du+]-'|2dz, (16.8.8)

where F : R* — R?" is defined as in (16.7.1). The L'-relaxation of A. for v € BV (Q) is

A (u, ) = inf {lilgn inf A (ug, Q) ¢ (ugp)r € WH(Q), up, — u in LI(Q)} :

We also define

Se(u, ) = sup {/Q(—udivg +(F,9) +€gont1)dz 1 g = (7, gont1) € Ccl(QaR%H)a 9] < 1}~

Lemma 16.8.3. Given a bounded open set 2 C R?", Q C Q open and u € LY(Q), then

P.(E,,Q x R) = A (u, Q) = S.(u, Q).

Proof. The proof follows exactly as the proof of [264, Theorem 3.2]. ]

Recall that for any u € BV, its distributional derivative Du can be decomposed as the sum
of the two mutually singular measures DuL?*" + (Du)s, where Du € L' and (Du); is singular

with respect to the Lebesgue measure £2".
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Lemma 16.8.4. Given a bounded open set Q C R?", Q C Q open and u € BV (), it holds
that

P.(Bu, X R) = (Du)y(Q) + [ /22 + [Du+ FP2dz.
o
Proof. Let us define L : C}(Q, R*"*!) — R by
L(g) = [ (~udivg+ (F.g) +Egamsn) dz.

where g = (g, gan+1). L is clearly linear. Moreover, since by Lemma 16.8.3 S.(u) < 400, then
L extends to a linear bounded functional on CY(A, R?*"*!). Therefore, by Riesz Theorem (cf.

e.g. [11, Theorem 1.54]) there exists a unique (2n+ 1)-valued finite Radon measure p such that
Lg)= [ g-dn and  S(u,A) = |pl(4)

for any g € C}(A,R?*"*1). By the uniqueness of such a measure it is easy to see that u =
(Du + FdL*, edL*"), and so

S.(u, A) = |(Du + FdL*™, edL?)|(A).

A trivial computation, together with Lemma 16.8.3, concludes the proof. O]
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Chapter 17

Variational properties of Riemannian

and sub-Riemannian hypersurfaces

17.1 Introduction

In this chapter we propose a detailed exposition of some results presented in [261, 152] con-
cerning the limiting behavior of Riemannian second variation formulas when the Riemannian
structures (H", g.) collapse to the sub-Riemannian Heisenberg group (H",(-,-)). In addition,
we exploit our computations to provide a direct proof of the so-called Jacobi equation for the
vertical component of the Riemannian unit normal v°, together with its corresponding sub-
Riemannian version, finally discussing the correlation between the two. Thanks to [216, 217],
it is possible to provide an explicit formula for the sub-Riemannian first and second variation

of the perimeter. More precisely, the following holds.

Theorem 17.1.1. Let S = OF be a smooth non-characteristic hypersurface, let A C H" be an
open set such that ANS # 0, and let & € C°(A). Then

d
GPeELA)| :/SHHgdPH(Ej.),
d?
WPH(E“A)L: :/S(Nﬂ’sgﬁ—g? (q— (HH)Q)) dPa(E,-),
where o
q= > Zp(v)Zi(v)) + 4 J ("), VHTdY)) + 4n(Td™)? (17.1.1)
h,k=1

and where by E; we mean a smooth variation along the vector field v (cf. Section 17.3).

A detailed and direct proof of Theorem 17.1.1 is provided in Section 17.3. Observe that ¢
does not depend on the chosen unitary extension of v*|g. Apart from the squared norm of the
horizontal second fundamental form, it is hard to give a sub-Riemannian interpretation to the
other terms that compose q. The classical Riemannian second variation formula for smooth
hypersurfaces involves, together with the squared mean curvature, also the Ricci curvature of

the Riemannian normal and the squared norm of the Riemannian second fundamental form.

255



Since the family of Riemannian structures (H",¢g.) approximate in a suitable sense the sub-
Riemannian manifold (H",(-,-) (cf. [77]), an idea could be to understand whether |h°| and
Ric.(v*) admit a limit as ¢ — 0. However, it is well known (cf. [77]) that both these terms
diverge. Quite surprisingly we show that, coupling |h°| and Ric.(v°), we retrieve in the limit

the term g. More precisely, the following result holds.

Theorem 17.1.2. Let S = OF be an orientable, embedded hypersurface of class C3. Then

2n+1 € 2
|h°|* + Ric.(v°) = > Z(v5) Zn(vi) + 4g- (J(v°), TV") + 4n(V2”€J2rl). (17.1.2)
hk=1
Moreover,
lim (IP*[* + Ric(v)) = ¢ (17.1.3)

locally uniformly in the non-characteristic part of S, where q is as in (17.1.1).

As a corollary of Theorem 17.1.2, we are able to provide an easy proof of the Riemannian
Jacobi equation (cf. [26, 27]). Roughly speaking, the latter provides an expression for the
Laplacian of the last component of the Riemannian normal in terms of mean curvature, Ricci
curvature and second fundamental form, and will be exploited thoroughly in Chapter 19. The

precise statement reads as follows.

Theorem 17.1.3 (Riemannian Jacobi equation). Let S C H" be an orientable, embedded
hypersurface of class C3. Then

A (5, 1) = g (VE’SHE,gT) — Vspi1 (Rics(us, Vo) + |h€|2) ,

where we recall that v5, | = g- (V°,€T).

Moreover, arguing in the very same way as in the proof of Theorem 17.1.3, the following

sub—Riemannian Jacobi equation holds.

Theorem 17.1.4 (sub-Riemannian Jacobi equation). Let S C H" be an orientable, embedded,

non-characteristic hypersurface of class C3. Then

2n
ARS(Td™) = TH-Td (VI H™, ™) —Td" ( > Zwfzwf + 6 (VE(Td") I (7)) + 4n(TdH)2) .

3,j=1

In particular,
ARS(Td™y = TH — Td™(VRH™ J®) — qTd™.

Finally, combining Theorem 17.1.2, Theorem 17.1.3 and Theorem 17.1.4, we recover ABSTH

as limit of a suitable normalization of A®%(v5, ;).

Theorem 17.1.5. Let S C H" be an orientable, embedded, non-characteristic hypersurface of
class C®. Then 5
g, 5
lim A (V341)
e—0 £

= ABS(Td").
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17.2 The Riemannian second variation formula

17.2.1 Ricci curvature

In order to prove (17.1.2), we begin by providing an explicit expression for the Ricci curvature
(16.3.9).

Proposition 17.2.1. Let A = 33" A;Z; for some Ay, ..., Agnpy € C?(H"). Then

] 2 2n 4+ 2
Ric.(A) = —ggs (A, A) + TAgnH

Proof. Let A be as in the statement. Recalling that
R.(A,B,C,D)=—R.(B,A,C,D)

for any B,C, D € TH", then

2n+1

RICE(A) = Z RE(A, Zj,A, Z])

2n+1

—- — Z R&*(Zj,A’A7 Z])
=1

2n—+1

== 9. (VaVy, A - V5 Vad + Viy 44, Z))
2n+1
=3 0:(V5,VaA - VAV A+ Vi, 1 A, 7))
j=1
Computation of R.(A, X;, A, X;). Let us fix j = 1,...,n. Then, recalling (16.3.2), (16.3.3)
and (16.3.7),
g: (V5,V3A, X;) = X;9. (VA X)) — g. (V4A, V5 X))

2n+1
= Xj ( Z Akgg (V‘EZkAhZh,X]))

h,k=1

2n+1 2n+1

X; (Z Are (Z1(An) Zn, Xj) + > ApAkge (VEZ,CZMX]'))
hk=1 hk=1

2n+

2n+1 2n+1
X, )

1
ApZy(A) + Y AnjArge (Vszky},Xj) + Y A Arg (ng,fﬂ Xj)
k=1 k=1 h=1

2n—|—l

2
X\ D AnZi(4y) — eAn+jA2n+1> :
k=1

2n+1
Xg ( Aka + 2An+jA2TL+1g€ (VZTY}7 XJ)>
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Moreover,
—g: (VAV, A X)) = —Age (Vi A, X)) + g: (Vi A, VA X))

2n+1 2n+1
:—A(Z Ge (VX Aka,X>> + Z Ak;gg (vx AhZha X)

k=1 hok=1
2n+1 2n+1
= —AXGA) + D AeXi(An)ge (Zhyvsszj) + > ApAnge (Vf’;(th; %ka>
h,k=1 h,k=1
2n+1 2n+1
= —ACGA) + D A Xi(Age (20, V5, X5) + D2 Aonan X5 (AR)g: (Zn, Vip X;)
h=1 h=1
2n+1 2n+1
+ Z An-f—]Ahga (VX Zhvva ) + Z AQn-l—lAhg& <VX ZhaveTX>
2n+1 2n+1
= —AXGA) + 20 Ani X5 (An)ge (Zn, T) + = > Asnsa X (An)g (Z0, V)
h=1 h=1
2n+1 2n+1
+ Z An-l—jAhga (vi(tha ) Z AQn—l—lAhga (VX Zha j)
h=1 h 1

1
= —A(X;4;) + gAijj(Aan) + 5A2n+1Xj(An+j) A121+] + A2n+1

Finally, observing that

2n+1 2n+1 2n+1
(A, X5 = D AL X — X52y) — D Xj(AR) Z = 24,57 — ) X;(Ay) Zy,
k=1 k=1 k=1
we see that
2 2n+1
9 (Viaxg A X5) = ZAuiige (Vir A X5) = 3 X(Aw)ge (VZ,4.X;)
k=1
2 2n+1 2n+1
=3 Anii9e (Vi ArZi, Xp) — 3 X(Ak)g- (V5 AnZn, X;)
€ k=1 k=1
2 2n+1
= 24,4, T(4;) + - 8 Y AnyiArge (VirZi, X5)
k=1
2n+1 2n+1
_ Z X Ak Zk Z X Ak)Ahgg (VZ Zh, )
k=1 h,k=1
2n+1
=2A,;T(4;) - *Aiﬂ > X;(Ar)ZK(Ay)
k=1
2n+1 2n+1
— Z X;(Ansj)Ange (Vy Zn, X, ) > Xij(Asni1)Ange (VipZn, X;)
h=1
2n+1

— 24, T(A;) — fA?W Y X(A)Zk(A))
k=1
- Xj(An+j)A2n+lgs (V%ﬁT, Xj) - Xj(A2n+1)An+jgs (VZTYJ'7 Xj)

2 2n+1 1 1
= 24,1, T(Aj) — AL — Z X;(Ap)Zk(A)) + ng(An+j)A2n+1 + ng(A2n+1)An+j‘
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Computation of R.(A,Y;, A Y)). Let us fix j = 1,...,n. Arguing as above,
g: (V5,V5AY;) = Vg (V4A,Y))

2n+1
=Y ( > Awg. (VEZkAthYj))
hok=1

2n+1 2n+1
Y; (Z ApZi(An)ge (Z1,Y5) + > AcAnge (Vz Zps j>>

hk=1 h,k=1
2n+1 2n+1 2n+1
= Y; Z Aka n+J + Z Ak j9e (Vzk Js J) + Z AkA2n+1gs (Vzk5T7Yj>>
1 k=1

Y;

(>
5

Z A Zi(Angj) + 2A A2n+1>
Moreover,
g (Va5 AY;) = —Ag. (V5 A,Y)) +g€ (V5,4,v5Y)

- (Qnilgs (5, 4x 2, J)) " Z Axge (V5,4 Zn, V5,Y;)

h,k=1

A(YAn+J + Z Ak Ah)ga (Zh, Zk ]) + Z AkAhgg (VY Zh, ZkY;>

hyk=1 h,k=1
2n 2n
—A(YjAnsg) + 30 AYi(A)ge (20, V,Y5) + D Aona Yi(An)ge (Zn, VirY))
h=1 h=1
2n
+ > AjAng. (Vy Zn, V.Y, ) + Z Aony1Ange (VY Zh, vz—:TY>
h=1
1

—A(Y;Anyj) — gAij(Aan) - gAszrle(A ) — *AQ + A2n+1

Finally, since
2n+1 2n+1 2n+1

[AYj] = > AZY; = YZ,) = > Yi(A)Ze = 224, — 3 Yi(Ar) 2,
k=1 k=1 k=1
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then

2n+1
0. (Viay 4.Y;) = 2 Ay, (Vi ALY) = S ¥i(A0)g. (V5,4,7))
2 2n+1 2n+1 =
= ; Aige (VopAnZy,Y;) — h;IY}(Ak)gE (V5 AnZn, Y;)
2 2n+1 2n+1
= 24, T(Anyj) — ;214? - ’; Yi(Ak) Zi(Ants) — th_IYj(Ak)Ahga (V%2 Y5)
o o o
= 24T (Anyy) = A7 = X2 Yi(Ak) Ze(Ansy)
2n+1 = 2n+1

— 3 Yi(A)Auge (V5,20 Y5) = Y Yi(Asnin) Ange (VipZn, Y5)
h=1 h=1

2 2n+1 1 1
= 2A;T(Anyj) — ;QA? — > V(AW Zk(Anyy) — ng(Aj)Aznﬂ - ng(Aan)Af
k=1

Computation of R.(A,T, A, eT). First,
ge (Ver V4 A eT) = eTg. (V5 A, eT)

2n+1
=T Z Akgs (VEZkAhZh, éTT))
h,k=1

2n+1 2n+1
=T Z Aka<A2n+1) + Z AkAhge (VEZkZh,&TT))

k=1 h,k=1
2n+1 n n

=T Z Aka<A2n+1> + Z AjAn+jg€ (V‘E(J}/J, €T) + Z An+jAjgs (V%XJ, €T))
k=1 J=1 j=1

2n+1
=T < Z Aka(A2n+1)> .

k=1

Then,
—9e (Vi\ ETA’ 5T) - _Age ( ZTAa ET) + ge ( ZTAﬂ VZET)

2n+1 2n+1

=—A ( Z Je (VETAka,€T)> + Z Akgg (vaAhZha VEZkgT>

k=1 hk=1
2n+1 2n+1

= —A(eTAgnin) + Y AeT(An)ge (Z0, V5,eT) + > AvAng: (VipZi, V5,eT)

k=1 k=1

= —A(eT Agns1) + Y AngseT(A))ge (X, VieT) + > AT (Anr)ge (Y5, V,eT)

j=1 j=1
2n
+ 3 ARge (VirZi, V5,eT)
k=1
= —A<8TA2n+1) - Z An+jT(Aj) + Z AjT(A,H_j) +

Jj=1 Jj=1 Jj=1 Jj=1
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Finally,

2n+1
9: (ViaonA eT) = — " eT(Ap)ge (V5 AnZn. <T)
h k=1
2n+1 2n+1
= — > eT(Ar)Zi(Asng1) — D eT(Ar)Ang: (VaszhﬁT)
k=1 hk=1
2n+1 n
=— 3 eT(A) Zi(Aznt1) Z Ansjge (VY €T) = Z Anij)Ajge (V5,X;,€T)
k=1 = =
2n+41 n
= - Z eT Ak Zk: A2n+1 Z n+g ZT n+]
k=1 =

Computation of Ric.(A). In view of the previous computations, we infer that

2n+1 2n+1 9 n
RICE(A) = z Zh(Aka(Ah)) — A(diVa z Zh Ak Zk Ah 7 Z A2 —I— An+]
hk=1 hk=1 & =1
2 . 2 .
+ - le]H[<A2n+1 J(A)) — ggH(J(A), VHA2n+1) — EAQTH‘l leH(J(A))
2n
+ 2 A — 205 (4), T(A))
2n+1 2 n 2
= > AZpZp(Ay) — A(div.(A 72 (A3 4+ AZ,) + AQn+1 2gm(J(A), T(A))
h,k=1 j=1
2n+1 n
Z AkaZh(Ah —2 Z An+]T Z n—i—j A(leE(A>>
h,k=1 ]71 j=1
9 n
] D (AT + AL 12 A2n+1 2gu(J(A), T(A))
j=1
2 2n + 2

=59 (A, A) + TA%nH-

17.2.2 Norm of the second fundamental form

To conclude the proof of (17.1.2), we are left to give an explicit expression for the squared norm

of the Riemannian second fundamental form.

Proposition 17.2.2. The following holds.

hz—: 2 __ ! VA N7 € 4 J €Y Tpe m — 9 (V§n+l)2 3
W= Zi(vip) Zu(v) + 4g: (J(v°), TVF) + (2n — 2) 2 T3
h,k=1

Proof. Let us fix p € S. Since S\ Sy is dense in S (cf. [25]), by continuity it suffices to
assume that p € S\ Sp. First we need to choose an orthonormal basis of 7,S. To this aim,

we proceed as follows. It is well known (cf. [87]) that there exist an horizontal orthonormal

261



system eq,...,€n_1,€nt1,--.,C2,—1 in 1,5 such that
entj = J(€5)
for any j =1,...,n — 1. Observing that
9: (J(7), J (7)) = 1 = (V3n4)”,

we complete this orthonormal system to an orthonormal basis of 7,5 by letting

1 151
e, = —J(l/€> and €on = —%Vﬁ + mET,

€ 2 € 2
1= (V541) 1= (V5n41)
[ & 1>
where vg = v — 15, 1€T. Moreover, we let

2n+1

i
e; = Z WA
k=1

for any 1 = 1,...,2n. Clearly

2n+1 ) 2n+1
> ajr;=0  and > ajag =6y (17.2.1)
k=1 k=1
for any 7,5 = 1,...,2n. Moreover,
2n 2n
Z 042042 = Z ge <€i7 Zk) Ge (61', Zh)
i=1 i=1
2n
9e (Zk, > 9 (Zn,e:) ei) (17.2.2)
i=1

= Je (Zk’a Zh — e (Ziu VE) Va)

g€

for any h,k =1,...,2n — 1. Finally, notice that

by =0 (17.2.3)
forany ¢t =1,...,2n — 1. We claim that
€ 5 g i ] 15 V§n+1 Oéén—‘rl 5 aén—&-l 5
0. (Vi) = = 30 ool Zuvi+ g, (e, J ()42 g (0, I (e)+ 725, (17, J e,))
k=1
(17.2.4)
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for any 7,7 = 1,...,2n. Indeed, in view of Proposition 16.3.1 and (17.2.1), it holds that

2n+1 ) )
€ e\ _ i e €
e (Veiej,u ) = > ajg. (Vzkothh,y )
k=1
2n+1 2n+1
_ i I\, £ i € €
=Y o Zi(ag)vy + Y apang: (VZkZh,V)
h,k=1 h,k=1
2n+1 ) 2n+1 n 2n+1
_ i J.E i J 15 i J € 15
= Z . Z (o) — Z oo, Ze(vy) + Z Z QR Ye (VXkZh,V)
k=1 k=1 k=1 h=1
n 2n+1 2n+1
i J € € 7 J € €
+ Z Z an+kahgs (VYkZh7 v ) + Z a2n+1ahg€ (VETZhu v )
k=1 h=1 h=1
2n+1 n
. i i 7 e 5
== > g Z(;) + Z G, 1.9e (VXkka ) + ) Oy 0e (ka5T7 v )
h,k=1 k=1

n
i 7 € € 7 J € €
T Z Atk ¥ e (vaXk’ v ) + Z Xk Yon419e (VykeT, v )
k=1 k=1
n n
¢ J € € i J e £
+ 3 1 0.9- (VipXe, v°) + > o, 10 1 9e (VipYi, v°)
k=1 k=1
2n+1

£ n
S a v . .
o i ] e 2n+1 2n+1 2n+1 7 J
=— Y a0, Zi(v;) — - Z akan—f—kz + . Z Ve p + - > Ao
hok=1 k=1 =1 =1

J n
Qo1 i g 042n+1
T Z A Z ak bk - Z O‘n+kz’/k
k=1 k=1

for any 7,5 = 1,...,2n, from which (17.2.4) follows. In view of the choice of ey, . .., e, we have
that

2n+1 l/a
5 e\ __ i n+i 15 2n+1
Ge (Veienﬂ‘a v ) = - E apan ™ Zy(vy) — -
h,k=1

and
2n+1

£
v
5 n+i 1 2n+1
e (Venﬂez, ) - Y oo Zy(vy) + =
k=1 €

forany ¢ = 1,...,2n — 1. Moreover, notice that

2n+1 15 2n

V. mn Of n
9 (Vi ean v%) = = 0 afail Zu(vp) + =g (en, J(e2n)) + —5ge (07, J (en)
h,k=1

2n+1

= 3 oo Z400h) = S, (J0),(J07) + 0 (07 TI0)

2n+1

(V§n+1)2 1 2
:—hkzlozka " Z(vy) ?—g(l—(ygnﬂ) >
2n+1

1
== Y apai*Zy(vy) — =,
k=1 €
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and

2n+1 2n

mn a n
9e (V;nemye) - Z O‘in Zk Vh + e +1gs (e2m J(en)) + %ge (Vea J(en>>
hk=1
(iper)? 1
== Y o aq Zu(wp) + =~ (1= ()
h,k=1
2n+1 1 2( 1€ 2
hk=1 € €
Finally,
2n+1
Je (V;ej,l/e) Z 04204 Zi(vy)
k=1

for any 4,5 = 1,...,2n such that |i — j| # n. Let us define

v5 v5 1 2(v5,.,)°
2n+1 2n+1 2n+1
bi,n—i—i = T bn,?n = T, bn+i,i . and an,n =+ —
€ € € € €
foranyi=1,...,n—1,and b;; =0 for any ¢,j = 1,...,2n with |i — j| # n. Moreover, set
2n+1
7
Gij = Z Q0 Zk V)
h,k=1
for any 7,57 = 1,...,2n. Then we have that
2n 2
e12 __ € €
‘h‘p| - Z gE (veiejuy)
ij=1
2n
&€ 3 € 1>
- Z gt’:‘ (vei6j7y )gé (vejei7V )
ij=1
2n
= > (—aiy +big)(—a; +bs)
ij=1
2n 2n 2n 2n
= > Qi — D aigbii— Y azbig+ D bisby
,j=1 t,j=1 t,j=1 t,j=1
2n n
= Z Qi Q3.4 —2 Z ai,n—i—ibn—H i -2 Z an—i—z 1Yi,n+1 +2 Z bz ,n+i n—l—z i
ij=1 i=1 i=1
—_——
A B c

First, by (16.4.1) and (17.2.2),

2n 2n+1 o
A= D aana0] Zi(vi) Zi(v;,)

i,j=1 hk,l;m=1

2n+1
= Y (Okm — Vi) On — i) Zi(vi) Zi(vy,)
bk lm=1
2n+1
= > Zi(vy) Zn(vy).
hh=1
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Moreover,

g2 e\e 5 g2 g2’
Finally,
21/ 2 2 4(uv§ 2
= (Z Antii — Z a; n—i—z) + —Q2p,n + ( (2Z+I)> Qn 2n-
=1
1 i1
Notice that, in view of (16.4.1), (16.4.2) and (16.4.3),
2 2n+1 ) 4 VE 2 2n+1
> Qi Zi(vy) + < - Ae)” ) > arai Zi(vy)
Ehk 1 € hk=1
n TL n 2
- Z > aptap Xi(v) + = Z Zan+kahyk vp) + - Z o1 Zont1 (1)
5k 1h=1 € =1 h=1
2 4 I/ N 2n+1 2n
+<_ ( 2n+1 ) Z Zazainzh Vk
€ k=1 h=1

n TL 4 n
v 4v5
2n . n 2n+1 2n . n 2n+1 _2n
- E Y aitag Zn(vy) E :04 T E : E:amkah (Vhir) + —5 oy pap
8k h 1 e? € k=1h=1 €

2 4 y2n+1 planl n_2n
+ = Za2n+1ahZh Voni1) + | = — >0 anail Zu(vy)

< k=1 h=1
4(1 — 2n+1 2n 4
— ( V2n+1 Z Zazaznzh Vk 2n+1g6 (627“(](6”))
€ k=1 h=1
v, 4(1 — (v5, 4(v5,.1)>
—2ntl Z J thZh Vk) + ( 2 +1 Z J hZh l/2n+1) -+ <272+1)
hok=1 €
(V5,.1)? n 4(1 — (vs 4(v5 2
2n+1 ZJ hZh V2n+1)+ ( 2n+1 Z‘] hZh V2n+1)+(2;2—’—1)
4 2
= 4g. (J(v°), Tv®) + (V?;l) .
Moreover,
2y2 1 2n
“72n+1 Z Z O‘Z+ZO¢ZZIC Vh Z an+z th Vk)
i=1 \hk=1 hok=1
4(VETL )2 iy “ n+t 1 = n-r1
= % >l - Z aptlag, .+ antiog
i=1 k=1
4 € 2n 1
V2n+1 Z Ge 6n+z7 €; )
€ 2
Putting all the pieces together, the thesis follows. O

In view of Proposition 17.2.1 and Proposition 17.2.2, we are ready to prove Theorem 17.1.2.
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Proof of Theorem 17.1.2. First, (17.1.2) follows combining Proposition 17.2.1 and Proposi-
tion 17.2.2. To conclude the proof, it suffices to observe that
Vi eTd™

Ve = + eT.
J1+e(TdE2 /1 + eX(Tdh)?

Therefore, noticing that

H 1; Vi1 — Tt

limvs =v, and im
e—0 J J e=0 ¢
locally uniformly for any j = 1,...,2n, and moreover
lim Z,15 = Z;p™ and lim Z v = lim Z,v5 =0
e—0 v ' e—0 In+1% e—0 kZ2n+1

locally uniformly for any ¢,j = 1,...,2n and k = 1,...,2n + 1, (17.1.3) follows in view of
(17.1.2). m

17.3 The sub-Riemannian second variation formula

The aim of this section is to propose a proof of Theorem 17.1.1 which is tailored to the Heisen-
berg group. From now on we fix a non-characteristic hypersurface S = 9F of class C3. Our
approach follows essentially the Euclidean one of [163, Chapter 10]. In order to derive first and
second variation formulas for the sub-Riemannian perimeter of E, we begin with the following

sub-Riemannian change of variables formula.

Proposition 17.3.1 (Change of H-perimeter formula for sets of Euclidean finite perimeter). Let
Q) C H" be an open set, let E be an Euclidean Caccioppoli set in Q and let F : R*"+1 — R2n+!
be a diffeomorphism. Suppose that A € ) is an open set. Then

Pa(F(E), F(A)) = /A \H - N|dP(E, "), (17.3.1)
where H is the 2n x (2n + 1) matriz defined by
H(p) == |detDF(p)|C(F(p))(DF(p)~")"

for any p € H"™.

Proof. Let ¢ := F~' g € CH{F(A);R?), g, := go ¢ and first assume that f € C'(Q). Let
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fv:= fo¢. Then

Lol VELY AL = [ ((g06)(p).Clp) - DS 0 ) (p) AL (p)
= /]R ((g(6(p)), C(F(6(p))) - DS(F(d(p)))" - Df((p))" dL2 (p)
= [, {9(0).CF(p)) - DO(F(p))" - Df(p)") det DF (p) dL*"* (p)

= [ (g0). H(p) - DF(p)") dL**' (p).

(17.3.2)
We know (cf. [138, 150]) that there exists a sequence (f;); C C*(Q2) such that
fi = xgin L'(A)  and fj. — xr@) in L'(AL) (17.3.3)
as j — oo. From (17.3.2) with f = f;, it follows that

By (17.3.3), we can pass to the limit in the previous identity as j — oo and get

: 2n+1 : T 2n+1
/R%+1 divy g« Xp(p) dL Tl = /R%+1 div(H" - g)xgdL> .

From the previous identity we get that

Losloe i) dPa(F(E), ) = [ (HT g, Ne)awrs dP(E,) = [ (g, H - Nu) dP(E, ).
(17.3.4)

Arguing verbatim as in the proof of [163, Lemma 10.1], (17.3.1) follows. O

Let (F})ic0,1) be a one-parameter family of diffeomorphisms of R?"*! such that Fj is the
identity map. Set ¢, := F, '. Suppose also that there exists a fixed compact set K C R*"+!
such that F} is the identity map outside K for each ¢t € [0,1]. If K C A, with A bounded open
set, then Fi(A) = A. Denote by H;(p) = H(t,p) the 2n x (2n + 1)- matrix defined by

Hy(p) := det(DF,)(p) C(Fi(p)) (DF, " (p))"

for any (¢,p) € [0,1] x R**! and let

. d . d?
Hy(p) == %Ht(p) . and Hy(p) == EH -

for any p € R?" 1,

Theorem 17.3.2. Let us set By := Fy(E) for any t € [0,1] and let A C R*"™! be an open set.
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Assume that OEN A # 0. Then

d .
Y p(E. A :/ I, Np, 8 qH2 17.3.5
di H( t )t:O A06E< 0iVE, V > H ( )
and
© B ) :/ (HoNp, ¥ + o = (ol ) dH>.  (17.3.6)
dt? g M ANOE 0 |INE| ' o

Proof. First notice that, by (17.3.2),
Pu(E,, A) = / \Ht-NE\d|8E\:/ |Ht~NE]d7-l2":/ D(t,p)dH>(p) (17.3.7)
A ANOFE ANOFE

for any ¢ € [0, 1], where
D(t,p) := |Hi(p) - Ni(p)|

for any p € OF N A and any t € [0,1]. Without loss of generality, we can assume that there
exist €9 > 0 and &g > 0 such that

D(t,p) = o for each (t,p) € [0,0] x (K NOE). (17.3.8)
Otherwise, by contradiction, there exist two sequences (), C [0,1] and (pp), C K N OE with

0< t, < for each h.

SRS

and D(ty, pp) <

SRS

Up to a subsequnce, there exists pg € K N OFE such that p, — py as h — oo. By the continuity
of D, it follows that

|C(po) - Ne(po)| = D(0,p0) = hh_{{)lo D(tn,pn) = 0.

Thus pg would be a characteristic point of A N OF, a contradiction with our assumptions. By
(17.3.8), the function

[0,00] 2t — D(t,p) := |H(t,p)Ng(p)| is regular, for each p € ANIE, (17.3.9)
and
a (£ H(p)Ne(p), Hi(p)Ne(p))r>r (4 Hy(p)Ne(p), Hi(p)NE(p))sen
o7 = ) N o) N0 D(t.p) (17310

for each (¢,p) € [0, 0] x (ANOE), and

0

7D(t7p)

d
BT —Hy(p)

o < oo for each (t,p) € [0,1] x (ANOE). (17.3.11)

< sup
(t.p)€[0,1]x K
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From (17.3.10) and (17.3.11), since H*"(ANOFE) < oo, we can apply the derivation under the
integral sign in (17.3.7) and we get that

(£ H,(p)NE(p), Hi(p) Np(p))ren

dH*"
n0E |\ [(H,(p)NE(p), Hy(p) Ni(p))zen v

d o a 2n _
%PH(E“A) N /AmaE GtD(t’p) dH™(p) = /A

(17.3.12)

for each t € [0,dp]. Choosing t = 0 in (17.3.12) we get (17.3.5). By (17.3.8) and (17.3.9), we

can perform the second derivative of D with respect to t and we get

) 2
" i (& H,Np, H.Np) + |4 HNg|?) \/(HNg, HNg) (& H:Np, HiNg))

D) yP) = N

o (H:Np, HNp) ((H:Ng, H:Ng))*"*

for each (¢,p) € [0,d0] x (AN OFE) Arguing as above, we can apply again the derivation under
the integral sign in (17.3.12) and get that

d? 0? 5 5
= —- n n 17.3.13
o PalE, A) /A oD (tp) A (p) dH (). ( )
Choosing t = 0 in (17.3.13) we get (17.3.6). O

In the following we wish to apply Theorem 17.3.2 specializing the family (F});. More pre-
cisely, we fix an open set A C R?*"*! such that 9ENA # 0. If A is sufficiently small, we already
know that we can extend v to the whole A by letting v = V#d™. Since we want to perform

normal variations, we fix a test function £ € C°(A) and we define

Fy(p) = p - exp &,(E0")

for any p € H". Notice that, if ¢ is small enough, F; is a diffeomorphism and F; = I outside
supp(§). Before going on, let us fix some notation. Being E fixed, we let N = Ng and
NH = NE. Moreover, we let g = £/ and we define the horizontal Jacobian matrix Vg of ¢
by letting

(V%9)ij = Z;g'

for any 7,7 = 1,...,2n. In particular, observe that
ng — I/H ® ng + gvHVH

The first step to apply Theorem 17.3.2 is to compute Hy and Hy. Let us tart by computing
explicitly H;.

Lemma 17.3.3. It holds that
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and

Hy=2PM" — 4AMT — 2(divy g) P + 4(divy g)A + (dive g)*C — 7(M?)C,
where, for any p € A, M(p) is the (2n + 1) x (2n + 1) matriz defined by

9gi
M, ; =
foranyi=1,....2n and any j=1,...,2n+1, and
n 8gk n 8gn+k
Mopi1; = J(g); + Zyki — Zl‘k
! TE T 0y o 0%
forany j=1,...

,2n 41, A(p) is the (2n) x (2n + 1) matriz defined by

ALJZO
foranyi,j=1,...,2n and

Ai,2n+1 = —J(g)i

foranyi=1,...,2n, and P(p) is the (2n) x (2n + 1) matriz defined by

foranyi,j=1,...,2n, and

2n n
Pioni1 =Y uZig"t = anZig"t"
=1 k=1

foranyi=1,...,2n.

Proof. Notice that

Fi(p)

(ml—i—sgl,...,xn+sg",...,y1—l—sg”“,.

e Yn 8PS kgt — s xw”*’“)
k=1 k=1

First, by a direct computation,
DFy(p) = Iznt1 + sM(p)
for any p € A. Therefore it is easy to check that
DF; ! (p) = Iyns1 — sM(p) + s*M(p)* + o(s*)

as s — 0 and for any p € A. Moreover, by definition of F and A,

C(Fs(p)) = C(p) + sA(p).
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Finally, we know by standard linear algebra arguments that

52

det(DF(p)) = det(Izp41 + sM(p)) = 14 sT(M(p)) + E(T(M(p))2 —7(M(p)*)) + o(s*)

as s — 0 and for any p € A. Therefore,

2

1+ s7( (T(M)2 —7(M?)) 4+ 0o(s?) | (C + sA)(Ioppr — sM + s*M? + o(s?))"

<1 + s7( (T(M)2 —7(M?*) + 0(52)> (C—sCMT + s*C(M™T)? + o(s?))
_|_

(1 + s7( (T(M)2 —7(M?)) + 0(32)> (sA — s2AM™T + o(s%))

CMT+T( )C+ A)

S

+ (2C(MT)2 —27(M)CM™ + 7(M)*C — 7(M*)C2AM" + 27(M)A) + o(s?)

(\]

as s — 0 and for any p € A. Notice that

dg’ gﬂ - 9’ ¢ -
_CMTZZ_ ij d _CMTnz_i Z; _}/ij
( ) »J axz at g an ( ) +1,7 8 +x 8t g
foranyi=1,...,nand any j = 1,...,2n. Moreover,
n n+k n n n—i—k
_<CMT)i,2n+1 = Z + Z k —Yi Z yk 81& + Yi Z xk
= Li k=1
- Z e Xig" + Z 2, Xig" "
k=1 k=1
for any ¢« = 1,...,n. Reasoning similarly in the remaining case, we conclude that
—CM" = —-P+ A
Hence, we have that
Hy=71(M)C— P +2A
and
Hy = 2PM" — 4AMT — 27(M)P + 7(M)*C — 7(M?)C + 47(M)A
O]
Lemma 17.3.4. It holds that
(HyN, /™) = |[NH|¢H (17.3.14)
and
|HoN|*

= IV (52 (H")" + V5S¢ + 4eTd" g (V€, T0M)) + 452<TdH>2) (17.3.15)
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Proof. We claim that
HoN = EHUN® + gy (VHE, %) N¥ — |NH|VE¢ — 2¢| N¥|Td" T (M),
Notice that, in view of Lemma 17.3.3,
HoN = (divg g)N® 4+ 2AN — PN.

First, notice that
divag = EH + g (Ve 7).
Moreover,
2AN = —2Nap41J(g) = =26 Ngn 1 J (V7).

Finally,

(PN); Z Zg Ny + Z Zgn+an+k + Nopg1 Z ykZzg — Nopy1 Z VA 9n+k Z ngNk;
k=1 k=1 k=1 k=1 k=1

for any ¢ = 1,...,2n, which implies, recalling (16.6.3), that
PN = (Vig)" N = (V¢ @ V") NH 4 ¢(VE/NTNH = |NH|VHE

Putting all the pieces together, and thanks to (16.6.8), the claim follows. Notice that (17.3.14)
trivially follows. Moreover, recalling (16.6.9),

|HoN >
| VE|

= & (H¥)" [N¥| + (gu (9%, v%)) [N + [N+ 463(Td™)2 | N¥|
—2(gi (V76,v%))” IN¥| 4 46T g V7€, (7)) |NF|
— [NH] (€ (HP) 4 [R5 4 4¢Td g (V¢ T () + 43T "))

Lemma 17.3.5. It holds that
(HoN, v™) = IN)(€2 (H")" - @7((V*H)?) — 289 (J(™), To™) — 42(Td")?).

Proof. First, notice that

a a J 2n .
(PM™);; Z Zg - ZykZzg = - Z . Zig" - =" 72,95 7,4
a ot ot A

k=1
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for any 7,5 = 1,...,2n. Moreover,

+h a h
(PM"); 9041 = ZZzg J(g k+ZthZg T—ZZ hZzg a + Z YkynZig"* o
k=1h=1 k=1h=1 hk=1
8g”+h ag agn+h
k n+k n+k
- Z YrTnZig - Z TkYnZig + Z TRThZig
hok=1 ot hok=1 ot hk=1 ot
2n n 2n n
= Z Zig" Tk + D3 nZig" Zg" = > anZig* Zy.g™ "
k=1h=1 k=1h=1
for any ¢ = 1,...,2n. Therefore,
2n n 2n n
(PMTN); = Z Zig" Zkg" Nu 4 Nonir D > ynZig* Zig" — Nona D > wnZig" Zrg"™"
hok=1 k=1 h=1 k=1h=1
2n
+ Nopy1 Z Zig" J(9)x
k=1

2n 2n
= > Zid"Zyg" Ny + INY|Td™ > Zig* T (g)s.-

h,k=1 k=1
Hence, thanks to (16.6.3), we have that
PMTN = (V)T (V)" N® + [N¥|Td™(V¥g)"J (9)
= [NF|((VF¢ @ v™ + ¢(VI)T)(VEE @ vf 4 g(VHH) M)
+ T (Ve @ v+ E(VI)I0M)
= INFI((VH¢ @ 1v* + 6(VE)T) VR + ETd (VR T (7))
= [N¥| (g (V56,v%) V56 + €V TV + €T (VAT (0F) ).
Therefore, recalling (16.6.7), we conclude that
(PMIN,v%) = [NF| (g1 (V76,0%))* + €0V (VE05) ) + €T (T (07), (V907) o))
= [N"| (g (V€. v™))? — 26Td™(VPe, J(M)) — 26%(Td™)?)
= [N¥| ((gu (V7¢,07))? = TP (VHE2, J (7)) — 26(Td™)?)

Again, since

we see that

(AMTN, M) = NTM AT = 0.

Moreover, arguing as in the proof of Lemma 17.3.4,

divi (PN, ") = |N¥| (¢ gy (V%) + (g (VHe,07))2).
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Arguing as above, we see that
(AN, V™) = 0.

Moreover,
(diverg)*(CN, V%) = [N¥| (&2 (H")" + 26H" g (V7€,0™) + (gus (V7 uH)>2) :

Finally, notice that

2n 2n
T(M?) = > MupMip +2> My Monsin + M22n+1,2n+1

hk=1 h=1
2n h 2n n k h n n+k h
g™ dog* h dg" dg g™ 0g
- 2 27 42N J()nTg" + 2 A A T Z7
a2 D2 0 Z (9T hgly’“a ot h,;l o, Ot
n agn—i-k agn—‘rh n agk 8gn+h
-2 Y7
h%zl Oy h;I Oy, Ot
agn+k agn—i-h n 8 n+k ag n agkz ag
+ Z L v T D D e D DR [ v

k=1 k=1

= ((V 9)%) + 291 (J(9), Tg)

= 7((M @ Vg + VI (o @ VHEE + eV + 2820y (J(M), TVH)
= 7((v* @ VHEO)?) + 267((VH @ VHO VL) + 27 ((VHELT)?) 4 229y (J(VH>,TI/H)
= (g1 (V¢ 0M))? — 4¢Td" g (VHe, J(0F)) + E7((VEVF)?) + 28%0s

= (g (V€. V7))? — 2Td" gy (V2 T (1)) + €27 ((VHVF)?)

Putting all the pieces together, we conclude that

(HoN®, vH) = [N®|(2(gn (VHE,01))? — 20d™(VHE?, T (M) — 462(Td™)?
— 26 H iz (VHE,07) — 2(gw (V¢ 7))
+ & (BY) + 26H g (V76,0™) + (gu (V76,07 — (g (V7,17))?
+2Td% gy (VHE2, J(M)) = E7((VHH)?) — 262 (J(VF), M) )
= [N¥(& (H") = &7((V"0™)?) — 2695 (JM), TVY) — 48(Td")?).
]

Proof of Theorem 17.1.1. We are going to exploit Theorem 17.3.2. To this aim, in view of
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Lemma 17.3.4 and Lemma 17.3.5, we have that
|HoN|? — (HoN, V™)
| NH]
= |NE|(& (H) — Er((VIH)?) — 26205 (1), TVM) — 46%(Td")? =
+ € (H%) 4 |VHSEP + 46T d g (VHE, J(0%)) + 44T d)? — ¢ (1))
— [NH] (IV3Sg 4 ((HY)” = r(T95)?) — 200 (55), TvH) + 2Td (V¢ 7)) )
(17.3.16)

<ﬁ0N7 VH> +

In order to deal with the last term in the previous expression, we exploit an horizontal integra-
tion by parts formula proved in [106]. According to the authors’ notation (cf. [106, Section 2,
6 and 10]), we let

S =ordt J(VM), (17.3.17)

and we consider a a vector field ¢ € C}(S,HT'S). Then [106, Theorem 10.4] implies that
div "5,0)) dPa(E,) = [ H¥ga (p,07) dPu(E, ).
[ (v + gu (¢5,0)) dPa(B.) = [ Hg (p,0") dPu(E.)
Let us choose ¢ = 2Td™ J(v™). Then, by the previous formula and (17.3.17),
/S divS(E2Td™ T (V) dPu(E, ) = — /S 262(Td™)? dPu(E,-). (17.3.18)

Now, by (16.6.7), we have that

2n n 2n n 2n
Y AVEI@), Y = =Y v D L)V D Y D Zei v
h=1 h=1 k=1 h=1 k=1
=207d™" > " v T (W) — 2Td" > v, J (V™)
h=1 h=1

Therefore
2gu (V€2 Td"J (M) = 2dive(PTd™ T (V")) — 2¢* diva(Td™ T (o))

= 2divg (2Td™ T (1)) + 2 QZn(VH(§2TdHJ(VH)h), vyt
h=1
— 262Td" divy J(V7) — 262 (J(V7), TVM)
= 2dive (E2Td™ J (V™)) 4 262Td" 2ZTL(VIHI(J(V]HI);L), v

— 4n€3(Td™)? — 26 (J (™), TV™)
= 2divi (ETd™ T (VM) — 4(n — 1)EX(Td)? — 262(J (™), TvH).
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This computation, together with (17.3.18), implies that

(—4ng(Td™)? — 262(J (), TV™)) dPa(E, ).
(17.3.19)
Combining (17.3.6) with (17.3.16) and (17.3.19), the thesis follows. O

[ 204 (V568 Td* 1) aPa(E,-) = |

S

17.4 The Riemannian Jacobi equation

Exploiting (17.1.2), we can prove Theorem 17.1.3 as follows.

Proof of Theorem 17.1.3. Since A®%v5,_, depends only on 15, 4|5, we extend v°|g letting v =
Ved®, in particular eT'd® = v5, ;. Moreover, in view of (16.4.5), we extend H® to a neighborhood

of S by letting
2n+1

= Z: Zivi (p). (17.4.1)

Using Proposition 16.4.1, TZ; = Z;T, (16.4.1), (16.4.6) and (17.4.1), and recalling that
gE(VE’SHE7 Z2n+1) = ZQnJrl(HE) - V§n+1g€<vEH€7 V€)7

it holds that

9 2n+1
ASys L — VQ;“ (VE(ETd), Jv°)y = > g2 Zi(Z;(eTd)) — H*g.(VE(eTd), v°)
3,7=1
2n+1 2n+1
= Z gg]ZQn-l—l(ZiV;) — H* Z (Zgn+1V§)V§
ij=1 j=1
2n+1 2n+1
= Z2n+1 (Z Zﬂ/f) Z Z2n+]_ ZV ) v
=1 2,7=1
2n+1
= gs(vs,Sst, Zny1) + V§n+1gs<V€H€7 Z Zyni1(Z; v, vy j€
7,7=1
(17.4.2)
By (16.4.1) and (16.4.4), we have
2n+1 2n+1
Z Z2n+1(ZiV§)VfV; = Z (VfZQn_H (ZZVJSV]6> — (Z2n+1V§)<ZiV§Vf))
ij=1 ij=1
21/ 2n+1
_ “72n+1 Z Z2n+1 Z de )J( )] (1743)
5 =1
2E
= (VT ), ().

Inserting (17.4.3) in (17.4.2), we get

A® SV2n+1 = (V9 H®, Zopi1) + Vsni19e(VEHE, V7).
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Moreover, by (16.4.2) and (16.4.3),
2n+1
9-(VEH® V%) = z Zj(Zvi )v§
ij=1
2n+1
= > Z(Zpf)s +2Z( (X;d) (Vi) — T(Y;d)(X;d))

ij=1
2n+1 2n+1 2n+1 ya
=X A\ X i) - X wwi ~2(v (22 6,
i=1 j=1 €
and, from (16.4.4), we get
2n+1 2n+1 2n+1 VE
> 4| X i) =23 4 (222 ))
i=1 j=1
I/2n+1 2§1 Zi( N9 <V€ (V2En+1) J(V5)>

3

{5 )

The thesis then follows from (17.1.2). O

17.5 The sub-Riemannian Jacobi equation

In order to prove Theorem 17.1.4, we collect some further short preliminaries. Let d7 be the

differential operator defined by

Tf—Td"(Vf 5
1+ (TdH)2

5Tf =

for a given f € C'(S) and any C'-extension f of f in a neighborhood of S. An easy computation

reveals that
orf =Tf—g(V'f,v Wi = (VVOF,T),

whence o7 f is well-defined. Moreover, the very definition of d7 implies that

Tf=Td"(V"f, " + (1 + (Td")*)srf.
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Proof of Theorem 17.1.4. In view of Proposition 16.6.9, it holds that

2n o
ARS(Tdhy = > g Z:2;(Td™) — HY(VH(Td™), ™)

ij 1

2n
ZlgH T(Z;Z;d") — HHZITV;HV;HI
] J=

2n 2n
=T (Z ZiVZH> -y T(ZiVJH)VHl/H
i=1

i,j=1
2n 2n
= (14 (Td")?)orH" + Td™ Y Z;2,Z;d"V;' = > T(Zy/ v}

ij=1 ij=1

Notice that

2n 2n 2n 2n 2n
im1 =1 =1 i=1

i,j=1
2n

= —2Td" Y T(Z;d")J(W");
j=1

— —21d™(VH(TdY), (M),

Moreover,
2n n 2n n 2n
M Z;Z:2d"W =3 X, 2, 2:d N Xd + Y Y 27, Yd"
i,j=1 j=1i=1 j=1i=1

2n
=Y Z7Z;Z:d" 7 dH—QZTYdHX dH+2ZTX d"y;d"

4,j=1 7j=1 7=1

= injz (Z Z;2,d" dH> ZZ vi Ziv;t = 2VH(TdY), (V7))

— 23 AT - 3 2 2~ UTHT ), I0)
:_mﬂszxﬂ - 32— AT, )

i=1

— —dn(Td")? ZZ v Zit — (VT T(WT)).

The thesis then follows.
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Chapter 18

t-graphs of prescribed mean curvature:
the Dirichlet problem

18.1 Introduction

We refer to [158] as main reference for this chapter. The Plateau problem has been a funda-
mental issue in geometry since the pioneering works of Douglas (cf. [121]) and Radé (cf. [247]).
The Euclidean prescribed mean curvature equation of the graph of a function v € C%(€2) over
a bounded domain Q C R" with H € C(2) reads as

div(—2 )& (18.1.1)
\/ 1+ |Dul?

Notice that, as usual, we are taking the mean curvature as the (not averaged) sum of the
principal curvatures. When H is constant and 9€Q is of class C?, Serrin (cf. [265]) characterized
the existence of solutions to the Dirichlet problem for any boundary datum ¢ € C?(9Q) by the
condition

|H| < Hoa(20) (18.1.2)

for any zo € 0€), where Hyg is the mean curvature of the boundary of €. In the proof, Serrin
obtained Schauder estimates for C? solutions first by providing height estimates for |u|, and
then, by means of a gradient maximum principle, showing that the maximum of the gradient
is attained at the boundary of €. In the final step, he estimated the gradient at the boundary
exploiting the so-called barriers (cf. [157]), whose construction relies on (18.1.2). When H is
not constant, an approach based on the maximum principle typically fails. Therefore, in order
to deal both with non-constant sources and to allow merely continuous boundary data, it is
customary to rely on suitable interior and global gradient estimates. Some references to these
kind of estimates in the Euclidean space are the works of Korevaar and Simon (cf. [185]) and
Wang (cf. [280]). Beyond the Euclidean framework, the Dirichlet problem for any sufficiently
regular boundary datum and constant source H satisfying conditions analogous to (18.1.2) has

been studied in warped products with a particular lower bound on the Ricci curvature (cf.
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[271]) and in the first Heisenberg group (cf. [7]). When H is not constant, the previous results
were later extended in Riemannian manifolds with a Killing vector field and a lower bound on
the Ricci curvature depending on € (cf. [102, 101, 103]). When instead (18.1.2) fails, meaning
that

|H| > Haq(20) (18.1.3)

for some zy € 0f), we could lose control of the norm of the gradient of a solution near the
boundary, and hence of the existence of solutions. More precisely, as shown in [157], when
(18.1.3) holds there always exists a boundary datum ¢ for which the Dirichlet problem has no
solution. Nevertheless, the validity of (18.1.3) does not preclude a priori the existence of a
suitable boundary datum ¢ for which the Dirichlet problem is solvable. As an instance, taking
as domain 2 C R™ the ball of radius 1 centered at 0, we can write the half sphere in R"*!
centered at 0 with radius 1 as a graph over 2. A simple computation reveals that it satisfies
(18.1.1) with H = -~ Hyq and with boundary datum ¢ = 0. In particular, (18.1.3) is verified
for any zo € 0. In this regard, when € has Lipschitz boundary, Giusti (cf. [162]) proved that
the existence of solutions to (18.1.1) with a suitable boundary condition, not imposed a priori,
is characterized by

/QH(ZE) dm’ < P(O) (18.1.4)

for any set Q0 C Q such that Q # @ and Q # Q, where P(Q) is the perimeter of Q. Moreover, [162]
provides a characterization of those domains where (18.1.1) admits, up to vertical translations,
a unique solution. Precisely, the previous statement is equivalent to each of the following
conditions: there is no solution to (18.1.1) in any domain 2 C Q; there is a solution on € which
is vertical at every point of 0Q; (18.1.4) holds and

/QH(x) dx

= P(Q). (18.1.5)

In these cases, 2 is called an extremal domain. Otherwise, i.e. when (18.1.4) also holds for
Q = Q, then Q is called a non-extremal domain. The proof of the existence of solutions under
condition (18.1.4) relies on previous results by Giaquinta (cf. [154, 153]) and Miranda (cf.
[213]). In the non-extremal case the proof consists in showing the existence of BV minimizers

of the penalized functional

— [ 1+ |Dup /Hd / — ol dHr 18.1.6
F(u) /Q + | Dul +Q wdx + m|u o|dH ( )

for any ¢ € LY(99Q), whose regularity is then gradually improved in several steps. The more
involved extremal case, i.e. when (18.1.5) holds, follows by a compactness procedure. More
precisely, in view of condition (18.1.4), every domain  C Q is itself a non-extremal domain.
Therefore, exploiting the existence result in the non-extremal case, together with a compactness
argument based on a notion of generalized solution first introduced by Miranda (cf. [214]),
existence in the extremal case follows. For similar results under weaker assumptions on the
boundary of © we refer the reader to [192]. The aim of Chapter 18 and Chapter 19 is to
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extend the previous Euclidean considerations to the class of t-graphs in Heisenberg groups of
any dimension, from both a Riemannian and a sub-Riemannian viewpoint. As we explain in
detail below, in (H", g.) the equation of Riemannian prescribed mean curvature of a t-graph

over a bounded domain Q C R?" for a given source H is formally given by

div Dut 7 _H, (e-PMC)
Ve + | Du+ F|?

where F is as in (16.7.1), while its sub-Riemannian counterpart (cf. [72, 85, 158]) reads as

Du+ F
iv| — | =H. -PM
div (\Du—i—]ﬂ) (H-PMC)

We point out that (e-PMC) and (H-PMC), despite the apparent similarity, enjoy completely
different behaviours. Indeed, while (e-PMC) is a classical second-order elliptic equation, the
possible presence of characteristic points could make (H-PMC) both degenerate elliptic and
singular (cf. [85]). Therefore, as we will see below, the sub-Riemannian prescribed mean
curvature problem might be understood in a weak variational sense. In this first chapter we
mainly deal with the solution of the Dirichlet problem associated to (H-PMC). However, due
to the growing interest around anisotropic geometric structures, we address this problem in an
even more general context, in which the standard sub-Riemannian structure is replaced with
a generic sub-Finsler structure. In the Heisenberg group, a sub-Finsler structure is defined
by means of an asymmetric left-invariant norm || - ||x, on the horizontal distribution of H"
associated to a convex body K, C R?" containing the origin in its interior. Let us briefly
introduce our approach. Let Q C R*" be a bounded open set, H € L>(Q), F € L'(Q,R?*") and
u € WH(Q). We consider the functional

T(u) :/ HDHFHKO,*dH/ Hudz, (18.1.7)
Q Q

where || - ||k, denotes the dual norm of || - || g,. In particular, when F is the vector field defined
in (16.7.1), the first term in (18.1.7) coincides with the sub-Finsler area of the t-graph of u
(cf. [244, 135]). Moreover, if K is the Euclidean unit ball centered at the origin and H = 0
then (18.1.7) boils down to the classical area functional for t-graphs in Heisenberg group (cf.
[83, 173] and references therein). We say that the graph of u has prescribed Ky-mean curvature
H in Q if u is a minimizer of Z. Indeed, the Euler-Lagrange equation associated to Z out of

the singular set ), i.e. the set of points where Du + F' vanishes, is given by
div(mg,(Du+ F)) = H, (18.1.8)

where 7, is a suitable 0-homogeneous function defined in (18.2.5). Again, when K| is the
Euclidean unit ball centered at the origin, (18.1.8) reduces to (H-PMC). When we fix a
boundary datum ¢ € Wh1(Q), a solution to the Dirichlet problem for the prescribed Ky-mean

curvature equation is a minimizer u of Z such that u — ¢ belongs to the Sobolev space W, (2).
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Our main result is Theorem 18.9.1, where we prove, under suitable regularity assumptions on
the data, that there exists a Lipschitz solution to the Dirichlet problem for the prescribed

Ko-mean curvature equation when H is constant, it satisfies
|H| < Hig, 00(20) (18.1.9)

for each zy = (xo,y0) € 002 and

/Hvdz
Q

for each non-negative function v € C°(Q2) and a suitable § = §(Ky,Q, H) € (0,1]. Here

Hg, oo denotes the Finsler mean curvature of the boundary 92 C R?". Notice that the mean

< (1—5)/QuDvHKO,*dz (18.1.10)

curvature of the graph of u is computed with respect to the downward pointing unit normal and
the Finsler mean curvature of 0f) is computed with respect to the inner unit normal. The upper
bound (18.1.9) of H in terms of the Finsler mean curvature of the boundary is the sub-optimal
Finsler analogous of (18.1.2). On the other hand, (18.1.10) is a standard sufficient condition
for the estimates of the supremum of |u| (cf. [153] or [157]). It is worth noting that, in the
Euclidean setting (cf. e.g. [162]), the weaker condition

’/ Hudz
Q

for each v € C2°(Q2), which is the functional analog of (18.1.4), is actually a necessary condition

< /Q 1D k.. d (18.1.11)

for the existence of a solution to the Euclidean prescribed mean curvature equation. Remark-
ably, as we will show in Section Section 18.8 and Section 18.10, there are particular settings
in which Theorem 18.9.1 continues to hold even without imposing (18.1.10), such as the first
sub-Finsler Heisenberg group H' (cf. Theorem 18.9.2) and any sub-Riemannian Heisenberg
group H" (cf. Theorem 18.10.2). As already mentioned, the Dirichlet problem for constant
mean curvature in the first Riemannian Heisenberg group has been studied in [7] under the
same condition on the mean curvature. It is worth mentioning that this is the first time that
the existence of Lipschitz solutions to the sub-Finsler Dirichlet problem has been studied when
H # 0, even in the particular case in which K| is the unit disk centered at 0, where the
sub-Finsler and the sub-Riemannian frameworks coincide. Indeed, as far as we know, the sub-
Riemannian Dirichlet problem has been studied in [238, 85, 83, 82, 120, 240] only in the case of
minimal surfaces under the bounded slope condition or the p-convexity assumption on €2, and
in [230] when H # 0 is small enough and in a weaker functional framework. In particular, we
point out that when n = 1 our assumption (18.1.9) implies that  C R? is strictly convex (cf.
Remark 18.8.9). It is easy to check that our sub-Finsler functional Z for H = 0 satisfies the hy-
pothesis of the area functional considered in [120]. Thus, assuming the bounded slope condition
we directly obtain the existence of Euclidean Lipschitz minimizers for Plateau’s problem. The
approach of the present chapter, based on the Schauder fixed-point theory, follows the scheme

developed in [85] and extends its results both to the case of prescribed constant mean curvature
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H # 0 and to the sub-Finsler setting. In Theorem 18.9.1 we cannot expect better regularity
than Lipschitz. Indeed, even in the sub-Riemannian Heisenberg group H! there are several
examples of non-smooth area minimizers. For instance, S.D. Pauls [239] exhibited a solution of
low regularity for Plateau’s problem with smooth boundary datum, while in [85, 249, 164] the
authors provided solutions to the Bernstein problem in H' that are only Euclidean Lipschitz.
These examples have been recently generalized to the sub-Finsler setting in [159]. We refer
the interested reader to [161] for a positive result to the sub-Finsler Bernstein problem for
(X, Y)-Lipschitz surfaces, which can be seen as a regularity result for global perimeter mini-
mizers. Since equation (18.1.8) is sub-elliptic degenerate and it is singular next to the singular
set, inspired by [85, 238], we first introduce a family of desingularized approximating equations

given by

(18.1.12)

Du + F|?
div (WKO(Du+F [ Du+ FIJ, ):H

(&8 + ]| Du+ FII3)?
for each 0 < ¢ < 1. A similar approximation scheme was considered in the sub-Riemannian
setting in [74, 73] to study the Lipschitz regularity for non-characteristic minimal surfaces. For
a detailed analysis of this approach, we refer to [72]. This family of equations can be obtained
by considering a (2n + 1)-dimensional convex body K. containing the origin in its interior, that
converges in the Hausdorff sense to the 2n-dimensional convex body Ky as € — 0. The choice
of the convex body K. is not arbitrary. Indeed, we need a specific shape in order to obtain an
approximating equation well-defined in the classical sense in the singular set. It is interesting
to point out that the Riemannian approximation of [85, 238, 74, 73] produces an approximation
of the unit disk D C R*" by ellipsoids in the sub-Riemannian setting, and this approximation
does not work in the greater sub-Finsler generality. Indeed, if instead of (18.1.12) we were to

consider the more natural equation

= H, (18.1.13)

D F|.
div (ﬂKU(DU—{—F [Dut F )

V2 + [Du+ F|?2

reminiscent of the Riemannian approximation scheme of [85] (cf. Remark 18.5.2), we would
have to require certain assumptions on Ky for (18.1.13) to be well-defined in the classical sense.
We refer to Section 18.10 for a more careful analysis in this regard. On the other hand, while
(18.1.12) is always well-defined, it still tends to degenerate close to the singular set, so that it
could fail to be elliptic. Therefore, we need to regularize (18.1.12) by perturbing it with an

Euclidean curvature term. More precisely, we consider the family of equations given by

Du+ F|? Du+ F
div (w(Du+ F)— P EIE ) g T - (18.1.14)
(e3 + |Du + F||?)3 1+ [Du+ F|?
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for any € € (0,1) and any n > 0 sufficiently small, whose associated Finsler variational func-

tional is given by

_ 3 3 \3
Ism(u)—/g(s +HDu—|—FHKO’*) dz+n/§2\/1+|Du+F]2dz+/QHudz.

A direct computation (cf. Section 18.8) will show that (18.1.14) is in fact a classical, quasi-
linear second-order elliptic equation. Therefore, given a boundary datum ¢ € C>%(Q), the
solvability of the Dirichlet problem associated to (18.1.12) is reduced by [157, Theorem 13.8]
to a priori estimates in C1(€2) of a related family of problems. As usual the a priori estimates
in C1(Q) consist of three parts: estimates of the supremum of |u|, boundary estimates of the
gradient of u and interior estimates of the gradient of u. While the estimates of the supremum
rely on assumption (18.1.10), the boundary estimates of the gradient are obtained by a barrier
argument that depends on the Finsler distance from the boundary 9f2. Due to technical reasons
in the construction of the barriers we need to assume the strict inequality in (18.1.9), avoiding
the optimal case when H coincides with Hp, ga(z0) at a given point zy € 02. We emphasize
that these results hold even if the prescribed curvature H is non-constant and Lipschitz. The
only crucial step where we need H to be constant is the maximum principle for the gradient
of the solution that allows us to reduce the interior estimates of the gradient to its boundary
estimates. Finally, once we realize that C! estimates are independent of the approximation
parameters € and 7, passing to the limit as £,7 — 0 and using Arzela-Ascoli Theorem we get

the existence of a Lipschitz minimizer for the sub-Finsler Dirichlet problem.

18.2 Minkowski norms

Let us fix d € N, d > 1. We say that a set K is a convex body if it is convex, compact and has
non-empty interior. We say that a convex body K is (in) C*®, for k € N and a € [0,1], if 0K
is of class C*® with strictly positive principal curvatures. We follow the approach developed
in [244, 257]. We say that || - || : R? — [0, +00) is a norm if it verifies:

L v =0« v=0,
2. |[sv]] = s|jv]|| for any s > 0,
3. v +all < loll + [lul

for any u, v € R%. We stress the fact that we are not assuming the symmetry property || —v|| =
|v]]. Tt is well known that any norm is equivalent to the Euclidean norm |- |, that is, given a

norm || - || in R? there exist constants 0 < ¢ < C such that
cf-[<-II<C]-]. (18.2.1)

Associated to a given a norm || - || we have the set F' = {u € R?: ||u|| < 1}, which, thanks to

(18.2.1) and the properties of ||-||, is compact, convex and includes 0 in its interior. Reciprocally,
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given a convex body K with 0 € int(K), the function
[|ul|x = inf{\ >0:ue K}
defines a norm so that K = {u € R?: ||u||x < 1}. In the following we let

Br(v,r) :={w eR? : |w—v|g <7}

for any v € R and r > 0. It is easy to check that ||v||x = || — v||_x for any v € R%, so that
B g(w,r)={weR: |lv—w|x <r} (18.2.2)
for any v € R and r > 0. Given a norm || - || and a scalar product (-,-) in R we consider the

dual norm || - ||, of || - || with respect to (-,-), defined by

[ull« = sup (u,v). (18.2.3)

l[oll<1

The dual norm is the support function of the unit ball £ with respect to the scalar product

(-,+). Moreover, thanks to the above definitions the following Cauchy-Schwarz formula holds:
(u,v) < Julllv]] (18.2.4)

for any u,v € RY. If in addition we assume K to be strictly convex and u # 0, then the
compactness and strict convexity of K guarantee the existence of a unique vector mg(u) in 0K

where the supremum in (18.2.3) is attained, i.e.

[ll s = (u, i (w). (18.2.5)

It is easy to see that mj is a positively 0-homogeneous map, i.e. mx(Au) = 7 (u) for any A > 0
and v € R?\ {0}, and that ||7x(u)||x = 1 for any u € R?\ {0}. Moreover, if we assume that
K is C2, then 7g|ge-1 : S71 — 0K is a C* diffeomorphism whose inverse is the Gauss map

N of K with respect to the outer unit normal. In particular,
D (u) is positive definite (18.2.6)

for any u € R?\ {0}. Furthermore, we have that the norms | - ||x and || - ||x.. belong to
Cke(R2\ {0}) if and only if K is C%* for k € N and 0 < o < 1. For further details cf. [257,

Section 2.5]. The relation between the dual norm and the map 7 is given by

D||u|| g = mr(u). (18.2.7)
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Indeed, for any u € R?\ {0}
D||u|l g = D{u, g (u)) = 7x(u) + v - Drg(u) = mg(u),

where the last equality follows from the fact that 0-homogeneous functions are radial.

18.3 Finsler geometry of hypersurfaces in the Euclidean
space

Let K C R be a convex body in C’i, 0 € int K and © C R? be a bounded domain with
boundary 9Q = ¥ of class C2. Let N be the inner unit normal to ¥. Then the derivative map

(WKjg)p = —dp(ﬂ'K @) N) : TPE — T,TK(N(p))OK,

being 7k as in (18.2.5), is called the K -Weingarten map. Let v C 0K be a differentiable curve
with v(0) = mx (N (p)) and 7/(0) € Tr, (N(p))OK . By definition of mx, the function

has a maximum at 0 and therefore (v'(0), N(p)) = f'(0) = 0, which gives Ty, (nvp)0K =
TnpS*t. Moreover it is well known that (dN), is an endomorphism of 7,% and therefore

(WK,g)p is an endomorphism of 7,,>. We define the K-mean curvature of X as
Hp s, = Trace(Wk y) = — divg(mg o N),

where divy, is the divergence in the tangent directions to . We remark that Wy s, is neither
necessarily self-adjoint nor symmetric. Let us check that Wi 5, is anyway diagonalizable. In-
deed, given a parametrization X of ¥, dN has a symmetric matrix representation S in the basis
B ={0,,X,...,0,, ,X}. On the other hand, mr = Ng' and, since K is in C2, the matrix
A which represents d(Nj!') with respect to B is positive definite. Therefore, there exists an
invertible matrix P such that A = PTP. Notice that the matrices PTPS and PSPT have
the same spectrum, and equal to the spectrum of Wi s.. Since S is symmetric we can apply
Sylvester’s criterion to obtain that all the eigenvalues of PSPT are real. The eigenvalues of
Wk s are called K-principal curvatures and the eigenvectors of Wi s, are called K-principal

directions.

18.3.1 Finsler distance from the boundary and the eikonal equation

In this and the following section we want to rely on some results by [196, 195], and so we assume
that K is in C%°, i.e. OK is of class C'*° with strictly positive principal curvatures. Let 2 C R4
be a bounded domain with boundary 99 = ¥ of class C?%, for 0 < o < 1, and inner unit
normal N. We shall adapt Theorem 4.26 in [229] and the remarks at the end of Section 4.5 in
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[229] to prove existence of a tubular neighborhood of ¥ and compute the K-mean curvature
of parallel hypersurfaces. The interior signed K -distance to ¥ is the function dg s : R? — R
given by

min{lp—qllx : e X} ifpe

dgx(p) = . '

—min{||p —qllxk : g€ X} ifpé¢Q.

Consider the map F : ¥ x R — R? given by
F(g,t) = g +t(mx o N)(q).

For any v € T,;3, we have (dF)(4)(v,0) = v+ td(mx o N)(v) and (dF)g(0,1) = (7x o N)(q).
Since K contains the origin,
(T (N),N) >0

and dF is invertible at ¢ = 0. Thus F' is locally a diffeomorphism and, being > a compact
hypersurface, F' is a diffeomorphism in a domain ¥ x (—d,d). The set F(X x (=4, 9)) is called
a tubular neighborhood of .. Notice that if p = F(q,t), then

p—q=1t(mxoN)(q) (18.3.1)

and, taking the K-norm, we obtain that dxx(p) = t. We know (cf. [196]) that, under our

assumptions, there exists 6 > 0 such that

dx s € C**(F(X x (—6,6))).
for any § < 6. Given |t| < §, we let
¥ ={peR: p= F(q,t) for some q € 9%}. (18.3.2)

Proposition 18.3.1. Let Q C R? be a bounded domain with boundary 0 = 3 of class C? and
let F(X X (—0,9)) be a tubular neighborhood of ¥.. The K-mean curvature of ¥ at p € 3 is
given by

-1
Hi s, (p) = ; 1—15(3)@) (18.3.3)

where q € X satisfies p = F(q,t) and k1(q), ..., Kka—1(q) are the K-principal curvatures of ¥ at
q.

Proof. Let {e1,...,eq—1} be a basis of K-principal directions of ¥. Then (dF)q(e;,0) =

€d—1

(1 —tk;)e;. Therefore a basis of principal directions in ¥} is {l_e;m yee s Tobey

-}. Since we have

e; K;
_d N 7 _ 7 .
(T 0 )q(l—m) 1—tr;

foreach 7 =1,...,d — 1 we get the conclusion. O
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Remark 18.3.2. From (18.3.3), we obtain that the K-mean curvature is increasing in ¢t. In
particular, given ¢ € ¥ and p = F(q,t) for t > 0, it holds that

His,(p) = Hrs(q)- (18.3.4)

The following eikonal equation can be deduced using classical arguments. We include the

proof for the sake of completeness.

Proposition 18.3.3. It holds that

| Ddis(p) ||k =1 (18.3.5)

Jor any p where di o0 is differentiable.

Proof. It is clear that, for any p,p’ in R?, we have

drx(p) <[P = pllx + drs(p).
Taking p’ = p + tv where t > 0, we get

drs(p+tv) —drgs(p) < |[tv] -

Therefore,

<U,DdK7E<p)> < ||U||K (1836)

Taking v = 7 (Ddg x(p)) in (18.3.6), we obtain
1Dk s (p)l| e < 1.

On the other hand, let y(t) = F'(qo,t). By (18.3.1) we have that

dgx(y(t)) = 1.
Taking derivatives in the previous equation, we obtain

(Y (t), Ddgs(v(1))) = L.
Since 7/(t) = (mx o N)(qo), we get that ||/ (¢)||x = 1. Using (18.2.4), we get
[Ddge s (y() ] xx = 1. O

Given a tubular neighborhood O of 90X and p = F(q,t) € 2, we denote by N,(p) the inner
unit normal to ¥; at p. Let us explicitly compute div(mg o N;)(p). Let us recall that, to the

0-homogeneity of 7y, we get that
q- Drr(q) =0
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for any ¢ € R?. In particular, taking ¢ = N,, we obtain
Ny D(mg o Ny) = Ny - Drg(Ny) - DNy = 0,
which implies that
—div(mg o Ny)(p) = —divs(mkx o Nt)(p) = Hi x,(p) > Hr00(q). (18.3.7)

With the next result, we better understand the relationship between the Finsler mean

curvature of X, the Euclidean curvature of ¥ and the Euclidean principal curvatures of K.

Proposition 18.3.4. Let K be a conver body in C%, 0 € int K. Let Q C R? be a bounded
domain with 9Q = % of class C* and let N, be the inner unit normal to ¥ at q. Then we have

d—1 D >
Hies:( eilV (18.3.8)
-
where kX are the Euclidean principal curvatures of OK and ey, . .., eq 1 is an orthonormal basis

of Euclidean principal directions of OK .

Proof. We shall drop the subscript for 7. Let ¢ in ¥ and ey, ..., e4_1 be an orthonormal basis
of R¥™! = T (n,)0K such that

(AN )rn i = ki (m(Ng) e

By hypothesis, kX > 0 fori = 1,...,d — 1. Here N denotes the Gauss map of K. Then we

have

d—1

Hicx(q) = — dive(m(Ny)) = = 3 _(De,m(Ny), €:),

i=1

where D is the Levi-Civita connection in R%. We claim that D, 7 (N,) = dr(D,,N,). Indeed,
let v : (¢,€) — X such that v(0) = g and 4(0) = ¢; for i = 1,...,d — 1. Then we have

D ¢ d 9
D, n(N,) = — =y — (N ——
e;™(Ng) s | e—o jz:l ds 3:071—]( ’Y(S)>axj
D 0
= \Y Nys d D, N,.
Z Tr] dS s=0 azj ( 7T) q
Moreover, since dm is a symmetric matrix we gain
d—1 d—1
HK,E(Q) = — Z<(d7T)NqDeiNq7 62‘) = — Z<D6iNq7 (dﬂ')qul'>. (1839)

i=1 i=1
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Since m = Nz we obtain dr = (dNx)~! and

ei = ANc N (e;) = dN (k] (m(Ny))es) = ki (m(Ny))dr (),

7

by linearity. Therefore, we have dr(e;) = (kX (7(N,)))'e;. Hence, plugging this last equality
in (18.3.9) we gain (18.3.8). O

18.3.2 The ridge of the Finsler distance

In the previous section we obtained some regularity and geometric properties of di so in a
tubular neighborhood of 9€2. We shall see that some of these properties persist outside a
tubular neighborhood. We fix a convex body K € C%° and a bounded domain  C R¢ with
C?*! boundary. For any p € Q, we let D(p) := {q € 9Q : dxoa(p) = |lp — ¢llx}. Since dg o is
continuous, then clearly D(p) # 0 for any p € Q. Accordingly, we define the set

O :={peQ: D(p)is a singleton}, (18.3.10)

and we define the ridge of 2 by
R:=Q\int Q.

We know, again thanks to [196], that, under our assumptions on K and €2,
di o0 € C*'(int Q1 U 0Q). (18.3.11)

Moreover, in [195, Corollary 1.6] it is proved that the Hausdorff dimension of R is at most d— 1.
This fact implies that R has empty interior, so that

d(int Q) = OO U R. (18.3.12)

The following result is inspired partially by [130, Lemma 3.4].

Proposition 18.3.5. Let p € Q, let ¢ € D(p) and let

(p,g) :={tp+(1—1t)g : t€ (0,1}
Then (p,q) C int Qy and
D(v) ={q} (18.3.13)
for any v € (p,q).

Proof. Let p,q be as in the statement, and fix v € (p,q). We already know that D(~) # (.
On the other hand, assume that there exists ¢’ # ¢ such that ¢’ € D(v). Let us notice that
p,q,q cannot lie on the same line. Indeed, if by contradiction this was the case, then the only

possibility is that p is a convex combination of v and ¢’. But then the strict convexity of K
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would imply that

v = dllx < llv = allx <llp—allx <lp=dllx <llv =«

which is absurd. This in particular implies that p,7, ¢ do not lie on the same line. Therefore,

thanks again to the strict convexity of K, we get that

lp=d'llx <llp=7lx+ v =dllx <llp =k +I1lv —dallx = llp = qllx,

a contradiction to ¢ € D(p). Hence (18.3.13) is proved. Assume by contradiction that v € R.
By Corollary 4.11 in [195], any point of the form ¢ + A(y — ¢) with A > 1 has a point in 0Q
closer than ¢. On the other hand, taking w the midpoint of p and 7, then by (18.3.13) it holds
that D(w) = {q}, which is impossible. O

Let us take a point p € int 2, and let ¢ € D(p). Thanks to Proposition 18.3.5, we know
that

di oa(z) = ||z — qllx

for any z in (p, ). Recalling that (p, ¢) C int 21, together with (18.3.11), and Proposition 18.3.3
it is easy to see that Ddk ga(2) # 0. Thus, at least locally, the level set ¥q, so(p) is a well-

defined C? hypersurface. Reasoning as in Section 18.3.1 we conclude that

- diV(ﬂ'K e} NdKﬁQ)(p) Z HKO’aQ<q) (18314)

for any p € int 2y, where ¢ € D(p).

18.4 Sub-Finsler norms and perimeter

Let Ky C Ho = R?" be a convex body in C%, 0 € int K, and let || - ||k, be the associated norm

in R?". In the following we shall write || - ||, | - ||« and 7 instead of || - ||k, || - |xo« and 7x,
respectively. For any p € H", we define a left-invariant norm || - ||, on #, by means of the
equality

Wl = lld, ()| v € H,,

where d7, denotes the differential of 7,,. In particular, for a horizontal vector field -7 ; f; X;+g;Y;

its norm at a point p € H" is given by

> A )Xi(0) + 5 m)i0)] = 1), 9D

where f = (fi,...,f,) and g = (g1, .., ¢gn). Similarly, we extend the dual norm || - ||, and the
projection 7 to each fiber of the horizontal bundle. When || - || is C* with [ > 2, all norms || - ||,

are C'. Given a horizontal vector field U of class C?, we define 7(U) as the C'* horizontal vector
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field satisfying
1Ul = (U,w(U)).

Proceeding as in [244, Section 2.3], it is easy to see that the projection satisfies

- _ (f,9)
n JiXi + giY;) = NK()l ()7
(Z VISI2+1g]?

where | > = (f, f).

Definition 18.4.1. Given a measurable set E C H" we say that E has finite horizontal Kg-

perimeter if
Py B) =sup{ [ div(U) 42?1, U € CHE" 1), Uiy e < 1} < o0,
E

where U]l k.00 = suppen |Upllp-

Remark 18.4.2. The perimeter associated to the Euclidean norm | - | is the sub-Riemannian
perimeter defined in (16.8.4). A set has finite perimeter for a given norm if and only if it has
finite perimeter for the standard sub-Riemannian perimeter. Hence all known results in the

standard case apply to the sub-Finsler perimeter. Moreover, if E has C! boundary F, then

ProadB) = [ || Nallodo = A, u(0E).

where NV}, is the projection on the horizontal distribution H of the Riemannian normal N with
respect to the metric g and do is the Riemannian measure of OE (cf. [244, Section 2.4] fur

further details when n = 1).

As a significant example, we consider a bounded open set Q@ C R?" and a C' function
u:Q — R. Let Gr(u) = {(z,y,t) € H* : u(z,y) —t = 0} be the graph of u. Then we have

2 (U, — y)Xi + (uy, + 7)Y
\/1 + [Du+ F|?

N, = and do = /1+ |Du + F|?dz,

where F is as in (16.7.1). Therefore we get

Agon(Cr(u)) = /Q | Du + Fl|, dz.

18.5 The sub-Finsler prescribed mean curvature equa-
tion

Inspired by the previous computation and the sub-Riemannian problem studied by [85], we
consider the following problem. Let  C R?" be a bounded open set and let F' € L'(Q2, R*"),
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p € WH(Q) and H € L>(Q). Then we set
T(u) :/ \|Du+FH*dz+/ Hud> (18.5.1)
Q Q

for each u € WH(Q) such that u — ¢ € Wy (). We say that u € WHH(Q) is a minimizer for
7if
Z(u) < Z(v)

for all v € W(Q) such that v — ¢ € W' (Q). In [85, Section 3] the authors investigate the
first variation of the functional Z when || - ||k, « is the Euclidean norm | - |, taking into account

the bad beaviour of the singular set
Qo ={(z,9) € : (Du+ F)(z,y) = 0}. (18.5.2)

In the next result we derive the Euler-Lagrange equation associated to Z for C? minimizers.

Proposition 18.5.1. Let Ky be a C% convex body such that 0 € int(Ky). Let u € C*(Q) be a
minimizer for T defined in (18.5.1). Assume that F € CY(2,R*"). Let Qo be the singular set
defined in (18.5.2). Then u satisfies

div(m(Du+ F)) = H in 2\ Q. (18.5.3)

Proof. Given v € C°(Q\ ), by [244, Lemma 3.2] the first variation is given by

d d
A :/ 2 b Fl. d / Hu d
sl (u+ sv) oy s s:0|| (u+sv)+ Fl|s dz + " v dz
— [ L IDu+ F+sDol, dz—i—/ Ho dz
Q\QQ ds s=0 Q\QO
= (Dv,m7(Du+ F))) dz + Hv dz
Q\Qo Q\QO
= H —di D F dz. L]
.- v ( iv(m(Du+ F))) dz

Remark 18.5.2. When K is the unit disk Dy C R?" centered at 0 of radius 1 we have

Du+ F

and (18.5.3) is equivalent to

Du+ F
div| ———— | = H.
”(\DHF\)

18.6 The Finsler approximation problem

In this section we develop the Finsler approximation scheme in order to get rid of the singular

nature of equation (18.5.3). To this aim, given K, a convex body in C’i such that 0 € int K|
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and e € (0,1), we denote by K. the set

t : 3
K. - {<y peres (1) s @t < 1}. (186.1)

Notice that K. C R?*"*! = T,H" (here ToH" denotes the tangent space of H" at p = 0) is a
strictly convex body with 0 € int(K ). Moreover 0K, is of class C*. Indeed it is a level set of
the C*! function ¢.(z,y,t) := ('t‘> +1/(z,7)||2, whose gradient never vanishes on dK.. Hence,
the projection 7. is well-defined and continuous. We shall write || - ||, || - |« and 7. instead
of || Ik, || - || k. » and 7, respectively. The map 7" is defined as the first 2n components of

m.. By abuse of notation, we write 7/(Z,§) = 7"(Z, 7, —1) when there is no confusion.

Proposition 18.6.1. Let Ky be a convex body in C2 such that 0 € int Ky, and let K. C R*"!
be the set defined in (18.6.1). Then the following assertions hold:

(i) The map =" : R* {0} — R?*" satisfies

PR [CA]

(2 + |z, 9)I12)F

7 e map T, can be extended to a map in y setting 72 (0,0) = (0,0).

i) Th h b ded Ct n R?™ b } k(0,0 0,0
_ 1

(iii) (12,5, = Dllx.. = (€ + (2, 9)[12)*-

Proof. Let us prove that

7(Z,y,—1) = (an(Z,y), —e(1 — 043/2))2/3 (18.6.2)

for some 0 < a(Z,y) < 1. Given (7,y) in R*\ {0}, we denote by t; the (2n + 1)-th coordinate
of 7.(z,y,—1) and we let K;, C R?" be the convex set defined by

Ky, = {(@,y) : (@,y, 1) € K.}

Then we have

= {2 st - i< (- (4)')

Hence it follows that m, = (1 — (%) )im. On the other hand, since 7. is the inverse of the
Gauss map, we can see that (z,y, —1) is normal to 0K, at 7.(z,y,—1) and so (Z,y) is normal
to 0Ky, at 7(Z,7), where 0 < t, < 1 satisfies |7(Z,7)||z + (|t°|)2 = 1. Since K, is strictly
convex, the projection is unique and 7”(z,y) = 7, (7, 7). Hence (18.6.2) follows. Taking the

scalar product of (z, 7, —1) with the curve 3(s) = (s7(z, ), —(1 — 5%/2)%/3), we get

(2,9, -1), 8(s)) = sl|(@. )« +e(1 —s*)*2.
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Notice that § is in 0K, and B(«) is m.. Hence in s = a the maximum of the scalar products of
(Z,y,—1) with an element of K. is attained. Thus we can take derivatives in s = «, set them

equal to 0 and get

N

(07

0=z, )|+ —e———7-
@9l =

Then we obtain .
I [CX)
(e + 11z, y) 1)/

and we get (2). Since ||(Z,y, —1)|| k.« = ((Z,y, —1), 7(Z,y, —1)), a straightforward computation

shows (ii7). Finally, (i7) follows from (i) and the 2-homogeneity of the map 7(-)|| - ||. O

Lemma 18.6.2. Let u,v € ToH™ and s € R. Then we have

d

—| u+ svllex = (v, 7 (0)). (18.6.3)

dS s=0
Proof. Let f(s) = [Ju + sv||c» and g(s) = (u + sv,m.(u)). Notice that f(s) > g(s) for each
s € R, since by definition ||u + sv||c. = (u + sv,m.(u)) and f(0) = ||ullcx = (u, 7(u)) = ¢(0).
Therefore, by a standard argument f/'(0) = ¢’(0), and the thesis follows. O

Given a convex body Ko C R* in C% with 0 € int(K)), and K. defined as in (18.6.1), we
extend the reasoning of the previous section to define a left-invariant norm || - || on TH"™ by

means of the equality

= 1(f(p),9(@), h(p))lle,

67p

S LiXi+ gY;+hT
=1

for any p € H" with f = (f1,..., fn) and g = (g1, ..., gn). Again, |- || and 7. can be extended

to the tangent bundle in the usual way.

Definition 18.6.3. Given a measurable set E C H" we say that E has finite K.-perimeter if
P (E) = sup{ [ div(U) dL2 1, U € CHE", TH), |U |00 < 1} < o0,
E

where ||U||Kg,oo = SUPpecpmn HUp”s'

Remark 18.6.4. If £ has C! boundary 0F, then
P (E) = [ |N|lodo = A(9E),

where N is the Riemannian normal with respect to the metric ¢ and do is the Riemannian

measure of 0F.
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18.7 The Finsler prescribed mean curvature equation

We are ready to derive the Finsler prescribed mean curvature equation, essentially in the same
way as in the previous section. To this aim, let Q C {t = 0} be a bounded open set and
u: ) — R be a C? function. Then we have

Z?:l(u:ri - y)XZ + (uyi + x)Y; -7
1+ |Du+ FP2

N = and do = \/1+ |Du + F|?dz.

Therefore we get
A (Gr(w) = [ |(Du+F, =1 dz.

Hence, inspired by this computation and thanks to Proposition 18.6.1, given F' € L'(£2, R?"),
o € WHH(Q) and H € L>(Q), we define the approximating Finsler functional Z. by

7 (u) :A(ES+||(Du+F)||§)§ ds+ [ Huds, (18.7.1)

for any u € W(Q) such that u — ¢ € Wy (Q). Arguing as in the previous section, and thanks
to Lemma 18.6.2, we are able to deduce the Euler-Lagrange equation associated to (18.7.1).

Indeed, given v € C°(Q2), by Lemma 18.6.2, the first variation is given by:

isoza(u+sv) Z/Q;is0||(D(u+3v)—|—F,—1)||67* dZ—f—/QHvdz
d
= [ G| IDut Bty 4 s(D0,0) e dz+ [ Hods

I
S~

((Dv,0),m.((Du+ F,—1))) dz+/QHvdz

I
5~

(Dv, 7"(Du + F)) dz+/ Hvdz
Q 0

v(H — div(7"(Du + F))) d=.

S~

Then the Finsler prescribed mean curvature equation for the graph of u is given by
div(7"(Du+ F)) = H in Q. (18.7.2)

As already pointed out in the introduction, (18.7.2) is only degenerate elliptic in the singular set
(cf. the computations of Section 18.8). Therefore, in the next section, we will perturb (18.7.2)
as in (18.1.14) in order to apply the aforementioned classical Schauder fixed-point theory for

elliptic equations.
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18.8 A priori estimates

In this section we want to find classical solutions to the regularized Finsler approximating
Dirichlet problem associated to (18.1.14), that is

div (n(Du + F)) + ndiv (J%) —H nQ

U= in@Q,

(18.8.1)

where ¢,7 € (0,1), Q@ C R*" is a bounded domain with C** boundary for 0 < a < 1, K,
is a convex body in C7* with 0 € int Ko, H € Lip(Q), F = (F,...,F,) € CY(Q,R*)
and ¢ € C%%(Q). To this aim, let us fix some notation. It is easy to see that the map
G : R*"\ {0} — R?" defined by G(p) = 7(p)||p||?> can be extended to a 2-homogeneous and C'*
map setting G(0) = 0. Moreover, for any i = 1,...,2n

Dy(|l - 112) = 3Gi(:)

where G = (Gy,...,Ga,). Thanks to Proposition 18.6.1, we can write the first equation of
(18.8.1) in the form

Du+ F||? Du+ F
div [ r(Du + F)— Pt FIE | +ndiv ut — . (18.8.2)
(3 + || Du + F||3)3 1+ [Du+ FP?

An easy computation yields

1
(€3 + ||Du + FJ|2)3

(€ + [|Du + F||?) div(G(Du + F))

— 2G(Du + F)(D*u+ DF)G(Du + F)")

o |D;’+ a0k ((1+ [Du+ FI?)div (Du + F)

— (Du+ F)(D*u+ DF)(Du+ F)") = H.

Therefore, we can write (18.8.2) in the familiar form

2n
> A5](z, Du; F)Diju + B*"(z, Du; F) = H,

ij=1
where the coefficients A7/ and B=" are defined by
1 2
D;Gi(p+F) —
(B +lp+FI2): (£ + lp+ F|2)3
! = ! (i + Fi)(ps + F3)

T ———0j N
V1+Ip+F? (1+Ip+ F]?)2

Gilp+ F)Gy(p+ F)

A7l (z,p; F) =

™

(18.8.3)
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and

1 2n
B¥"(z,p; F) := D;Gi(p+ F)D;F;
(3 + |lp+ F2)3 Z ! ’
9
— Glp+ F)DFG(p+ F)T
(&2 + |Ip + F|I2)3 ( ) ( )

il div F — 1 ~(p+ F)DF(p+ F)"

+ —————=dlv
V1+|p+ FJ? (I+[p+ FJ?)

for any z € Q and p = (p1,...,pan) € R*™. Therefore (18.8.2) is a second-order quasi-linear

equation. Moreover, thanks to the computations of the previous section and (7ii) in Proposi-

tion 18.6.1, we know that (18.8.2) is the Euler-Lagrange equation associated to the functional

u»—>/ﬂ(53—i—HDu—i—FHi)g+77\/1+]Du+F]2+quz.

Notice that the matrix A®" is symmetric. Moreover, observing that

Dy(Gilp) = 2||pllm;(p)mi(p) + [|Ipl|ZDsm;(p) ifp # 0 (188.4)

0 ifp=0,

we infer that (18.8.2) is an elliptic equation. Indeed, assume first that p + F' = 0. Then, by
(18.8.3) and (18.8.4)

2n

ST ATz, p; F)&E = mlél?

ij=1
for any £ € R?". From the other hand, when p + F # 0, (18.2.6), (18.8.4) and the Cauchy-
Schwarz inequality imply that

i 2 2lp + Fllami(p + F)mi(p + F)&E + llp + FII2Dimy(p + F)&&;
S A P = 3 I lmi(p + F)m;(p + F)&GE; + || 12Dim;(p + F)&i&;

=1 ij=1 (3 + lp+ FII3)5
_ 3 2t Flimlp + Pmi(p + )68 (14 Ip+ FPISE— (0 + F.6)°
5 3
=1 (€ +[lp+ FI2)3 (1+[p+F[?)2
p+ FI: £
> 3|| || Sg(gDﬂ_<p+F>€T)+n || 23
€+ [lp+ FI2)3 (1+[p+ FJ?)2
i35
(1 + b+ FP)?
(18.8.5)
for any ¢ € R?", so that we conclude that
2n n
S Az, p; F)&GE; > 1€ (18.8.6)
= T+ p+FP)E
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for any z € Q and any p, £ € R?™. We remark that, by (18.8.5), equation (18.7.2) is elliptic
outside the singular set. In view of (18.8.6), we are in position to apply the classical theory for
quasi-linear elliptic equations of [157]. In particular, we wish to rely on the following funda-

mental result, which is a direct consequence of [157, Theorem 13.8] and subsequent remarks.

Proposition 18.8.1. Let QO C R?" be a bounded domain with C*® boundary, for some 0 <
o <1, and let ¢ € C**(Q). Let us assume that A7} (-, 0F), B¥(-,-;0F) € C*(Q x R*") for
any o € [0, 1], and that the maps

o Af]"(, woF), o+ BY(- - 0F)

are continuous as maps from [0,1] to C*(Q2 x R®™). If there exists a constant M > 0 such that,

for any o € [0,1], any solution u € C*%(Q) to the problem

div(72(Du + o F)) + ndiv <\/%) =cH inQ

u=0op in OS2

(18.8.7)

satisfies

[uller @ < M,

then

. : Du+F _ ;

U= in O0S)

(18.8.8)

admits a solution in C%(Q).

Remark 18.8.2. Notice that the constant M > 0 in Proposition 18.8.1 depends a priori on
g,n € (0,1) and may blow up as ¢,n — 0. However, in the sequel (cf. Proposition 18.8.6,
Proposition 18.8.7 and Proposition 18.8.8) we will show that the estimates for the C* norm of
solutions to (18.8.7) can be made uniform in € € (0,1) and n € (0,70) for a sufficiently small
constant 1y € (0,1). That would provide a constant M > 0 a posteriori independent of € and
n, thus allowing to pass to the limit as e,7 — 0 (cf. Theorem 18.9.1).

We shall need also the following weak maximum principle stated in [157, Theorem 8.1].
Theorem 18.8.3. Let Q C R? be a bounded domain. Let L be the uniformly elliptic linear
operator

Lw = div(ai’ijw) + CZ‘DZ'UJ

where the coefficients a; ; and ¢; are bounded measurable functions on Q. Let w € WH(Q)

satisfy Lw > 0 in Q in distributional sense. Then

supw < supw™,

Q o0
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where the value of wt = max{0,w} in I is understood in the sense of traces.
First of all we need to guarantee the requested regularity for the coefficients of the equation.

Lemma 18.8.4. Let K be a convex body in C7* with 0 € int Ky. Let F € CY*(Q,R*"). Then
there exists 0 < 3 < 1 such that A7](-,-;0F),B"(-,-;0F) € CP(Q x R*") for any o € [0,1].
Moreover, the maps

o Af]"(, oF), ow BY(. - 0F)

are continuous as maps from [0,1] to C#(Q x R?").

Proof. The second statement easily follows from the definition of the coefficients. Let us prove
the first statement. It is clear, thanks to our assumptions on Ky and F, that A7/(:,-,0F) and
B#(-,-,0F) belong to C°(Q x R?") for any o € [0, 1]. Moreover, in view of (18.8.4), D;G; is
C*(R**\ 0) for any i,5 = 1,...,2n, since K is C*“. Finally, we get
D;G;
L 1D,GH)

p—0 |p|a

=0.

Indeed, we have

|1D;Gil(p) _, lIpll-
p|* p|*
2||p||*
p|*
<Clplli* =0

|7 (p)mi(p) + [|plI 2D (p)]

Ipll= (I (P)mi(p)| + Ipll | Dim; (p)])

~X

as p — 0, since LPl 35 hounded and the last factor in the previous inequality is O-homogeneous,

Ip|*
thus in particular bounded. Then D;G; belongs to C*(R*"). Since Afjn and B®" are obtained
as composition, sum and product of Holder functions, the conclusion follows. O

Therefore we are in position to apply Proposition 18.8.1. First of all we want to obtain
estimates for the C° norm of solutions to (18.8.7). In order to do this, inspired by [154], we
assume that there exists 6 = §(Ko, 2, H) € (0, 1] such that

/ Huvdz
Q

for any non-negative function v € C°(Q2). To justify this assumption, assume that we have
a function v € C?(Q) which solves (18.8.1). Then, multiplying (18.8.1) by a test function

< (1—5)/Q||Dv||*dz (18.8.9)
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v € CX(Q), integrating over €2 and letting n — 0, by Proposition 18.6.1 we get that

/Hvdz /vdiv( Dut ol )dz
0 o\ Tt Dt 0P P

<Dv Du+oF > &
\/1—|—|Du—|—UF|2

/ vdiv(r"(Du + F)) dz| + 1
0

<

/\ (Du+ F), Dv)

(18.8.10)
si/”Ddez+n/ﬂDMdz

Q Q
—>/“anmdz

Q

Notice that, as already pointed out in the introduction, (18.8.9) is slightly stronger than
(18.8.10). We begin by proving a technical lemma.

Lemma 18.8.5. Let 0 € [0,1] and ¢ € (0,1). Then
(.l (p+0F)) = lplle =1 = | Fll = || = FIl. (18.8.11)

for any p € R*™ and z € Q.

Proof. Let us fix 2 € Q and p € R?™. If p = 0 or p+ oF = 0, then the assertion is trivial.
Therefore, assume p,p+ o F # 0. It is clear, recalling Proposition 18.6.1 and using the Cauchy
-Schwarz formula (18.2.4), that

(p. 7' (p+0F)) = (p+oF,nl(p+oF)) — (oF,wl(p+ oF))
”p‘f‘UFHi . ( ”p‘f‘O'F“i )3 H FH
T (B4 p+oFP)i \E+p+aF|?
HP+OFH§

> — —|IF].
(e +[lp+oF[2)s
Hence, noticing that
lp+oFll. = llpll = | = o Fll. = lpll« — | = F1l
by the triangle inequality, it suffices to prove that
F 3
Ip + o 1. > |lp+oF|. — 1. (18.8.12)

(3 + llp+ o F|13)5

When |[|p 4+ o Fl. <1 (18.8.12) is trivial. Therefore let us assume ||p + o F||. > 1. Notice that
(18.8.12) is equivalent to

3
2

9
lp+cF||2 > (lp+oF|.—1)2(*+ |lp+oF|2).
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Since a? — b” > (a — b)? when 0 < b < a and p > 1, it is enough to check that

lp+oF |2 > (lp+oF |22 = 1)+ |lp+ o F|%)
=p+aF|P? + |p+oF |22 = — |p+ o2,

which is clearly true since ||[p+ o F||, > 1 and € < 1. O

Proposition 18.8.6. Let a € (0,1) and Ky be a convex body in C7* with 0 € int Ky. Let
Q C R be a bounded open set, p € C?(Q), H € L>®(Q) and F € C°(Q,R*). If condition
(18.8.9) is satisfied then there exist a constant n9 = n9(Ko,d) € (0,1) and a constant C, =
Ci(n, Ko, Q, @, F,6) > 0, independent of o € [0,1], € € (0,1) and n € (0,10), such that, for any
solution u € C?*(Q) to (18.8.7) with n € (0,n0) it holds that

lull =) < Ch-

Proof. Let us notice that (18.8.11), the equivalence between || - || and the Euclidean norm and
the boundedness of F allow to find constants ag, as > 0, independent of o € [0,1] and € € (0, 1),
such that

(p, 72 (p+0F)) > aolp| — az

for any z € Q and p € R?". This fact, together with the boundedness of H, suggests to rely
on [157, Lemma 10.8] to limit ourselves to estimate |[u|| ;1 (o). Indeed, it is not difficult to show
that [157, Lemma 10.8] remains true when condition (10.23) of [157] allows a positive coefficient
multiplying |p|. Moreover, its proof can be easily adapted to achieve estimates from above of
supq —u in terms of ||u~||11(q) for any solution of Qu = 0 where @ is defined in (10.5) of [157].
In the end it suffices to estimate ||u™||11(q) and ||u™||11(q). We only estimate ||u*||1(q), being
the other case analogous. Moreover, up to replacing u by u — ||¢|| o (a0), We can assume that
u < 01in 0. Let us set v = u*. Then it is clear that v € WH°(Q) N W, (), and moreover
Dvu exists in the classical sense for almost every z € 2. Therefore, since u is in particular a

weak solution to

D F
div(7(Du + o F)) + ndiv uto =oH,
\/1 + |Du+ o F|?
it follows that
D F
/(Dv,wg(Du—l— oF)) +77<Dv, uto > dz = —/ voHdz. (18.8.13)
Q \/1 +|Du+ oF|? Q
We claim that
(Du, 7 (Du+ 0 F)) > |Dell. — 1= |Fll, — | - FI. (18.8.14)

holds in any point where Dv exists in the classical sense. Indeed, in such points Dv is either 0 or
Du. In the first case (18.8.14) is trivial, while in the second case it follows from Lemma 18.8.5.

It is well known that, since v > 0 and v € Wol ’I(Q), there exists a sequence of non-negative
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functions (vg)r € C°(Q) converging to v strongly in Wy (). Moreover, thanks to (18.8.9) it

holds that
/ Hu,dz
Q

Hence, passing to the limit in the previous equation, and recalling that || - ||, is equivalent to

<(1-9) /Q |Dvg]). dz.

the Euclidean norm, we conclude that (18.8.9) holds for v. Combining this information with
(18.8.13) and (18.8.14) we get that

D F
0:/ —<Dv,7r?(Du+aF)>—77<Dv, uto >d,z_/ngHdz
Q 1+ [Du+oF]? 2

< [ =IDvll + 14 IFW 4 = Fll 4 gl Deldz + | [ oft dz

< /Q =Dl + T+ [[Flle + || = Fll« + Cl| D], + (1 = 9)[| Dvl|. d=

— /Q L+ |[F|l + | = Pl + (Cy — )| Dv]. d,

where C' = C(K)) is a positive constant as in (18.2.1). Hence, choosing 1y € (0,1) such that
0 — Cng > 0, we conclude that

(6= Cm) [ Dol dz < (6= Cn) [ [Doll.dz < [ 1+ |FI|.+ || = Fl. dz

for any n € (0,79). Thanks to Poincaré’s inequality and the equivalence between || - ||, and
the Euclidean norm, we conclude that there exists a constant ¢;, independent of o € [0, 1],
e € (0,1) and n € (0,79), such that

/ utdz < ¢.

Q

Since in the same way we can achieve an estimate for u~, the thesis follows. m

The next step is to achieve gradient estimates, again in the C° norm, for solutions to
(18.8.7). As customary in this framework, we want to reduce ourselves to boundary gradient
estimates via a suitable maximum principle. To this aim, arguing as in [85], we need to assume

the existence of scalar functions fi, ..., fo, € C1(Q) such that
DyF; = D;f, forany i, k=1,...,2n. (18.8.15)

We stress that interior gradient estimates usually depend on the bounds of the coefficients
and the ellipticity nature of the equation (cf. e.g. [157, Chapter 15]). Consequently, since by
(18.8.6) the ellipticity constant tends to vanish as n — 0, the right way to achieve estimates
which are uniform in €, € (0, 1) is to rely on a suitable maximum principle argument. Indeed,
thanks to (18.8.15), the following maximum principle, which is the Finsler counterpart of [85,
Proposition 4.3], holds.

Proposition 18.8.7. Let Ky be a convex body in Ci’a for 0 < a <1 with 0 € int Ky. Let
Q C R?" be a bounded domain. Let F € C*(Q2,R*") be such that (18.8.15) holds. Let H be a
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constant. Let u € C?(Q) be a solution to (18.8.7). Then

where f = (f1,..., fon) s as in (18.8.15).

Proof. Fix 0 € [0,1], ¢ € (0,1) and n € (0,1). Let v € C?(Q) and fix k € {1,...,2n}. Then,
multiplying (18.8.7) by Dyv, using Proposition 18.6.1, integrating over (), integrating by parts
and exploiting the properties of F', it holds that

Du+ oF|? Du+oF
0:/ div ((Du+ oF)—IPuFoFl  Duto —oH | Dydz
Q (&3 + || Du+ o F||3)3 \/1—|—\Du+oF|2

|Du + o F||? Du+oF
+ Divdz
(&3 + || Du+ o F||3)3 ¢1 + |[Du+ oFJ?
2n 2
D F D; F;
== [ |m(Du+oF) |Dutobl, ., Duto
=179 (3 + ||Du+ o F|32)3 \/1+\Du—|—UF]2
| Du + o F||2 Diju+ oF;
(3 + y|Du+UFH§)% \/1+|Du+aF|2

2n D F 2 Dz E
:Z/Dk m(Du+ op)y—Putobls . Duto Dy dz
o/ (3 +|[Du+oF|3)5 1+ |Du+cF?

- /Q div (W(Du 4 oF)

) D,D,vdz

:_é/ﬂ (ﬁi(Du—l—aF)

) DiD;vdz

Z / Az, Du; 0 F)Dy(Dyu + o Fy) Dy dz

zgl

Z / A7l (2, Du; o F)Dj(Dyu + o fi) Divdz,

i,j=1

being A7 as in (18.8.3). Therefore we proved that
/ Az, Du; 0 F)Dj(Dy + o fi) Dy dz = 0 (18.8.17)
7,0=1

for any v € C?(2). Arguing as in [85, Proposition 4.3] it is easy to show that (18.8.17) actually
holds for any v € C!(€). Therefore, recalling (18.8.6), we proved that Dyu + o fy is a weak

solution to the linear uniformly elliptic equation
div(a; ] Djw) = 0,

where

a;j(z) == A7} (2, Du; 0 F(2)).

ZY]

Hence, being a;’(z) bounded in €2, thanks to Theorem 18.8.3 with b;, ¢;, d = 0 we conclude that

|Du+ o flre) < [|[Du+ o fl| =00,
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which in particular implies that

]

Finally we are left to provide boundary gradient estimates for solutions to (18.8.7). There-
fore, inspired by [154], we have to impose some constraints on the values of H depending on

the Finsler mean curvature of 9€2. More precisely, we require that
|H[(20) < Hry,00(20) (18.8.19)

for any zy € 00, where Hg, so is the Kj-mean curvature as defined in Subsection 18.3. Here
and in the rest of this section we assume that K is a convex body in C° such that 0 € int K,

since we need to apply the results of Section 18.3.1 and Section 18.3.2.

Proposition 18.8.8. Let K, be a convexr body in C° with 0 € int Ky. Let  C R?™ be
an open and bounded set with C** boundary, for some 0 < a < 1. Let ¢ € C*(Q), F €
CY(Q,R*™) and H € Lip(Q) satisfying (18.8.19). Finally, assume that there exist a constant
no = 1m0(n, Ko, Q, @, F, H) € (0,1) and a constant Cy = Cy(n, Ko,Q, ¢, F, H) > 0, independent
of 0 € [0,1], € € (0,1) and n € (0,m0), such that, for any solution u € C*(Q) to (18.8.7) it
holds that

[ ul| Lo () < Ch. (18.8.20)

Then, up to choosing a smaller ng = no(n, Ko, Q, ¢, F, H) € (0,1), there exist a constant Cy =
Cy(n, Ko, Q, ¢, F,Cy, H) > 0, independent of ¢ € [0,1], € € (0,1) and n € (0,1), such that any
solution u € C?(Q) to (18.8.7) with n € (0,n) satisfies

[ Dul| < (a0) < Co. (18.8.21)

Proof. First of all we notice that, being 02 compact and H, sq continuous, (18.8.19) implies
the existence of a positive constant C5 = C5( Ko, §2, H) such that

|H (20)] < Hiepo0(20) — 3C3 (18.8.22)

for any zy € 02. In order to prove this result we use a barrier argument as in [157, Chapter
14]. Therefore, for any 2y € 92, we have to find a neighborhood N of 2 in © and two functions

wh,w™ € C?(N), called upper barrier and lower barrier respectively, such that

w(z0) = w™(20) = op(20),
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for any z € ON,

Dw* F
div(7"(Dwt + o F)) + ndiv wre <oH
J1+ [Dwt + o FP?

for any z € A and

div(7"(Vw™ + o F)) + ndiv Dw_t ok >oH
1+ |[Dw= + o FJ?

for any z € N. In this proof we deal only with the upper barrier, being the other case
analogous. In order to find an upper barrier, we consider a tubular neighborhood O of 0f2 and
we let Ty := {z € Q : dg,00(x) < u}, where dg, g0 is the Finsler distance from the boundary,
p € (0, o) and o > 0 is small enough to ensure that I, CT',,) € O for any p € (0, po). Let
us denote by Hy,_ (z) the Euclidean mean curvature of ¥y at any z € T,,. Being Hy,

continuous on T, there exists a constant Cy = Cy(Q, Ko) > 0 such that
|Hs,..,(2)] < Cy (18.8.23)

for any z € T, We fix p € (0, po) and we define w® : T’y — R by w'(2) := kdg, 00(2)+0op(2),
where & > 0 has to be chosen. First, thanks to (18.3.11), w™ € C*(T,), and for any z € T,
there exists a unique 2z € 02 such that dg,s0(z) = ||z — 20| Moreover, it is clear that
wT(29) = op(z) for any zy € 9. Thanks to (18.8.20), if we choose

k> Cr+ ||80||L°°(Q)7

i

it follows that w*(z) > wu(z) for any z € Q with dg,00(z) = p, and so we conclude that
u(z) < wt(z) for any z € 0I',. We are left to show that w" is a subsolution to (18.8.7).

Therefore it suffices to show that

Dw™ F
(&8 + | Dwt + o F|P)5 mWﬂﬂhﬁ+aF»+nmv< wre )—aH <0
J1+ [Dwt + o F|?

on I',. Taking k > supg || — F|+, (18.3.5) ensures that kDdg, s0(2) +0F(z) # 0 forany z € T,
and o € [0, 1]. Let us notice that Proposition 18.6.1 and a simple computation imply that

(+||Dw* + o F||?)3 div(x(Dw* + o F))
Dw*t + oF)||Dwt + o F|?
(% + || Dwt + o F|[2)3 )
=(&® + |Dw + oF||2) div(m(Dw" + o F)||Dwt + o F||?)
A
+ (& + | Dw* + o F||})3 | Dw* + o F|(m(Dw* + 0F), D ((e° + | Dw* + o F|[3)75)).

B

=(% + || Dw" + o F||?)3 div (W(
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We estimate separately A and B. In the following computations we let d := dg, s and
R, := 0Dy + oF. We are going to exploit the fact that, thanks to the homogeneity properties
of the equation, the contribution of R, as k — oo is negligible. Let us notice that by (18.3.5)
and (18.2.7) we get

7(Dd, 90) - D*di, .00 = 0. (18.8.24)

Hence, thanks to (18.3.5), (18.8.24), the 1-homogeneity of || - ||+, the 0-homogeneity of 7, the
—1-homogeneity of D7 and the properties of || - ||, it holds that
2n 2n

A =||kDd + R,||?>_ D; (mi(kDd+ R,)) + > _ m;(kDd + R,)D; (Hde + Rg||i)

i=1 =1

2n
=|kDd + R,||> > Dim;(kDd+ R,)(kD;;d + D;R,;)

1,7=1

+ 2||kDd + R, ||«m(kDd + R,) - (kD*d + DR,) - n(kDd + R,)"

o 2 2n o Dz 0,7
—&|pa+ | S Do, (Dd+ R) (Dijd+ d ’J>
kL2, K 2
4 ok? Dd+}z W(Dd+i)-<D2d+ f)-w@m}z)

=k*(1 + o(1))(div(m(Dd)) + o(1)) + 2k*(1 + o(1))(7(Dd) - D*d - 7(Dd)* + o(1))
=k*div(m(Dd)) + o(k?),

which allows to infer that
(&2 + | DwT + o F||?)A = k* div(n(Dd)) + o(k")

as k — oo, where o(k?) is uniform with respect to z € T', € € (0,1) and o € [0,1]. Now,

exploiting the same properties as above, we estimate B:

(e + ||kDd + RgHi’)gB = —2||kDd + R,||2(r(kDd + R,),V(||kDd + R4||,))
= —2||kDd + R,|im(kDd + R,) - (kD*d + DR,) - 7(kDd + R,)"
R, R, DR RAN\T
D il D ). (D2 "). <D ")
d+k*n<d+k>(d+k 7 (Dd+ =

= —2k°(1 + 0(1))(n(Dd) - D*d - 7(Dd)" + o(1))
= —2k°(1+ o(1))o(1)
= o(k?).

= —2k°

as k — oo and uniformly with respect to ¢ € (0,1), ¢ € [0,1] and z € I',. From a similar
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computation, it follows that

\/1+ |Dwt + o F|?

d Duw* + oF  div(Dd) + @B (Dd+ B2 (D?d+ Bi) - (Dd + 1)t
i+ |pa+ 2] o

_div(Dd) Dd - D%*d - DdT o)
~|Dd] |Dd|3

(,32+)Dd+f§;

as k — oo and uniformly with respect to o € [0,1] and z € I';,. Finally, it is easy to see that
—(& + | Dwt + oF|P)soH < (3 + || Dw* + o F|)3|H| = K°|H| + o(k?)

as k — oo and uniformly with respect to € € (0,1), 0 € [0,1] and z € I',. In the end we get
that

5 Dwt F
(€% + | Dw* + o F|P)3 | div(x"(Dw* + o F)) + ndiv wre —oH
J1+ [Dwt + o F|?

<K (div(w(Dd)) ndiv (é;) + |H|> + o(k°)

as k — oo and uniformly with respect to € € (0,1), o € [0,1] and z € I',,. Now, let z € I, and
let zp € 0N be such that d(z) = ||z — z||. Thanks to the Lipschitz continuity of H and the
equivalence between || - || and the Euclidean norm, there exists a constant C5 = C5(Kj) such
that

[H|(2) = [H]|(20) + [H|(2) — [H|(20) < [H[(20) + C5d(2) < |H](20) + C5p. (18.8.25)

Hence, thanks to (18.3.3), (18.3.7), (18.8.22) and (18.8.23), we conclude that

A (r(DA)(E) 4 1 (D) +1F1Ga) + Co = ity (2~ sy () + 1) + it

< —Hy,p0(20) +1Cs + [H|(20) + Cspe
< _03 < 07
(18.8.26)
provided that pu < c§ and 1 < %i Hence we found an upper barrier, from which the thesis
follows. o

Remark 18.8.9. Assume that n = 1, let @ C R? and K, € C? be a convex body of R?. If
(18.8.19) holds then  is strictly convex. Indeed, by Proposition 18.3.4 we have

(DeyNogye) k()
kEo(m(N,,)) — kEo(m(N,,))’

0<|H| < —
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where k%0 and k% are the the Euclidean geodesic curvatures of 0K and 0. Since kX0 is

strictly positive we obtain k%?(zy) > 0, hence  is strictly convex.

To conclude this section, inspired by [265] we want to show that, in the particular case
in which H is constant and n = 1, then we can exploit (18.8.19) in order to obtain uniform
estimates of the function, without requiring the validity of (18.8.9). Again, in order to apply
the results of Section 18.3.1 and Section 18.3.2, we assume that K, is a convex body in C'¥°
such that 0 € int Ky and 99 belongs to C?%1.

Proposition 18.8.10. Assume that n = 1. Let Ky be a convex body in C3° with 0 € int K.
Let Q C R? be a bounded domain with C*' boundary, let ¢ € C*(Q) and let H be a constant
which satisfies (18.8.19). There exists a constant Cy = C1(Ko,Q, ¢, H, F') > 0, independent of
o €10,1], € € (0,1) and n € (0,1), such that, for any solution u € C*(Q) to (18.8.7), it holds
that

Jull iy < .

Proof. Let k™ be the geodesic curvature of K. Since Ky € C%°, then in particular £%°(p) > 0
for any p € 0Ky. Let C3 = C3(Ko,, H) be as in (18.8.22). Let us define the function
v:int )y — R by

v(z) = S;Qp lo| + kdr,.00(2) (18.8.27)

for any z € €y, where k£ > 0 has to be chosen and €, is the set defined in (18.3.10). We already
know (cf. (18.3.11)) that v € C?(int Q). We repeat verbatim the computations of the proof of
Proposition 18.8.8 up to (18.8.26), with the difference that, being H constant, we can choose
Cs = 0in (18.8.25). Since n = 1, we exploit Proposition 18.3.4 to infer that

. . Dd
mWﬂD®K@+n¢VQDﬂ>+Hﬂ=—ﬂhﬁwﬂd—nH%m@%HH|

= —Hpo,0(2) = nk™ (1(N2)) Hey 3, (2) + | H]
< —Hgg00(20) + | H]
< -3C5 < 0.
(18.8.28)

Hence there exists k > 0, independent of ¢ € (0,1), n € (0,1), o € [0,1] and z € €, such that
v is a subsolution to (18.8.7) on int{2;. Therefore, arguing as in the proof of [157, Theorem
10.7], it follows that w := u — v is a weak supersolution on int ; to a linear elliptic equation
of the form o o

421 D;(a; j(z)Djw(z)) + z; ¢i(z)Dyw(z) = 0.

ij= ie

Hence, thanks to Theorem 18.8.3 and recalling (18.3.12), it follows that

sup(u — v) < sup ((u—v)").
Q1 OOUR
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Noticing that u — v < 0 on 92 and that int Q; = Q, we obtain that

w(z) = v(2) < sup(u —v) = sup(u = v) < sup((u — v)7) = sup((u — v)7)

for any z € 2. We are left to show that supg((u —v)*) < 0. Indeed, assume by contradiction

that supg((u —v)*) > 0. Since R is compact, there exists zp € R such that

u(zo) —v(2) = s%p((u —o)t) = s%p(u — ).

Moreover, z, is a maximum point for u — v on Q. Let us fix yo € 9Q such that dg, sq(20) =

|20 — yo||. Then, thanks to Proposition 18.3.5, it is easy to see that

dry.00(z) = ||z — yol| (18.8.29)
for any z belonging to (o, z0), the segment connecting yo and zg. Let now v := ﬁ By
(18.8.29) it holds that v(z) < v(zo) for any z € (yo, 20), and moreover

hy) —
D u(zg) = Tim S Em) = 0l0) (18.8.30)
h—0+ h

Since zp is a maximum point of u — v, it holds in particular that Dfu(zo) < Djv(zp), which
implies, together with (18.8.30), that Dfu(z9) = D,u(z9) < 0. This proves that Du(zy) # 0.
Since then zj is a regular point for u, the level set {z € Q : u(z) = u(z)} is locally a C?
hypersurface. Therefore there exists a small Euclidean ball B such that B is tangent to the
level set at zo and moreover B C {z €  : u(z) > u(zy)}. Now, since by our assumptions the
Finsler balls relative to — K are uniformly convex and C?, there exists 0 > 0 and z € € such
that

B_g,(20,0) C{z€Q : u(2) > u(z)} (18.8.31)

and B_g, (¢, 0) is tangent to B at z. Indeed, fix a Finsler ball tangent to B at z, relative to
— Ky, say Br. On one hand, the principal curvatures of 0B at zy are fixed. On the other hand,
noticing that the principal curvatures of a C’?r convex set admit a positive lower bound, we can
dilate and translate Br to make the curvature of B as big as we want to ensure that (18.8.31)
holds. Notice that

dry.00(2) > dig0a(20) (18.8.32)

for any z € B_g,(xo,0). Indeed, if by contradiction there exists z € B_g,(xo, 0) such that
dry.00(2) < di,00(20), then (18.8.31) would imply

u(z) — kdg, 00(2) > u(20) — kdk,00(z) > u(z0) — kdk, 00(20),

a contradiction to the maximality of z,. Let now wy € 0€2 be such that dg sa(wo) = ||z — wol|,
and let by be the unique point of intersection between dB_ g, (¢, 0) and the segment joining wq
and xy. Then by (18.2.2), (18.8.29), (18.8.32), the choice of by and the strict convexity of Ky,
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it holds that

drcy00(T0) = ||zo — wol| = ||o — bol| + [|bo — woll = 0 + diy00(bo) > 0+ dky.00(20)-

On the other hand, (18.2.2) and the triangle inequality imply

dio,00(20) < |20 = yoll < [lzo — 20l + [1z0 — woll = ¢ + di 00(20)-
Putting together the previous inequalities we get that
di,00(z0) = llzo = woll = llzo — 2ol + llz0 — %ol (18.8.33)

from which in particular we conclude, exploiting again the strict convexity of Ky, that zq lies
on (yo, o). Therefore, thanks to this fact, the first equality in (18.8.33) and Proposition 18.3.5,

we conclude that zg € int 21, which is a contradiction. In the end we proved that
supu < sup || + b max dicy o0
Q o9 Q

Since the converse estimate can be obtained in a similar way, the thesis is proved. O

Remark 18.8.11. We point out that the proof of Proposition 18.8.10 does not hold for n > 2.
Indeed, when n > 2, the Euclidean mean curvature Hy, in equation (18.8.28) may blow down
to —oo close to the ridge I? even though the Finsler mean curvature Hy, s, is strictly positive

on Ql-

18.9 Existence of sub-Finsler Lipschitz minimizers

Thanks to the a priori estimates of the previous section, together with Proposition 18.8.1 and
the uniformity of the estimates with respect to € € (0,1) and n € (0,7), we are in position to

pass to the limit and find a solution to the sub-Finsler prescribed mean curvature equation.

Theorem 18.9.1. Let Ky € C° be a convex body such that 0 € int Ky. Let 2 C R?" be a
bounded domain with C*' boundary. Let o € C**(Q), for 0 < a < 1, and let F € C1*(Q,R*")
be such that (18.8.15) is satisfied. Assume that H is a constant such that (18.8.9) and (18.8.19)
hold. Then, there exists ng € (0,1) such that for any e € (0,1) and any n € (0,n), there exists
a function u., € C**(Q) which solves (18.8.1). Moreover, there exists a constant M > 0,

independent of € € (0,1) and n € (0,10), such that any solution u., to (18.8.1) satisfies

sup |ue | + sup |Du,,| < M. (18.9.1)
Q Q

Finally, there exists a Lipschitz continuous minimizer ug € Lip(Q)) for the functional T defined
in (18.5.1) with ug = ¢ on ON.
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Proof. By Proposition 18.8.6, Proposition 18.8.7 and Proposition 18.8.8, there exists a constant
M > 0 such that, for any o € [0,1], any 0 < ¢ < 1 and any n € (0,19) with 1y > 0 small
enough, then any solution u € C?%(Q) to the problem (18.8.7) satisfies

sup |u| + sup |Du| < M.
Q Q

Then by Proposition 18.8.1 there exists a solution u., € C**() to

: : Du+oF _ :
le(’YTg(DU + F)) -+ 77le <\/1+|D+uTF|2) =H in 2

U= in 0€).
Again by Proposition 18.8.6, Proposition 18.8.7 and Proposition 18.8.8, we have that

Sup |te | + sup |Du,,| < M, (18.9.2)
Q Q

where the constant M > 0 is uniform in 0 < e < 1 and n € (0,79). Let {¢;};en C (0,1) and
{n;}ijen C (0,7m0) be sequences such that ¢; — 0 and n; — 0 as j — oo. Since M is uniform in
€ and n by (18.9.2) we gain that supq |ue, ,,| < M and that for any 2y, 2, € Q

|ty (21) = Uej i, (22)] < M|z1 — 2] (18.9.3)

Then, by Ascoli-Arzela theorem there exists ug € C(Q) such that Ue, n, — U uniformly in Q.
It is clear that u = ¢ on 092. Moreover, taking the limit as j — 0 in (18.9.3), we gain that

sup uo(21) — uo(20)]

<M,
21722 |21 — 2o

thus wg is Lipschitz. We claim that ug is a minimizer for Z defined in (18.5.1). Indeed, we have
that [|uc, , [lwii) < MIQ, [Juollwiio) < M|Q| and u,, ,, converge to ug in L'(€2). Moreover,
the function (p, (Z,y)) — ||p + F(Z,9)||« is positive, continuous and convex in p. Therefore, by
[231, Theorem 4.1.2], T is lower semicontinuous with respect to the strong L!-topology, from
which we have that

T(up) < liminf Z(u, ;). (18.9.4)

J]—00

For each v € Wh1(Q) such that v — ¢ € Wy (Q), it follows that

T(te; ;) :/QHDugmj+F||*dz+/QHugmj dz
1
< /Q(s§f+ |Du., ,, + F||%)} dz+/QHu5j7,7j dz+nj/Q\/1+ Du.,,, + FPdz
</(e§?+||Dv+F||i)%dz+/ Hvdz+77j/ J1+ |[Dv + Fl2dz
Q Q Q
<&l + [ |1Do+Fllods+ [ Hods+u; [ /T+][Do+ Fldz,
Q Q Q

(18.9.5)
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where we have used the fact that the Dirichlet solution u.,, € C*%(€) is a minimizer for the
functional v — fo (e} + || Dv + F|3)3 + [ Hv 4 n; Jy /1 + |Dv + F|2dz for each v € W(Q)
st. v —¢@ € Wy (Q). Passing to the liminf in (18.9.5) and taking into account (18.9.4), we
obtain Z(ug) < Z(v) for each v € WHH(Q) s.t. v — ¢ € W' (). O

We now apply the same argument of the previous proof in H!', using the height estimate
provided by Proposition 18.8.10 instead of the one given in Proposition 18.8.6 to avoid condition

(18.8.9), to obtain the following sharp result in the first Heisenberg group.

Theorem 18.9.2. Let n = 1 and Ky € C be a conver body such that 0 € int Ky. Let
Q) C R? be a bounded domain with C*' boundary. Let ¢ € C**(Q), for 0 < a < 1, and let
F € CY(Q,R?) be such that (18.8.15) is satisfied. Assume that H is a constant such that
(18.8.19) holds. Then, there exists ny € (0,1) such that for any € € (0,1) and any n € (0,1),
there exists a function u., € C**(Q) which solves (18.8.1). Moreover, there exists a constant

M >0, independent of e € (0,1) and n € (0,19), such that any solution u., to (18.8.1) satisfies

sup |t | + sup |Due,| < M. (18.9.6)
0 0

Finally, there exists a Lipschitz continuous minimizer ug € Lip(Q) for the functional T defined
in (18.5.1) with ug = ¢ on ON.

To conclude this section, according to [85] we point out that the Dirichlet problem for
the prescribed Ky-mean curvature equation can be equivalently stated by means of a weak
formulation which takes into account the presence of the singular set. Indeed, given a bounded
domain Q@ C R*™ o € Wh(Q), H € L>(Q) and F € L'(Q), we say that v € WH(Q) is
a weak solution to the Dirichlet problem for the prescribed Ky-mean curvature equation if
u— e Wy'(Q) and

/QO HngH*dz—l—/Q\QO(W(Du—i—F),V¢> dz+/QH¢dz >0 (18.9.7)

for any ¢ € W' (Q), where we recall that Qo = {Du + F = 0}. The equivalence between the
two formulations is proved in [85] for the sub-Riemannian setting and can be carried out for

the sub-Finsler setting with slight modifications.

Remark 18.9.3. A deeper look to [196, 195] suggests that it should be possible to prove that
the aforementioned results still hold only assuming that K, is a convex body in C’i’o‘ with
0 € int Ky, for some 0 < o < 1. Accordingly, it is reasonable that in Theorem 18.9.1 the

regularity of 0K, can be weakened to C%*?, for some 0 < o < 1.
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18.10 A sharp existence result of Lipschitz minimizers

in the sub-Riemannian setting

As pointed out in the introduction, a Finsler approximation scheme for (18.1.8) cannot be
arbitrarily chosen, since one needs to guarantee classical regularity of the resulting equations.
Nevertheless, for a particular class of Finsler metrics, it is possible to choose a more natural
approximation scheme. More precisely, let us consider the one-parameter family of differential

equations defined formally by

(18.10.1)

Du+ FJ,
div(ﬂKO(Du—l—F |Du+ F ):H

Va2 + [Du+ F|?2

We point out that, when K is the Euclidean unit ball centered at the origin, (18.10.1) re-
duces to the well-known elliptic approximating equation considered for instance in [85] (cf.
Remark 18.5.2). In order to give to equation (18.10.1) a pointwise meaning, we must impose
a priori that the function G(p) := ||p|l«7x, (p), which is C* outside the origin, admits a C* ex-
tension to the whole R?". This regularity hypothesis turns out to be equivalent to the fact that
the left-invariant sub-Finsler structure induced by K, comes from an underlying left-invariant
sub-Riemannian metric on the distribution H (cf. [281]), or equivalently that Ky is an ellip-
soid centered at 0. More precisely, it is easy to check that, if G € C1(R?*",R?*"), then DG is

necessarily a constant, symmetric and positive definite matrix, and moreover

~ DG - p”
Ipll. = /p-DG-pT  and  wx(p) = =L (18.10.2)

1ol

for any p € R?". When (18.10.2) holds, a direct computation shows that (18.10.1) is a well-
defined, quasi-linear elliptic equation, so that in this setting a Euclidean regularization term as
in (18.8.2) is no longer needed. In order to solve the Dirichlet problem associated to (18.10.1)
it is then possible to replicate almost word-by-word the computations of Section 18.8, with the
advantage that the absence of the Euclidean curvature term makes the process easier. The
main benefit of this new approximation is that, due to the absence of the Euclidean curvature
term, a result analogous to Proposition 18.8.10 actually holds for any n > 1. We include the

proof for the sake of completeness.

Proposition 18.10.1. Assume that Ko € C7° induces a left-invariant sub-Riemannian metric
on H". Let Q C R> be a bounded domain with C*' boundary, let p € C*(Q) and let H be
a constant which satisfies (18.8.19). There exists a constant C; = C1(Ko,Q, ¢, H, F) > 0,
independent of o € [0,1] and ¢ € (0,1), such that, for any solution u € C*(Q) to

div (WKO(Du + 0F)%) =cH inQ

u=0op in OS2
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it holds that
||u||Loo(Q) < 01.

Proof. Let C3 = C3(Ky, 2, H) be as in (18.8.22). Let us define the function v : int ; — R as
in (18.8.27), that is

v(z) = Sglgp | + kdi,00(2)

for any z € €y, where & > 0 has to be chosen and 2 is the set defined in (18.3.10). Again
we know (cf. (18.3.11)) that v € C*(int ;). We repeat again, with minor modifications, the
computations of the proof of Proposition 18.8.8 up to (18.8.26). As in the proof of Proposi-
tion 18.8.10, being H constant, we can choose C5 = 0 in (18.8.25). Moreover, since n = 0, the

analogous of (18.8.26) becomes
div(m(Dd))(2) + [H[(20) = =Hio 24, (2) + [H[(20) < =Hiio,00(20) + [H[(20) < =3C5 < 0.

Hence there exists k& > 0, independent of ¢ € (0,1), ¢ € [0,1] and z € Qy, such that v
is a subsolution to (18.10.1) on int ;. The thesis then follows verbatim as in the proof of
Proposition 18.8.10. O

Therefore, in the sub-Riemannian setting, we can exploit Proposition 18.10.1 to avoid con-

dition (18.8.9), so that the following sharper analogous to Theorem 18.9.1 holds.

Theorem 18.10.2. Assume that Ky € C%° induces a left-invariant sub-Riemannian metric on
H*. Let Q C R? be a bounded domain with C*' boundary. Let ¢ € C**(Q), for 0 < a < 1,
and let F € CY*(Q,R?) be such that (18.8.15) is satisfied. Assume that H is a constant such
that (18.8.19) holds. Then, for any e € (0,1), there exists a function u. € C**(Q) which solves
the Dirichlet problem associated to (18.10.1) with boundary datum ¢. Moreover, there exists a
constant M > 0, independent of € € (0,1), such that any solution u. to (18.10.1) satisfies

sup |ue| + sup | Du.| < M.
Q Q

Finally, there exists a Lipschitz continuous minimizer ug € Lip(Q) for the functional T defined
in (18.5.1) with ug = ¢ on ON.
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Chapter 19

t-graphs of prescribed mean curvature:

avoiding Dirichlet conditions

19.1 Introduction

We refer to [245] as main reference for this chapter. Although the Dirichlet problem, as previ-
ously discussed, has been widely studied beyond the Euclidean framework, as far as the author
is aware no results in the spirit of [162] are available in the Riemannian setting. The aim of this
chapter, consequently, is to lay the groundwork for the study of hypersurfaces with prescribed
mean curvature outside the Euclidean setting and overcoming conditions inspired by (18.1.2).
More precisely, we consider again t-graphs in both the Riemannian and the sub-Riemannian
Heisenberg group. Our main achievement, in the spirit of [162], is an existence and regularity
result for solutions to (e-PMC), both in the non-extremal and in the extremal case. More pre-
cisely, our Riemannian existence statement reads as follows. Throughout this chapter, unless

otherwise specified, we denote by € a bounded domain in R?® with Lipschitz boundary.

Theorem 19.1.1. Let Q C R?*" be a bounded domain with Lipschitz boundary, and let H €
Lip(Q) NC.7(Q) for some v € (0,1). Then (18.1.4) holds if and only if there exists u € C?(Q)

which is a classical solution to (=-PMC) on Q. Moreover, if H € C27(Q) for some k € N,
k> 1, thenu e CLE*(Q). Finally, if H € C™(Q), then u € C™(Q).

loc

Our approach can be summarized in the following major points.

« First, we prove existence of BV minimizers of a suitable penalized functional, analogous
to (18.1.6), in the non-extremal case (cf. Proposition 19.3.3). To improve the regularity
of such minimizers, we rely on suitable variational properties of minimizers (cf. Theo-
rem 19.3.5 and Proposition 19.3.6) to infer that minimizers are locally bounded in € (cf.
Proposition 19.3.7).

« Our second step relies on a generalization to the anisotropic setting (cf. [266]) of some
celebrated regularity results for almost-minimizers of the perimeter (cf. e.g. [113, 248, 8,
259, 274, 53]). Exploiting some results from [266], we shall see that the boundary 0F,, of
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the subgraph of a minimizer u is regular outside a singular portion with small Hausdorff
dimension (cf. Proposition 19.3.9). A crucial result then consists in translating these
regularity properties from 0F, to u. More precisely, we show that u is regular outside a
small set Q,0 C Q for which H*(Q,,0) = 0 for any s > 2n — 7 (cf Proposition 19.3.11).
The proof of these results is based on a careful analysis of the prescribed mean curvature

equation for intrinsic graphs.

o Next, owing to some structure properties of the Riemannian perimeter induced by the
metric g. (cf. Section 16.8), we show that minimizers enjoy Sobolev regularity (cf. Propo-
sition 19.3.12).

» In view of the previous steps, and exploiting a suitable existence result for the Dirichlet
problem in small balls (cf. Theorem 19.1.3), we provide local Lipschitz regularity by
means of an approximation procedure and a comparison principle argument (cf. Propo-
sition 19.3.13).

o To pass from Lipschitz regularity to higher regularity, exploiting a well-established ap-
proach, we write a linear uniformly elliptic equation for the function
~u(z+v) —u(z)

A T .

so that both the De Giorgi-Nash-Moser theory for C%® regularity and the classical
Schauder theory for higher regularity apply (cf. Theorem 19.3.8). This last step ba-

sically concludes the proof of Theorem 19.1.1 in the non-extremal case.

« Finally, the existence of classical solutions in the extremal case (cf. Section 19.3.6) follows
exploiting an approximating procedure as in Chapter 18, together with a suitable com-
pactness argument and the extension to the Riemannian setting of the Euclidean notion

of generalized solution to (18.1.1).

As already mentioned, since our source H may not be constant, a crucial step in the proof of
local Lipschitz regularity is the use of suitable interior gradient estimates. More precisely, we
extend the proof of Korevaar and Simon (cf. [185]) to achieve the following result, which may

be of independent interest.

Theorem 19.1.2 (Interior gradient estimates). Let Q0 C R?” be a bounded domain. Let H €
CY(Q). Let u € C3(Q) be a solution to (=-PMC) and let Q € Q be a domain. For any domain
Q € Q there exists a constant C = C (n,e,d(afl,aﬂ), [ull oo @ys 1 Nl o1y ||-7:||L°o(fz)) > 0 such
that

1Dl ey < C, (19.1.1)

where d(8Q, Q) the Buclidean distance between Q) and 9.
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In the proof of Theorem 19.1.2; a crucial role is played by the Riemannian Jacobi equation

(17.1.3). Remarkably, assuming the additional condition
’H| < Hag(zo) (19.1.2)

for any zp € 09, i.e. the sub-optimal version of (18.1.2) required in [7, 158], the proof of
Theorem 19.1.2 can be adapted to provide global gradient estimates (cf. Theorem 19.2.3).
Consequently, we can improve the existence results proved in [7] and in Theorem 18.10.2 for

the Riemannian Dirichlet problem associated to (s-PMC) allowing a non-constant source.

Theorem 19.1.3. Let Q C R*™ be a bounded domain with C** boundary, for some o € (0,1).
Let ¢ € C**(Q) and let H € Lip(Q)). Assume that (18.1.4) holds and that Q is a non-
extremal domain. Assume in addition that (19.1.2) holds. Then, for any € # 0 there ezists
u. € Lip(Q) N CEY(Q) which solves (-PMC) on Q and such that u. = ¢ on O If in addition

loc

H e CY%(Q), then u. € C**(Q).
Regarding uniqueness, we shall prove that the extremal condition (18.1.5) is equivalent to
the maximality of the domain and the verticality of solutions to (e-PMC), in a weak sense,

at the boundary. Moreover, we show that and any of these conditions implies uniqueness of

solutions of (e-PMC) up to vertical translations.

Theorem 19.1.4. Let  C R?*" be a bounded domain with Lipschitz boundary. Let H €
Lip(Q) N CLY(Q) for some v € (0,1) satisfy (18.1.4). The following statements are equivalent.

loc

(i) If Q C R¥ is any domain such that Q C €, then there is no solution u € C*() to
(e-PMC) in Q.

(i) (18.1.5) holds.

Moreover, if 9 is of class C?, then (i) and (i) are equivalent to the following condition.

(iii) For any u € C?(Q) which solves (-PMC) in Q, it holds that

ve, Du + F)

/ < dHanl — Hanl(aQ)’
O \/52 + |Du + F|?

lim
t—0+

where Q = {z € Q : minyepq |z — w| > t} is defined for t > 0 small enough and vy is its

exterior unit normal.

Finally, if OQ is of class C?, each of the previous three conditions implies that solutions to

(e-PMC) in Q are unique up to vertical translations.

Regarding the sub-Riemannian setting, as already discussed in Chapter 18, the problem of
finding t-graphs with prescribed horizontal mean curvature can be formulated by looking for

local minimizers of the functional
T(u) = / |Du + F| + / Hudz. (19.1.3)
Q Q
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Regarding the existence of such solutions, it is customary to rely on the aforementioned Rieman-
nian approximation. Accordingly, our Riemannian existence result can be applied to study min-
imization problems related to (19.1.3). More precisely, we obtain solutions in BV},.(Q2)NL52.(Q)

loc

to the sub-Riemannian prescribed mean curvature equation in the following sense.

Theorem 19.1.5. Let Q C R?*" be an open and bounded set with Lipschitz boundary. Let
H € Lip(Q). Assume that (18.1.4) holds. Then, there exists u € BV,(Q2) N L2.(2) such
that w is an H-minimizer for Pg on € X R in the sense of (19.5.1). Moreover, there exist a
sequence of open sets such that 2y @ € Q for any j < k and U2, = Q and a sequence

(uj); € C>(8;), such that each u; solves (-PMC) in Q; and moreover
u; — u almost everywhere in and P.,(Ey;,) =" Pu(Ey,-) locally in Q x R,

where —* denotes the weak-* convergence of measures.

We point out that Theorem 19.1.5 generalizes the existence result proved in [264] for mini-
mal t-graphs allowing H to be different from zero. Another interesting difference with respect
to [264] consists in the different approach to the existence issue. Indeed, Serra Cassano and
Vittone provided existence essentially via direct methods. On the other hand, although we
believe that the same strategy could have worked as well in our framework, we preferred to
provide existence combining direct methods and approximation. Indeed, as nicely explained
in [74], sub-Riemannian minimizers arising as limit of Riemannian minimizers are only a par-
ticular subfamily of all sub-Riemannian minimizers, and they typically enjoy better regularity

properties.

19.2 Interior and global gradient estimates

Throughout this section, we fix € # 0 and the metric g.. Moreover, we fix a bounded domain
Q) C R*™ and H € C'(Q). We shall provide interior and global gradient estimates for C?
solutions to (-PMC). Our approach follows the technique developed in [184, 185]. Given
u € C3(Q), we denote by v° the Riemannian normal to the hypersurface S = graph(u), which
can be globally extended to 2 x R through vertical translations by

n Diu(z) + Fi(z) €

VE('Z?t):_ j|z7t +
SV D+ FOP T e D) - PP

ZQn—I—l‘(z,t) (1921)

for any (z,t) € Q x R. Moreover, given f € C?(Q), we can consider f as a C* function on S
or on 2 X R by letting f(z,u(z)) = f(2) and f(z,t) = f(z) respectively. In particular, it holds
that Vef = (Df,0). We begin with the following preliminary result.

Proposition 19.2.1. Let u € C3(Q) be a classical solution to (-PMC) for H € L®(Q)NC(Q).
Then 5
A%y > —||H|| o jom) (] + max |Fl) — — max | . (19.2.2)

]
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Proof. Since Zy,11u =0, (19.2.1) implies that

Dut 7 ):\/ Au +{Du+F,D(( + |Du+ F[*)72))

div
\/62 + |Du + F|?

€2 + |Du + F?
Je? + |Du+ FP? (€2 + |Du + FJ?)3

2n+1

1 2n+1
(Z Zi Ziu — Z Z,-Zjuufl/j)

N \/62 + |Du+ F|? \ i=1 ij=1

1 2n+1 o
= Z gl’]ZZ‘ZjU, >

\/82 + |Du+ F|? \ij=1

and hence
2n+1

H\/e24+ |Du+F]>= > ¢ Z;Zju.
ij=1
Since u solves (e-PMC), then our choice of v© in (19.2.1) implies that H* = —H. Hence, by
Proposition 16.4.1,

H 2
(Du, Du+ F) + (
Vet + | Du+ F? 2+ Du+ FP

AE’Su:H\/€2+ |Du + F|? — Du, J(v))

H 2
= (€2 + |Du+ FI> = (Du, Du + F)) + (Du, J(1))
\e2 + [Du+ FP? Ve + |Du + FP2
H 2

= (2 + (F, Du+ F)) -

\/52+ |Du + F|? 0]

{
\/ g2+ |Du+ FJ?
Finally, (19.2.2) follows at once from the previous computation. O

We are ready to prove Theorem 19.1.2.

Proof of Theorem 19.1.2. Let € and Q be as in the statement, and let r € (0,d(9$, 9Q)) be
fixed. In this way, B(zo,r) € 2 for any z, € Q. Fix then z, € Q. Weset v; = [ull oo () and o =
HHHQ@. Let ¢ € C*°(B(z0,7)) be the paraboloid centered at zy such that ¢(z9) = u(z) — 1
and ¢(z) =7 for any z € 9B(2,7), and let 73 = ||| o2 3rz7y)- Notice that v3 = y3(r,71). We
define

n(t) = (eKt _ 1) e~ (m+)K

for any t € R, where K > 0 is a constant to be chosen later. Notice that n € C*°(R) and
0<n((u—p)t(z)) <1 for any z € B(z,r). Since the function ® : B(zg,r) — R defined by

B(z) — 1= 9) ()

VQEnJrl (Z)

is continuous, we can denote by M its maximum over B(zg, ). Moreover, by the choice of ¢, it
holds that ® = 0 on 9B(zy,r) and ®(z) > 0. Therefore the maximum M is achieved at some
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point Z € B(zy,r). Since M > ®(z5) > 0, then (u — ¢)T = u — ¢ locally near Z and ® is of

class C? in a neighborhood of Z. In particular,

for any z € B(z,r), and
U(2) =0, V°U() =0 and ATY(Z) 0. (19.2.3)

We claim that there exists My = M, (g, Hf||Loo(Q)> such that, if f € C?(Q2) is any solution to
(e-PMC) satisfying
| fllzoe(Bzor)) < M1, (19.2.4)

and ¢, M and Z are as above, then M > M, implies that

2
. E
VS - o)PE) > 5 (19.2.5)
Indeed, let (fi)r be a sequence such that
2
My>k and |V (fi —on)]?(3) < = (19.2.6)

where M} and Z;, are defined as above. Notice that

Ve + IDfi+ FI2(5) > ®(%) > k

and, being F bounded over Q, | D fi(Z;)| diverges to +0o as k — +oco. Moreover, by Proposi-
tion 16.4.1,

VS (e — on)P = V(i — )P = (Vo (fi — 1), v°)?
(D fx — Dgg, D fy, + F)?
e+ |D fr + F|?

= |Dfy — Dpy|* —

82‘ka — D(,DkP
T2+ |Dfi +F

Hence, since (D (Zk))r bounded by (19.2.4), we get

*IDfi, — Dil*(Zk)
lim inf €,S _ 5 2> li €| i =¢’
minf [V (fi —on) (30 = lim S5 mee—ras e s =<

which contradicts (19.2.6). We claim that M < M, for suitable choices of K. Indeed, for a
fixed K > 0, assume that M > M. Hence (19.2.5) holds. Notice that (u — @)t = u— ¢ locally
around Z. Notice that H®(z,t) = —H(z) for any z € Q since u solves (e-PMC), and H is
extended vertically on 2 x R. Exploiting Theorem 17.1.3, Proposition 17.2.1, (19.2.2), (19.2.3)
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and (19.2.5), and recalling that u solves (e-PMC), we infer that, at Z,

M
AP = A (n(u = ¢)) = — A5,
M 3 3 &€ 3
=1'|V55 (u = @)+ (A%u = M) 4+ — (go(VFH,€T) + 5,y (Rice(v7,0%) + [1°*) )
M I
="V (u = @) + 7 (Au — AFp) + if"“ (= ge(V=H, %) + Ric (v, v%) + |h°]?)

_ 7]U|V€’S(U _ SO)|2 +q (AE,SU _ AE,S()O) + 77( — g.(V°H, 1) + Ric.(v°, 1°) + |h5|2)
2
Z %77// _ 077/ _ CT]
(19.2.7)

for some C' = C(n,e,r,v2,73) > 0. Hence, since A>°W¥(Z) < 0 and up to choosing a different
constant C' = C(n,e,r,7v2,73) > 0, we conclude that

'((u=)(2)) — Cn'((u = ¢)(2)) — C*n((u —¢)(2)) < 0. (19.2.8)

The choice K = 2C' is in contradiction with (19.2.8), so that, for this choice of K, we must
have M < M,. Hence

=) () - 1 2 <

Since (u — ¢)*(29) = 1, we conclude that

|Dul(z0) < /22 + [Du+ Fl(20)? + | Fl(20) < %) T 1F(z0).

whence the thesis follows. O

An approach as in Theorem 19.1.2 allows to reduce global gradient estimates for solutions
to (e-PMC) to boundary gradient estimates. For future convenience, we state the result for a

slightly more general class of equations.

Theorem 19.2.2 (From boundary to global gradient estimates). Let H € C*(Q) and o € [0,1],
and let u € C3(2) N CY(Q) be a solution to

=oH(z) (19.2.9)

) Du+ oF
div
\/82 + [Du + o F|?

on Q. Then there exists C = C (n,s, [ull ), [H |1 @), H.FHLoo(Q)> > 0, thus independent of
o € [0,1], such that

| Dul| o 0) < C(||DU||L°°(8Q) + 1)'

Proof. Let us set v1 = ||ul|p=(). Let n(t) = eX¢=1) where K > 0 is a fixed constant to be
chosen later. Notice that
e 2 Cp(u(z) < 1 (19.2.10)
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for any z € Q. Let ® : Q — R be defined by

(n(u(=))

V§n+1 (Z)

D(2) =

Since u € C1(Q), then ® € C(Q), so that ® achieves its maximum M at some point Z € €.
Suppose first Z € . Arguing as in the proof of Theorem 19.1.2, and thanks to (19.2.10), there
exists My = M, (5, ||f||LM(Q)) such that, if f € C?(Q) is any solution to (e-PMC) satisfying
(19.2.4), and M and Z are as above, then M > M, implies that
2

(VS £I2(2) > 5 (19.2.11)
Repeating the computations of (19.2.7), and exploiting (19.2.11), we get that, for a particular
choice of K = K(n, ¢, | F|lz(), [ Hllc1@)) > 0, it holds M < M. Hence, we get that

n(u())/e* + [Du+ Fl(2)? < n(u(2)y/e? + | Du + FI(2)? < My

for any z € Q, so that, by (19.2.10),

Du|(2) < /22 + | Du + F|(2)? + | F|(2) < Moe " 4 | F||

for any z € Q. If instead Z € 9, then

|Du|(2) < e (u(2))\ /22 + | Du + F|(2)? + | F|(2)
< 2K (u(3) \/52+|Du+]—"|(2)2+||.7-"||Loo(Q)
< e (le] + || Dull eon) + [ F ey ) + 1F (o)

for any z € Q, whence the thesis follows. O

As a corollary of Theorem 19.2.2, we provide global gradient estimates for solutions to the
Dirichlet problem associated with (-PMC) when (19.1.2) holds.

Theorem 19.2.3 (Global gradient estimates). Let 2 be a bounded domain with boundary of
class C*. Let H € C*(Q) be such that (19.1.2) holds. Let p € C*(Q), € # 0 and o € [0,1].
Assume that there exist a constant , = vy (n,e,Q, o, F, H) > 0, independent of o € [0, 1], such
that any solution u € C%*(Q) to

diV <\/‘%> = O'H(Z) m Q

U =0y in 02

(19.2.12)

satisfies ||ul|L=() < 71. Then there exists C' = C (n & [lellez@y s 1 H | @ys 1F [ 2o Q)) > 0,
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thus independent of o € [0,1], such that any u € C3(Q2) N CH(Q) solution to (19.2.12) satisfies
[Dul| e (0) < C.

Proof. In view of Theorem 19.2.2 we are left to provide boundary gradient estimates. Thanks
to (19.1.2), and following [158, Section 6], the latter follow werbatim as in [158, Proposition
1.8]. O

19.3 Existence and regularity of t-graphs

19.3.1 Existence of minimizers: the non-extremal case

Throughout this subsection we fix a bounded domain 0 C R?*" with Lipschitz boundary, and
we consider H € L*() such that (18.1.4) holds and

/Hdz
Q

We stress that, even without imposing boundary conditions, (18.1.4) is a necessary condition

< P(Q). (***)

to the existence of a solution u € C?(Q) to (-PMC) in Q. More precisely, arguing as in the
Euclidean setting, the following result holds.

Theorem 19.3.1. Let Q C R*" be a bounded domain with Lipschitz boundary, let H € Lip(Q)
and assume that there exists u € C*(Q2) which solves (e-PMC) in Q. Then (18.1.4) holds.

For any ¢ € L'(92), we define the functional Z. : BV (Q2) — R by
T.(v) = P.(E,,Q x R) +/ Hudz +/ v — o dH2 L, (19.3.1)
Q 0

where E, is defined as in (16.8.7). The following result follows as [162, Lemma 1.1] (cf. also
[192, Lemma 3.2]).

Lemma 19.3.2. Assume that (18.1.4) and (***) hold. Then there exists § > 0 such that

/Hdz
a

< (1-06)P(Q) (19.3.2)

for every measurable set 2 C 2.
The proof of the following proposition reproduces the argument of [154, Theorem 1.1].

Proposition 19.3.3. Let H € L>*(Q2) and assume that (18.1.4) and (***) hold. Then Z. has
a minimum in BV (Q) for every ¢ € L'(09).

Proof. Let B C R?" be a ball containing €2 such that the Euclidean distance between 02 and
0B is positive, and extend H to B by letting H = 0 outside 2. Fix a function ¢ € Wol ’I(B)
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with trace ¢ on 0€2. Then minimizing Z. is equivalent to minimize the functional
Jo(v) = P.(Ey,Q x R) + Var(v, B\ Q) +/ Hvdz (19.3.3)
B

in K ={veBV(B):v=¢in B\ Q}. Indeed, given vy and v in K with vy minimum of 7.

and writing uy = vg|q and u = v|q, it follows from [163, Remark 2.13] that
Z.(u) = Zc(uo) = Je(v) = J=(vo) = 0

For a given v € K, we define v*,v~ € BV(B) by

0 otherwise 0 otherwise

ot (2) = {maX{O,U(Z)} if z € Q, ond v (2) = {max{o, —v(2)} ifz€Q,

Notice that
Ei={zeB:v ) >t}={2€Q :v(2) >t} CQ (19.3.4)

and

Fo={zeB:v (2)>t}={2€Q :v(z) < -t} CQ (19.3.5)

for any ¢ > 0. Hence, thanks to Lemma 19.3.2; (19.3.4), (19.3.5), the layer-cake formula (cf.
[202, Remark 13.6]) and the Coarea formula (cf. [202, Theorem 13.1]), it follows that

/BH(z)v(z)dz:/szJrz dz—/sz
—/+Oodt/XEt dz—/ dt/XFt

<1—6>/0 P<Et>dt—<1—5>/o P(F,) dt

+00 +o0
—(1- 5)/0 P(E, B)dt — (1 — 5)/0 P(F,, B) dt
> —(1-=0)Var(vt,B)— (1—46)Var(v™,B).
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Therefore, owing again to [163, Remark 2.13],

/BH(z)v(z)dz
> (1 - 8)(Var(v*, Q) + Var(v™, ) — (1 - 6) (/m ot [ ] d’l—[2”‘1>
— (1 - O)Var(v,Q) — (1 - ) /m o] dH2!
> (1—6)Var(v,Q) — (1—0) /8Q v — | M — (1 - §) /m o] dH2 !
— (1= 6 Var(v,Q) — (1 -0 /80 | dH2 !
> —(1-68)Var(v,B) — dH*
(1= d)Var(v,B)— [ ¢l o

On the other hand, it holds that
P.(E,;Q x R) > Var(v, Q) —/ IF| d. (19.3.7)
Q

Indeed, let (vg)r € WHH(Q) be such that v, — v in LY(Q). Then, for any fixed k € N, (16.8.8)
implies that

Pe(Evk;QxR)Z/ %€2+|ka+f|2dzz/ Ika+]-"|dzz/ |ka|dz—/ \F| dz
Q Q Q Q

Hence, by the lower semicontinuity of Var(-, Q) with respect to the L'-convergence, we conclude
that

/ |Dv|dz —/ |F|dz < liminf (/ |Dvg| dz — / | F| dz,> < liminf P.(E,,;Q x R),
0 0 k—+o0 [¢) [¢) k—+o0

from which (19.3.7) follows by Lemma 16.8.3. Substituting (19.3.6) and (19.3.7) in (19.3.3), we
finally obtain
T.(v) > 6Var(v, B) — / |F|dz — /8 | A2 (19.3.8)
0 Q

Let {vx} C K be a minimizing sequence for J.. By (19.3.8) and Poincaré’s inequality, {vy} is
bounded in BV (B), so that, up to a subsequence, there exists vg € BV (B) such that v, — vy
in L'(B). Noticing that K is a closed with respect to the L' convergence on B, then vy € K.
By the lower semicontinuity of the perimeter with respect to L! convergence, we get that vy is

a minimizer of 7. and hence Z. has a minimizer in BV (). O

19.3.2 Variational properties of minimizers

Throughout this subsection, we fix a bounded domain 2 C R** and H € L{.(Q).

loc
Definition 19.3.4. We say that a Caccioppoli set E C QxR is a (local) H-minimizer in  x R
if

P(E,A) + [ Hde<P.(F,A)+ [ Hdx (19.3.9)
ENA FNA
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for any open set A € Q x R and any measurable set F' such that EAF € A, where H(z,t) =
H(z).

In the following theorem we prove that subgraphs of minimizers of Z. are H-minimizers (cf.
[132] for an exhaustive account of this and related results in the Euclidean setting). Notice
that, if u € BV(Q2) is a minimizer for Z., then

/\/52+|Du+f|2+/Hudz</\/52—|—|Dv—|—.7:|2+/~Hvdz (19.3.10)
0 0 9 9!

for any open set Q € Q and any v € BVj,(Q) such that {u # v} € Q. When u € BVj,e(Q)
satisfies (19.3.10), we refer to it as (local) H-minimizer. The ambiguity with Definition 19.3.4

is motivated by the following result.

Theorem 19.3.5. Let u € BV,.(2). Then u satisfies (19.3.10) if, and only if, E, is an

H-minimizer in Q x R.

Proof. Assume first that u € BV},.(Q) satisfies (19.3.10). Let A € QxR be open, and let Q € Q
be an open set such that A € Q x R. let now F be a measurable set such that FAE, € A. We
can assume without loss of generality that F' has finite perimeter in A. Since F, is a subgraph,
we infer that

lim xp(z,t) =0 and Jim xr(z,t) =1

t——+o0

for a.e. z € Q. Inspired by [163, Lemma 14.7], we set w € BV,.(2) the function

w(z) = klim wi(z) = ]}Lm </kk xr(z,t)dt — k‘> :

We claim that
P.(E,; Q2 xR) < P.(F,Q xR) (19.3.11)

and

/Q, _(xm, = xp) dzdt =0 (19.3.12)
X

for any open set ' € . Indeed, assume first that 3L > 0 such that
QX (—00,—L) CF CQx(—00,L). (19.3.13)

It is clear that —L < w < L and w(z) = —L + [*, xp(2,t)dt. Let : R — [0, 1] be a smooth
cut-off function between [—L, L] and [-L — 1, L 4+ 1]. From a direct computation, we get that
for a.e. z € €, it holds

/Rxp(z,t)n(t) dt =w(z) 4+«  and /Rxp(z,t)n'(t) dt =1, (19.3.14)
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where a = L+ [*, _ n(t)dt. Let g = (§, gan1) € CH(Q, R?"1) be such that |g| < 1. Let us set
2n
Wl = D_n(t)g;(2) Zjl .p)-

j=1

Then W € CH(Q x R, TH") and |W|. < 1. Therefore (19.3.14) implies that

P.(F,QxR) > Xr(z,t)divW(z,t)dtdz

OxR

= [ [ xe(et) 2) div §(2) =1/ (D)3, F(2)) + 7 (Degann (=) dt dz
:/Q(divg p /IR{XF 2 0n(t) dt — (5(> /XF (2, )1 (t) dt

¥ egonin / (2 O (8) dt) dz

= [ (w(=) + @) div (=) = (§(=), F(2) + egann (=) d2

/ z)div g(z) — (9(2), F(2)) + eg2n+1(2) dz,

where we used the fact that supp(g) C 2. Hence, assuming (19.3.13), (19.3.11) holds by

Lemma 16.8.3. Moreover,

/~H(u—w)dz:/~ H(u—w)alz—/~ H(w —u)dz
Q Qn{u>w} Qn{u<w}

= /. H(|Ew(2) NA(2)] = [Ew(z) N A(2)[)dz

Qn{u>w}
- /. H([Ew(z) N A(2)] - [Eu(z) N A(2)[)dz
QN{u<w}
=/ H(XE.na — XE,na)dT — / H(XEB,na — XB.na)da
QNn{u>w}) xR Qn{u<w}

= /. H(XEuﬂA - XEwmA)d17>
QxR

(19.3.15)

where E,(z) = {t e R:v(z) >t} and A(z) = {t € R : (2,t) € A}. To drop (19.3.13), one
can argue exactly as in the proof of [163, Theorem 14.8]. Finally, (19.3.12) follows verbatim as
in the proof of [213, Teorema 2.3]. In view of (19.3.11), (19.3.12) and (19.3.15), arguing as in
[163, Theorem 14.9] and [214] FE, is an H-minimizer in 2 x R. Being the converse implication
fairly straightforward, the thesis follows. n

Clearly, since H € L{2 (), H-minimizer sets are almost minimizers in the sense of [8] for
suitable anisotropic energies. More precisely, if E is an H-minimizer in Q x R, QO € Q and
| H|| oo () = Ho, then

P.(E,A) < P.(F,A) + Hyo|EAF| (19.3.16)

for any open set A €  x R and any measurable set ' C Q x R such that EAF € A. For
almost minimizers in the previous sense, arguing as in the Euclidean setting (cf. [202]) it is

possible to derive uniform density estimates for both volume and perimeter, in analogy with
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those exploited in Chapter 15. In view of (16.8.3), the following well-known estimates follow

from for instance from [266, Proposition 4.5].

Proposition 19.3.6. For any domain Q € Q, there exist co = co(€) > 0, ¢1 = ¢1(e) > 0, ¢ > 0
independent of ¢ € (0,1] and ro > 0 such that for any H-minimizer E, any p € 0*E N (Q x R)
and any r < rg, it holds

cor?™ 1 K min{|E N B(p,r)|,|E\ B(p,r)|} (19.3.17)

and
ar®™ < P.(E, B(p,r)) < cor™, (19.3.18)

where B(p,r) is the Euclidean ball centered at p of radius .

The local boundedness of minimizers is a consequence of Theorem 19.3.5 and Proposi-
tion 19.3.6, and it follows as its Euclidean counterpart (cf. [163, Theorem 14.10]).

Proposition 19.3.7. Let u € BV (Q) be a minimizer of .. Then u € L72.(§2).

loc

19.3.3 Higher regularity of Lipschitz continuous t-graphs

In the rest of this section, inspired by [163], we show classical regularity for minimizers of Z..
The main difficulty consists in obtaining Lipschitz regularity since, as soon as a minimizer is
Lipschitz, standard regularity results for uniformly elliptic equations apply. More precisely, the
following regularity property for Lipschitz weak solutions to (s-PMC) holds.

Theorem 19.3.8. Let H € Lip,,.(?) and u € Lip,,.(2) be a weak solution on € to (e-PMC).
Then u € CQ’O‘(Q) for any o € (0,1) and is a classical solution to (s-PMC). Moreover, if

loc

H e CF(Q) for some k > 1 and v € (0,1), then u € C1*7(Q). Finally, if H € C®(X2), then

loc loc

ue C™(Q).

Proof. Let a € (0,1). Let Q € Q be a bounded domain. It suffices to show that u € C*(€).
For r > 0, set
Qr:{zefl : min |z — w| >r}.
weN

Given ¢ € C°(Q2), we can assume that ¢ € C°(€2,) for r > 0 small enough. Let v € B(0, 7).
Using ¢ and ¢ (- — v) as test functions the weak formulation of (s-PMC), we get

/Q(A(Z +v, Du(z+v)) — A(z, Du(z)), D(2)) dz = /Q(H(z) — H(z+v))Y(z)dz, (19.3.19)

where

E+7()
Vet e+ F(2)P

Fixed 2y € Qr, the fundamental theorem of calculus implies that

A(z,6) =

A(zo + v, Du(zp + v)) — A(z0, Du(zo)) = /1 Mdt, (19.3.20)

0 ds
329



where a, : [0,1] — R** x R?" is given by
Qo (t) = (20 + tv, Du(zo) + t(Du(zo + v) — Du(zp))).

Writing u,(z) = W, it follows from a direct computation that

d(A(ax(t))

o = Alaa(t) v+ JulAe(ax(t) - Du(2), (19.3.21)

where A¢ is the matrix with entries (A¢);; = %ﬁj

dij (€% + 1§+ F(2)[*) — (& + F(2):)(& + F(2);)

3 (19.3.22)
€+ 1§+ F(2)?)2

(Ae)ij (2,€) =

We set

- 1
(z :/Agozzt ) dt,
(/A o))
[v]

() = T HExY),

[l

Inserting (19.3.20) and (19.3.21) in (19.3.19) and dividing by |v|, we get
A(2) - Du, () dz = [ H(2)0()dz = [ (Bu(), Dv(2)) d
| {A() - Duy(2), Db () d 2= [ (Bu2). Db (2) dz

In other words, u, is a weak solution on € to the linear equation
div (121 . Duv) — H, — div B,.

Since H € Lip(Q), the coefficients of A, B, and H, are uniformly bounded with respect to
v. Moreover, since u € Lip(Q), (19.3.22) implies that A is uniformly elliptic on Q. Finally,
since u € Lip(Q), then u, is bounded in L>(Q) uniformly for v € B, with r > 0 small enough.
Therefore, using the celebrated De Giorgi-Nash-Moser method (cf. [80, Chapter 4, Theorem
2.3] and cf. the proof of the Corollary right after [80, Chapter 4, Theorem 2.2]), we conclude
that, up to a smaller Q, u, is bounded in C%*(Q) uniformly for v € B,, so that u € C*(2) and
u, € CY(Q). In particular, A and B, are of class C%*. Therefore, in view of [157, Theorem
8,32] and up to a smaller Q. u, is bounded in C’La(fl) uniformly for v € B, so that u € 0276“((2).
In particular, u is a classical solution to (-PMC). Let k > 1 and assume H € C)27(€2). Since
u is a weak solution to (s-PMC), by means of [80, Chapter 12, Theorem 1.1] we infer that, for

any j =1,...,2n, g := (Du); is a weak solution to the linear equation

. [0A . [ 0A
div <0§ (z, Du) - Dg) = D,;H — div <8

Zj

(2, Du)) .
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The thesis then follows exploiting the classical Schauder’s theory (cf. [155, Theorem 5.20]). [

19.3.4 The Dirichlet problem for (c-PMC)

As a corollary of the global gradient estimates, we extend the existence result obtained in
Theorem 18.10.2 for the sub-Finsler constant mean curvature equation to the existence of
solutions for the sub-Riemannian prescribed, but not necessarily constant, mean curvature

equation.

Proof of Theorem 19.1.5. Assume first that H € CY%(Q). Arguing exactly as in Chapter 18,
it suffices to provide a priori estimates in C'(Q2) for solutions u € C**(Q) to (19.2.9) with
boundary datum ¢ which are independent of v and o € [0, 1]. First, by means of Lemma 19.3.2,
uniform estimates in L*(£2) follow as in Proposition 18.8.6. Moreover, arguing verbatim as in
Theorem 19.3.8, any solution u € C%%(Q) to (19.2.9) belongs to C3(2) N C*(Q). Hence,
Theorem 19.2.3 provides global gradient estimates uniform with respect to o € [0, 1]. Assume
now that H € Lip(Q2), and denote by H, its Lipschitz constant. By McShane’s extension
theorem, we can suppose that H € Lip(R?") with the same Lipschitz constant Hy. By a

standard mollification argument, there exists a sequence (H;); € C*(Q2) such that
H; — H uniformly on Q  and [ Hjllor@) < Ho+ [[H|| o) +1 (19.3.23)

for any j € N. Since H and 2 satisfy (18.1.4) and (***), we let d be as in the statement of
Lemma 19.3.2. Let us denote by h(€2) the Cheeger constant of Q (cf. [188]), that is

h(Q):inf{]Tfﬁ) L ACQ, |4 >o}.

Being 2 bounded and open, it is well known (cf. [188, Proposition 3.5]) that A(2) > 0. By

(19.3.23), we can assume up to a subsequence that

Sh(Q)
|H — Hj||p~@) < —5

so that

/Adez < ‘/AHdz A H = Hy|lpmgo < (1 _ ) P(A) (19.3.24)

for any A C Q such that |A| # 0. On the other hand, by (19.1.2) and (19.3.23), there exists
C = C(,||H||L=(a)) > 0 such that, up to a subsequence,

|Hj(20)| < Hoa(z0) — C (19.3.25)

for any zp € 9 and any j € N. Combining (19.3.24) and (19.3.25), from the previous step
we get a solution u; € C**(Q) to (-PMC) with boundary datum ¢ and source H;. Again
by (19.3.23), (19.3.24) and (19.3.25), and following Proposition 18.8.6, Proposition 18.8.8 and
Theorem 19.2.3, (u;); is uniformly bounded in C*(9), so that, by Ascoli-Arzela Theorem, there
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exists u € Lip(Q) such that u; — u uniformly on Q. First, notice that u = ¢ on 9. Finally, a
compactness argument as the forthcoming Theorem 19.5.4, coupled with Theorem 19.3.5 and
Theorem 19.3.8, implies that v € C.%(Q) and that u is a classical solution to (e-PMC), whence
the thesis follows. O

19.3.5 Lipschitz regularity of ¢-graphs

Throughout this subsection, we fix a bounded domain 0 C R?" with Lipschitz boundary and
e CL(Q) for some v € (0,1). We are left to show that BV-minimizers of Z. are locally

loc

Llpschltz continuous.

Proposition 19.3.9. Let H € C\.7(Q) and let u € BV(Q) be such that E, is an H-minimizer

loc

for P. on Q X R. Then 0*E, is a C*7 manifold and H*(OFE \ 0*FE) =0 for any s > 2n — 7.

Proof. Let u be as in the statement. Let Q € Q be an open set. Fix a € (0,1) and let F € QxR
be a finite perimeter set such that EAF € B(p,r) € QxR forsomepe QxRandre (0,1).
Taking Ho = || H|| 0 (q), it follows that

P.(E,B(p,r)) < P.(F,B(p,r)) + Ho|EAF| < P.(F, B(p,7)) + How,r*"*.

Moreover, for any Caccioppoli set F' in 2 x R and any open set A C ) x R it holds that

PARA) = [ (Copm) e p) = [ L)) ).

where M, (p) = C.(p)-C.(p)T for any p € Q x R, C¢ is the coefficient matrix associated with the
family (Z1,..., Zope1) as in (1.1) and v is the measure theoretic Euclidean unit normal to F.
It is easy to check that M. is uniformly positive definite and a-Ho6lder continuous. Then [266,
Theorem 1.1] implies that E, is a manifold of class C'%, and moreover H*(0F \ 0*E) = 0 for
any s > 2n—7. Fix 0 < a < 1 such that § <. Since S is CY%, for any p € S we can consider
an open neighborhood U of p in the tangent hyperplane of S at p where S coincides with
®u(U) = {q—v(p)a(q) : ¢ € U} for a suitable function @ of class C%. Given v € WHH(U), we
let A(v) be the area of ®,(U) with respect to the metric g.. By Theorem 19.3.5, @ is a critical
point of the functional

+ /UFIU, (19.3.26)

for a suitable H € Cllo’c% (U). Writing A in local coordinates, and writing the Euler-Lagrange
equation associated to (19.3.26) for @, one can argue exactly as in the proof of Theorem 19.3.8
to conclude that @ € C22(U) for any 3 € (0,1). Since H € C7(U), the thesis follows as in

loc

Theorem 19.3.8. L]

Let 7 : H™ — Q be the projection on the first 2n components (cf. (3.2.2)) and u € BV (Q).
We denote
Quo=m(0E,\ 0"E,). (19.3.27)
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The following standard first variation formula for intrinsic graphs follows as in [35, Section 3.1].

Lemma 19.3.10. Let u € BV () be such that E, is an H-minimizer for P. on Q x R, and
set S = graph(u). Assume that S is the Yi-graph of ¢ € C*(U), where U C R?". Then

Z/ /H T1yyee oy Ty @(W), Yoy - ooy Yn) Y dw (19.3.28)
,/1+|W<P€ ]2

for any ¢ € C°(U).

Proposition 19.3.11. Let H € C;7(Q) and let u € BV (Q) be such that E, is an H-minimizer
for P. on Q xR. Then u € C27(Q\ Quo) and H*(Quo) = 0 for any s > 2n — 7.

Proof. Let z = (z,y) € Q\ Quo, where T = (Z1,...,%,) and ¥ = (¥1,...,Yn). By Proposi-
tion 19.3.9, S = graph(u) is a hypersurface of class C*7 near p = (z,u(z)), and H*(,0) = 0
for any s > 2n — 7. Hence it suffices to show that g.(T,v°) # 0 on Q\ €Q,0, where v° is
the outer unit normal of S. Indeed, assume by contradiction that g.(7,v°(p)) = 0. Then
v*(p) € H,, and so p is non-characteristic, since otherwise v°(p) € H, = T,,S. Therefore, by
the implicit function theorem for intrinsic graphs (cf. [140, Theorem 6.5]) S is, locally near p, a
Y;-graph with respect to a continuous function ¢ defined on an open neighborhood U C R?*" of
W= (T1,...,Tns Y2y -+ Yn,t + T171). Moreover, by means of Proposition 16.7.3, ¢ € C37(U).

Since S is a t-graph vertical at p, up to choosing a smaller U, we infer that
Typ(w) =0 and Typ(w) >0 (19.3.29)

for any w € U. If W#* is defined as in (16.7.4), in the following we drop the superscript for the
sake of clarity. Taking 1) = Wa,1 in (19.3.28) and using (16.7.5) and the definition of adjoint

operator, we infer that

OH

[ 5y Wonspth = / HWanth duw
Y1

/ WieW; (Wout))

V14 [Wel?

2n WQO
= Wop | ——L— | Wb dw
Z/U 2<\/1+!W¢\2) !

% / { Wan(Wie) Wzn(Wkw)WksoWGso

V1+ Wel? (1+ [Wel2)2

} Wiy dw.

Setting g = Ws,p, we get

2" Wrg WiEgWieoWip
0= Z/ u ]3 ¢ g¢
{(\/HIWsoI? (1+We): ) 7
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that can be rewritten as
0H
[ W A-(Wo) + (Wu, Blg— S gudw =0,
U 3y1
where A = (Ajy);, and B = (B;); are defined by

(14 [Wel?) 06 — WioWiep

Ajk = 3
(1+[Wel?)?

for any 7,k = 1,...,2n. Since W is continuous, an easy computation shows that, up to
choosing a smaller U, there exists o > 0 such that £ - A(w) - ¥ > «|€|? for any w € U and any
¢ € R?". Moreover, as Wf=Df - (C‘/”e)T for any f € C*(U), being C¥¢ the coefficient matrix
of the family W< as in (1.1), we infer that

N - OH
J, D A (Do) + (D B)g — 5 v dw =0,

where

A=(C*)".A.c»* and B=B-C*"
Being C¥¢(w) invertible and continuous in w, up to restricting U there exists & > 0 such that

E-A-E =g (o) APt T =g (07T A (6 (€9)7) Zale- (€7 P 2 alef?

on U for any & € R?". Hence A is uniformly elliptic on U. Therefore, recalling (19.3.29) and
choosing a suitable smaller neighborhood U, we can apply a strong maximum principle as in
246, page 73, Theorem 10] to conclude that T = 0 on U. In particular, g.(T,2°) = 0 in a
neighborhood O of p and H**~1(V) > 0, where V = 7(0). Arguing verbatim as in [163, page
169], it follows that V' C €, ¢, which is a contradiction with H**~1(Q, ) = 0. O

Proposition 19.3.12. Let H € C;7(Q) and let u € BV (Q) be such that E, is an H-minimizer

loc

for P. on Q x R. Then u € WH(Q).

Proof. By Proposition 19.3.11, u € C*7(Q\ Q,0) and H**1(Q,0) = 0, where Q, ¢ is defined
in (19.3.27). Let Du be the distributional derivatives of u, and consider the decomposition
Du = Dul? + (Du), as in Lemma 16.8.4. Tt is enough to show that (Du), = 0. Since in
particular u € Wi (Q\ Qu,0), (16.8.8) combined with Lemma 16.8.4 implies that

P.(E,, Q0 x R) = / V22 + |Du+ FI? dz + (Du)y ()
Q

— /Q\Q \/52 + |Du+ F|2dz + (Du),(Q)
= P.(B,, (Q\ Quo) x R) + (Du),(),

so that

(DU)S(Q> = Pa(Eu’ (Q N Qu,O) X R)
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Arguing as in Proposition 19.3.7, there exists L > 0 such that 9*E, N (Q x R) C Q x [—L, L.
Therefore, exploiting (16.8.3), there exists C' > 0 such that

(Du)s(Q) < CP(E,, (2N 0) xR) = CH™ (0" E,N(QN Qo) xR) < 2CLH> () = 0.

]

Proposition 19.3.13. Let Q C R*" be a bounded domain with Lipschitz continuous boundary
and let H € C1(Q) for some v € (0,1). Let u € BV(Q) be such that E, is an H-minimizer

ocC

for P. on Q x R. then u € Lip,,.(£2).

Proof. Fix zp € Q. Let ro > 0 small enough to ensure that B,, = B(zy,79) € 2. We claim that
there exists r € (r,ry) such that (18.1.4), (***) and (19.1.2) hold for B, = B(z,r). Indeed,

setting Ho = ||H||>(5,,), then
’/ Hdz
A

for any r € (0,7y) and any measurable set A C B,. Therefore, recalling that

< HylA|

P(B,) 1ryP(B,)

h(B,) = _
| B; | 7Byl
(cf. [188]), the claim concerning (18.1.4) and (***) follows by taking r < TIZIZ‘(BB TOI)' Regarding
70
(19.1.2), it suffices to see that Hyp, = 2"7,_1, so that Hpp, can be made arbitrarily big as r

becomes small. Given w € W (B,), we consider the extension of w to a function w € BV (2)
by letting @ = w on Q\ B,. In particular, u and @ share the same trace on 9. Using that
u € WHH(Q) is such that E, is an H-minimizer for P. on Q X R and (16.8.5), we infer that u|p,

minimizes the functional

I(w) :/ \/52+\Dw+]-“y2dz+/ dez+/ lu — w|dH* ! (19.3.30)
B, B OBy

in WH(B,). Since H*"~1(Q,0) = 0 by Proposition 19.3.11, we can take a sequence of open sets
()x, such that Q,0 C Q1 € Qe C Qforany k € N, Q0 = Npen % and H*H(Q.NIB,) — 0
as k — oo. For any k € N, let ¢, € C*7(B,) be such that ¢, = u on 9B, \  and

sup |k < 2sup |ul. (19.3.31)
0B, 0By

We apply Theorem 19.1.3 to get a classical solution v, € C?(B,) to (e-PMC) such that v, = ¢y,
on OB, for any k € N. In particular, being Z. convex in W11 (B, ), we infer that v;, minimizes

the functional

I (w) :/B‘\/52+|Dw+]-"|2dz+/B dez+/83 (o — w]|dH! (19.3.32)

in WH(B,). Thanks to Lemma 19.3.2 we can apply Proposition 18.8.6 which, together
with (19.3.31), implies that (vg)x is uniformly bounded in L*°(B,). By Theorem 19.3.8,
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vy € C27Y(B,), and by Theorem 19.1.2 the sequence (vy); is locally uniformly bounded in
Lip(B,). By Ascoli-Arzela Theorem, there exists v € Lip,,.(B,) such that, up to a subse-
quence, vx — v locally uniformly on B,. Since (vg)x is uniformly bounded in L*°(B,) and by
the lower semicontinuity properties of Lemma 16.8.3, we can pass to the limit in (19.3.32) with
w = 0 to infer that v € Wh!(B,). Let us check that v is a minimum of I in W'(B,). Let
y € 0B, be a regular point for u, k big enough so that y € 9B \ € and V' a neighborhood of
y in OB,. Let o= € C*7(B,) be such that

et =uinV and 0~ < <" in 0B,
and let v* be the solutions to the Dirichlet problem in B, with boundary datum ¢*. Then,
using the maximum principle [157, Theorem 10.7], we get v~ < v < v1, and v = u at regular
points of u, which together with H*~!(€, ) implies that u and v have the same trace on
0B,.. Moreover, by the lower semicontinuity, the local uniform convergence of v, — v and that
or — u in LY(0B,), we get
< T < L _
I(v) < l]ir_r}igjf I (vg) < llil—r}lgof I(w) = I(w)

for any w € Wh'(B,). Therefore, v and v are minimizers in W!(B,) of the functional I.
Recalling that v — v € Wol ’1(B,,), the conclusion easily follows by the strict convexity of the

functional. 0

As a direct consequence of Proposition 19.3.3, Theorem 19.3.8 and Proposition 19.3.13, we

have the following result.

Theorem 19.3.14. Let Q C R?" be a bounded domain with Lipschitz continuous boundary and
let H e CLT(Q)NL®(Q) for some~ € (0,1). Assume that (18.1.4) and (***) holds. Then there

loc

exists u € C27(Q)NWLL(Q) which minimizes T. and solves (e-PMC). Moreover, if H € C* ()

loc

then v € C™(Q).

19.3.6 Existence of minimizers: the extremal case

Throughout this subsection we fix H € Lip(Q) N C57(Q) for some v € (0,1). To deal with

loc

solutions to (-PMC) in the extremal case (18.1.5), we follow the approach of [162]. To this aim,

we generalize the notion of H-minimizer as in (19.3.10) admitting merely measurable functions.

Definition 19.3.15. A measurable function u : 8 — [—o00, +00] is a generalized H-minimizer
for P. on  x R if (19.3.9) holds.

According to the notation introduced in [163], if u : @ — [—00,400] is a measurable

function we set
Ni={z€eQ:u(z) =400} and N_={z€Q: u(z)=—o0}. (19.3.33)
As in the Euclidean setting, we have the following minimization property.
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Proposition 19.3.16. Let u be a generalized H-minimizer. Then

P(N., A) + Hdz< P(F,A)+ | Hdz (19.3.34)

NiNA FNA

for any open set A € Q and any measurable set F' C Q) such that N, AF € A.

Proof. Let us check this property for N, , being the case N_ analogous. For any j € N, set

u; = u — j. Then u; converges almost everywhere to

+OO lf z € N+
v(z) =
—oo if z ¢ Ny.

Arguing verbatim as in [202, Section 21.5]. (cf. Section 19.5 for the proof of a similar result),
E, is an H-minimizer as in (19.3.9). Assume by contradiction that there exists an open set
A € Q, a measurable set F' such that NyAF € A and J > 0 such that

P(F;A)+ | Hdz< P(Ny; A)+ Hdz— 6.

FNA NiNA

Given L > 0, we set A, = A x [—L, L] and Ay, = A x (—2L,2L), and

FxR in AL
Fr =
N, xR otherwise.

Then, using (16.8.5), we have

P.(Fp; Aop) + Hdzr < 4/Q 22 £ | FI2dz + 2LP(N,, A) + 2LP(F; A)

FLQAQL

+ 2L Hdz+ 2L Hdz
NiNA FNA

< 4/Q e | F2dz + ALP(Ny; A) + 4L Hd> —2L6

FynA

— P.(E,: A Hd 4/\/2 Fl2dz — 2L5
( 2L)+ . x + o 5 —|-| | z
< PE(EU;A2L)+ Hdl’,

E,NAag
where the last strict inequality follows provided that L > 2 [, \/e? + |F|>dz. Being E, an

H-minimizer, a contradiction follows. O

Proof of Theorem 19.1.1. Let us assume (18.1.5), since otherwise the thesis follows by Theo-
rem 19.3.14. Let (g;); C (0,1) be such that ¢; \, 0 as j — oo. Let (£2;); be a sequence of open
domains with Lipschitz boundary such that €; € ), € Q for any j < km 72, ; = Q and
P(Q;) = P(Q) as j — oo (cf. [256]). By hypothesis

/Qj H‘ < P(Q)
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for any j € N. Hence, for any fixed boundary datum ¢; € L'(99;), Proposition 19.3.3 implies
the existence of u; € BV (£);) which minimizes Z. on €2;. In view of Theorem 19.3.5, E,, is an
Hj-minimizer for P, on Q; x R. Arguing as in [162, 192], up to vertical translations we assume
that

min{|[{z € Q; : uj(z) <0},{z € Q; : u;(z) >0}} > ’12’ (19.3.35)
for any j € N. Applying again a compactness argument as in [202, Section 21.5] and Sec-
tion 19.5, there exists a generalized H-minimizer u for P. on 2 X R as in Definition 19.3.15 such
that u; — u almost everywhere on §2. We are left to show that v € L5, (Q2). Indeed, in this case,
since F, is a Caccioppoli set, Lemma 16.8.3 would imply that v € BV},.(€2), whence Proposi-
tion 19.3.13 and Theorem 19.3.8 guarantee the requested regularity. To show that v € LS. (),
we let N, and N_ be as in (19.3.33). We claim that |N,| = |[N_| = 0. In this case, arguing
verbatim as in [163, Proposition 16.7], volume density estimates as in Proposition 19.3.6 allow
to conclude that u € L3 (§2). We prove that |Ny| = 0, being the other case analogous. To this
aim, we apply Proposition 19.3.16 to infer that N, is a minimizer as in (19.3.34). But then,
(18.1.5) allows to apply [162, Lemma 1.2], whence either |[N,| = 0 or |[N_| = |2|. Being the
latter possibility in contradiction with (19.3.35), we conclude that |N,| = 0, from which the

thesis follows. O

19.4 Essential uniqueness of solutions

Similarly to what happens in the Euclidean setting (cf. [162]), the extremal case (18.1.5) de-
scribes those maximal configurations €2 for which (e-PMC) admits a classical solution. More-

over, in these cases, solutions are unique up to vertical translations.

Proof of Theorem 19.1.4. The equivalence between (i) and (ii), thanks to Theorem 19.1.1, fol-
lows word-by-word the proof of [162, Proposition 2.2]. To prove that (i) is equivalent to (iii) it
suffices to notice that, if u € C?(Q) solves (e-PMC) in €, then

D D
Hd: = [ div uts az= [ W Dut 7)ot
o o) \/gz + |Du + FJ? o0 \/52 + |Du+ FJ?

so that
dH* 1L

/Hdz: lim/ i, Du+ 7)
Q =0+ Jaq, \/52 + |Du + F|?

To show uniqueness, assume that u,v € C?*(Q) satisfy (-PMC) in Q. Up to changing the
sign of u and v, we can assume that [, Hdz > 0. Being (s-PMC) invariant under vertical
translations, we fix zy € Q and we assume that v(z9) = u(zp). In order to simplify the notation,

we let
Du+ F

/24 |Du+ FP

W.u

and W.v accordingly. Notice in particular that |W.ul|, [W.v| < 1. Notice that, for any ¢ €
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Lip(2) such that ¢ > 0 on 2, and for any sufficiently small ¢ € (0, 1), it holds that

/Q (Weu — Weov, Do) dz = /8Q o (v, Weu) — (1, Wev)) dz > 0 (v, Weu) — 1) dz.
For any k > 0, let ¢ = max{0,min{v — u,k}}. Then ¢, € Lip(Q), ¢r > 0 on Q and
(Weu — Wev, Dgg) < 0 on €, so that

0> [ (Weu— W, Dyy)dz > —k (P(Qt) - / (ve, Weu) dz> :
Q o)

Therefore, in view of (iii), we let first £ — 07 and then £ — oo to obtain
/ (Weu — Weov, Dg) dz = 0, (19.4.1)
Q

where ¢ := max{0,v — u} verifies again (W.u — W.v, Dp) < 0 on Q. Hence (19.4.1) implies
that (W.u — Wov, D) = 0 on Q. In view of the definition of ¢, a simple computation shows
that Dy = 0 on €, so that ¢(z) = ¢(29) = 0 for any z € 2. Hence we conclude that u = v on
Q. O

19.5 Existence of sub-Riemannian minimizers via Rie-

mannian approximation

Throughout this section, we fix a bounded domain © C R?" with Lipschitz boundary and
H € L.(2). We already know from Chapter 18 that (e-PMC) arises naturally as an elliptic
approximation of the sub-Riemannian prescribed mean curvature equation (H-PMC). In this
section we provide existence of solutions to (#-PMC) in a broad sense by means of our previous
results coupled with the aforementioned Riemannian approximation scheme (cf. e.g. [183, 238,
85, 77] for further insights). To describe our approach, assume that u € W1(Q) is a weak
solution to (H-PMC). A standard variational argument, together with [264, Theorem 3.2
shows that

/]Du+F|+/Hudz</]Dv—i-]:|—|—/~Hvdz (19.5.1)
o) 0 ) 0

for any open set Q € Q and any v € BVj,.(Q) such that {u # v} € Q, where, following [264],

we have set

/Q |Dv + F| := Py(E,,Q x R) (19.5.2)

for any open set Q € Q and any v € BV,(Q). A function u € BVj,.(Q) satisfying (19.5.1) is
called a H-minimizer for Py. This definition is motivated by the fact that, arguing as in the
proof of Theorem 19.3.5 (cf. also [264, Theorem 3.15] and [264, Corollary 3.16]), the subgraph

E, of an H-minimizer satisfies

Pu(E,, A) + Hd: < Pu(F,A)+ [ Hdz (19.5.3)
E,NA FNA
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for any open set A € 2 x R and any measurable set F' such that FAF € A. On the other
hand, a truncation argument as in [163, Theorem 14.8] implies that if E,, satisfies (19.5.3), then
w is an H-minimizer for Py. We stress that, in light of [264, Theorem 1.2}, the sub-Riemannian

area functional in (19.5.2) is finite. Therefore, for any ¢ € L'(99), we define the functional
Iy : BV(2) = R by

Ta(v) = Pu(Ey, Q x R) +/QHudz + /89 v — ldH>

Proposition 19.5.1. Let H € L*>(2) and assume that (18.1.4) and (***) hold. Then Iy has
a minimum in BV () N L2.(Q) for every ¢ € LY(992).

loc

Proof. Let B C R*" be a ball containing €2 such that the Euclidean distance between 9 and
0B is positive, and extend H to B by letting H = 0 outside €). As done in the proof of

Proposition 19.3.3, minimizing Zy is equivalent to minimize
Ju(v) = Pu(E,,Q x R) 4+ Var(v,B\ Q) + / Huvdz
B

in K ={ve BV(B):v=¢in B\Q}, where ¢ is a fixed function in W' (B) with trace ¢ on
Q. Let (¢5); € (0,1) be such that €; \, 0 as j — oco. Let v; be a minimizer of the functional
J-, defined in (19.3.3). By (19.3.8) and (16.8.3), we have

sVar(vj, B) < J.(v;) +C < T, (¢) + C < C'P(Ey, 2 x R) + Var(¢, B\ Q) +/BH¢dz+é,

where C' = [, | Fldz + [y |@|dH?"~ " and C' = C(2). Hence, arguing as in Proposition 19.3.3
(v;); is bounded in BV (B) and it converges in L'(B) to vy € K. By (16.8.6), vy is a minimizer
of Ju, whence Zy has a minimizer in BV (2). Finally, the same arguments of Section 19.3.2
can be carried out thanks to the sub-Riemannian density estimates (c.f. [241]) to prove that

u € LS (). O

loc

As in the Riemannian setting, in the extremal case (18.1.5) we rely again on the notion of

generalized solution.

Definition 19.5.2. A measurable function u : 8 — [—00, +00] is a generalized H-minimizer
for Pg on Q x R if (19.5.3) holds.

If Ny and N_ are defined as in (19.3.33), in view of (16.8.5) the following analogous to
(19.3.16) holds.

Proposition 19.5.3. Let u be a generalized H-minimizer. Then

P(N., A) + Hdz< P(F,A)+ | Hdz (19.5.4)

NiNA FNA

for any open set A € Q and any measurable set F' C ) such that N.AF € A.
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Before proving Theorem 19.1.5, we need the following compactness argument, whose proof

follows the approach of [202].

Theorem 19.5.4. Let (¢;); € (0,1) be such that €; 0 as j — oco. Let (£;); be a sequence of
open sets such that 2y € Qp € Q for any j < k and U2, €Y = Q. Let (H;); € L>(S2) be such
that H; — H uniformly on Q. For any j € N, assume that u; € BVi,.(§);) is such that E,; is
an Hj-minimizer for P.; on Q; X R (cf. Definition 19.5.]). Then, up to a subsequence, (u;);
converges almost everywhere to a generalized H-minimizer for Pg on Q X R. If in addition E,

is a Caccioppoli set, then

locally on 2 x R.

Proof. We set E; = E,, and P., = P; for any j € N. First we show that there exists an
H-Caccioppoli set E on €2 x R such that, up to a subsequence,

XE; = XE (19.5.6)

in L'(A’) for any open set A’ € Q x R. Since A’ is compact, there exists k € N, py,...,pp € A,
iy, Tk > 0 and Q € Q such that

k
A e | B(pi,m) € QxR

=1

Therefore, in view of Proposition 16.8.1 and (19.3.18), we have

k k k k
Py (Ep U B(Pz‘,ﬁ)> < P (Eja U B(I%‘ﬂ”z)) < Zst(Eja B(pi,ri)) < CQZT?n-

i=1 i=1 =1 =1

Hence we can apply Proposition 16.8.2 to infer the existence of a finite H-perimeter set F' in
A’ such that, up to a subsequence, x E; —> XF D L'(A’). Taking a sequence of relative compact
sets that covers ) x R and using a standard diagonal argument, (19.5.6) follows. Thanks to
[163, Lemma 16.3], E = E, for a measurable function u : Q@ — [—00, +00], and moreover, up

to a subsequence, u; — u almost everywhere on ). Arguing as above,

sup Pj(Ej, K) < oo

JjeN

for any K € Q x R. Therefore, [11, Theorem 1.59] implies the existence of a (2n + 1)-valued
Radon measure g on 2 x R and a scalar Radon measure A on 2 x R such that, up to a

subsequence,
Djxp, =" pn and  Pj(Ej,-) =" A (19.5.7)

locally on €2 x R as j — oco. We claim that
it = (Dixs, 0). (19.5.8)
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Indeed, fix K € Q x R and g € C}(K,R**™!), and set

V= Z(giXi + 9ntiYs) + Goni16;T =1V + gony16;T.
i—1

Then, since x5, — xg in Lj,.(Q x R), we infer that

‘/ g-dDjXE, —/ g- d(DHXE7O)‘ =
K K

/ div V; da — / divV de
KNE; KNE

0Gon+1
ot

< |diVV|d:U+5j/ | dz
) K

KN(EAE,

392n+1
ot

< 1K N (BAE,)|| div V1w + 5| K] H

Lo (K)

— 0

as j — oo. An easy approximation argument allows to extend the previous convergence to
any g € CO(K,R**1) thus proving (19.5.8). Therefore, combining (19.5.7), (19.5.8) and [11,

Proposition 1.62], we conclude that
Pu(E,") < A(). (19.5.9)

Let A be an open set such that A € 2 x R, and let F' be a Caccioppoli set on 2 x R such that
FAFE € A. We claim that

Pu(E,A)+ [ Hde<Py(F,A)+ | Hdr. (19.5.10)
ENA FNA

For any j € N, Let A; be an open set with Lipschitz boundary such that FAF € Ay € A; €
Ajy1 € A and Ujen A = A. Up to a further subsequence, we assume that xg, — xg almost

everywhere on 2 x R. This fact allows to choose (4;); in such a way that
XE; — XE (19.5.11)
H*"-almost everywhere on dA;. Moreover, being E; and F are Caccioppoli sets,
H™(O*E;N0A;) =0 and  H™(O*FNOA) =0 (19.5.12)

for any j € N. For any j € N, we define F; := (F N A;) U (E; \ A4;). It is clear that F} is a
Caccioppoli set such that F;AFE; € A; € A. Therefore in particular

F;n(A;\ Ag) = E; N (A;\ A). (19.5.13)
Notice that, thanks to (16.8.3),(19.5.11) and (19.5.12) and arguing as in [202, Theorem 21.14],

lim P;(Fy,04;) = 0. (19.5.14)

J]—00
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We are able to prove (19.5.10). Indeed, exploiting the H-minimality of E; for P;, together with
(19.5.13), we see that

Pj(Ej>A)+ Eijdexgpj(P}’A)'}_ ijAdex

= Pj(Fy, Aj) + P(Fy,04;) + P(Fy ANA) + [ Hydo

PR

= Bj(F, Ay) + By (Fy, 045) + By (Ej AN Ap) + | Hydee
N

< P(FLA) + Py (Fy 04)) + Py(Bj A\NA) + [ Hd,
N
which implies that

]DJ(EJ,AJ>+ dexéﬂ(F,A)+}7](Fj,8A])+ H]dx
B;NA F;nA
Therefore, exploiting Proposition 16.8.1 together with (19.5.6) and (19.5.13), we can pass to
the limit and obtain

AA) + Hdx < Pg(F,A) + Hdx.
ENA FNA

Notice that (19.5.9) allows to achieve (19.5.10). Finally, if E, is a Caccioppoli set, then we can
choose F' = E in the previous inequality, so that, recalling (19.5.9), (19.5.5) follows. O

Proof of Theorem 19.1.5. Being the non-extremal case already covered by (19.5.1), we can

assume (18.1.5). Let (g;); and (€2;); be as in the statement of Theorem 19.5.4. Assume in
addition that P(Q;) — P(Q) as j — oo. Assume that, for any j € N, ; has Lipschitz
boundary. By hypothesis

/@j H‘ < P(Q)

for any j € N. Arguing as in the proof of Theorem 19.1.3, there exists a sequence (H,); C

C>°(Q2) such that
H; — H uniformly on Q@ and  ||Hj|lcr) < Ho+ || H||zeo() + 1

for any j € N, being H, the Lipschitz constant of H on ). Arguing again as in the proof of
Theorem 19.1.3, up to a subsequence each H; satisfies the hypotheses of Proposition 19.3.3 on
Q. Hence, for any j € N, there exists u; € BV (€);) which minimizes 7., with source H;, for any
J € N. In view of Theorem 19.3.5, E,; is an H;-minimizer for P, on €}; X R. Arguing as in the
proof of Theorem 19.1.1, Theorem 19.5.4 implies the existence of a generalized H-minimizer for
Py oon € as in Definition 19.5.2 such that, up to vertical translations, u; — u almost everywhere
on 2. Moreover, arguing again as in Theorem 19.1.1, in view of Proposition 19.5.3 and exploiting
sub-Riemannian volume density estimates as in [241], we conclude that v € L{5.(€2). Hence,

being E, an H-Caccioppoli set, then [264, Theorem 1.2] implies that u € BV,.(2). In this

case, [, is a Caccioppoli set, so that (19.5.5) follows. ]
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Chapter 20

A characterization of horizontally

totally geodesic hypersurfaces

20.1 Introduction

We refer to [242] as main reference for this chapter. In this final chapter achieve a first concrete
step towards a better understanding of the so-called Bernstein problem in higher dimensional
sub-Riemannian Heisenberg groups. Namely, we reduce the solution of the latter to validity of
suitable sub-Riemannian curvature estimates. The characterization of entire minimal hypersur-
faces in higher dimensional sub-Riemannian Heisenberg groups is an intriguing open problem in
the framework of sub-Riemannian geometry. This issue, which is typically known as Bernstein
problem in view of its Euclidean counterpart (cf. [163] for a complete survey of the topic), fits
into the broader context of minimal hypersurfaces in sub-Riemannian structures introduced in
Chapter 16. A first study of the sub-Riemannian Bernstein problem in H' was carried out by
[83, 252] in the class of t-graphs of class C?. Precisely, in the previous set of papers the au-
thors classified minimal ¢-graphs of class C? in the first Heisenberg group H!, finding examples
of minimal t-graphs which are not planes. These results were generalized in [173, 107, 108]
to more general embedded C?-hypersurfaces in H'. Moreover, as pointed out in [249], if one
consider hypersurfaces with low regularity, the examples of minimal hypersurfaces which are
not hyperplanes increase considerably. However, the situation is different when considering
non-characteristic hypersurfaces. In this context, a meaningful counterpart of hyperplanes in
the Euclidean setting is the class of vertical hyperplanes introduced in Definition 3.6.2. Let us

recall that a vertical hyperplane is a set S of the form

S={pcH": ((z,9),(a,b)) = c},

for some 0 # (a,b) € R?" and ¢ € R. An easy computation (cf. Section 20.3) shows that S is
non-characteristic. Moreover, every hyperplane which is not vertical is characteristic (cf. again
Section 20.3). A first result in the understanding of minimal non-characteristic hypersurfaces

was achieved in [35] in the class of intrinsic graphs (cf. Section 16.7.2). Indeed, the authors
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showed that the only minimal intrinsic graphs defined by a C? function in H! are vertical planes.
This result was generalized in [148] to the class of non-characteristic minimal C*-hypersurfaces
of H', in [234] to the class of minimal intrinsic graphs defined by an Euclidean Lipschitz function
in H', and in [161] to the class of (X, Y)-Lipschitz surfaces in the sub-Finsler Heisenberg group
H!. We point out that, as shown in [226], weakening the regularity of the defining function
allows to find examples of minimal hypersurfaces which are not vertical planes even in the class
of intrinsic graphs. While the Bernstein problem is well understood in H!, very few results are
known in higher dimensions. On one hand, it has been recently proved in [263] that there is
no rigidity in the class of smooth t-graphs in H". On the other hand, when n > 5, there are
counterexamples even in the class of smooth intrinsic graphs (cf. [35, 107]). The Bernstein
problem for non-characteristic hypersurfaces is still open when n = 2,3,4. In H!, a key step
consists in understanding that the non-characteristic part S\ Sy of an area-stationary surface

S is foliated by horizontal line segments in the following sense (cf. [84, 148]).

Ruling Property. Let S be an area-stationary surface of class C* in H'. Then, S is foliated

by horizontal line segments with endpoints in Sy.

Here, by horizontal line, we mean a curve which is both a horizontal curve and an Euclidean
line. The importance of this ruling property became even more evident in [283], where the
author showed a Bernstein theorem in the class of those minimal intrinsic graphs which present
the aforementioned ruling property, thus without assuming any a priori regularity on the
surfaces. The importance of this merely differential property can be appreciated even by a sub-
Riemannian viewpoint, exploiting the sub-Riemannian second fundamental forms introduced in
Section 16.6.3. In the particular case of H', the vanishing of the non-symmetric form h*, which
coincides both with the symmetric form A" and with the horizontal mean curvature HY, is
equivalent to the aforementioned ruling property. In the higher dimensional case, however, h*
and ¥ may differ, although it is in general true that the norm of A¥ is controlled by the norm of
R (cf. Section 16.6.3). The aim of the present chapter is twofold. On one hand, we propose a
generalization of the ruling property to higher dimensional Heisenberg groups, relating this new
notion with the vanishing of the symmetric form A®. More precisely, we will call horizontally
totally geodesic a hypersurface such that A¥ = 0 on its non-characteristic part. We stress
that hypersurfaces for which A = 0 are particular instances of horizontally totally geodesic
hypersurfaces. On the other hand, it is not always the case that horizontally totally geodesic
hypersurfaces satisfy h = 0 (cf. Section 16.6.3). In the Riemannian framework, this name
is motivated by the fact that every geodesic of a totally geodesic hypersurface is a geodesic of
the ambient manifold. This last characterization allows to deduce that, in R™, the only totally
geodesic hypersurfaces are hyperplanes. Our second aim is to provide an analogous result in the
Heisenberg group. We stress that, at least in the non-characteristic case, hypersurfaces with
h = 0 are easily vertical hyperplanes (cf. Section 16.6.3). Surprisingly, the same phenomenon
continues to hold under the weaker requirement 2¥ = 0. The main achievements of this paper

can be then summarized in the following result.
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Theorem 20.1.1 (Horizontally totally geodesic hypersurfaces are hyperplanes). Let S C H"

be a hypersurface without boundary of class C*. The following are equivalent:
(1) S is horizontally totally geodesic;
(73) S is ruled.

If in addition n > 2 and S is (topologically) closed, then (i) and (ii) hold if and only if S is a
hyperplane.

In particular, in the non-characteristic setting, Theorem 20.1.1 might constitute an impor-
tant tool in order to approach the resolution of the Bernstein problem in the higher dimensional

case.

Corollary 20.1.2. Let S C H" be a non-characteristic hypersurface without boundary of class
C?. Assume that n > 2 and that S is (topologically) closed. If S is horizontally totally geodesic,

then S is a vertical hyperplane.

Corollary 20.1.2 allows to reduce the complexity of the problem to the estimate of the norm
of the horizontal second fundamental form hH associated to a minimal hypersurface. We point
out that an approach based on curvature estimates for minimal hypersurfaces is already avail-
able in R™, in view of the celebrated paper [260]. Our approach to Theorem 20.1.1 can be

summarized in the following steps.

Introduction of the higher dimensional ruling property. The starting point consists in
generalizing the ruling property to the higher dimensional case, which is done in Section 20.2
in two equivalent ways (cf. Definition 20.2.1, Definition 20.2.2 and Proposition 20.2.3). After
discussing the connection between the characteristic set and this new notion (cf. Proposi-
tion 20.2.4), we show that the latter is well-behaved with respect to the intrinsic geometry of
H". Namely, we prove that the class of ruled hypersurfaces is closed under the action of intrinsic
dilations (cf. Proposition 20.2.8), and the action of the so-called pseudohermitian transforma-
tions (cf. Theorem 20.2.1).

Rigidity results for ruled hypersurfaces. Subsequently, we exploit the ruling property to
provide rigidity results for some classes of hypersurfaces. Basically, we show that under some
constraints on the size of the characteristic set, the higher dimensional ruling property is more

rigid than the corresponding one in H!.

Theorem 20.1.3. Let S be a hypersurface of class C*. Assume that n > 2 and that S is
closed and without boundary. Assume that Sy is countable and that S is ruled. Then S is a

hyperplane.

This result constitutes a first remarkable difference with H', where there are instance of

smooth ruled non-characteristic hypersurfaces which are not planes (cf. Section 20.3).
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Ruled if and only if horizontally totally geodesic. In Section 16.6.3 and Section 20.5
we build a bridge between the aforementioned result, which is only differential in spirit, with
the sub-Riemannian structure of H". After formally introducing and motivating the notion of
horizontally totally geodesic hypersurface (cf. Definition 20.4.2), in view of Theorem 20.1.3 the
main remaining obstacle to prove Theorem 20.1.1 is to show the equivalence between the latter

and the ruling property.

Theorem 20.1.4. Let S be a hypersurface without boundary of class C%. Then S is ruled if
and only if S is horizontally totally geodesic.

This result strongly relies on a local existence and uniqueness result for a particular geodesic-
type initial value problem on the hypersurface (cf. Theorem 20.5.4). Sub-Riemannian geodesics
have been extensively studied in the last years (cf. e.g. [218, 190, 3, 89, 222] and references
therein). Although local existence results for sub-Riemannian geodesics are available (cf. e.g.
[190]), it is not always the case (cf. [252]) that sub-Riemannian geodesics satisfies the standard

geodesic equation
VST =0,

Therefore, we devote Section 20.5 to the study of the initial value problem associated to this
kind of equations on hypersurfaces. The proof of Theorem 20.5.4 can be reduced to the study
of curves in domains of suitable intrinsic graphs, and its main difficulty lies in the fact that
that the initial value problem that we need to consider is a priori overdetermined. Once Theo-
rem 20.5.4 is achieved, we are then in position to prove Theorem 20.1.4, and so, in view of the

previous considerations, to conclude the proof of Theorem 20.1.1.

We point out that, in view of Theorem 20.1.4, another striking difference with the first
Heisenberg group can be appreciated. Indeed, contrarily to what happens in H!, it is easy to
provide examples of minimal smooth hypersurfaces, at least in the characteristic setting, which

are not horizontally totally geodesic.

Theorem 20.1.5. Let n > 2 and let S := graph(u), where u(z,y) = 323 — yi. Then S is a

minimal smooth hypersurface which is not horizontally totally geodesic.

This set of results and considerations both provides a direct way to approach the Bernstein
problem via curvature estimates, and highlights once more many interesting differences between
H' and higher dimensional Heisenberg groups. According to the authors’ hope, it may give
a burst in the grasp of such an interesting open problem as the Bernstein problem in this

anisotropic setting.

20.2 Higher dimensional ruled hypersurfaces

As already mentioned, a key step in the study of minimal surfaces in H* consists in showing that
the non-characteristic part of an area-stationary surface is foliated by horizontal line segments.

This property extends to the higher dimensional case as follows.
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Definition 20.2.1 (Local ruling property). Let S be a hypersurface of class Ct. We say that
S is locally ruled at p € S\ Sy if there exists a neighborhood U of p such that

p-HL,SNUCS.

Moreover, we say that S is locally ruled if it is locally ruled at p € S\ Sy for any p € S\ Sp.
Beside this local definition, we propose a global one, which will be useful in the following.

Definition 20.2.2 (Global ruling property). Let S be a hypersurface of class C*. We say that
S is ruled if for any p € S\ Sy, for any v € HT,S and for any s > 0, the following property
holds. If s is maximal with the property that

p-o0,(v) €S

for any T € [0, s], then
p-ds(v) € Sp.

The previous two definitions are actually equivalent.
Proposition 20.2.3. Let S be a hypersurface of class C'. Then the following are equivalent.
(1) S is locally ruled.
(ii) S is ruled.

Proof. Assume that S is ruled. Assume by contradiction that there exists p € S\ Sp and a
sequence (py)n C p-HT,S \ S converging to p as h — +o00. Then, for any h € N, there exists
An > 0 and v, € HT,S such that p, = p- 0y, (vy). If, up to a subsequence, for any h there
exists 0 < pp < Ay such that p - 6§, (vs) belongs to the manifold boundary of S, then, being
the latter closed, so does p, a contradiction with p € S. Therefore, since p, ¢ S and up to a
subsequence, we can assume that for any A there exists s;, > 0 maximal such that p-d,(v,) € S
for any 7 € [0, sp]. Clearly s, < A,. Therefore, being S ruled, then ¢, := p - 05, (vn) € Sp. But
then, by construction, (gp,), converges to p as h — 400, and so, being Sy closed, we conclude
that p € Sy, a contradiction. On the contrary, assume that S is locally ruled. Assume by
contradiction that that there exists p € S\ Sy, w € HT,S and s maximal with the property
that

p-o(w) eSS (20.2.1)

for any 7 € [0, s] and
p- (sw,0) ¢ Sp.

Set p:=p- (sw,0). Consider the left-invariant vector field
2n
W = Z ’LUij.
j=1
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Recalling that left-translations preserve the horizontal distribution, and being W left invariant,
we conclude that
AT(s0,0)[p(Wp) = W15 € Hp.

Moreover, by construction, W is clearly tangent to S at p. We conclude that w € HT;S. Since
S is locally ruled and p € S\ Sp, there exists § > 0 such that p- (Sw,0) € S, which implies,
recalling the definition of p, that

P (5w,0) =p- (5w,0) (5w,0) =p- ((§+ 5)w,0) € S,

a contradiction with (20.2.1). O

Proposition 20.2.4. Let S be a ruled hypersurface of class C'. Assume that S is (topologically)
closed. Let p € S\ Sy and v € HT,S be such that

{p-05(v,0) : s>0}NSy=0.

Then
{p-0s(v,0) : s >0} CS.

In particular, if

p-HT,S NS =0,

then
p-HIT,S CS. (20.2.2)

Proof. Let p € S\ Sy and v € HT,S be as in the statement, and assume by contradiction that
there exists A > 0 such that ¢ = p-\(v) ¢ S. Being S closed, there exists s > 0 maximal as in
Definition 20.2.2. Then we can argue as in the proof of Proposition 20.2.3 to find s > 0 such
that p - 05(v) € Sp, which is a contradiction. The second claim clearly follows from the first

one. O

Notice that, in view of Proposition 20.2.4, the notion of ruled hypersurface becomes much
more simpler in the case of non-characteristic hypersurfaces. Indeed, if S is a closed, non-
characteristic ruled hypersurface of class C' and p € S, then clearly p - HT,S NSy = 0.
Therefore a closed non-characteristic hypersurface of class C! is ruled if and only if it satisfies
(20.2.2). Now let us discuss some instances of ruled hypersurfaces. We begin with the simplest

non-characteristic smooth hypersurface.

Example 20.2.5 (Vertical Hyperplanes). Let S be a vertical hyperplane of the form

S={peH": ((z,9),(ab) =c}

for some 0 # (a, l_)) € R?" and ¢ € R. Without loss of generality, we assume that a; # 0. It is
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easy to see that
T,S = span{(as, —a1,0,...,0), (as,0,—as,0,...,0),...,(bs,0,...,0,—ay,0), T}

for any p € S. Notice that Sy = (). We show that S is ruled. Indeed, noticing that T" € T,,S for
any p € S, it follows that

HT,S = span{Zap, - -, Znlp, Wilps - - s Walp}
for any p € S, where
Z,L' = ain — CLle' and Wj = ij1 — a1Y}

forany i =2,...,nand j =1,...,n. Let now p = (Z,y,t) € S, and let w = (Z',¢¥,0) € HT,S.
Then there exists a;, 5; € R such that

w = (Z aja; + Zﬁjbj, —Qadq, ..., —0pay, 0) i
=2 j=1

We conclude noticing that

(&), (a,b)) = a1y oga; +ar Yy Biby — Y ajara; — Y Bjarb; = 0.
=2 =2 =1

j=1
Next we consider an instance in the characteristic case.

Example 20.2.6 (Horizontal Hyperplane). Let S be the horizontal hyperplane #H,. Notice
that

0 0
T,S =span§ —, ..., — ¢ =span{ Xy —yiT,.... X;, — ., Y1 + T, ..., Y, + 2, T}
8131 ayn

for any p € S. This in particular implies that Sy = {0}. Therefore, let p = (z,y,t) # 0, and
assume without loss of generality that 1, # 0. This implies that

HT,S = span{y2 X1 — 1 X2, ..., un X1 — 1 Xp, 11 X0 + 1Y, .., 2, X0 + i Yo b

Therefore, let w = (2,0) € HT,S, and let a;, 5; € R be such that

z= (Z ajyj + Zﬂjxﬁ —QY1, .. ., _Oénybﬁlyla S 75713/1) .

=2 j=1

Hence it follows that

QUZ,Y),2) = Zajyj + U Z Bixj — Zajylyj - Zﬁjyﬂj =0.
j=2 j=1

j=2 j=1
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With the next couple of propositions we show that the class of ruled C'-hypersurfaces is

closed under the action of left translations and intrinsic dilations.

Proposition 20.2.7. Let S be a ruled hypersurface of class C*. Then 7,(S) is ruled for any
q € H™.

Proof. Fix q = (z%,%9,t) € H", define S := 7,(S) and, given a point p € S\ Sy, let p € S be
such that p = 7,(p). Being 7, : § — S a diffeomorphism, then dr,|, : T,S — TS is an

isomorphism. Therefore we have that
dr,|,(T,S) = T5S.
Moreover, by definition of H, it is also the case that
drylp(Hp) = Hs.
Hence we infer that
dr,l,(HT,S) = dr,|,(H, N T,S) = dry|,(H,) N dry|,(T,S) = Hy N TS = HT}S.

In particular, notice that p € S\ Sy. Let w € p- HT;S and assume that there exists s > 0
maximal with the property that 5 - §,(w) € S for any 7 € [0, s]. We claim that - §,(w) € Sp.
Let v = (a,b,0) € HT,S be such that dr,|,(v) = w. By the left-invariance of the horizontal
distribution, it follows that w = (a, b, 0). Therefore s is maximal with the property that
p-0-(v) €S for any 7 € [0, s]. Hence p - d5(v) € Sy, and so, since

p-0s(w) =p-(sa,sb,0) =q-p-(sa,b,0) =q-(p-d4(v))

and observing that 7,(Sp) = Sp, we conclude that j - d,(w) € Sp. O
Proposition 20.2.8. Let S be a ruled hypersurface. Then 05(S) is ruled for any A > 0.
Proof. Fix X\ > 0, define S := §,(S) and, given a point p € S\ Sp, let p = (Z,7,t) € S be such
that p = d,(p). Arguing as in the proof of Proposition 20.2.7, we get that

by, (HT,S) = HT3S. (20.2.3)

Therefore, again, p € S\ Sp. Let w € p- HT;S and assume that there exists s > 0 maximal
with the property that p - d.(w) € S for any 7 € [0,s]. We claim that p - d,(w) € Sp. Let
v = (a,b,0) € HT,S be such that diy|,(v) = w. We claim that that w = d\(v). Indeed,

recalling that the Jacobian matrix of §, is a diagonal matrix with diagonal (),..., X, \?), then

W@ =iaf’“;;f“<p>+ibjm () + 3 (a1~ by T 0 )(0)
P+ 30 00) — () )T ),
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The conclusion then follows as in the previous proof, just noticing that

AP - 07(v)) = Ox(p) - 0(0+(v)) = P - Oar(v) = P~ (0x(v)) = P - 6+ (w)

for any 7 € R, and that §,(Sy) = Sp. O
In view of Proposition 20.2.7, we can enlarge the class of examples of ruled hypersurfaces.

Example 20.2.9 (Non-Vertical Hyperplanes). We already know that H, is a characteristic
ruled smooth hypersurface. For any fixed ¢ = (Z,, 4,4, t,) € H", we know from Proposition 20.2.7
that 7,(#Ho) is a characteristic ruled smooth hypersurface. Moreover, an easy computation shows
that
7,(Ho) = {(z,9.t) € H" : ((a,0), (z,9)) +t+d =0},

where (a,b) = (—,,,) and d = —t,. Finally, notice that any hyperplane which is not vertical
can be obtained as left-translation of the horizontal hyperplane H,. Hence we conclude that
every hyperplane of H" is ruled, and it is non-characteristic if and only if it is vertical. Finally,
notice that we cannot exploit Proposition 20.2.8 to obtain more ruled hypersurfaces, since

dilations of hyperplanes are hyperplanes.

To conclude this section, we show that the class of ruled hypersurfaces is closed under the
action of the so-called pseudohermitian transformations of H". To introduce this notion, we
define the map J : H* — H" by

for any p = (z,y,t) € H". The map J is a global diffeomorphism which preserves the horizontal
distribution, related to the CR structure J by

dT | = Jlu.

A global diffeomorphism ¢ : H" — H" is said to be a pseudohermitian transformation of H"

if it preserves the horizontal distribution and it commutes with 7, that is
dp(H) CH and poJ =Jop.

Let us begin by considering a special subclass of pseudohermitian transformations. To this aim,
let us define the map ¢g : H" — H" by

er(Z,y,t) := (R(x,y),1t), (20.2.4)
where R is an orthogonal matrix of the form

A B
-B A
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where A and B are real-valued n X n matrices.

Proposition 20.2.10. Let pr be as in (20.2.4). Then ¢g is a pseudohermitian transformation.
Moreover, it holds that
dng‘P<&7 B? 0) = (R(EL7 b)? 0)

for any p € H" and any (a,b,0) € H,.

Proof. Let p = (z,9,t) and (a,b,0) as in the statement, and let j := @r(p) = (Z,7,t). We first

claim that
n

dorly(X;lp) = > (R Xils + RiniryYels)

k=1

and
n

dorlp(Yilp) = 3 (Bres Xls + Ruionsn Yils)

k=1

for any 5 = 1,...,n. Indeed, let 1) be a C* function defined in a neighborhood of p. Let us
recall that, since (Z,7) = R(Z,y) and R is orthogonal, then (z,y) = RT(Z,7), which means,
recalling also the special block shape of R, that

n n

—r; = kZ (= RjEn — Reniysfin) = kZ (= Rewsxyn )% + Rin)7)
=1 =1

and
n

Y= (Rk (n+5) Tk + Rnsk) (nt5) yk) z”: ( RinyryjTr + Rkjﬂk) :

k=1 k=1

for any j = 1,...,n. Then it holds that

dprlp(X;lp)(V)(P) = X;lp(¢ 0 @r)(p)

aajw o wr)(p) + y;T (¥ o vr)(p)
> (R 5+ Rosigie ) + T ()5
=3 (s (20 + 5700 + Rosny (26~ 2707
_ Z (R Xilp(@) (B) + Repinys Yila(0)(5))
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and, similarly,

dorlp(Y;lp) () (D) = Yjlp(¥ 0 0r)(p)

- 5o (B =5 T(Wo e
n 81/1 ~
= Z (Rk (n+i) . p) + R(n+k n+j)a (p>> - ij(¢)(p)
k=1 Yk
= 0
- Z <Rk (n+4) ( (P) + 5T (¥ (P )) + Rin-+k)(n+5) <3¢ () — fkT(%U)(ﬁ)))
k=1 Yk
= 3 (Bitusn Xils(0) () + Rinsionsn Yels(¥) (9))
k=1
for any j = 1,...,n. Hence we conclude that

n

dorlp(a, b 0) Z (ajdor|p(X;lp) + bjder|y(Yilp))

Jj=1

= %n_: (aj (Rijk\ﬁ + R(n+k)ij!ﬁ) + b, (Rk(n+j)Xk|ﬁ + Rn+k)(n+j)yk|ﬁ>)

Il
[~]=
~
=
—
=
&
S
.
+
oy
N
3
+
M
\_/
5
=
+
/'\
3
+
>
byl
IS
.
+
=
3
_l’_
Z
s
+
Q
v
-
=
~_

O

As a consequence of the previous result, it is easy to see that the class of ruled hypersurfaces

is closed under the action of maps of the form (20.2.4).

Proposition 20.2.11. Let S be a ruled hypersurface. Then @gr(S) is ruled for any ¢r as in
(20.2.4).

Proof. The proof of this result, with the help of Proposition 20.2.10, follows as the proof of
Proposition 20.2.7 and Proposition 20.2.8, noticing that ¢r(So) = (¢r(S))o and that, for a
given p = (z,t) € S\ Sy, (v,0) € HT,S and s € R, it holds that

er(p-05(v,0)) = pr(z + sv,t + Q(z, sv))
= (R(z + sv),t + sQ(z,v))
= (Rz + sRv,t + sQ(Rz, Rv))
= (Rz,1) - (shv,0))
= ¢r(p) - 6s(Rv,0).

As a corollary of Proposition 20.2.10, we can conclude our initial statement.

Theorem 20.2.1. If S is ruled, then ¢(S) is ruled for any pseudohermitian transformation ¢.
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Proof. Tt follows combining Proposition 20.2.7, Proposition 20.2.11 and [87, Theorem 4.1]. [

20.3 Ruled hypersurfaces with countable characteristic

set

The aim of this section is to characterise ruled hypersurfaces of H" with countable charac-
teristic set, when n > 2. In the first Heisenberg group H' there are examples of ruled, non-

characteristic, smooth surfaces which are not vertical planes.

Example 20.3.1. As an instance, let us consider the surface S parametrized by the map
¢ : R? — H! defined by
©(t,0) := (tcosO,tsinb, ).

Notice that ¢ is smooth and injective. Moreover,

0 0 0
8—f(t, 0) = cos Ga—x + sin Qa—y = c0s 0.X |10 + SinOY |10
and
g?(t, 0) = —t 811149883[j + t cos eéfy + T = —tsin0X |y + t cos0Y |0 + (1 + )T

This implies that S is a smooth, non-characteristic surface, and moreover

)
HT,p1.0)S = span {(;:(t, 9)}

for any (¢,0) € R% Finally, for given t,0, s € R, it holds that
(tcosf,tsind,0) - (scosh, ssinb,0) = ((t + s)cosb, (t + s)sinb,0) € S,

and so S is ruled.

However, the situation in higher dimensional Heisenberg groups is quite different, and the
ruling condition turns out to be more restrictive. Indeed, we are going to prove that the only
closed, ruled hypersurfaces with countable characteristic set in H", with n > 2, are hyperplanes.
To this aim, we already know that vertical hyperplanes are non-characteristic and ruled, and

that every non-vertical hyperplane

P = {(I,yi) c H" Zaj:wajwcHd:O},

=1 j=1

where clearly ¢ # 0, is ruled and satisfies

poz{(bl,...,bn,_al,...,_an,_d)}.
C C C C C



Before proving Theorem 20.1.3 we establish some preliminary results.

Proposition 20.3.2. Let S be a hypersurface of class C*. Assume that S is closed and without
boundary. Assume that S is ruled and that Sy is countable. Then

p-HIT,SCS

for anyp € S\ Sp.

Proof. Let S and p as in the statement. Assume by contradiction that there exists ¢ € p -
HT,S\ S. Combining Proposition 20.2.4 with the fact that Sy is countable and that S is ruled,
it is easy to construct a sequence (q), C S converging to ¢ as h — oo. Being S closed, then

q € S, a contradiction. O

Proposition 20.3.3. Let S be a hypersurface of class Ct. Assume that S is closed and without
boundary. Assume that S is ruled and that Sy is countable. Assume that 0 € S\ Sy. Then

SNHy=HIpS.

Proof. First, since 0 € S\ Sy and in view of Proposition 20.3.2, then HTpS C SN Hy. Assume
by contradiction that there exists ¢ = (2,,0) € (SN Hy) \ HTpS. If S is tangent to Hy at
q, then ¢ € S\ Sp. Otherwise, since HTpS is closed and Sy is countable, it is possible to
find another point in (S '\ Sp) \ H7oS. In the end, we can assume that ¢ € S\ Sy. Again,
thanks to Proposition 20.3.2, ¢ - HT,S C€ S, and so ¢ - HT,S N Ho € S N Hy. Note that both
HTyS and q - HT,S N H, are affine subspaces of Hy. Moreover, dim(H7,S) = 2n — 1 and
dim(q - HT,S NHy) > 2n — 2. Therefore we conclude that

dim(HTpS N (¢ - HT,S NHo)) > dim(HTpS) + dim(q - HT,S N Ho) —2n=2n—3 > 1,

since n > 2. Therefore (HT1,S)N(q-HT,SNHy) contains a one-dimensional affine subspace of Hj.
In particular, being Sy countable, there exists p = (2,,0) € HTpS N (¢ - HT,S N Ho) N (S\ So).
Let v € HT,S be such that p-tv = ¢ for some ¢t € R, and let ,(t) := (tz,,0). Notice
that, by construction, then v,(t) € S for any ¢t € R. Moreover, %,(1) = (z,,0) € H,, and
so w = (%,,0) € HT,S. Again, since p € S\ Sy and in view of Proposition 20.3.2, then
p-HT,S C S. Therefore, in particular, it holds that

p-(av+ pw) € S

for any a, 8 € R. Hence, if we let v,(t) := (tz,,0), we conclude that y(t) € SN H, for any
t € R, and so 4,(0) = (z4,0) € TpS. Since clearly (z,,0) € Ho, then ¢ € HTpS, which is a

contradiction. ]

Proposition 20.3.4. Let S be a hypersurface of class C*. Assume that S is closed and without
boundary. Assume that S is ruled and that Sy is countable. Then either S is a t-graph or S is

a vertical hyperplane.
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Proof. If S is a t-graph we are done. If S is not a t-graph, being Sy countable, there exists
p € S\ Sy such that T'|, € T,,S. Up to a left-translation, recalling Proposition 20.2.7, we assume
that p = 0. We show that S is a vertical hyperplane, dividing the proof into some steps.

Step 1. Thanks to Proposition 20.3.3, we know that there exists 0 # (@, b) € R*" such that

HTS = HoN S ={(z,y,0) € H" : ((a,b), (z,y)) = 0}.

We assume without loss of generality that a; # 0, and we let f(z,y) := ((a,b),(Z,y)). We

claim that

7(p- HT,S) C w(HTHS)

for any p € HTpS N (S'\ Sp), where 7 : H" — R?" is defined as in (3.2.2). It is easy to see
that 7 is smooth, surjective and open. Assume by contradiction that there exists p = (2,,0) €
HT,S N (S\ Sp) and v = (v,0) € HT,S such that z, + v ¢ 7(H1pS). This is equivalent to
say that f(z, +v) # 0. Let us define ¢ := p-v = (2, + v,Q(2,,v)). Since p € S\ Sy and
by Proposition 20.3.2, then ¢ € S. Moreover, Q(z,,v) # 0, since otherwise ¢ € HTpS and
consequently f(z, +v) = 0. Moreover, since z, € H1yS, then, letting () := (¢, 0), it holds
that v(t) € S for any t € R, and so (z,,0) € HT,S. Hence, since p - HT,S C S, we conclude in

particular that
P :={(%,,0) + a(z,,0) + B(v,Q(%,v)) : o, B € R} C S.

Notice that P is a vector subspace of R?"*!. Then in particular 0 € P and (v, Q(z,,v)) € TpS.
Therefore, as T' € TS, then (v,0) € TpS, and so, since (v,0) € Ho, we conclude that (v,0) €
HTuS. Then f(v) =0, and so, as p € HT,S, f(z, +v) = f(2,) + f(v) = 0, a contradiction.
Step 2. Let p = (2,,0) € HTp8 N (S\ Sp). Thanks to Step 1, we know that 7(p - HT,S) C
7(HTpS). Therefore, if v € HT,S, then f(z, +v) = 0. Since f(z,) = 0, we conclude that
f(v) = 0, which implies that

NT,S = HT,S (20.3.1)

for any p € HTyS. Moreover, an easy computation shows that
HTLS = span{Z2|0, ) Zn|07 W1|0, ) Wn\0}>

where
Zi = CLin — alXi and Wj = ijl - CL1Yj (2032)

forany i =2,...,nand j=1,...,n. Then (20.3.1) allows to conclude that
HT,S = span{ Zalp, - .- Zolps Wilps - ., Wil }. (20.3.3)
Step 3. Let us define
Z:={zen(HTyS) : Q(z,w) =0 for any w € 7(HT,S)}.
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Notice that, being @) a bilinear map, then Z is a vector subspace of 7w(H7pS). We claim
that dim(Z) < 2n — 2. Indeed, assume by contradiction that dim(Z) > 2n — 1. Then, since
Z C 7(HT,S) and dim(n(HTpS)) = 2n — 1, we conclude that Z = 7(HT,S). We show that

this leads to a contradiction. Assume first that ao, = ... =a, = by = ... = b, = 0, and set
21 =(0,-1,0...,0) and 29 = (0,0,1,0,...,0). Then f(21) = f(22) =0 and Q(z1,2) =1 # 0,
which implies that z;, 2 ¢ Z. If it is not the case that as = ... =a, = by = ... = b, = 0,
then assume without loss of generality that ay # 0. Let 21 = (—ag,a1,0,...,0) and 2z, =

(=b1,0,...,0,a1,0,...,0). Then f(21) = f(z2) = 0 and Q(z1, 22) = a1az # 0, which implies

again that 21,z ¢ Z. Therefore we conclude that dim(Z) < 2n — 2, and so in particular

Step 4. We claim that for any ¢ = (z,,t,) = (¢,..., 2%, y{,...,y%,t,) such that z, € T7(HTyS)\
Z there exists p = (2,,0) = (af,..., 22, y7,...,yL,0) € HT,S N (S \ Sp) and v € HT,S such
that

q=p-v. (20.3.5)

Indeed, let ¢ as above, and let p € HT,,5 N (S'\ Sp) and v € HT,S to be chosen later. In view

of (20.3.3), we can express v as
v="> ;Zl,+ > BiWjl, = (Z aja; + ) ﬁjbj) Xilp = D ajar Xjlp — Y BjarYilp.
j=2 J=1 J=2 J=1 Jj=2 J=1

for some ao, ..., q,, B, ..., By € R. Therefore, we infer that

prv= (5151112 + Zajaj + Zﬁjbj,xg — oy, ..., Y — Bpas, Q(Zpav)) .
= =1

Let us choose
vy =y

p )

a; =

and B =

ai ai
foranyi=2,...,nand any j = 1,...,n. This choice implies that (p-v); = z{ and (p-v); = y7_,

forany i =2,...,nand any j =n+1,...,2n. Moreover, since f(z,) = f(z,) = 0, it holds that

Jj=2 Jj=1

n n 1 n m n
(p-vh =28+ aa; + ) Bib; = o (Z(aﬁf +bf) = D e+ bj?J?) = .
j=1 =2 j=1
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Finally, notice that

7j=2

Z ajﬂ;yl Z a]:z: !+ Z bjyﬁyzf - Z bjy?yf
= ;

=2

— > amalyl + Z a1yl + ayxlyl + Z arafy Z a2ty )
Jj=2

= (=D et = g+ Yt — m?y?)
1 j=1 j=1 j=1 j=1
- Q(ZP’ ZQ)7

Q(zp,v) = (Zn: En: ) Za]alyj +Zﬂja1m
1

a1

|

|
—
s

where in the third equality we exploited the fact that f(z,) = 0, while the fourth equality follows
from f(z,) = 0. Since we assumed z, ¢ Z, then there exists uncountably many w € w(H1,S)
such that Q(w, z,) # 0. Therefore, since Sy is countable, it is possible to choose w € 7(HT}S)
such that, setting .

" Quz)
then p € (S'\ Sp). We conclude that p € HTpS N (S'\ So) and Q(zp, 24) = t,-
Step 5. We are now able to conclude. Indeed, thanks to (20.3.5) we infer that

But then, being S closed and recalling (20.3.4), we conclude that
W(HT()S) xR = W(HT()S) \ KxR= W(HT()S) x R - g =S.

Therefore S contains the vertical hyperplane m(HT,S) x R. The thesis then follows in view of

the topological assumptions on S. O]

Proof of Theorem 20.1.5. Let S be as in the statement. If S is a vertical hyperplane, we are
done. If not, in view of Proposition 20.3.4, S is a t-graph. Being Sy countable, and recalling
Proposition 20.2.7, up to a left translation we may assume that 0 € S\ Sy and that T'|o ¢ Tp.S.
Since 0 € S'\ Sy, we infer by Proposition 20.3.3 that

HTyS =HoN S ={(z,y,0) e H" : ((z,y),(a,b)) =0}

for some 0 # (a,b) € R**. Again, by Proposition 20.2.10 we may assume that a; # 0. Being S
an entire t-graph, and since T'|g ¢ TpS and 0 € S\ S, there exists v = (2,,t,) € TpS such that
f(zy) #0 and t, # 0. Let us set ¢ := z”) We claim that

S={(z,t) e H" : f(2)+ct =0} = S..
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Indeed, let p = (z,,t,) € S\ So. If t, = 0, then f(z,) = 0, and so p € S.. Assume then
t, # 0. Then, being S a t-graph, we infer that f(z,) # 0.. Let vy,...,v9,—1 be a basis of
HT,S. Since p € S\ Sy and thanks to Proposition 20.3.2, then p - HT,S C S. We claim that
there exists j = 1,...,2n — 1 such that Q(z,,v;) # 0. Indeed, assume by contradiction that

Q(zp,v1) = ... = Q(zp,v2,—1) = 0. In this case, recalling that S is ruled, it holds that
2n—1
p-HT,S = 2y + Z avj,ty | a0 €RY CS. (20.3.6)
j=1

We claim that
Span{(vl, 0), ey (UQn—la O)} = Span{Z2|0, ey Zn|0, W1|(), N Wnlo}, (2037)

where Zs, ..., Z,,W1,..., W, are defined as (20.3.2). Indeed, if it was not the case, then (20.3.6)
would imply the existence of ¢ = (z4,t,) € S such that z, € 7(HT,S). But since ¢, # 0 and
since (z4,0) € S, we would contradict the fact that S is a t-graph. Notice that (20.3.7) implies
that

Zolos -+ Znlos Wilos ., Walo € H,

and so, observing that

0 0
Zilo = aj5 = s a; Xilp — a1 Xjlp + (ary; — a;y)T
forany 7 =2,...,n and
0 0
Wilo=bi5 -~ Ny bjXilp — arYjlp + (—arz; — bjyn)T
for any j = 1,...,n, we conclude that
Zp = @(—bl, ey =bny a1, .. ay),
a1

which implies in particular that f(z,) = 0, a contradiction. In this case, it holds that p -
HT,SNHoNS =p-HT,SNHIS # 0. Since n > 2, a dimensional argument as in the proof
of Proposition 20.3.3 implies that dim(p - H1,S N Ho N S) > 1. Therefore, being S, countable,
there exists ¢ = (z,,0) € (p- HT,S) N HIHS \ Sp. Let then w € HT,S be such that

(24,0) = (2p + w, t, + Q(zw)). (20.3.8)

Arguing as in the proof of Proposition 20.3.3, recalling that ¢ € S\ Sy and Proposition 20.3.2,
we see that
P :={(24,0) + (24, 0) + f(w, Q(z4,w)) : a, € R} C S,

and so we conclude as above that (w.Q(z,, w)) € TpS. This means that there exists @ €
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7(HTpS) and o € R such that
(0.Q(zg,w)) = (W + azy, aty).
Therefore, recalling (20.3.8), we get that

(2p: tp) = (2, 0) — (w, Q(2p, w)) = (2g — W — a2y, —ty) .
Therefore, since z,, w € w(H1pS) we conclude that

f(zp) +cty = —a(f(z) +cty) =0,

which implies that p € S.. Therefore we proved that S\ Sy C 5., and so, being Sy countable
and S and S, closed, we conclude that S C S.. The thesis then follows by the topological

assumptions on S. O]

20.4 Horizontally totally geodesic hypersurfaces

In the first Heisenberg group H', HT'S is a one dimensional distribution generated by J(%).
In particular (cf. [252]), h™ completely determines the behavior of V54 J(v™), meaning that

Y a J(F) = —RE (M), J(F)R

This consideration is a first crucial step in the study of minimal surfaces, since it allows to infer
that, when H™ = 0, then S is ruled by horizontal lines. A horizontal line is a horizontal curve
I': I — H" such that

(L(s), Zjlr) = 0

for any s € I and any j = 1,...,2n, where here and in the following I is a domain of R

containing 0. Indeed the following simple characterization holds.

Proposition 20.4.1. Let I' : I — H" be a horizontal curve. The following are equivalent.
(1) Vlﬁlf‘ =0 along I
(13) T is a horizontal line.

Proof. Let A = Z?Zl A;Z; be any C? extension of I. T is a horizontal line if and only if
t+— A;(I'(t)) is constant on I for any j = 1,...,2n. Notice that

2n 2n | 2n d(Ak(F(t))
VEHA\F(S) =2 A(AR)Ire Zelre) = 2 T(AR) e Zelre) = 22 == Zlres
k=1 k=1 k=1 s
for any s € I. The thesis then follows. O]
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The higher dimensional case is typically more involved, since it is not always true that
VEX = (X, X)H

Nevertheless, there is a particular situation in which the second fundamental form provides

global information.

Definition 20.4.2. Let S be a hypersurface of class C?. We say that S is horizontally totally
geodesic when
(X, X)=0 (20.4.1)

for any X € CY(S,HTS), that is when h is an alternating bilinear form.

Notice that (20.4.1) is equivalent to require that the symmetric form h¥ is identically van-
ishing. Let us point out that, in view of Proposition 16.6.7 and Proposition 16.6.8, non-
characteristic hypersurfaces of class C? with A" = 0 are trivially vertical hyperplanes, provided
that n > 2. Indeed, if S is such a hypersurface, N is its Euclidean unit normal and v its
horizontal unit normal, then Proposition 16.6.8 and (16.6.8) imply that h¥ = 0, Nyuyq = 0,
N = N(z,9) and v = (Ny,..., No,). Hence

_ 2n 2n+1 aN aN
0=|p]? = ZVRz = ]t
’ ’ i;1 yj ]VZ 7;}::1 azi azj )

where the last term coincides with the squared norm of the Euclidean second fundamental form
of S. Hence S is a hyperplane, which is vertical since N,,,1 = 0. As already mentioned, when

n > 2 it is not in general true that horizontally totally geodesic hypersurfaces satisfy h = 0.

Example 20.4.3. As an instance, consider in H? the non-vertical hyperplane
S:={(z,y,t) € H? : a121 4 asxs + biys + boys +t +d = 0}

for some ay, as, by, by, d € R. An easy computation shows that

_ (a17a27b17627 1)
V1+a3+ a3+ b3+ b3

(a1 +y1,a2 + Y2, b1 — 1, by — x2)

N(p)
V1+at+ a3+ b3 +03

and NE(p) =

for any p € S. Therefore, S has a unique characteristic point py = (b1, by, —ay, —as, —d). Far

H

from pg, " can be expressed by

p): (a1+y1,ag—|—y2,b1—ml,bQ—xQ)
\/((11 +y1)? + (a2 +y2)? + (b1 — 1) + (b2 — x2)?

H(

for any p € S\ So.
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Recalling (16.6.8), a tedious but simple computations shows that

4
2

Zn( Ze(vh) = — = (T d™?2,

h,%:% W) Zi0) (a1 4 91)* + (a2 + y2)* + (b1 — 21)* + (b2 — 22)° (Td5)

Hence, Proposition 16.6.8 implies that A% =0 on S \ So. Nevertheless, in view of the previous

computation and Proposition 16.6.7, we conclude that

2
(a1 +y1)? + (ag +y2)? + (by — 21) + (by — 2)?

|hp‘2 =

for any p € S\ Sp.

20.5 Local existence of geodesics on hypersurfaces

Let S be a hypersurface of class C%. Let p € S\ Sy and w € HT,S. We wish to find a curve
[ € C*(I, S) solving the differential problem

[ is horizontal

V]}FH’SI“ =0 on [
I'(0)
L (0)

(20.5.1)

p
w

Arguing for instance as in [173], it is not difficult to show that solutions to (20.5.1) are geodesics
in the Carnot-Carathéodory space associated with the sub-Riemannian structure (S, (-, )g).
First, notice that, by means of [140, Theorem 6.5] and [16, Theorem 1.2] and without loss of
generality, there exists Q C R?*" and ¢ € C(Q) such that W¥p € C(Q,R* 1), U =i(Q) - j(R)

is an open neighborhood of p and
SN U = graphy. (¢, Q)N U.

We refer to Section 16.7.2 for the notation. Therefore we reduce (20.5.1) to a differential problem
for curves in Q. To this aim, fix ¢ € Q such that ¥(q) = p, and let y(s) = (£(s),7(s), 7(s)) :
I — Q. If we lift v to a curve I' : I — H" by letting

(€(s), (7(5)),71(5)), 7(5) = &1 (s)(7(5)))

=
“
I
=
2
S
I

for any s € I, then by construction I'(7) C S. From now on, we fix the notation a(s) := ¢(7(s)).

To give a meaning to (20.5.1) we need that I" is horizontal. Notice that
F = (élv"'75717@7772’"'77771’7:_510[ —510{)

= ijX]’ +aY; 4+ > 1Y+ (T' — 2a; — anfj + Zgjﬁj) T.
j=1 Jj=2 Jj=2

2=1
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Therefore I' admits a C! extension to the whole HT'S if and only if

P =20 + Y & — D &y (20.5.2)
=2

j=2

that is if and only if ~ is horizontal in (€,d,). Let us denote such an extension by A =
> 4;Z;. This means that A € C'(S, HT'S) and

¥;(D(s)) = T;(s)

for any s € I and any j = 1,...,2n. Thanks to the aforementioned properties of V¥ and
recalling (16.5.2), then
ks
I'(s) I'(s)

s), VI, (D(s )))Zj‘r(s) — (i(ﬁ(s),VH?ﬂj(F(S)»V}Eﬂ F(S)> JH

k=1

(Z i(s E’r@)) v

= 0 if and only if

VH’SF‘ — Vi —<VHF‘ H
r I'(s) I'(s)

I(s)

I'(s)

for any s € I. Hence VH SP =
F Z oty =0 (20.5.3)

forany j = 1,...,2n. We need to traduce (20.5.3) in terms of . To this aim, recalling (20.5.2),

notice that

=Y GX;+aY + Y 1Y;
j=1

2=1

Lemma 20.5.1. It holds that
(0,08) = =2 (2Tag, + (D%0%, %)) ,

where in the following we let
W =1+ |W?p|?

Proof. Notice that

a(s) = (1, Dp(v(s))  and  a(s) = (§(s), Dp(v(5))) + (D*(7(s))7(s), () (20.5.4)

for any s € I. Moreover, taking derivatives in (20.5.2), we see that

P =20 + 2aé; + f: n;i€j — En:gmj. (20.5.5)
j=2

=2
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Exploiting (16.7.6), (20.5.4) and (20.5.5), we see that

l .. . n ~ . n ~ . .
Wz (I V") = WPes + > X908+ Y Ypi; — d
=2

i=2

n n n n
= 519061 + 25105907' + Z 6]'905]‘ + Z 77]'5]'907' + Z 7.7.]'5077]‘ - Z gjﬁj@r
j=2

j=2 j=2 j=2
—&ipe, — > &ipe, — D iy, — Tior — (D04, 4)
j=2 j=2
=Ty (2a€1 i =Yg — T) — (D*¢%, %)
j=2 =2
= —2Tpa&, — (D*p¥,%).
0

In the following, we let M = 2Tg0d§:1 + (D?*p¥, ). Notice that, by Lemma 20.5.1, the term
(T, v™) does not involve second derivatives of 7. Therefore (20.5.1) is equivalent to the following

differential problem.

&G+ WWEeM =0 on /, &(0) = ¢, &1(0) = wy
éj + Wﬁl)z'j(pM =0 on I, £;(0) = ?, fj(O) = wj ji=2,...,n
&—WM =0 on [, a(0) =y, &(0) = wpyq
7'7j+W_1§7jg0M:0 on I, n;(0) :77?, n;(0) = Wn; j=2,....n
F=2a8 + Y & — > &y on I, 7(0) =t + &p(q)

=2 =2

(20.5.6)
A key step consist in showing that the third line of (20.5.6) is redundant.

Lemma 20.5.2. A curve v € C*(I,Q) solves (20.5.6) if and only if it solves the following

differential system.

S+ WIWEeM =0 onl, &O0)=¢,  &(0)=uw
gj—i-W_lngoM:O on I, (0) = ?, éj(O):wj j=2,...,n
ﬁj+W_13~/jg0M:0 on I, n;(0) :77?, 0;(0) = Wy, ji=2,....,n
=206+ 2 & — D &y on . 7(0) =1+ &e(g)

=2 =2

(20.5.7)

Proof. If v € C*(1,9) solves (20.5.6), then clearly solves (20.5.7). Conversely, assume that
v € C*(I,9) solves (20.5.7). Since y; = ¢(q), then a(0) = ¢(7(0)) = v(q) = y;. Moreover,
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notice that

@(0) = (3(0), De(q))

— £(0) e (g) + z £,(0)pe, (0) + z 3 (0)n, (0) + 7(0)or (0)

= wiWip(q) + 3 w;Xjp(q) + 3 war; Vi)
j=2 =2
= Wn+1,
where the last equality follows from (16.7.6) and the fact that w € HT,S. Observe that,

recalling (20.5.5) and exploiting all the second-order equations in (20.5.7),

(5, Do) = E1pe, + > Eipe, + D iijipn, + 7T

= =2
=aWEo+ 3 GX0+ D ;Y0 + 2Tpak
=2 =2

= —WIM|W¥p|? + 2T paé,.
Therefore, we conclude that
G — WM = WY W {H, Do) + W(D*p,4) — 2Tpa&1 — (D*¢7, %))
= WH((3, D) + W9l (7, Do) + [Wep* (D04, 4) — 2Tpcy)
= W =WTIMWo|? + [W2p|*(§, D) + W *(D*p4,4))

(Wl

. -1

which is equivalent to say that
W Ha—WtM) =0.
Being W1 # 0, the thesis follows. O
We can summarize the previous achievements in the following statement.

Proposition 20.5.3. The following properties hold.

(i) IfT € C*(I,S) solves (20.5.1), then v : I — Q defined by

for any s € I solves (20.5.7).

(it) If v € C*(Q) solves (20.5.7), then T': [ — Q) defined by

for any s € I solves (20.5.1).
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Proof. (ii) follows thanks to Lemma 20.5.2. To prove (), notice that, if I" is as in the statement,
then I' = ¥(0), where o = II(T"), and so (i) easily follows. O

Theorem 20.5.4. The initial value problem (20.5.1) admits a unique local solution I' €
C*(1,S).

Proof. In view of Proposition 20.5.3, it suffices to show that the initial value problem (20.5.7)
admits locally a unique solution. Notice that (20.5.7) can be seen as a fist-order initial value
problem by means of a standard doubling variable argument. More precisely, let us introduce
the equations

51 = El, éj = Ej and ’f]j = Hj (2058)
for any j = 2,...,n, let us define the curve T': I —s R**~! by

F:(gl,...,&-n,T]Q,...,nn,T,El,...,En,HQ,...,Hn),

and let ¢ = (x1,...,Tn, Y2, Yn,t — T1Y1, W1, . . ., Wy, Wyya, . . ., Way). Then (20.5.7) is equiva-

lent to the first-order initial value problem

{f(s) F(s,I'(s)) onI (20.5.9)
I'0)=4q

where F' : [ x R~1 — R*"~! is defined in the obvious way taking into account (20.5.7) and
(20.5.8). Thanks to Proposition 16.7.3, F' is of class C' in a neighborhood of (0, §). Hence the
thesis follows by means of the classical Picard-Lindelof Theorem (cf. e.g. [169]). O

Proof of Theorem 20.1.4. Fix p = (z,y,t) € S\ Sp. Assume first that there exists an open
neighborhood U of p such that ¥ = 0 on U. Fix w € HT,S. As before, recalling also
Proposition 16.7.3, we can assume that there exists  C R?" and ¢ € C?(f2) such that

SNV = graphy, (¢, Q) NV,

where V' = i(Q) - j(R). In view of Theorem 20.5.4, there exists a small domain I C R such
that 0 € I and a curve I' € C?(1, S) solving (20.5.1) with initial data I'(0) = p and I'(0) = w.
Since W = 0, and recalling Proposition 20.4.1, we conclude that I'(s) := p- (sw, 0). Hence S is
locally ruled at p. Conversely, assume that S is locally ruled in a suitable neighborhood U of
p. Assume also that UN Sy = 0. Fix p € U and w € HT,S. Since I'(s) := p- (sw,0) lies locally
in S, then hz(w,w) = 0, and so ﬁg = 0. O

Proof of Theorem 20.1.1. The first equivalence follows from Theorem 20.1.3. If in addition S
is topologically closed and n > 2, arguing as in [81, Proposition 4.1] it is easy to see that the
fact that .S is horizontally totally geodesic implies that S is constituted by isolated points, and
so it is countable. The thesis then follows by Theorem 20.1.4. O
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Proof of Theorem 20.1.5. S is clearly a smooth hypersurface. Let p € S\ Sy. It is well-known
that

1 1
N(p) = (Du(z), —1) = ———==(21,0,...,0,—91,0,...,0,—1),
\/1+ | Du(2)]fen 1+ 24yt
and so
1

(.Tl — Y, Y2, —Yn, T1 — Y1, T2, - - - ;l‘n)'

2@ — )+ @+ )
Since in this case ™ does not depend on ¢, an easy computation shows that
divg ™ (p) = divges v7(2) = 0 (20.5.10)

for any p € S\ Sp. Since n > 2, (20.5.10) allows us to apply [85, Corollary F| and [35, Theorem
2.3], which, together with [262, Example 5.29], imply that S is minimal. We conclude noticing
that, in view of Theorem 20.1.1, .S is not horizontally totally geodesic. O]

20.6 Ruled intrinsic cones

In this section we study ruled hypersurfaces among the class of hypersurfaces which are invari-
ant under intrinsic dilations, that is the class of intrinsic cones introduced in Section 16.7.3.
Although all the results of this section are covered by Theorem 20.1.1 and Theorem 20.1.3, we
we propose some ad hoc procedures that may have an independent interest. The following first
characterization follows at once by Theorem 20.1.3, but we give here a different proof in the
spirit of [164, Lemma 4.4].

Theorem 20.6.1. Let S be a conical hypersurface of class C*. Assume that Sy = {0}. Then
S is ruled if and only if S is the horizontal plane Hy.

Proof. For sake of notational simplicity, we prove the statement when n = 2, being the other
cases completely analogous. We already know that Hg is ruled. Conversely, let S be ruled,
and assume by contradiction that there exists p = (z,t) € S with ¢ # 0. Then, thanks to
Proposition 16.7.6, p € S\ Sp. Moreover, p - H1,S NSy = 0, since otherwise there would
be an horizontal line joining p and 0, which contradicts the fact that horizontal lines passing
through 0 lie in Hy. Therefore, being S ruled and thanks to Proposition 20.2.4, we infer that
p-HT,S C S. It is well known (cf. e.g. [87]) that there exists an orthonormal basis u, v, w of
HT,S such that

J(u) = w and J(v) = vs(p). (20.6.1)

Let us set
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Then, defining g as in (20.2.4) and thanks to Proposition 20.2.10, we can assume that u = X,
v =X, and w =Y]. Let us define ¢ : (0, +00) x R® — S by

90(/\04,5,7) = 5)\ (p (?\5”+ f\)v‘f“ ;}:UJ)) .

Being S a ruled cone, the map ¢ is well-defined. Moreover, notice that

o\ a, B,7) = 6 (Z Lout 5; T aQ(z, u) + ﬁ@(j, v) +7Q(z, w)>

= (Az + au + Bv +yw, N2t + AaQ(z,u) + A\BQ(z,v) + MyQ(z,w))
= (Az1 +a, Az2 + 8, Ayr + 7, Ay, A2t + Aayy + AByz — Myay).

Therefore, an easy computation shows that

i 1 1 0 0 |
To 0 1 0
Dp(A,a, B,7) = () 0 0 1
" 0 0 0

| 2A+ays + By — w1 Ayr Aye —Azy |

We claim that y, # 0. Otherwise, recalling that p - HT,S C S, we would have that
(xlax%ylaoat) : (0475577070) = (xl + «, Ty +67y1 +7707t + ayy — ’Y$1) € S

for any «, 8,7 € R. Therefore, choosing o« = —x1, f = —x5 and v = —y;, we conclude that
(0,0,0,0,t) € S, which is a contradiction, since 0 € S and S, thanks to Proposition 16.7.7, is a
t-graph. Hence yo # 0, and so, since ¢(0,0,0,0) = p, Dy has maximum rank in a neighborhood
of (0,0,0,0). In particular,

dyp

- Dy dp
Ty =soan { 9200, 5@

Dip
,%(QLM(Q)}

for any ¢ sufficiently close to (0,0,0,0). Notice that, if we define the 1-form w by

w=dt — Zyjdxj + ijdyj,
j=1

J=1

then v is horizontal if and only if w(v) = 0. Fix ¢ = (A, «, 8,7) close to (0,0,0,0). Then

0
vt (G210)) = 200+ -+ 5 — 1),
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and moreover

wlp(g) (gz(@) == Wl (gg@) =0, Wl <gf(Q)> = a.

Therefore, if we choose a@ = v = 0, we conclude that

soun { 9200 52000, 57 @) © HT,0 ().

Moreover, since ys # 0 we can choose 5 = —% to conclude that

0
37(2; (q) S HT¢(q) S.

Since rank(Dy(q)) = 4, we proved that
At At
¥ <>‘7 07 ) O) = ()\.251, )\x2 T )\yla )‘y27 O) € SO
Y2 Y2

for any A > 0 small enough. Since y, # 0, we proved that there exists p # 0 such that p € Sp.
This is a contradiction with the assumption Sy = {0}. O

In the following result, which is implied by Theorem 20.1.1, we characterize ruled conical
hypersurfaces S of class C?. In this case, in view of Proposition 16.7.8, it suffices to consider

graphs of quadratic polynomials.

Theorem 20.6.2. Let n > 2 and let S be a ruled conical hypersurface of class C*. If Sy # 0,
then S is the horizontal hyperplane Hy.

Proof. For sake of notational simplicity, we assume again that n = 2, being the other cases
completely analogous. We divide the proof into some steps.

Step 1. Thanks to Proposition 16.7.8, we assume that S = graph(u), where
u(Z, §) = ax? + baj + cyi + dy; + ex122 + friyy + grays + hasys + masys + pyrys,

for some a,b,...,m,p € R. Let us define ¢ : R* — graph(u) by

Then ¢ is a global C? parametrization of S. Therefore, for any p = (z,y) € R*, T,,)S is
generated by

0

87@(17) = X1+ (2axy + exs + (f — D)y + gy2)7T,
1

dp

87(})) = Xy + (exy + 2bxy + hyy + (m — 1)y)7T,
2

Jip

%(p) =Y, + ((f + Dy + hae + 2cyy + py2)T
2
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and
Oy
81'2

Let us define the 4 x 4 real-valued matrix M by

(p) = Yo + (g1 + (m + 1)z2 + pys + 2dys)T.

2a e f—1 g

e 2b h  m-—1
f+1 h 2c P

g m+1 p 2d

and, for any j = 1,...,4, we let v; be the j-th row of M. Notice that p = (2,t) € S is a
characteristic point of S if and only if M -z = 0.

Step 2. We prove that rank(M) € {2,3}. Since we are assuming that Sy is infinite, then
rank(M) < 3, and so in particular Sy is a linear subspace of R* with dim(Sy) > 1. Moreover,
rank(M) # 0, since otherwise we would have that S = Sy C Hy, and so S = Sy = Hg, which is
impossible since 0 is the only characteristic point of Hy. Moreover, we claim that rank(M) > 2.
Otherwise, if rank(M) = 1, then we can assume without loss of generality that v; # 0 and that
there exist A, B,C € R such that v, = Avy, v3 = Bv; and vy = C'v;. Therefore in particular
e =2Aa, f =2Ba — 1 and g = 2Ca. Moreover, since h = Be and h = A(f — 1), we infer that
0=Be—A(f—1) =2ABa —2ABa+2A = 2A, and so A = 0. Moreover, since p = Bg and
p = C(f — 1), we conclude as above that C' = 0. But this is impossible, since it would imply
that m — 1 =m + 1 = 0. Therefore we conclude that rank(M) € {2, 3}.

Step 3. Let now p = (z,p) € S\ Sp. Since then M - z # 0, we can assume that (vq,z) # 0.
Hence, there exists an open neighborhood U of p such that (vy, zq) # 0 for any ¢ = (2,,t,) € U.
This implies in particular that M - z, # 0 for any ¢ € U,and so UNS C S\ Sy. Let now U be
an open neighborhood of p such that U € U. We are going to show that there exists an open
neighborhood W of 0 such that

HT,SNW C {(z,y) € R* : u(z,7) =0} = G. (20.6.2)

Let us define
A _ <U27Z> B <'U3,Z> C _ <'U4,Z>

<U17Z>’ <1)1,Z>7 <v172>'

Recalling the computations of the first step, it is clear that
HTpS = Span{XQ — AXl, Y1 — BXl, }/2 — CXl}
Therefore, being S ruled and p € S\ Sy, it follows that

($17x27y17y27u(i7g>> ' (_&A7 _537 _’70704757%0)
= (xl_OZA_BB_VCPTQ—FO(Jyl+57y2+77
w(z,y) — aAys — BByr — YCy1 + ays — By — yx2) € S
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for any «, 3,7 € R small enough. Hence, noticing that

wxy —aA — BB —~yCixg+a,y1 + B,y2 +7) =
azr? + ac’A? 4 af?B* + ay*C? — 2aaAx, — 2aBBx; — 2avCxy + 200B8AB
+ 2AayAC + 2apByBC + bas + 2baxy + ba® + cyi + 2¢By1 + 8% + dy; + 2dyys
+ dv? + exqx9 + eaxy — eaAxy — ea? A — efBxy — eaSB — eyCay — eayC
+ friys + fBxy — faAy, — faBA = fBBy, — fB°B — frCy — fBC
+ grays + gyr1 — gadys — gayA — gBBys — gBvB — g7Cys — g7*C
+ haayr + hfxa + hayy + haf + maays + myzs
+ moys + maB + pyi1ys + pyyr + pBYy2 + pbY,

we infer that

ac’?A? + af?*B? 4+ a*C? — 2aa Az, — 2aB3Bxy — 2avCxy + 2003AB

+ 24ayAC + 2aByBC + 2baxy + ba’ + 2¢Bys + ¢ + 2dyy,

+dv? + eax, — eaAxy — ea?A — efBxy — eaSB — eyCay — earyC

+(f +1)Bas — (f — Dady, — faBA - (f = 1)8Bys — f8°B — (f — )yCys — fB1C
+ gy — gadys — gayA — g8Bys — gByB — g7Cy2 — g7°C

+ hfxe + hay, + haf + (m + 1)y,

+ (m — Days + maf + pyyr + pBys + pBy =0

for any «, 3,7 € R small enough. Hence, recalling the definition of A, B and C, we conclude
that

+aa’A? + aB?B* + a*C? + 2aaBAB + 2AayAC + 2aBvBC + bo?
+ B +dv? — ea’A — eafiB — eayC — faBA — f3°B — fB~C
— gayA — gByB — gv*C + haf + maf + ppy =0

for any «a, 8, € R small enough, which is equivalent to (20.6.2).
Step 4. Let us define

P, = span{(—A,1,0,0), (—B,0,1,0), (~C,0,0,1)}.

Then (20.6.2) implies that P, N 7(WW) C G. Moreover, it is easy to see that N := (1, A, B, C)
is the Euclidean normal to P, in R*. Let us define V' = 7(U). Since 7 is open, then V is an
open neighborhood of z. Moreover, being S a t-graph, then 7|g is invertible, V =7(U N S) =
T(UN(S\ Sp)) and U NS = 7 1(V). Therefore, if Z € V, we let Z = z,, where ¢ is the unique
point in U N S such that 7(q) = z,. For any z, € V, we define

A = <1}27zq> B - <U3azq> O — <U47Zq>
<vleQ>, ! <U1>ZQ>

Y
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and we let
Pq = Span{(_Atb 1,0, 0)7 (_B(I7 0,1, O>7 <_Cq7 0,0, 1)}

Again, N, := (1, 4,, B,,C,) is the Euclidean normal to P, in R*. Notice in particular that
A,=A, B,=B, C,=C and P, = P, and that, since U & vcs \ So, W can be chosen in
such a way that P,N7(W) C G for any z, € V. Moreover, thanks to the choice of U, A,, B,
and C, are smooth functions on V.

Step 5. We claim that one between A,, B,, C, is not constant in any neighborhood of 2. Indeed,
let Z be a neighborhood of z, let ay, ..., a4,b1,...,bs € R be such that bz +boz, +bsy| + syl #
0 for any (z,y’) € Z, and define

a1y + apTh + azyy + agyh
b+ boh + byl + bayh

If f is constant on Z, then Df =0 on Z. A simple computation shows that this is equivalent
to

a1b2 — CLle = a1b3 — a361 = a1b4 - a462 == a2b3 — agbg == a2b4 — a4b2 == a3b4 — a4b3 =0.

This implies that the matrix

ay Gz asz a4
by by bz by

has rank one. Therefore, if A,, B, and C, were all constant functions on Z, then we would
have that rank(M) < 1, which contradicts the fact that rank(M) > 1. Therefore without loss
of generality, we assume that A, is not constant in any neighborhood of z.

Step 6. Since A, is not constant in any neighborhood of z, there exists s1, s2 € R with 51 < s
such that A € (s, s2) and for any s € (sq, s2) there exists ¢; € U such that N,, = (1, s, B,,, Cy,).
This implies that ¢ P,, Nw(W) has non-empty interior. But then, since P,Nx(W) C G
for any ¢ € U, G has non-empty interior. Being u a polynomial, the only possibility is that
u =0, and thus S = H,. n

51,52)

373



Bibliography

1]

8]

[9]

[10]

[11]

U. Abresch and H. Rosenberg. Generalized Hopf differentials. Mat. Contemp., 28:1-28,
2005.

E. Acerbi and N. Fusco. Semicontinuity problems in the calculus of variations. Arch.

Rational Mech. Anal., 86(2):125-145, 1984.

A. Agrachev, D. Barilari, and U. Boscain. Introduction to geodesics in sub-Riemannian
geometry. In Geometry, analysis and dynamics on sub-Riemannian manifolds. Vol. I,
EMS Ser. Lect. Math., pages 1-83. Eur. Math. Soc., Ziirich, 2016.

A. Agrachev, D. Barilari, and U. Boscain. A comprehensive introduction to sub-
Riemannian geometry, volume 181 of Cambridge Studies in Advanced Mathematics. Cam-

bridge University Press, Cambridge, 2020.

A. A. Agrachev and Y. L. Sachkov. Control theory from the geometric viewpoint, vol-
ume 87 of Encyclopaedia of Mathematical Sciences. Springer-Verlag, Berlin, 2004. Control
Theory and Optimization, II.

G. Alberti. Integral representation of local functionals. Ann. Mat. Pura Appl. (4), 165:49—
86, 1993.

L. J. Alias, M. Dajczer, and H. Rosenberg. The Dirichlet problem for constant mean cur-
vature surfaces in Heisenberg space. Calc. Var. Partial Differential Equations, 30(4):513—
522, 2007.

F. J. Almgren, Jr. Existence and regularity almost everywhere of solutions to elliptic
variational problems with constraints. Mem. Amer. Math. Soc., 4(165):viii4+-199, 1976.

L. Ambrosio. Some fine properties of sets of finite perimeter in Ahlfors regular metric
measure spaces. Adv. Math., 159(1):51-67, 2001.

L. Ambrosio and J. Feng. On a class of first order Hamilton—Jacobi equations in metric
spaces. J. Differential Equations, 256(7):2194-2245, 2014.

L. Ambrosio, N. Fusco, and D. Pallara. Functions of bounded variation and free dis-
continuity problems. Oxford Mathematical Monographs. The Clarendon Press, Oxford
University Press, New York, 2000.

374



[12]

[14]

[15]

[16]

[17]

[18]

[20]

[21]

22]

23]

[24]

[25]

[26]

L. Ambrosio, N. Gigli, and G. Savaré. Gradient flows in metric spaces and in the space
of probability measures. Lectures in Mathematics ETH Ziirich. Birkhauser Verlag, Basel,
second edition, 2008.

L. Ambrosio and B. Kirchheim. Rectifiable sets in metric and Banach spaces. Math.
Ann., 318(3):527-555, 2000.

L. Ambrosio, B. Kleiner, and E. Le Donne. Rectifiability of sets of finite perimeter in
Carnot groups: existence of a tangent hyperplane. J. Geom. Anal., 19(3):509-540, 2009.

L. Ambrosio and M. Scienza. Locality of the perimeter in Carnot groups and chain rule.
Ann. Mat. Pura Appl. (4), 189(4):661-678, 2010.

L. Ambrosio, F. Serra Cassano, and D. Vittone. Intrinsic regular hypersurfaces in Heisen-
berg groups. J. Geom. Anal., 16(2):187-232, 2006.

L. Ambrosio and P. Tilli. Topics on analysis in metric spaces, volume 25 of Oxford Lecture

Series in Mathematics and its Applications. Oxford University Press, Oxford, 2004.

G. Antonelli, D. Di Donato, S. Don, and E. Le Donne. Characterizations of uniformly dif-
ferentiable co-horizontal intrinsic graphs in carnot groups. Ann. Inst. Fourier (Grenoble),

2022.

G. Anzellotti and M. Giaquinta. BV functions and traces. Rend. Sem. Mat. Univ. Padova,
60:1-21, 1978.

G. Aronsson. Extension of functions satisfying Lipschitz conditions. Ark. Mat., 6:551-561,
1967.

G. Aronsson. On the partial differential equation g, %, + 2u iy, + uy*u, = 0. Ark.
Mat., 7:395-425, 1968.

G. Aronsson. Construction of singular solutions to the p-harmonic equation and its limit
equation for p = co. Manuscripta Math., 56(2):135-158, 1986.

G. Aronsson, M. G. Crandall, and P. Juutinen. A tour of the theory of absolutely
minimizing functions. Bull. Amer. Math. Soc. (N.S.), 41(4):439-505, 2004.

A. Baldi, B. Franchi, N. Tchou, and M. C. Tesi. Compensated compactness for differential
forms in Carnot groups and applications. Adv. Math., 223(5):1555-1607, 2010.

Z. M. Balogh. Size of characteristic sets and functions with prescribed gradient. J. Reine
Angew. Math., 564:63-83, 2003.

J. a. L. Barbosa and M. do Carmo. Stability of hypersurfaces with constant mean curva-
ture. Math. Z., 185(3):339-353, 1984.

375



[27]

28]

[30]

[31]

32]

[34]

[36]

[37]

[38]

J. L. Barbosa, M. do Carmo, and J. Eschenburg. Stability of hypersurfaces of constant
mean curvature in Riemannian manifolds. Math. Z., 197(1):123-138, 1988.

M. Bardi and 1. Capuzzo-Dolcetta. Optimal control and viscosity solutions of Hamilton—
Jacobi-Bellman equations. Systems & Control: Foundations & Applications. Birkhduser
Boston, Inc., Boston, MA, 1997.

M. Bardi, M. G. Crandall, L. C. Evans, H. M. Soner, and P. E. Souganidis. Viscosity
solutions and applications, volume 1660 of Lecture Notes in Mathematics. Springer-Verlag,
Berlin; Centro Internazionale Matematico Estivo (C.I.M.E.), Florence, 1997.

M. Bardi and L. C. Evans. On Hopf’s formulas for solutions of Hamilton—Jacobi equations.
Nonlinear Anal., 8(11):1373-1381, 1984.

M. Bardi and A. Goffi. New strong maximum and comparison principles for fully nonlinear
degenerate elliptic PDEs. Calc. Var. Partial Differential Equations, 58(6):Paper No. 184,
20, 2019.

D. Barilari and K. Habermann. Intrinsic sub-Laplacian for hypersurface in a contact
sub-Riemannian manifold. NoDEA Nonlinear Differential Equations Appl., 31(1):Paper
No. 3, 31, 2024.

G. Barles. An Introduction to the Theory of Viscosity Solutions for First-Order Hamil-
ton—Jacobi Equations and Applications. In: Hamilton-Jacobi Equations: Approzimations,
Numerical Analysis and Applications, volume 2074. Springer, Berlin, Heidelberg, lecture

notes in mathematics edition, 2013.

G. Barles and B. Perthame. Comparison principle for Dirichlet-type Hamilton—Jacobi
equations and singular perturbations of degenerated elliptic equations. Appl. Math. Op-
tim., 21(1):21-44, 1990.

V. Barone Adesi, F. Serra Cassano, and D. Vittone. The Bernstein problem for intrinsic

graphs in Heisenberg groups and calibrations. Calc. Var. Partial Differential Equations,

30(1):17-49, 2007.

E. N. Barron and R. Jensen. Semicontinuous viscosity solutions for Hamilton—Jacobi
equations with convex Hamiltonians. Comm. Partial Differential Equations, 15(12):1713~
1742, 1990.

E. N. Barron, R. R. Jensen, and C. Y. Wang. The Euler equation and absolute minimizers
of L functionals. Arch. Ration. Mech. Anal., 157(4):255-283, 2001.

A. Bellaiche, F. Jean, and J.-J. Risler. Geometry of nonholonomic systems. In Robot
motion planning and control, volume 229 of Lect. Notes Control Inf. Sci., pages 55-91.
Springer, London, 1998.

376



[39]

[41]

[42]

[43]

[44]

[47]

[48]

[49]

[50]

[51]

[52]

T. Bhattacharya, E. DiBenedetto, and J. Manfredi. Limits as p — oo of A,u, = f and
related extremal problems. Rend. Sem. Mat. Univ. Politec. Torino, pages 15—68, 1989.
Some topics in nonlinear PDEs (Turin, 1989).

T. Bieske. On co-harmonic functions on the Heisenberg group. Comm. Partial Differential
Equations, 27(3-4):727-761, 2002.

T. Bieske. Lipschitz extensions on generalized Grushin spaces. Michigan Math. J.,
53(1):3-31, 2005.

T. Bieske. Equivalence of weak and viscosity solutions to the p-Laplace equation in the
Heisenberg group. Ann. Acad. Sci. Fenn. Math., 31(2):363-379, 2006.

T. Bieske. Properties of infinite harmonic functions of Grushin-type spaces. Rocky Moun-
tain J. Math., 39(3):729-756, 2009.

T. Bieske and L. Capogna. The Aronsson-Euler equation for absolutely minimizing Lips-
chitz extensions with respect to Carnot-Carathéodory metrics. Trans. Amer. Math. Soc.,

357(2):795-823, 2005.

T. Bieske, F. Dragoni, and J. Manfredi. The Carnot-Carathéodory distance and the
infinite laplacian equation. Journal of Geometric Analysis, 19(4):737-754, 2009.

F. Bigolin, L. Caravenna, and F. Serra Cassano. Intrinsic Lipschitz graphs in Heisenberg
groups and continuous solutions of a balance equation. Ann. Inst. H. Poincaré C Anal.
Non Linéaire, 32(5):925-963, 2015.

F. Bigolin and F. S. Cassano. Distributional solutions of Burgers’ equation and intrinsic
regular graphs in Heisenberg groups. J. Math. Anal. Appl., 366(2):561-568, 2010.

F. Bigolin and F. Serra Cassano. Intrinsic regular graphs in Heisenberg groups vs. weak
solutions of non-linear first-order PDEs. Adv. Calc. Var., 3(1):69-97, 2010.

M. Biroli. Subelliptic Hamilton—Jacobi equations: the coercive evolution case. Appl.
Anal., 92(1):1-14, 2013.

M. Biroli, U. Mosco, and N. A. Tchou. Homogenization for degenerate operators with
periodical coefficients with respect to the Heisenberg group. C. R. Acad. Sci. Paris Sér.
I Math., 322(5):439-444, 1996.

M. Biroli, C. Picard, and N. Tchou. Asymptotic behavior of some nonlinear subelliptic
relaxed Dirichlet problems. Rend. Accad. Naz. Sci. XL Mem. Mat. Appl. (5), 26:55-113,
2002.

A. Bjorn and J. Bjorn. Nonlinear potential theory on metric spaces, volume 17 of EMS
Tracts in Mathematics. European Mathematical Society (EMS), Ziirich, 2011.

377



[53] E. Bombieri. Regularity theory for almost minimal currents. Arch. Rational Mech. Anal.,

[54]

[55]

[59]

[60]

[61]

[62]

[63]

78(2):99-130, 1982.

A. Bonfiglioli, E. Lanconelli, and F. Uguzzoni. Stratified Lie groups and potential theory
for their sub-Laplacians. Springer Monographs in Mathematics. Springer, Berlin, 2007.

A. V. Borisov, I. S. Mamaev, and I. A. Bizyaev. Historical and critical review of the devel-
opment of nonholonomic mechanics: the classical period. Regul. Chaotic Dyn., 21(4):455—
476, 2016.

U. Boscain, R. A. Chertovskih, J. P. Gauthier, and A. O. Remizov. Hypoelliptic diffusion
and human vision: a semidiscrete new twist. SIAM J. Imaging Sci., 7(2):669-695, 2014.

U. Boscain and B. Piccoli. Optimal syntheses for control systems on 2-D manifolds,
volume 43 of Mathématiques € Applications (Berlin) [Mathematics € Applications].
Springer-Verlag, Berlin, 2004.

B. Bourdin, G. A. Francfort, and J.-J. Marigo. The variational approach to fracture. J.
Flasticity, 91(1-3):5-148, 2008.

A. Braides. I'-convergence for beginners, volume 22 of Oxford Lecture Series in Mathe-

matics and its Applications. Oxford University Press, Oxford, 2002.

A. Braides and A. Defranceschi. Homogenization of multiple integrals, volume 12 of
Ozford Lecture Series in Mathematics and its Applications. The Clarendon Press, Oxford
University Press, New York, 1998.

H. Brezis. Functional analysis, Sobolev spaces and partial differential equations. Univer-
sitext. Springer, New York, 2011.

A. Briani and A. Davini. Monge solutions for discontinuous Hamiltonians. ESAIM Control
Optim. Calc. Var., 11(2):229-251, 2005.

R. W. Brockett. Control theory and singular Riemannian geometry. In New directions in
applied mathematics (Cleveland, Ohio, 1980), pages 11-27. Springer, New York-Berlin,
1982.

D. Burago, Y. Burago, and S. Ivanov. A course in metric geometry, volume 33 of Graduate

Studies in Mathematics. American Mathematical Society, Providence, RI, 2001.

G. Buttazzo. Semicontinuity, relaxation and integral representation in the calculus of
variations, volume 207 of Pitman Research Notes in Mathematics Series. Longman Sci-
entific & Technical, Harlow; copublished in the United States with John Wiley & Sons,
Inc., New York, 1989.

G. Buttazzo and G. Dal Maso. I'-limits of integral functionals. J. Analyse Math., 37:145—
185, 1980.

378



[67]

[68]

[69]

[70]

73]

[74]

[75]

[76]

[77]

[80]

G. Buttazzo and G. Dal Maso. A characterization of nonlinear functionals on Sobolev
spaces which admit an integral representation with a Carathéodory integrand. J. Math.
Pures Appl. (9), 64(4):337-361, 1985.

G. Buttazzo and G. Dal Maso. Integral representation and relaxation of local functionals.
Nonlinear Anal., 9(6):515-532, 1985.

A .-P. Calderén and A. Zygmund. Local properties of solutions of elliptic partial differen-
tial equations. Studia Math., 20:171-225, 1961.

F. Camilli and A. Siconolfi. Hamilton—Jacobi equations with measurable dependence on
the state variable. Adv. Differential Fquations, 8(6):733-768, 2003.

P. Cannarsa and C. Sinestrari. Semiconcave functions, Hamilton—Jacobi equations, and
optimal control, volume 58 of Progress in Nonlinear Differential Equations and their
Applications. Birkhduser Boston, Inc., Boston, MA, 2004.

L. Capogna and G. Citti. Regularity for subelliptic PDE through uniform estimates in
multi-scale geometries. Bull. Math. Sci., 6(2):173-230, 2016.

L. Capogna, G. Citti, and M. Manfredini. Regularity of non-characteristic minimal graphs
in the Heisenberg group H'. Indiana Univ. Math. J., 58(5):2115-2160, 2009.

L. Capogna, G. Citti, and M. Manfredini. Smoothness of Lipschitz minimal intrinsic
graphs in Heisenberg groups H", n > 1. J. Reine Angew. Math., 648:75-110, 2010.

L. Capogna, D. Danielli, and N. Garofalo. An embedding theorem and the Harnack
inequality for nonlinear subelliptic equations. Comm. Partial Differential Equations,
18(9-10):1765-1794, 1993.

L. Capogna, D. Danielli, and N. Garofalo. The geometric Sobolev embedding for vector
fields and the isoperimetric inequality. Comm. Anal. Geom., 2(2):203-215, 1994.

L. Capogna, D. Danielli, S. D. Pauls, and J. T. Tyson. An introduction to the Heisen-
berg group and the sub-Riemannian isoperimetric problem, volume 259 of Progress in
Mathematics. Birkhduser Verlag, Basel, 2007.

L. Capogna, G. Giovannardi, A. Pinamonti, and S. Verzellesi. The asymptotic p-Poisson
equation as p — oo in Carnot-carathéodory spaces. Math. Ann., 2024. https://doi.
org/10.1007/s00208-024-02805-z.

T. Champion and L. De Pascale. Principles of comparison with distance functions for
absolute minimizers. J. Conver Anal., 14(3):515-541, 2007.

Y.-Z. Chen and L.-C. Wu. Second order elliptic equations and elliptic systems, volume
174 of Translations of Mathematical Monographs. American Mathematical Society, Prov-
idence, RI, 1998. Translated from the 1991 Chinese original by Bei Hu.

379


https://doi.org/10.1007/s00208-024-02805-z
https://doi.org/10.1007/s00208-024-02805-z

[81]

[82]

[36]

[87]

[33]

[89]

[92]

[93]

[94]

J.-H. Cheng, H.-L. Chiu, J.-F. Hwang, and P. Yang. Umbilicity and characterization of
Pansu spheres in the Heisenberg group. J. Reine Angew. Math., 738:203-235, 2018.

J.-H. Cheng and J.-F. Hwang. Uniqueness of generalized p-area minimizers and inte-
grability of a horizontal normal in the Heisenberg group. Calc. Var. Partial Differential
Equations, 50(3-4):579-597, 2014.

J.-H. Cheng, J.-F. Hwang, A. Malchiodi, and P. Yang. Minimal surfaces in pseudohermi-
tian geometry. Ann. Sc. Norm. Super. Pisa Cl. Sci. (5), 4(1):129-177, 2005.

J.-H. Cheng, J.-F. Hwang, A. Malchiodi, and P. Yang. A Codazzi-like equation and the
singular set for C!' smooth surfaces in the Heisenberg group. J. Reine Angew. Math.,
671:131-198, 2012.

J.-H. Cheng, J.-F. Hwang, and P. Yang. Existence and uniqueness for p-area minimizers
in the Heisenberg group. Math. Ann., 337(2):253-293, 2007.

J.-H. Cheng, J.-F. Hwang, and P. Yang. Regularity of C* smooth surfaces with prescribed
p-mean curvature in the Heisenberg group. Math. Ann., 344(1):1-35, 2009.

H.-L. Chiu and S.-H. Lai. The fundamental theorem for hypersurfaces in Heisenberg
groups. Cale. Var. Partial Differential Equations, 54(1):1091-1118, 2015.

W.-L. Chow. Uber Systeme von linearen partiellen Differentialgleichungen erster Ord-

nung. Math. Ann., 117:98-105, 19309.

G. Citti, G. Giovannardi, and M. Ritoré. Variational formulas for curves of fixed degree.
Adv. Differential Equations, 27(5-6):333-384, 2022.

G. Citti and M. Manfredini. Implicit function theorem in Carnot-Carathéodory spaces.
Commun. Contemp. Math., 8(5):657-680, 2006.

G. Citti, M. Manfredini, A. Pinamonti, and F. Serra Cassano. Smooth approximation
for intrinsic Lipschitz functions in the Heisenberg group. Calc. Var. Partial Differential
FEquations, 49(3-4):1279-1308, 2014.

F. H. Clarke. Optimization and nonsmooth analysis. Canadian Mathematical Society
Series of Monographs and Advanced Texts. John Wiley & Sons, Inc., New York, 1983. A

Wiley-Interscience Publication.

M. Cowling, A. H. Dooley, A. Koranyi, and F. Ricci. H-type groups and Iwasawa decom-
positions. Adv. Math., 87(1):1-41, 1991.

M. G. Crandall. An efficient derivation of the Aronsson equation. Arch. Ration. Mech.
Anal., 167(4):271-279, 2003.

380



[95]

[96]

[97]

[100]

[101]

[102]

103]

[104]

105

[106]

107]

[108]

M. G. Crandall, L. C. Evans, and P.-L. Lions. Some properties of viscosity solutions of
Hamilton-Jacobi equations. Trans. Amer. Math. Soc., 282(2):487-502, 1984.

M. G. Crandall, H. Ishii, and P.-L. Lions. User’s guide to viscosity solutions of second
order partial differential equations. Bull. Amer. Math. Soc. (N.S.), 27(1):1-67, 1992.

M. G. Crandall and P.-L. Lions. Condition d’unicité pour les solutions généralisées des
équations de Hamilton-Jacobi du premier ordre. C. R. Acad. Sci. Paris Sér. I Math.,
292(3):183-186, 1981.

M. G. Crandall and P.-L. Lions. Viscosity solutions of Hamilton-Jacobi equations. Trans.
Amer. Math. Soc., 277(1):1-42, 1983.

M. G. Crandall, C. Wang, and Y. Yu. Derivation of the Aronsson equation for C*
Hamiltonians. Trans. Amer. Math. Soc., 361(1):103-124, 2009.

B. Dacorogna. Direct methods in the calculus of variations, volume 78 of Applied Mathe-

matical Sciences. Springer-Verlag, Berlin, 1989.

M. Dajczer and J. H. de Lira. Killing graphs with prescribed mean curvature and Rie-
mannian submersions. Ann. Inst. H. Poincaré C Anal. Non Linéaire, 26(3):763-775,

2009.

M. Dajczer, J. H. de Lira, and J. Ripoll. An interior gradient estimate for the mean
curvature equation of Killing graphs and applications. J. Anal. Math., 129:91-103, 2016.

M. Dajczer, P. A. Hinojosa, and J. H. de Lira. Killing graphs with prescribed mean
curvature. Calc. Var. Partial Differential Equations, 33(2):231-248, 2008.

G. Dal Maso. Integral representation on BV(2) of I-limits of variational integrals.
Manuscripta Math., 30(4):387-416, 1979/80.

G. Dal Maso. An introduction to I'-convergence, volume 8 of Progress in Nonlinear
Differential Equations and their Applications. Birkhduser Boston, Inc., Boston, MA,
1993.

D. Danielli, N. Garofalo, and D. M. Nhieu. Sub-Riemannian calculus on hypersurfaces in
Carnot groups. Adv. Math., 215(1):292-378, 2007.

D. Danielli, N. Garofalo, D. M. Nhieu, and S. D. Pauls. Instability of graphical strips and
a positive answer to the Bernstein problem in the Heisenberg group H'. J. Differential
Geom., 81(2):251-295, 2009.

D. Danielli, N. Garofalo, D.-M. Nhieu, and S. D. Pauls. The Bernstein problem for
embedded surfaces in the Heisenberg group H'. Indiana Univ. Math. J., 59(2):563-594,
2010.

381



[109]

[110]

[111]

[112]

[113]

114]

[115]

[116]

[117)

[118]

[119]

[120]

[121]

[122]

[123]

A. Davini. Finsler metrics in optimization problems and Hamilton—Jacobi equations,

2004. cvgmt preprint.

A. Davini and A. Siconolfi. A generalized dynamical approach to the large time behavior
of solutions of Hamilton-Jacobi equations. SIAM J. Math. Anal., 38(2):478-502, 2006.

E. De Giorgi. Su una teoria generale della misura (r — 1)-dimensionale in uno spazio ad

r dimensioni. Ann. Mat. Pura Appl. (4), 36:191-213, 1954.

E. De Giorgi. Nuovi teoremi relativi alle misure (r — 1)-dimensionali in uno spazio ad r
dimensioni. Ricerche Mat., 4:95-113, 1955.

E. De Giorgi. Frontiere orientate di misura minima. Editrice Tecnico Scientifica, Pisa,

1961. Seminario di Matematica della Scuola Normale Superiore di Pisa, 1960-61.

E. De Giorgi. Sulla convergenza di alcune successioni d’integrali del tipo dell’area. Rend.
Mat. (6), 8:277-294, 1975.

E. De Giorgi and T. Franzoni. Su un tipo di convergenza variazionale. Atti Accad. Naz.
Lincei Rend. Cl. Sci. Fis. Mat. Nat. (8), 58(6):842-850, 1975.

A. DeSimone, S. Miiller, R. V. Kohn, and F. Otto. A compactness result in the gradient
theory of phase transitions. Proc. Roy. Soc. Edinburgh Sect. A, 131(4):833-844, 2001.

D. Di Donato. Intrinsic Lipschitz graphs in Carnot groups of step 2. Ann. Acad. Sci.
Fenn. Math., 45(2):1013-1063, 2020.

N. Dirr, F. Dragoni, P. Mannucci, and C. Marchi. I'-convergence and homogenisation for
a class of degenerate functionals. Nonlinear Anal., 190:111618, 25, 2020.

M. P. do Carmo. Riemannian geometry. Mathematics: Theory & Applications.
Birkhauser Boston, Inc., Boston, MA, portuguese edition, 1992.

S. Don, L. Lussardi, A. Pinamonti, and G. Treu. Lipschitz minimizers for a class of

integral functionals under the bounded slope condition. Nonlinear Anal., 216:Paper No.
112689, 27, 2022.

J. Douglas. Solution of the problem of Plateau. Trans. Amer. Math. Soc., 33(1):263-321,
1931.

F. Dragoni. Metric Hopf-Lax formula with semicontinuous data. Discrete Contin. Dyn.
Syst., 17(4):713-729, 2007.

F. Dragoni, J. J. Manfredi, and D. Vittone. Weak Fubini property and infinity har-
monic functions in Riemannian and sub-Riemannian manifolds. Trans. Amer. Math.
Soc., 365(2):837-859, 2013.

382



[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

132]

[133]

[134]

[135]

[136]

[137]

E. Durand-Cartagena, J. A. Jaramillo, and N. Shanmugalingam. Existence and unique-

ness of oo-harmonic functions under assumption of co-Poincaré inequality. Math. Ann.,

374(1-2):881-906, 2019.

I. Ekeland and R. Témam. Convex analysis and variational problems, volume 28 of Clas-
sics in Applied Mathematics. Society for Industrial and Applied Mathematics (SIAM),
Philadelphia, PA, english edition, 1999. Translated from the French.

F. Essebei, G. Giovannardi, and S. Verzellesi. Monge solutions for discontinuous
Hamilton-Jacobi equations in Carnot groups. NoDFEA Nonlinear Differential Equations
Appl., 31(5):Paper No. 95, 2024.

F. Essebei and E. Pasqualetto. Variational problems concerning sub-Finsler metrics in
Carnot groups. ESAIM Control Optim. Calc. Var., 29:Paper No. 21, 31, 2023.

F. Essebei, A. Pinamonti, and S. Verzellesi. Integral representation of local functionals

depending on vector fields. Adv. Calc. Var., 16(3):767-789, 2023.

F. Essebei and S. Verzellesi. I'-compactness of some classes of integral functionals de-
pending on vector fields. Nonlinear Anal., 232:Paper No. 113278, 21, 2023.

W. D. Evans and D. J. Harris. Sobolev embeddings for generalized ridged domains. Proc.
London Math. Soc. (3), 54(1):141-175, 1987.

H. Federer. Geometric measure theory, volume Band 153 of Die Grundlehren der mathe-

matischen Wissenschaften. Springer-Verlag New York, Inc., New York, 1969.

R. Finn. FEquilibrium capillary surfaces, volume 284 of Grundlehren der mathematischen
Wissenschaften [Fundamental Principles of Mathematical Sciences|. Springer-Verlag,
New York, 1986.

G. B. Folland. A course in abstract harmonic analysis. Studies in Advanced Mathematics.

CRC Press, Boca Raton, FL, 1995.

G. B. Folland and E. M. Stein. Hardy spaces on homogeneous groups, volume 28 of
Mathematical Notes. Princeton University Press, Princeton, NJ; University of Tokyo
Press, Tokyo, 1982.

V. Franceschi, R. Monti, A. Righini, and M. Sigalotti. The isoperimetric problem for
regular and crystalline norms in H'. arXiv e-prints, page arXiv:2007.11384, July 2020.

B. Franchi, S. Gallot, and R. L. Wheeden. Sobolev and isoperimetric inequalities for
degenerate metrics. Math. Ann., 300(4):557-571, 1994.

B. Franchi and E. Lanconelli. Une métrique associée a une classe d’opérateurs elliptiques
dégénérés. Rend. Sem. Mat. Univ. Politec. Torino, pages 105-114, 1983. Conference on

linear partial and pseudodifferential operators (Torino, 1982).

383



138

[139)]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

B. Franchi, R. Serapioni, and F. Serra Cassano. Meyers-Serrin type theorems and relax-
ation of variational integrals depending on vector fields. Houston J. Math., 22(4):859-890,
1996.

B. Franchi, R. Serapioni, and F. Serra Cassano. Approximation and imbedding theorems

for weighted Sobolev spaces associated with Lipschitz continuous vector fields. Boll. Un.
Mat. Ital. B (7), 11(1):83-117, 1997.

B. Franchi, R. Serapioni, and F. Serra Cassano. Rectifiability and perimeter in the
Heisenberg group. Math. Ann., 321(3):479-531, 2001.

B. Franchi, R. Serapioni, and F. Serra Cassano. On the structure of finite perimeter sets
in step 2 Carnot groups. J. Geom. Anal., 13(3):421-466, 2003.

B. Franchi, R. Serapioni, and F. Serra Cassano. Regular hypersurfaces, intrinsic perimeter
and implicit function theorem in Carnot groups. Comm. Anal. Geom., 11(5):909-944,
2003.

B. Franchi, R. Serapioni, and F. Serra Cassano. Intrinsic Lipschitz graphs in Heisenberg
groups. J. Nonlinear Convex Anal., 7(3):423-441, 2006.

B. Franchi and R. P. Serapioni. Intrinsic Lipschitz graphs within Carnot groups. J. Geom.
Anal., 26(3):1946-1994, 2016.

B. Franchi and M. C. Tesi. Two-scale homogenization in the Heisenberg group. J. Math.
Pures Appl. (9), 81(6):495-532, 2002.

G. Friesecke, R. D. James, and S. Miiller. A theorem on geometric rigidity and the
derivation of nonlinear plate theory from three-dimensional elasticity. Comm. Pure Appl.
Math., 55(11):1461-1506, 2002.

M. Galli and M. Ritoré. Existence of isoperimetric regions in contact sub-Riemannian

manifolds. J. Math. Anal. Appl., 397(2):697-714, 2013.

M. Galli and M. Ritoré. Area-stationary and stable surfaces of class C! in the sub-
Riemannian Heisenberg group H'. Adv. Math., 285:737-765, 2015.

W. Gangbo and A. Swipolhkech. Metric viscosity solutions of Hamilton-Jacobi equations
depending on local slopes. Calc. Var. Partial Differential Equations, 54(1):1183-1218,
2015.

N. Garofalo and D.-M. Nhieu. Isoperimetric and Sobolev inequalities for Carnot-

Carathéodory spaces and the existence of minimal surfaces. Comm. Pure Appl. Math.,
49(10):1081-1144, 1996.

384



[151]

152]

[153]

[154]

[155]

[156]

[157]

158

[159]

[160]

[161]

[162]

[163]

N. Garofalo and D.-M. Nhieu. Lipschitz continuity, global smooth approximations and
extension theorems for Sobolev functions in Carnot-Carathéodory spaces. J. Anal. Math.,
74:67-97, 1998.

N. Garofalo and C. Selby. Collapsing Riemannian metrics to sub-Riemannian and the
geometry of hypersurfaces in Carnot groups. In Around the research of Viadimir Maz’ya.
I, volume 11 of Int. Math. Ser. (N. Y.), pages 169-206. Springer, New York, 2010.

M. Giaquinta. Regolarita delle superfici BV(€2) con curvatura media assegnata. Boll. Un.
Mat. Ital. (4), 8:567-578, 1973.

M. Giaquinta. On the Dirichlet problem for surfaces of prescribed mean curvature.
Manuscripta Math., 12:73-86, 1974.

M. Giaquinta and L. Martinazzi. An introduction to the regularity theory for elliptic
systems, harmonic maps and minimal graphs, volume 11 of Appunti. Scuola Normale
Superiore di Pisa (Nuova Serie) [Lecture Notes. Scuola Normale Superiore di Pisa (New

Series)/. Edizioni della Normale, Pisa, second edition, 2012.

Y. Giga, N. Hamamuki, and A. Nakayasu. Eikonal equations in metric spaces. Trans.
Amer. Math. Soc., 367(1):49-66, 2015.

D. Gilbarg and N. S. Trudinger. FElliptic partial differential equations of second order.
Classics in Mathematics. Springer-Verlag, Berlin, 2001. Reprint of the 1998 edition.

G. Giovannardi, A. Pinamonti, J. Pozuelo, and S. Verzellesi. The prescribed mean curva-
ture equation for ¢-graphs in the sub-Finsler Heisenberg group H". Adv. Math., 451:Paper
No. 109788, 2024. https://doi.org/10.1016/j.aim.2024.109788.

G. Giovannardi, J. Pozuelo, and M. Ritoré. Area-minimizing horizontal graphs with low-
regularity in the sub-Finsler Heisenberg group H'. arXiv e-prints, page arXiv:2204.03474,
Apr. 2022.

G. Giovannardi and M. Ritoré. Regularity of Lipschitz boundaries with prescribed sub-
Finsler mean curvature in the Heisenberg group H'. J. Differential Equations, 302:474—
495, 2021.

G. Giovannardi and M. Ritoré. The Bernstein problem for (X,Y)-Lipschitz surfaces in
three-dimensional sub-Finsler Heisenberg groups. Commun. Contemp. Math., Paper No.
2350048, 2023. https://doi.org/10.1142/50219199723500487.

E. Giusti. On the equation of surfaces of prescribed mean curvature. Existence and
uniqueness without boundary conditions. Invent. Math., 46(2):111-137, 1978.

E. Giusti. Minimal surfaces and functions of bounded variation, volume 80 of Monographs
in Mathematics. Birkhéuser Verlag, Basel, 1984.

385


https://doi.org/10.1016/j.aim.2024.109788
https://doi.org/10.1142/S0219199723500487

[164]

[165]

[166]

[167]

[168]

169

[170]

[171]

[172]

173]

[174]

[175]

[176]

[177]

S. N. Golo and M. Ritoré. Area-minimizing cones in the Heisenberg group H. Ann. Fenn.
Math., 46(2):945-956, 2021.

G. H. Golub and C. F. Van Loan. Matriz computations. Johns Hopkins Studies in the
Mathematical Sciences. Johns Hopkins University Press, Baltimore, MD, third edition,
1996.

M. Gromov. Carnot-Carathéodory spaces seen from within. In Sub-Riemannian geometry,
volume 144 of Progr. Math., pages 79-323. Birkhéuser, Basel, 1996.

V. V. Grushin. A certain class of hypoelliptic operators. Mat. Sb. (N.S.), 83(125):456-473,
1970.

P. Hajt asz and P. Koskela. Sobolev met Poincaré. Mem. Amer. Math. Soc.,
145(688):x+101, 2000.

P. Hartman. Ordinary differential equations, volume 38 of Classics in Applied Mathe-
matics. Society for Industrial and Applied Mathematics (STAM), Philadelphia, PA, 2002.
Corrected reprint of the second (1982) edition [Birkhduser, Boston, MA; MR0658490
(83e:34002)], With a foreword by Peter Bates.

J. Heinonen, P. Koskela, N. Shanmugalingam, and J. T. Tyson. Sobolev spaces on metric
measure spaces, volume 27 of New Mathematical Monographs. Cambridge University

Press, Cambridge, 2015. An approach based on upper gradients.

R. K. Hladky and S. D. Pauls. Constant mean curvature surfaces in sub-Riemannian
geometry. J. Differential Geom., 79(1):111-139, 2008.

L. Hérmander. Hypoelliptic second order differential equations. Acta Math., 119:147-171,
1967.

A. Hurtado, M. Ritoré, and C. Rosales. The classification of complete stable area-
stationary surfaces in the Heisenberg group H'. Adv. Math., 224(2):561-600, 2010.

H. Ishii. Hamilton—-Jacobi equations with discontinuous hamiltonians on arbitrary open

sets. Bull. Facul. Sci. and Eng., Chuo Univ., 28:33-77, 1985.

R. Jensen. Uniqueness of Lipschitz extensions: minimizing the sup norm of the gradient.

Arch. Rational Mech. Anal., 123(1):51-74, 1993.

R. Jensen, C. Wang, and Y. Yu. Uniqueness and nonuniqueness of viscosity solutions to
Aronsson’s equation. Arch. Ration. Mech. Anal., 190(2):347-370, 2008.

D. Jerison. The Poincaré inequality for vector fields satisfying Hérmander’s condition.
Duke Math. J., 53(2):503-523, 1986.

386



178

179]

[180]

[181]

[182]

[183]

184]

[185]

[186]

187]

[188]

[189)]

[190]

[191]

D. S. Jerison. The Dirichlet problem for the Kohn Laplacian on the Heisenberg group. 1.
J. Functional Analysis, 43(1):97-142, 198]1.

V. Jurdjevic. The geometry of the plate-ball problem. Arch. Rational Mech. Anal.,
124(4):305-328, 1993.

P. Juutinen and N. Shanmugalingam. Equivalence of AMLE, strong AMLE, and com-
parison with cones in metric measure spaces. Math. Nachr., 279(9-10):1083-1098, 2006.

A. Kaplan. Fundamental solutions for a class of hypoelliptic PDE generated by compo-
sition of quadratic forms. Trans. Amer. Math. Soc., 258(1):147-153, 1980.

B. Kirchheim and F. Serra Cassano. Rectifiability and parameterization of intrinsic regu-
lar surfaces in the Heisenberg group. Ann. Sc. Norm. Super. Pisa Cl. Sci. (5), 3(4):871-
896, 2004.

A. Koranyi. Geometric aspects of analysis on the Heisenberg group. In Topics in modern
harmonic analysis, Vol. I, II (Turin/Milan, 1982), pages 209-258. Ist. Naz. Alta Mat.

Francesco Severi, Rome, 1983.

N. Korevaar. An easy proof of the interior gradient bound for solutions to the prescribed
mean curvature equation. In Nonlinear functional analysis and its applications, Part 2
(Berkeley, Calif., 1983), volume 45, Part 2 of Proc. Sympos. Pure Math., pages 81-89.
Amer. Math. Soc., Providence, RI, 1986.

N. J. Korevaar and L. Simon. Continuity estimates for solutions to the prescribed-
curvature Dirichlet problem. Math. Z., 197(4):457-464, 1988.

E. Le Donne. Lecture notes on sub-Riemannian geometry from the Lie group viewpoint.
Lecture notes, CVGMT link at https://cvgnt.sns.it/paper/5339/, 2021.

E. Le Donne and F. Tripaldi. A cornucopia of Carnot groups in low dimensions. Anal.
Geom. Metr. Spaces, 10(1):155-289, 2022.

G. P. Leonardi. An overview on the Cheeger problem. In New trends in shape optimization,
volume 166 of Internat. Ser. Numer. Math., pages 117-139. Birkh&user/Springer, Cham,
2015.

G. P. Leonardi and S. Masnou. On the isoperimetric problem in the Heisenberg group
H". Ann. Mat. Pura Appl. (4), 184(4):533-553, 2005.

G. P. Leonardi and R. Monti. End-point equations and regularity of sub-Riemannian
geodesics. Geom. Funct. Anal., 18(2):552-582, 2008.

G. P. Leonardi and S. Rigot. Isoperimetric sets on Carnot groups. Houston J. Math.,
29(3):609-637, 2003.

387


https://cvgmt.sns.it/paper/5339/

[192]

193]

[194]

[195]

[196]

[197]

198

[199]

200]

201]

[202]

203]

204]

[205]

G. P. Leonardi and G. Saracco. The prescribed mean curvature equation in weakly regular
domains. NoDEA Nonlinear Differential Equations Appl., 25(2):Paper No. 9, 29, 2018.

G. Leoni. A first course in Sobolev spaces, volume 105 of Graduate Studies in Mathematics.

American Mathematical Society, Providence, RI, 2009.

J. Leray and J. Schauder. Topologie et équations fonctionnelles. Ann. Sci. Ecole Norm.

Sup. (3), 51:45-78, 1934.

Y. Li and L. Nirenberg. The distance function to the boundary, Finsler geometry, and
the singular set of viscosity solutions of some Hamilton-Jacobi equations. Comm. Pure
Appl. Math., 58(1):85-146, 2005.

Y. Li and L. Nirenberg. Regularity of the distance function to the boundary. Rend.
Accad. Naz. Sci. XL Mem. Mat. Appl. (5), 29:257-264, 2005.

P. Lindqvist. Notes on the p-Laplace equation, volume 102 of Report. University of
Jyvaskyla Department of Mathematics and Statistics. University of Jyvaskyla, Jyvaskyla,
2006.

P.-L. Lions. Generalized solutions of Hamilton-Jacobi equations, volume 69 of Research
Notes in Mathematics. Pitman (Advanced Publishing Program), Boston, Mass.-London,
1982.

F. C. Liuand W. S. Tai. Approximate Taylor polynomials and differentiation of functions.
Topol. Methods Nonlinear Anal., 3(1):189-196, 1994.

Q. Liu, N. Shanmugalingam, and X. Zhou. Equivalence of solutions of eikonal equation
in metric spaces. J. Differential Equations, 272:979-1014, 2021.

G. Lu. Embedding theorems on Campanato-Morrey spaces for vector fields on Hérmander
type. Approx. Theory Appl. (N.S.), 14(1):69-80, 1998.

F. Maggi. Sets of finite perimeter and geometric variational problems, volume 135 of
Cambridge Studies in Advanced Mathematics. Cambridge University Press, Cambridge,

2012. An introduction to geometric measure theory.

V. Magnani. A blow-up theorem for regular hypersurfaces on nilpotent groups.

Manuscripta Math., 110(1):55-76, 2003,

V. Magnani. A new differentiation, shape of the unit ball, and perimeter measure. Indiana
Univ. Math. J., 66(1):183-204, 2017.

A. Maione, A. Pinamonti, and F. Serra Cassano. I'-convergence for functionals depending
on vector fields. I. Integral representation and compactness. J. Math. Pures Appl. (9),
139:109-142, 2020.

388



[206]

207]

208]

209

[210]

[211]

212]

[213]

214]

[215]

[216]

[217]

[218]

[219]

[220]

221]

A. Maione, A. Pinamonti, and F. Serra Cassano. ['-convergence for functionals depending
on vector fields. II. Convergence of minimizers. SIAM J. Math. Anal., 54(6):5761-5791,
2022.

A. Maione and E. Vecchi. Integral representation of local left-invariant functionals in
Carnot groups. Anal. Geom. Metr. Spaces, 8(1):1-14, 2020.

J. J. Manfredi and B. Stroffolini. A version of the Hopf-Lax formula in the Heisenberg
group. Comm. Partial Differential Equations, 27(5-6):1139-1159, 2002.

M. Marchi. Regularity of sets with constant intrinsic normal in a class of Carnot groups.
Ann. Inst. Fourier (Grenoble), 64(2):429-455, 2014.

G. A. Margulis and G. D. Mostow. The differential of a quasi-conformal mapping of a
Carnot-Carathéodory space. Geom. Funct. Anal., 5(2):402-433, 1995.

A. Marigo and A. Bicchi. Rolling bodies with regular surface: controllability theory and
applications. IEEE Trans. Automat. Control, 45(9):1586-1599, 2000.

M. Medina and P. Ochoa. On viscosity and weak solutions for non-homogeneous p-Laplace
equations. Adv. Nonlinear Anal., 8(1):468-481, 2019.

M. Miranda. Superfici cartesiane generalizzate ed insiemi di perimetro localmente finito
sui prodotti cartesiani. Ann. Scuola Norm. Sup. Pisa CI. Sci. (3), 18:515-542, 1964.

M. Miranda. Superficie minime illimitate. Ann. Scuola Norm. Sup. Pisa Cl. Sci. (4),
4(2):313-322, 1977.

J. Mitchell. On Carnot-Carathéodory metrics. J. Differential Geom., 21(1):35-45, 1985.

F. Montefalcone. Hypersurfaces and variational formulas in sub-Riemannian Carnot
groups. J. Math. Pures Appl. (9), 87(5):453-494, 2007.

F. Montefalcone. Stable H-minimal hypersurfaces. J. Geom. Anal., 25(2):820-870, 2015.

R. Montgomery. A tour of subriemannian geometries, their geodesics and applications,
volume 91 of Mathematical Surveys and Monographs. American Mathematical Society,
Providence, RI, 2002.

R. Monti. Distances, boundaries and surface measures in Carnot—Carathéodory spaces,
2001. PhD Thesis, University of Trento.

R. Monti. Heisenberg isoperimetric problem. The axial case. Adv. Calc. Var., 1(1):93-121,
2008.

R. Monti. Lipschitz approximation of H-perimeter minimizing boundaries. Calc. Var.
Partial Differential Equations, 50(1-2):171-198, 2014.

389



[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

233]

234]

[235]

R. Monti. The regularity problem for sub-Riemannian geodesics. In Geometric control
theory and sub-Riemannian geometry, volume 5 of Springer INAAM Ser., pages 313-332.
Springer, Cham, 2014.

R. Monti. Minimal surfaces and harmonic functions in the Heisenberg group. Nonlinear
Anal., 126:378-393, 2015.

R. Monti and M. Rickly. Convex isoperimetric sets in the Heisenberg group. Ann. Sc.
Norm. Super. Pisa Cl. Sci. (5), 8(2):391-415, 20009.

R. Monti and F. Serra Cassano. Surface measures in Carnot-Carathéodory spaces. Calc.
Var. Partial Differential Equations, 13(3):339-376, 2001.

R. Monti, F. Serra Cassano, and D. Vittone. A negative answer to the Bernstein problem
for intrinsic graphs in the Heisenberg group. Boll. Unione Mat. Ital. (9), 1(3):709-727,
2008.

R. Monti and G. Stefani. Improved Lipschitz approximation of H-perimeter minimizing

boundaries. J. Math. Pures Appl. (9), 108(3):372-398, 2017.

R. Monti and D. Vittone. Height estimate and slicing formulas in the Heisenberg group.
Anal. PDE, 8(6):1421-1454, 2015.

S. Montiel and A. Ros. Curves and surfaces, volume 69 of Graduate Studies in Math-
ematics. American Mathematical Society, Providence, RI; Real Sociedad Matematica
Espanola, Madrid, second edition, 2009. Translated from the 1998 Spanish original by
Montiel and edited by Donald Babbitt.

A. Moradifam and A. Rowell. Existence and structure of P-area minimizing surfaces in
the Heisenberg group. J. Differential Equations, 342:325—-342, 2023.

C. B. Morrey, Jr. Multiple integrals in the calculus of variations. Classics in Mathematics.
Springer-Verlag, Berlin, 2008. Reprint of the 1966 edition [MR0202511].

A. Nagel, E. M. Stein, and S. Wainger. Balls and metrics defined by vector fields. 1. Basic
properties. Acta Math., 155(1-2):103-147, 1985.

R. T. Newcomb, IT and J. Su. Eikonal equations with discontinuities. Differential Integral
FEquations, 8(8):1947-1960, 1995.

S. Nicolussi and F. Serra Cassano. The Bernstein problem for Lipschitz intrinsic graphs
in the Heisenberg group. Calc. Var. Partial Differential Equations, 58(4):Paper No. 141,
28, 2019.

P. Pansu. Une inégalité isopérimétrique sur le groupe de Heisenberg. C. R. Acad. Sci.
Paris Sér. I Math., 295(2):127-130, 1982.

390



[236]

237]

238

239

[240]

[241]

242

[243]

[244]

[245]

[246]

[247)

[248]

[249]

P. Pansu. An isoperimetric inequality on the Heisenberg group. Rend. Sem. Mat. Univ.
Politec. Torino, pages 159-174, 1983. Conference on differential geometry on homoge-

neous spaces (Turin, 1983).

P. Pansu. Métriques de Carnot-Carathéodory et quasiisométries des espaces symétriques
de rang un. Ann. of Math. (2), 129(1):1-60, 1989.

S. D. Pauls. Minimal surfaces in the Heisenberg group. Geom. Dedicata, 104:201-231,
2004.

S. D. Pauls. H-minimal graphs of low regularity in H'. Comment. Math. Helv., 81(2):337—
381, 2006.

A. Pinamonti, F. Serra Cassano, G. Treu, and D. Vittone. BV minimizers of the area
functional in the Heisenberg group under the bounded slope condition. Ann. Sc. Norm.
Super. Pisa Cl. Sci. (5), 14(3):907-935, 2015.

A. Pinamonti, G. Stefani, and S. Verzellesi. Lipschitz approximation of almost d-perimeter
minimizing boundaries in plentiful groups. submitted paper, arxiv link at https://doi.
org/10.48550/arXiv.2312.15473, 2023.

A. Pinamonti and S. Verzellesi. A characterization of horizontally totally geodesic hy-
persurfaces in heisenberg groups. submitted paper, arxiv link at https://doi.org/10.
48550/arXiv.2305.13148, 2024.

A. Pinamonti, S. Verzellesi, and C. Wang. The Aronsson equation for absolute mini-

mizers of supremal functionals in Carnot-Carathéodory spaces. Bull. Lond. Math. Soc.,

55(2):998-1018, 2023.

J. Pozuelo and M. Ritoré. Pansu-Wulff shapes in H'. Advances in Calculus of Variations,
2021.

J. Pozuelo and S. Verzellesi. Existence and uniqueness of t-graphs of prescribed mean
curvature in Heisenberg groups. submitted paper, arxiv link at https://arxiv.org/
abs/2405.06533, 2024.

M. H. Protter and H. F. Weinberger. Maximum principles in differential equations.

Springer-Verlag, New York, 1984. Corrected reprint of the 1967 original.
T. Rad6. On Plateau’s problem. Ann. of Math. (2), 31(3):457-469, 1930.

E. R. Reifenberg. On the analyticity of minimal surfaces. Ann. of Math. (2), 80:15-21,
1964.

M. Ritoré. Examples of area-minimizing surfaces in the sub-Riemannian Heisenberg group
H! with low regularity. Calc. Var. Partial Differential Equations, 34(2):179-192, 2009.

391


https://doi.org/10.48550/arXiv.2312.15473
https://doi.org/10.48550/arXiv.2312.15473
https://doi.org/10.48550/arXiv.2305.13148
https://doi.org/10.48550/arXiv.2305.13148
https://arxiv.org/abs/2405.06533
https://arxiv.org/abs/2405.06533

[250]

[251]

[252]

[253]

[254]

[255]

[256]

257]

[258]

259

260

[261]

[262]

263

M. Ritoré. A proof by calibration of an isoperimetric inequality in the Heisenberg group
H". Calc. Var. Partial Differential Equations, 44(1-2):47-60, 2012.

M. Ritoré. Tubular neighborhoods in the sub-Riemannian Heisenberg groups. Adv. Calc.
Var., 14(1):1-36, 2021.

M. Ritoré and C. Rosales. Area-stationary surfaces in the Heisenberg group H!. Adv.
Math., 219(2):633-671, 2008.

L. P. Rothschild and E. M. Stein. Hypoelliptic differential operators and nilpotent groups.
Acta Math., 137(3-4):247-320, 1976.

S. Saks. Theory of the integral. Dover Publications, Inc., New York, revised edition, 1964.
English translation by L. C. Young, With two additional notes by Stefan Banach.

A. Sarti, G. Citti, and J. Petitot. The symplectic structure of the primary visual cortex.
Biol. Cybernet., 98(1):33-48, 2008.

T. Schmidt. Strict interior approximation of sets of finite perimeter and functions of
bounded variation. Proc. Amer. Math. Soc., 143(5):2069-2084, 2015.

R. Schneider. Convex bodies: the Brunn-Minkowski theory, volume 151 of Encyclopedia
of Mathematics and its Applications. Cambridge University Press, Cambridge, expanded
edition, 2014.

R. Schoen and L. Simon. A new proof of the regularity theorem for rectifiable currents
which minimize parametric elliptic functionals. Indiana Univ. Math. J., 31(3):415-434,
1982.

R. Schoen, L. Simon, and F. J. Almgren, Jr. Regularity and singularity estimates on
hypersurfaces minimizing parametric elliptic variational integrals. I, II. Acta Math., 139(3-
4):217-265, 1977.

R. Schoen, L. Simon, and S. T. Yau. Curvature estimates for minimal hypersurfaces.
Acta Math., 134(3-4):275-288, 1975.

C. Selby. Geometry of hypersurfaces in Carnot groups of step 2. ProQuest LLC, Ann
Arbor, MI, 2006. Thesis (Ph.D.)-Purdue University.

F. Serra Cassano. Some topics of geometric measure theory in Carnot groups. In Geome-
try, analysis and dynamics on sub-Riemannian manifolds. Vol. 1, EMS Ser. Lect. Math.,
pages 1-121. Eur. Math. Soc., Ziirich, 2016.

F. Serra Cassano and M. Vedovato. The Bernstein problem in Heisenberg groups. Matem-
atiche (Catania), 75(1):377-403, 2020.

392



[264]

[265]

[266]

267]

268

[269]

1270]

271]

272]

273

274]

[275]

[276]

[277]

278

F. Serra Cassano and D. Vittone. Graphs of bounded variation, existence and local
boundedness of non-parametric minimal surfaces in Heisenberg groups. Adv. Calc. Var.,
7(4):409-492, 2014.

J. Serrin. The problem of Dirichlet for quasilinear elliptic differential equations with many
independent variables. Philos. Trans. Roy. Soc. London Ser. A, 264:413-496, 1969.

D. A. Simmons. Regularity of almost-minimizers of Holder-coefficient surface energies.
Discrete Contin. Dyn. Syst., 42(7):3233-3299, 2022.

J. Simon. Régularité de la solution d'une équation non linéaire dans R™. In Journées
d’Analyse Non Linéaire (Proc. Conf., Besangon, 1977), volume 665 of Lecture Notes in
Math., pages 205-227. Springer, Berlin, 1978.

P. Soravia. Boundary value problems for Hamilton—Jacobi equations with discontinuous
Lagrangian. Indiana Univ. Math. J., 51(2):451-477, 2002.

P. Soravia. Viscosity and almost everywhere solutions of first-order Carnot-Caratheodory
Hamilton-Jacobi equations. Boll. Unione Mat. Ital. (9), 3(2):391-406, 2010.

M. Spivak. A comprehensive introduction to differential geometry. Vol. II. M. Spivak,
Brandeis Univ., Waltham, MA, 1970. Published by M. Spivak.

J. Spruck. Interior gradient estimates and existence theorems for constant mean curvature

graphs in M™ x R. Pure Appl. Math. Q., 3(3):785-800, 2007.

G. Strang. Linear algebra and its applications. Academic Press [Harcourt Brace Jo-

vanovich, Publishers]|, New York-London, second edition, 1980.

B. Stroffolini. Homogenization of Hamilton—Jacobi equations in Carnot groups. ESAIM
Control Optim. Cale. Var., 13(1):107-119, 2007.

I. Tamanini. Boundaries of Caccioppoli sets with Hoélder-continuous normal vector. J.
Reine Angew. Math., 334:27-39, 1982.

G. Teschl. Ordinary differential equations and dynamical systems, volume 140 of Graduate

Studies in Mathematics. American Mathematical Society, Providence, RI, 2012.

S. Verzellesi. Variational properties of local functionals driven by arbitrary anisotropies.
submitted paper, arxiv link at https://arxiv.org/abs/2402.12227, 2024.

D. Vittone. Lipschitz graphs and currents in Heisenberg groups. Forum Math. Sigma,
10:Paper No. e6, 104, 2022.

C. Wang. The Aronsson equation for absolute minimizers of L*>-functionals associated
with vector fields satisfying Hormander’s condition. Trans. Amer. Math. Soc., 359(1):91—
113, 2007.

393


https://arxiv.org/abs/2402.12227

279

[280]

[281]

[282]

[283]

[284]

[285]

C. Wang and Y. Yu. Aronsson’s equations on Carnot-Carathéodory spaces. Illinois J.
Math., 52(3):757-772, 2008.

X.-J. Wang. Interior gradient estimates for mean curvature equations. Math. Z.,

228(1):73-81, 1998.

F. W. Warner. The conjugate locus of a Riemannian manifold. Amer. J. Math., 87:575—
604, 1965.

H. M. Wiseman and G. J. Milburn. Quantum measurement and control. Cambridge

University Press, Cambridge, 2010.

R. Young. Area-minimizing ruled graphs and the Bernstein problem in the Heisenberg
group. Calc. Var. Partial Differential Equations, 61(4):Paper No. 142, 32, 2022.

D. V. Zenkov and A. M. Bloch. Invariant measures of nonholonomic flows with internal
degrees of freedom. Nonlinearity, 16(5):1793-1807, 2003.

W. P. Ziemer. Modern real analysis, volume 278 of Graduate Texts in Mathematics.

Springer, Cham, second edition, 2017. With contributions by Monica Torres.

394



	Introduction
	Credits
	Acknowledgements
	Notation
	I A brief introduction to Carnot-Carathéodory structures
	A functional framework arising from vector fields
	Horizontal differential operators
	Differentiable functions
	Sobolev spaces
	BV-functions and perimeter

	Carnot-Carathéodory spaces and sub-Riemannian manifolds
	Carnot-Carathéodory spaces
	Sub-Riemannian manifolds
	Lipschitz spaces, Hölder spaces and embeddings

	Carnot groups
	Lie groups
	Lie algebra stratifications and abstract Carnot groups
	Homogeneous Carnot groups
	Invariant distances and homogeneous norms
	Measures
	Rectifiability
	Carnot-Carathéodory distances on domains


	II Some differentiability results in Carnot-Carathéodory spaces
	Subgradients
	Definition and first properties
	Derivation along horizontal curves
	Some consequences of derivabilitaac
	Subgradient and sublevel sets
	Proof of lemmauno and lemmadue

	Differentiability in Carnot-Carathéodory spaces
	Definition and motivations
	Some technical results
	The differentiability theorem


	III Local functionals depending on vector fields
	Introduction and preliminaries
	Introduction and motivations
	Local functionals
	Carathéodory functions
	Basic notions of -convergence

	Integral representation
	Introduction
	When the Euclidean approach fails
	Approximation by regular and affine functions
	Failure of a Lusin-type theorem

	The coefficient matrix
	Convex functionals
	Weakly-* sequentially semicontinuous functionals
	Non-convex functionals

	-compactness
	Introduction
	-compactness in Lp
	-compactness in WX1,p
	Further remarks and open problems

	How to avoid the linear independence condition
	Introduction
	Relevant vector fields
	Anisotropic representation of Euclidean Lagrangians
	Algebraic properties of the Moore-Penrose pseudo-inverse
	The anisotropic representation result

	Avoiding (a.e. LIC) in a prototypical example
	Integral representation
	-compactness



	IV Weak solutions in Carnot-Carathéodory spaces
	Viscosity solutions: introduction and preliminaries
	Introduction and motivations
	Main definitions

	Further properties of viscosity solutions to Hamilton-Jacobi equations
	Viscosity and almost everywhere solutions
	Viscosity solutions in Carnot groups

	The Aronsson equation for absolute minimizers of supremal functionals
	Introduction
	Supremal functionals and absolute minimizers
	The main theorem

	The p-Poisson equation as p  
	Introduction
	Some properties of the p-Poisson equation
	Variational solutions: the homogeneous case
	Existence and properties
	Variational solutions are AMLEs
	Variational solutions are -harmonic

	Variational solutions: the non-homogeneous case
	Existence and properties
	The limiting PDE


	Monge solutions to Hamilton-Jacobi equations
	Introduction
	Length and geodesic distances

	Some properties of  and d
	A Hopf-Lax formula for the Dirichlet problem
	Monge and viscosity solutions
	Comparison Principle
	Stability


	V Regularity of almost minimizers in Carnot groups
	Lipschitz approximation of almost perimeter minimizing boundaries
	Introduction
	Carnot groups of step 2
	Complementary subgroups
	Perimeter minimizers
	Cylindrical excess
	Plentiful groups
	Intrinsic cones, Lipschitz graphs and area formula
	Intrinsic cones
	Intrinsic Lipschitz graphs and functions
	Intrinsic gradient
	Intrinsic area formula

	Intrinsic Lipschitz approximation


	VI Hypersurfaces in the Heisenberg group
	Hypersurfaces in the Heisenberg group: an introduction
	Introduction
	The Heisenberg group
	Riemannian Heisenberg groups
	Hypersurfaces in Riemannian Heisenberg groups
	Some properties of the Riemannian normal
	Mean curvature and second fundamental form
	Gradient and Laplace-Beltrami operator

	sub-Riemannian Heisenberg groups
	Hypersurfaces in sub-Riemannian Heisenberg groups
	H-regular hypersurfaces, characteristic points
	Some properties of the horizontal normal
	Horizontal mean curvature and second fundamental forms
	Horizontal gradient and horizontal tangential Laplacian
	The tangent pseudohermitian connection

	Some relevant classes of hypersurfaces
	t-graphs
	Intrinsic graphs
	Intrinsic cones

	Perimeters in Hn

	Variational properties of Riemannian and sub-Riemannian hypersurfaces
	Introduction
	The Riemannian second variation formula
	Ricci curvature
	Norm of the second fundamental form

	The sub-Riemannian second variation formula
	The Riemannian Jacobi equation
	The sub-Riemannian Jacobi equation

	t-graphs of prescribed mean curvature: the Dirichlet problem
	Introduction
	Minkowski norms
	Finsler geometry of hypersurfaces in the Euclidean space
	Finsler distance from the boundary and the eikonal equation
	The ridge of the Finsler distance

	Sub-Finsler norms and perimeter
	The sub-Finsler prescribed mean curvature equation
	The Finsler approximation problem
	The Finsler prescribed mean curvature equation
	A priori estimates
	Existence of sub-Finsler Lipschitz minimizers
	A sharp existence result of Lipschitz minimizers in the sub-Riemannian setting

	t-graphs of prescribed mean curvature: avoiding Dirichlet conditions
	Introduction
	Interior and global gradient estimates
	Existence and regularity of t-graphs
	Existence of minimizers: the non-extremal case
	Variational properties of minimizers
	Higher regularity of Lipschitz continuous t-graphs
	The Dirichlet problem for (-PMC)
	Lipschitz regularity of t-graphs
	Existence of minimizers: the extremal case

	Essential uniqueness of solutions
	Existence of sub-Riemannian minimizers via Riemannian approximation

	A characterization of horizontally totally geodesic hypersurfaces
	Introduction
	Higher dimensional ruled hypersurfaces
	Ruled hypersurfaces with countable characteristic set
	Horizontally totally geodesic hypersurfaces
	Local existence of geodesics on hypersurfaces
	Ruled intrinsic cones

	Bibliography


