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EXISTENCE AND UNIQUENESS RESULTS FOR LINEAR
SECOND-ORDER EQUATIONS IN THE HEISENBERG GROUP

PABLO OCHOA AND JULIO ALEJO RUIZ

ABSTRACT. In this manuscript, we prove uniqueness and existence results of vis-
cosity solutions for a class of linear second-order equations in the Heisenberg
group. We state uniqueness by proving a comparison result to our class of equa-
tions, and existence via an application of Perron’s method adapted to our frame-
work. We also provide the explicit construction of the appropriate sub- and super-
solutions employed by Perron’s method for a variety of domains in the Heisenberg

group.

1. INTRODUCTION AND MAIN RESULTS

Throughout the paper, we shall consider linear second-order differential equations
in non-divergence form:

(1.1) —tr(A(p) Vi, ulp)) + (b(p), Vu(p)) = f(p), pe,

where 2 is a bounded and smooth domain in the first-order Heisenberg group H,
A:Q — R>? and b: Q — R3. For definitions and notation, we refer the reader to
Section 2. Observe that equation (1.1) does not depend on the variable u explicitly.
This is because the u-dependence has been already treated in the literature ([20],
22], [21]).

The Heisenberg group is one of the simplest models which fit into the category of
Carnot groups. These structures are connected, finite-dimensional, nilpotent, and
simply connected Lie groups whose Lie algebras admit a stratification in terms of
vector spaces. Moreover, one of these vector spaces generates, as a Lie algebra, the
whole Lie algebra of the group and it is called the horizontal distribution. In this
way, the relevant structures, such as the differential and the topological ones, are
then defined in terms of the horizontal distribution. We refer the reader to [6] and
[7] for further details.

The geometry of the Heisenberg group may be applied in different contexts. The
differential operators defined in H can be used to model non-commutative quantum
operators, as position and momentum, in the framework of Quantum Mechanics
([6], [26]). Also, the analysis on the Heisenberg group may be used in mathematical
finance, for instance to derive closed form of solutions for distributions of stock prices
([25]). In these applications, the subelliptic Laplacian operator appears naturally.
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Observe that this operator arises in the right hand side of (1.1) when A equals the
identity matrix field and b is identically zero.

In this work we are interested in deriving general comparison and existence results
for viscosity solutions of equations like (1.1). In spite of the fact that equation (1.1)
is a relatively simple model, to the best of our knowledge, there are no comparison
and uniqueness results that may be applied to the full form (1.1) (compare with
the recent works [22] and [21]). Indeed, for the available comparison principles for
second-order elliptic equations F'(x,u, Vyu, V%{Ou) = 0, the following assumptions
appear, in general, as essential tools:

e F'is independent of the gradient of u
e the derivative 0F/0u is bounded away from zero, that is, there is a constant

~v > 0 so that:

oF -
o~
e the p-derivative of F' grows at most quadratically in the gradients and lin-
early in the Hessians, that is, there are constants R > 0, Cr > 0 and 7 € [0, 1]

so that

|F(p,u,n, X) — F(g,u,n,X)| < Cr+wr(lp—aq))lp— ¢/ + pr(lp — al| X)),

for all p,q € Q, |u| < R, all vector n € R” and matrix X. Moreover, wg and
pr are modulus of continuity satisfying [, (ur(0)/0)do < oo.

For precise statements of the above assumptions and other sufficient conditions for
comparison and maximum principles, see the references [20], [14] and [9]. Observe
that the operator F' driving equation (1.1) takes the form:

F(p,n, &) = —tr(A(p)&X) + (b(p),m) — f(p)-

Hence, in general, the above listed assumptions are not satisfied for (1.1). It
is worth mentioning that most of the comparison results obtained for second-order
and non-degenerate linear elliptic equations in the Heisenberg group are derived from
the corresponding adaptation of the hypothesis and strategies presented mainly in
[14]. We refer to [20] for an illustration of this observation and for an overview of
maximum, comparison and uniqueness results in the Heisenberg scenario.

Based on the above comments, we firstly face this lack of general comparison
principles for (1.1), by stating a uniqueness result for viscosity solutions. This will
achieve by using the argument of perturbing a given viscosity (sub-) supersolution to
obtain a strict viscosity (sub-) supersolution. Hence by an application of subelliptic
principles and by the nature of (1.1), it is possible to derive the result. This strategy
is also presented in [14] but it was used, in the Euclidean framework, in conjunction
with additional hypothesis on the equation under study that we do not have in (1.1).

In addition to the application to uniqueness of viscosity solutions, comparison
principles have been also used to study the connection between different notions
of weak solutions. For instance, the relation between distributional and viscosity
solutions for the p-Laplace equations has been obtained in [19] and [17] for the
Euclidean case, and in [4] for the Heisenberg group. In these studies, comparison
principles for, from one side, distributional solutions and, from the other one, for
viscosity solutions were useful tools. Moreover, the knowledge of that relation is
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interesting since it allows for the formulation of Radoé type theorem for p-harmonic
functions (see [18]). Therefore, the comparison result developed in the present work
is also potentially useful from that point of view.

On the other hand, existence of solutions in H has been recently treated in di-
fferent works [1], [10], [24], etc, employing different procedures including approxi-
mation schemes, Perron’s method, stochastic games, among others. In the present
article, we study the problem of existence of viscosity solutions to (1.1) via the
celebrated Perron’s method adapted to the theory of viscosity solutions (see [16])
and to the Heisenberg group. As it is well known, Perron’s method readily yields
the existence of solutions with prescribed boundary conditions provided we are able
to construct appropriate sub- and supersolutions having the right boundary values.
Moreover, to conclude the existence of continuous solutions, the method requires a
comparison result for semicontinuous solutions. This is another application of our
contribution in getting comparison results for (1.1). Finally, we shall also provide
the appropriate sub- and supersolutions for general continuous Dirichlet boundary
values under different assumptions on the underlying domain 2.

Throughout the article, we shall refer to the following set of assumptions on the
data:

(H1) A: Q = R>*2 b:Q — R?and f : Q — R are continuous in Q, and A is
symmetric and positive definite.
(H2) A is uniformly elliptic, that is, there exists a constant v > 0 so that:

(A(p)€, &) > 7[|€]|?, for all p € Q, £ € R™.

(H3) For each pg € €, there exist a neighbourhood U of py, a constant C' > 0 and
an even m > 4 such that:

1b(p) — b(q)|| < Ch(p- g~ HV/™, for all p,q € U,
where ¢ is given by:

(1.2) o(p-q )= (p1—q)™ + (p2 — @2)™ + (p3 — g3 + 2(p1g2 — q1p2))"™"-

For notational purposes, we let:
F(p,n, X) := —tr(A(p)X) + (b(p),m) — f(p),

for (p,n, X) € @ x R? x S%(R). The main contributions of our article are contained
in the following

Theorem 1.1. Suppose that (H1)-(H3) hold and let ug € C(Q). Then there exists
a unique solution to the following boundary value problem:

2 _ .
(1.3) F(p, Vau, Vi, u) =0 in Q
u = ug on L.

The above result will be a direct consequence of the comparison principle stated
in Section 3 and the Perron’s method implemented in Section 4. Additional assump-
tions on the domain will be imposed in order to construct the appropriate sub- and
supersolutions required by the method.



4 PABLO OCHOA AND JULIO ALEJO RUIZ

Finally, observe that hypothesis (H1) and (H2) are standard in the theory of
elliptic differential equations. Moreover, (H3) imposes a Holder-like regularity on
the linear term.

We mention now that our results apply, among many other equations, to the
subelliptic Laplace equation and to more general linear equations in divergence form
as:

(1.4) —divy, (M (p)Vu(p)) = f(p).

where M : Q — R?*? is a C,,l_[—symmetric and positive definite matrix field. Observe
that solving equation (1.4) is equivalent to finding solutions of:

—tr(A(p) Vi, u(p) + (b(p), Varu(p)) = f(p),
where:
Alp) = M(p), bp) = —divy, M(p).
Under assumptions (H1)-(H3) on A and b, which translate to additional conditions

on the field M and its first-order derivatives, we may apply Theorem 1.1. Interesting
cases appear when M is divergence-free or a constant matrix.

The paper is organized as follows. Section 2 is devoted to the preliminary def-
initions and results needed in the sequel. Precisely, we introduce the Heisenberg
group, the notion of viscosity solutions and the subelliptic maximum principle. In
Section 3, we provide the proof of the uniqueness part of Theorem 1.1, by means of
a comparison principle. Finally, in Section 4, we show the existence of a viscosity
solution to the boundary value problem (1.3) by means of Perron’s method. We also
provide specific sub- and supersolutions for different domains.

2. PRELIMINARIES

Basic notation. We shall use the following standard notation in the work. The
set of positive real numbers is denoted by R, . For real numbers a and b, we let:

a Ab:=min{a,b}, aVb:=max{a,b}.

The Euclidean interior product is denoted by (-,-). If v, 8 € R™, the vector v ®
is defined as the vector in R?” whose first n entries are those of «, followed by the
components of 5. The canonical basis in R" is {e1, ..., e, }. For matrices, we consider
the following partial order:

A=<B

if and only if B — A is positive semi-definite. By A < B we mean that B — A is
positive definite. Also, we denote by S™(R) the set of n x n symmetric and positive
semi-definite matrices with real coefficients. The trace of a matrix A is denoted
by tr(A). By Q we shall always denote an open, bounded, connected and smooth
domain in R3. We also introduce the following functional spaces:

LSC(Q) = {u:Q — R: u is lower semicontinuous in }.

USC(Q2) = {u:Q — R :wu is upper semicontinuous in §2}.
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Finally, for u : @ — R U {—o00,00}, we denote by u, and u* the lower- and upper
semicontinuous envelopes of u, respectively. defined as follows for p € Q:
u”(p) = lim sup{u(q) : [p —q| <r,q € 2}
r—0
ux(p) = lim inf {u(q) : |p —q[ <r,q € Q}.
r—0
Recall that the envelopes are defined in .

2.1. Heisenberg group. We denote by H the first-order Heisenberg group whose
underlying manifold is R?, and whose group operation is given by:

p-q=(zo+ 1,90+ y1,20 + 21 + 2(z190 — Toy1)),

for all p = (x0, %0, 20), ¢ = (21,91,21) € R3. The group H is a Lie group with Lie
algebra h generated by the left-invariant basis:

0 0
0 0
0 1
X3 = e _E[XLXQ];

where p = (z,y, z) € R3. We equip h with an interior product (a Riemann structure)
so that the frame (2.1) is orthonormal. We recall that the exponential mapping is
a global diffeomorphism that takes the vector X1 4+ yXo + zX3 in the Lie algebra
b to the point (z,y,2) in the Lie group H. This allows us to identify vectors in b
with points in H.

The two dimensional linear space generated by the vectors Xi(p) and Xs(p) is
denoted by Hg . The distribution Hg is called the horizontal distribution.

The metric structure on #H is given by the Carnot-Carathéodory distance (CC
distance in brief) which is defined as following: an absolutely continuous curve
v € W2((0,1),R3) is said to be horizontal if there is a control v € L%((0,1),R3)
such that:

2
V() =D ui)Xi(v(t))
i=1

for a. e. tin (0,1). For any p,q € H, the CC distance between p and ¢ is defined as:

dectr.a) = int { [ ot}

where the infimum is taken over all horizontal curves -, with associated control v,
so that y(0) = p and (1) = q.

For computational purposes, we shall also use a smooth gauge out of the diagonal,
called the Heisenberg gauge, which is equivalent to the CC distance, and it is defined
as follows:

Dl = (@2 + 22+ 22) Y, for p= (2,y,2) € H.
The corresponding distance is:

du(p,q) = |q¢ " plu, for all p,q € H.
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Also, for any p € ‘H and § > 0, we write:

Byu(p,6) :=={a€H:lqg"" - plu < d},

to denote the ball in the Heisenberg group with center at p and radius 9.

Having established the basic structure on H, our attention turns to differentiation
and calculus. Given a smooth function u in R3, and a multi-index I = (iy, 42, i3),
the derivative X’u is defined by:

XTu= X X2 XBu.

The function u belongs to C;“{(Q) if X7u is continuous in § for all multi-indices I
such that:
d(I):=1; +ig + 2i3 < k.
Remark 2.1. Observe that, in general, the class of C?k{ functions is larger than the
class of Euclidean C*(9). Indeed, let f(z,y,2) = = — g(y, 2zy + 2), where:
la*b .
g(a7 b) = mv if (aab) # (an)a and 9(0,0) =0.
Hence, f € C}_[ in the Heisenberg group for « € (3,4) but it does not have continuous
partial derivatives in the Euclidean sense (see [12, Remark 5.9]).

For an Euclidean smooth function v : R* — R, Taylor expansion around 0 implies:

(22) u(p) = u(0) + (Vu(0),p) + 5 (Vu(0)p.p) + ol[pP),

for p — 0, and where Vu and V2u stand for the Euclidean gradient and Hessian of
u, respectively. Recalling that terms containing 22, zz or yz are of order o(|p[%), we
derive from (2.2) the horizontal Taylor expansion of u at O:

u(p) = w(0) + (Vu(0),p) + 5 (T u(0)p.p) + ollplE).
where the gradient of w with respect to the frame (2.1) is:
Vau = (Xiu) X1 + (Xou) Xo + (X3u) X3,
and the symmetrized horizontal second derivative matrix, denoted by V%_lou, is given

by:
Xiu (X1 Xou + XoXqu)

2
=1
Vit §(X1X2u—|-X2X1u) X2u

In addition, it will be useful to introduce the projection of Vy4u onto the horizontal
distribution:
Vq.[ou = (Xlu)Xl + (XQU)XQ
Finally, for a vector field V' = (Vj, V3), its horizontal divergence operator is defined
by:
diVHOV =XV + Xo Vs,

while for a smooth matrix field:

My Mo

M = ,
[le Mzz]
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we let:
_ [ X1Myy + Xo Mo
X1Mo1 + XoMao|
For a more complete discussion of the Heisenberg group and more general Carnot
groups, we refer the reader to [7], [11] and [20].

diV’HO M :

2.2. Viscosity solutions. The basic reference in what follows is [5]. Let u €
USC(R2). The second-order superjet of u at p is defined as follows:

T*F (u,p) = {(17,2() e R? x S%(R) such that

u(q) < ulp)+ (np~ " q) + % (X" q)o, (0"~ o) + o(du(p, q)Q)},

as ¢ — p. Here, (p™" - q)o is the projection of p~" - ¢ onto the horizontal distribution
Ho. Similarly, if v € LSC(Q2), we define the second-order subjet of v at the point p
as:

1 1

T (v,p) = {(77,3)) e R? x S?(R) such that

v(q) = v(p)+ (np~" @)+ % (Y~ 9o, (")) + o(dulp, q)Q)},

as ¢ — p. It is well-known (see [5]) that subelliptic jets may be seen as appropriate
derivatives of test functions touching the given function by above or below. More
precisely, if u is upper semicontinuous, let us consider:

K2 (u,p) == {(V;.[(Z)(p), V%Ogb(p)) : so that ¢ is C3, and

(1= 6)(g) < (u— @)(p) for all g close to p}

and similarly define K ~2(v, p) for test functions touching the lower semicontinuous
function v from below around p. Hence, by the results in [5], it follows that:

(2.3) T*F (u,p) = K>* (u, p)
and:
(2.4) T*(v,p) = K> (v,p).

Finally, we shall also consider the theoretic closure of the sets defined above. We
define 72’+(u,p) as the set of (1, &) in R3 x S?(R) so that there exists a sequence
(P u(Pn), Mn, Xn) converging to (p,u(p),n, X) satisfying (n,, X,) € T>T (u, p,) for
all n. In a similar way, we define 72’_(11, D).

In the next definition, we introduce the notion of viscosity solutions of general
second-order equations driven by an operator F. Afterwards, we give the notion of
solution of a boundary value problem.

Definition 2.2. Let F be a continuous function in  x R x R3 x S2(R). An upper
(resp. lower) semicontinuous function u : Q@ — R U {—oc0} (resp. RU{+o0}) is a
subsolution (resp. supersolution) of:

F(pa u, V’Hu7v%{0u) = 05
wmn Q if for any p € Q:
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(1) u(p) < 400 (resp. u(p) > —o0);
(2) for every (n, X) € J**(u,p)(resp. (n,Y) € T>~(v,p)) there holds:

F(p,u,n, X) <0,
(resp. F(p,u,n,Y) > 0).

Finally, a viscosity solution is both a viscosity subsolution and a viscosity superso-
lution.

Remark 2.3. In view of Remark 2.1 the set of C”;%t test functions is larger than the
set of Euclidean C? test functions. Therefore, by (2.3) and (2.4), the set of viscosity
solutions from Definition 2.2 is larger than the set of viscosity solution to the same
equation, thought as depending on Euclidean gradient and hessian, obtained by
testing with Euclidean test functions.

Definition 2.4. Let ug € C(Q2) and consider the Dirichlet boundary value problem:

(2.5) { F(p,u, Vou, Vi, u) =0 in Q (E)

u=mwug on 0Q (BD).
We say that u € USC(Q) is a wviscosity subsolution to (2.5) if u is a subsolution
to equation (E) in Q and u < ug on 0. Similarly, we define the notion of vis-

cosity supersolution. Finally, a viscosity solution to (2.5) is a viscosity sub- and
supersolution.

Observe that the boundary condition in (2.5) is attained pointwise on 0f2.

2.3. The subelliptic maximum principle in H. The following version of the
subelliptic maximum principle is a consequence of the Euclidean Crandall-Ishii
Lemma (see [8] and also [9]) and the passage from Euclidean jets into subjets [5]. It
is extracted from [3, Lemma 3.6].

Theorem 2.5. Let u € USC(QY) and v € LSC(Q2). Consider the function ¢ as
defined in (1.2), and assume that for each T > 0, p; and q; are points in 2 x  at
which u(p) — v(p) — T7¢(p-q~1) has a local mazimum. Moreover, suppose that u — v
has an interior mazimum so that:

sup(u —v) > 0.
Q

Then, there exist vectors ny = V,¢(pr - ¢ 1) and matrices X;, V- in S%(R) so that:
72’+
(TT]T?XT) eJ (var)a
72’7
(TnTayT)ej (ch,IT)

and:

(2.6) (X:6,8) — (V6,6 < 7| M-|2)€] 12,

where M is the following matriz of Euclidean derivatives:

p¢(p7 ;1) q¢(p7 QT )
’2’ opr-q;') V 5 o(pr- g h)
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3. PROOF OF THEOREM 1.1: UNIQUENESS.

The uniqueness of solutions to (1.3) will be a corollary of the next comparison
principle. Its proof is based on a perturbation argument to obtain strict supersolu-
tions.

Theorem 3.1 (Comparison principle). Assume (H1)-(H3). Let w € USC(Q2) be a

subsolution of (1.1) and v € LSC () be a supersolution of (1.1) so that u < v on
0. Then:

u<v in Q.
Proof. Reasoning by contradiction, suppose that:

sup(u —v) > 0.
Q

Since Q C H is bounded, there exists 79 > 0 such that Q C (—rg,70)3. Define
v:Q — R by:

o(p) == p(z,y,2) = —exp <2ch) — exp (2&1/) + 2exp <2Hro>,
gt v v

where x > 0 so that ||b(x)|| < & for all z € Q. We note that ¢ is a positive function
in Q. For latter reference, we compute:

Vaup(p) = —23 <exp <2:x>,eXp <2:y>,0>,
2 | exp (2/€x> 0
V2 — 4" "

. =<0,
v 0 exp <2y>
v

in Q. Let vs = v + dp. Note that for § small enough, the function u — vs satisfies:
(3.1) sup(u — vs) > 0.
Q

and:

We note that the function vy is a strict supersolution of the equation (1.1). Indeed,
let ¢ € C%(Q) be a smooth test function touching vs from below at py € Q:

Y(po) = vs(po),

b(p) <ws(p), p# po.
Then 1(p) — dp(p) is a smooth test function that touches v from below at py. As v
is a supersolution of (1.1), we derive:

(3.2) F(po, Vath(po) — 6Va0(po), Vg, ¥ (po) — 0V3,0(po)) = 0.

Moreover, observe that:

—0 tr(A(po) Vi, e (p0) = =76 tr(V3,2(po))

2
= 4(Si [exp <2/€:r) + exp <2ﬂy>},
v Y v
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and:
Sk K K
6 (b(po), Vae(po)) = =0k || Va(po) (= —27 exp 2;9: + exp 2;y :

Therefore, the difference:
F(po, Vb (po), V3, ¥ (p0)) — F(po, Ve (po) — Vo), Vi, ¥ (po) — 6V3,¢(po))

may be estimated from below by the scalar:

o= 2% exp ( — 2ﬁr0>.
Y Y
The above, together with (3.2), imply:
F(po, Vab(po), Vit (po)) = a > 0.
Since 1 was arbitrary and F' is continuous, we conclude that:
(3.3) F(p,n,X)>a>0

holds for all (n, X) € 72’_(1)5, p). Now we apply the subelliptic maximum principle
to u — vs. In order to do so, we shall check that if p,,q, €  are so that:

(34) M;:= %u% {u(p) —vs(q) = 7o(p- ¢ )} = ulpr) —vs(qr) — T¢(pr - g ),

then we indeed have that p,; and ¢, belong to €2. The proof is standard, we quote it
for completeness. To prove the statement, observe that in view of the compactness
of €, there exist pg, qo € {2 so that, up to a subsequence that we do not re-label:

(3.5) pr — po and g — qo as T — 0.

To reach a contradiction, assume that py € 9€2. Observe that by (3.4), we have for
any p € {2

(3.6) u(pr) —vs(qr) — Té(pr - a7 ") = u(p) — vs(p),

which, together with the boundedness of v and —wvs from above in £, imply that
there is a constant C' > 0 independent of 7 so that:

Té(pr - q; ') < C, for all 7.
Hence, we must have:
. 1y

lim_ ¢(pr-g:7) = 0.

Thus po = qo in (3.5). Moreover, by (3.6), it follows:
T¢(pr - 47 ') < ulpr) — vs(ar) — u(po) + vs(po).

Taking limsup and recalling (3.5), we certainly derive:
(3.7) lim 7¢(p; - ¢; ') = 0.

T—00

By (3.1), there is p € Q so that (u — vs)(p) > 0. Another application of (3.4),
together with (3.7), give:

u(po) — v(po) — dp(po) > lim sup {u(p:) —v(g:) — 6¢(q-) — T(pr - a7 ")}
> u(p) — v(p) — dp(p) > 0,

(3.8)
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where the latter inequality follows by the choice of p. Hence we arrive at u(pg) —
v(pp) > 0, which contradicts the boundary assumption. Then py € 2 and we derive
pr,qr € § for all sufficiently large 7.

By Theorem 2.5, for each 7 > 0, there exist 7, € R3 and symmetric matrices
X, Y, € S%(R) such that:

(7—777'7 X’T) € 727+(U7p7'>7

7277
(07, V7)€ T (vs, 7).
By (3.3), the following holds:

(3.9) 0<a<F(qr,m™7,Y:), for each 7.
Adding and subtracting tr(A(p;)X;), (b(p;),m™-) and f(p;) give:
(3.10)

F(qr, 07, Vr) < tr(A(pr) X — Algr)Vr) + (b(gr) — b(pr), m07) + f(pr) — f(gr),

where we have used the fact that (7n,, X;) € 72’+(u,p7). Our goal is to arrive to a
contradiction to (3.9) by showing that the right-hand side in (3.10) converges to 0.
Hence, we proceed to estimate the right-hand side of (3.10). Firstly, we have:

(b(pr) — b(gr), ™) < 7([b(pr) — b(g:)[lIn- ]
= 7(b(pr) — b(a) I VE,d(pr - g7 )]l

Since €2 is bounded, we derive the bounds:

< Ch(pr,qr) ™ /™ fori=1,2,3.

99
‘%(p’r? qr)
Therefore using (H3) and recalling (3.7), we deduce:

(b(pr) = blgr), ™) < o(1).
We next estimate the second-order term. Observe that (2.6) means:

XT - yT j THMTHzI
Therefore:
tr(A(pr)Xr — A(gr)Vr) = tr(A-2;) < CTHMTHQHATH,
where A, = diag(A(p;), A(gr)) and Z; = diag(X;, —):). To estimate the norm of
M., we appeal to the following second-derivative bounds:
0%¢
afbial'j
Therefore, using again (3.7), we obtain:
tr(A<pT)XT - A(qT)yT) < C’Td)(pT, qT)(2m74)/m

converges to 0 as 7 — oo for m > 4. Letting 7 — oo in (3.10) and recalling (3.9),
we arrive at a contradiction. This ends the proof of the theorem.

(Prsgr)| < C(prygr) ™ D/M for i, j=1,2,3.
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Remark 3.2. Observe that the comparison principle implies the statement:

M >sup (u* —vs) = u—v<Min
o0

for u and v bounded viscosity sub- and supersolutions to (1.1). This is a version of
the so called maximum principle.

4. PROOF OF THEOREM 1.1: PERRON’S METHOD

The classical Perron’s method adapted to viscosity solutions may be formulated
as follows:

Theorem 4.1. Suppose that there exist a viscosity subsolution u € USC(L) and a
viscosity supersolution uw € LSC(S) such that:

(4.1) (w), = (@)* = ug
on 0. Then:
(4.2) u(p) :==sup {v(p) : u <v <uin Q and v is a subsolution of (1.3)}

for p € Q, is a continuous viscosity solution of (1.3).

As it is well-known, the proof of the above theorem relies on two steps:
(I) Closedness under supremum: the function u* is a viscosity subsolution in 2
of (1.1).
(IT) Maximal solution: if u, is not a supersolution at some point py € €2, then
for all € small, there exists a viscosity subsolution v, so that:

ve(z) > u(x), forall z € Q, sup(ve —u) >0
Q

and:
ve(z) = u(x) for all x € Q\ By(po, €).
The proofs of these properties in the Euclidean case are standard (see [13, Chap-
ter 2] or [9] for further details) and their adaptations to the Heisenberg group are
straightforward. With the help of the comparison principle, the proof of Theorem
4.1 is simple. We give it here just for completeness.

Proof of Theorem 4.1. By (I), the function u* is a subsolution of equation (1.1) in
Q. By construction:
(s <up <u < < (1)

in Q. Hence u* = 0 on 9. By comparison principle, v* < @ in Q which yields
u = v* and then u is a subsolution of (1.3) (by definition, v < 0 on 92). On the
other hand, if u, is not a supersolution at some py € Q, by (II) and for e small
enough, we can find a subsolution ve so that ve = 0 on 9Q and v.(p) > u(p) for
some p in €. Observe v. > u > u in §2. Moreover, by comparison again v < @ in 2.
Therefore, v, belongs to the set defining u in (4.2), and we arrive at the contradiction
ve < u in ). We conclude that u, is a supersolution, and by comparison u < u, in
Q. This shows that u is a continuous viscosity solution of (1.3). |

Perron’s method ends the proof of Theorem 1.1. In the next section, we shall
focus the question of how to find u and u satisfying the boundary values (4.1).
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4.1. Construction of @ and u. The next proposition allows us to reduce the issue
of constructing the appropriate sub- and supersolutions satisfying (4.1) for (1.3) to
the framework of homogeneous boundary values. This is another application of the
maximum principle.

Proposition 4.2. The problem of solving (1.3) is equivalent to find the solutions of
a sequence of appropriate homogeneous boundary value problems.

Proof. Suppose first that ug € C2(Q). Observe that if u solves (1.3), then v := u—ug
solves the homogeneous boundary value problem:

{ —tr(A(p)V3,v(p)) — (b(p), Vru(p)) = f(p) if peQ
v(p) =0  for p € 09,

where:

f(p) = Fp) + tr (A(p) Vo uo(p)) — (b(p); Vruo(p)) ,
and conversely. The solution v, and consequently u, may be obtained by Perron’s
method with zero boundary values.

If up is only continuous in €2, then there exists a sequence up. € C?(Q) which
converges, uniformly in €2, to ug. According to the above argument, there exists a
unique solution u. to (1.1) with boundary values ug.. In view of Remark 3.2, we
have for all €; and e5:

sup |u61 - u62| < sup |u61 - u62| < sup |u0,61 — U0,e2 |
a 00 00

Thus, ue converges uniformly to a function u € C(2). By standard stability results
(see Proposition 2.1 in [15]), u is the solution to (1.3).
|

In what follows, we shall assume that ug = 0 in Q. In general terms, in order to
find solutions satisfying

(4.3) (@), = (u)"* =0 on 09,

we shall start with a subsolution and a supersolution of (1.1) in © and then we shall
modify them near the boundary 9f2.

Throughout this section, we shall assume (H1) and (H2) from Section 1, and
Moreover:

(D) There exist a function g and scalars ¢ € R and Ay > 0 so that 9Q =
{p € H : g(p) = c}, the set:

— 1
2y = {PGQZC—Q(P)<>\}
0

is an open neighborhood of 99 in 2, and g € C%(Qy,).

We also introduce the characteristic set:

Cy:={p € 002 : V,9(p) = 0}.
In the sequel, we divide the exposition into two main cases according to the
scenarios Cy = () or Cy # 0.
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Case 1. Suppose:
(DI) the characteristic set Cy is empty, that is, the surface 0€2 is non-characteristic.

Then we have the following

Proposition 4.3. Assume (D) and (DI). Then there exist a subsolution u € C(Q)

and a supersolution w € C(2) to (1.1) in Q so that (4.3) holds.

Proof. As € is a bounded domain, there exists r > 0 such that Q C [—r,7]3. Fur-
thermore, let C' > 0 so that:

10| o0 @2y 1/l oo @y < C-
We start with the following function:

u1(p) = —expla(p)] + exp(NV),

where p = (2,9,2) € Q, a(p) = —N<:E2_r> and N > 0 to be determined. We
T
shall prove that u; is a supersolution of (1.1) in Q. Firstly, notice that:

N2 [ealp)
42| 0 0]
A straightforward calculation and the uniform ellipticity of A show that:

N
Vaui(p) = 5, (e°%,0,0),  Vi,u(p) =

N
F(p, V;.[ul(p),vg_‘oul(p)) > %<€NN;“ - C’> -C2>0

if N is sufficiently large. Hence, u; is a supersolution of F' = 0 in ). In order to
produce (4.3), we modify u; near the boundary. Choose A > A\ so that Vy,9 # 0
in Q). Define:

(4.4) vi(p) = M(1—e P peqy,
where d(p) := ¢ — g(p) and M > 0 is chosen so that:
(4.5) ui(p) < M(1—eY/?) forallpeQ.

Observe that v; = 0 on J€). Moreover for any p € 2, we have:
F(p, Vor(p), Vigo1(p))
= AM e ME [N (A(p) Vi d(p), Viod(p)) — tr (A(p) Vi, d(p)) + (b(p), Vaud(p))] — f(p)
= AM e [N (A(p) Vo9 (), Vo 9(p)) + tr (A(p) V3, 9(p)) — (b(p), Vag(p))] — f(p)-
Since V34,9 # 0 in Q), we may choose \ large so that v is a supersolution. Define:

_ vi(p) Aur(p)  in Qy
(46) () { u1(p) in Q\ Q.
By (4.5), the localization property of supersolutions and the property of closedness
under minimum of supersolutions, 1 is a viscosity supersolution of (1.1) in €. Finally,
since u; > 0 in €2, there holds w = v; = 0 on 0f2.
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On the other hand, to construct the subsolution u satisfying (4.3), we start with:

ua(p) = exp [N (T0)] — exp(N),

and we show as before that us is a subsolution of F'. Pick M > 0 so that:
(4.7) us(p) > —M (1 — e Y?)  forall p € Q.

Introducing the function:

va(p) = —M (1 — e M),
for p € Qyx, A > \g, we obtain:
F(p, Vava(p), Vi, v2(p))
= —AMe M) N (A(D) Vo 9(D), Viog(D)) + tr(A(p) Vi, 9(p) — (b(p), Vag(p))] — £(D)-

By proceeding as before, we deduce that ve is a subsolution in ). Define:
u(p) = { va(p) Vua(p) in Q) B
= uz2(p) in Q\ Q.
Hence, u is a viscosity subsolution of (1.1) in ©Q, and, since uz < 0 in Q, we have
u = vy = 0 on 9.
|

Remark 4.4. For non-characteristic boundary surfaces, we may choose for ¢ — g
the Heisenberg distance function dgg to the boundary defined as:

doa(p) :=inf {dcc(p,q) : q € 00}, peq.

Indeed, in view of [2, Theorem 1.1], for Euclidean C? boundaries 92, the horizontal
gradient of the distance function and the distance function itself are of class C! in
a neighbourhood of 9€2. Moreover, by the results obtained in [23], dgyq satisfies
the Eikonal equation on 02, hence we may perform the arguments in the proof of
Proposition 4.3 to obtain u and .

Next, we shall give examples of domains whose boundaries have no characteristic
points.
e Torus. Let Q := {(z,y,2) € H : g(z,y,2) < r}, where g(z,y,2) = 2% +
(V22 + 42 — R)? and R > r > 0. Observe:

Vo o(p) = 2 [m(\/aﬂ—i- 2 - R) +2yz/2? + y?
I = TR ly(Va P — R) — 2020/ + 2
By straightforward calculations, V,9(p) # 0 for all p € 99Q. Indeed, sup-

pose that for some boundary point p, we have Vy,g(p) = 0. Then we may
distinguish the following scenarios:

(1) If z = 0, then:
{ 2uz\/y?2 =0
y(Vy? —R) =0

which imply y =0 or z =0, and y = 0 or |y| = R. Since y # 0 because
(0,0,2) ¢ 09, we derive that |y| = R and z = 0 is the only plausible
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choice. However, z = 0 implies |y| = R —r or |y| = R + r, which is a
contradiction. Hence we conclude x # 0. In a similar way, y # 0.
(2) Suppose further that z # 0 and y # 0. Then:

{ (/2?2 +y?2 — R) + 2yz\ /22 + 42 =0 { zy(\/22 +y2 — R) + 222 /22 + 942 =0
y(v/22 +y? — R) — 2z2/2?2 + 42 =0 ry(\/22 +y? — R) — 222%2\/22 + 42 =0
= 2% 2\/22 + y2 = —22% 2/ 22 + 12

= ylr = —2?2

& (22 + %)z = 0.

Hence z = 0, which in turn implies:

{x(\/m—]%):()
y(Va? +y2 — R) =

since z # 0 and y # 0, we obtain /z2 + y? = R. Thus |z| = r which
contradicts that z = 0.
This shows that the torus is non-characteristic.

e Solid of revolutions around the vertical axis. This is a generalization
of the above example. Let Q = {(z,y,2) € H : g(z,y,z) < 1} where

g(z,y, 2) = h(£+/22 + y2, 2), h smooth so that v : h(x,2) = 1 is a C? closed
curve satisfying that there is € > 0 such that:
(4.8) h(z,z) > 1 for all (x,z) € (—¢,e) X R;

(4.9) @#Oand—;é()lnaﬁ

Observe that (4.8) says that the curve v does not intersect the z axis in the
xz-plane. Moreover:
oh

oh
— 2 2 2
1 axx+ vty 0z

VrZ+y? | on _Oh |

O —y — 2x x2 +y aﬁ
Oh Oh .
where o and — are evaluated at (y/z2 + y2, z). Note that the horizontal

x z
gradient is null on 9N if and only if:

V'H(Jg(wv Y, Z) =

0 0
gga:—FQy 2+ y? gzO
U

g g
29y — 22 /a2 = 0.
auy TN/ T —i—ya

Reasoning as in the previous example we arrive at a contradiction with

22 +y? # 0 on 99 in view of (4.8) and (4.9).

Case II. In this framework, we shall make use of the following set of assumptions:
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(DII) The characteristic set Cy is not empty, that is, the surface 0§ has charac-
teristic points.

DI 4 tr (A(p)VZ g(p)) > 0 in C,, and either b3 = 0 or b3X3g < 0 in the closure
Ho g
of a neighbourhood of Cj,.

(DII)p V%Og(p) = 01in Cy, and b3X3g < 0 in the closure of a neighbourhood of Cj.

Firstly, we have the following
Proposition 4.5. Under hypothesis (D), (DII) and (DII)4, there exist a subsolution

u € C(Q) and a supersolution w € C(2) to (1.1) in Q so that (4.3) holds.

Proof. As in the proof of Proposition 4.5, take the functions u; and us, with the
same choices for M. We derive first preliminaries assertions, which are consequences
of (DII)4. Since the set Cj is compact, for the function:

p = tr(A(P) Vi, 9(p),
which is continuous and positive in Cy, there is ¢ > 0 so that:

tr (A(p)V,9(p)) > ¢,
for all p € Cy. Hence, there is an open neighbourhood W of Cy such that:
(4.10) tr (A(p)V3,9(0) > ¢,

for all p € W. Moreover, there exists a smaller open neighbourhood U C W of C
so that:

On the other hand, if p € Qy, \ U, then:
(A(P)V11,9(p), Ve 9(p)) > 0.

Therefore, by the compactness of €, \ U and by continuity, there is a constant
c* > 0 so that:

(4.12) (A(P)Vo9(P), Vo9(p)) >
for all p € Q), \ U. As in the previous case, introduce:
(4.13) vi(p) = M(1— e_Ad(p)), p € Qy,

with d(p) :=c—g(p), M as in (4.5) and A > Ay, to be specified below. Also:
O, C (ﬁ)\O\U) u U.
Firstly, if p € U, then by (DII) 4, (4.10) and (4.11), we derive:

F(p, Vyui(p), Vigv1(p) > AMe @) (¢ — (b(p), Vag(p)—f(p) > ——5—

Making A large so that:

cAMe !
e Wl > O
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we have:
F(p, Vi (p), Vi, v1(p) > 0.

Finally, if p belongs to the compact set 2, \ U, then we have to choose A large
enough so that:

(4.14) AMe™" (A" + tr (A(p)V,9(p)) — (b(p), Vg (p))) = I1f ]| oo @y > O-

In both cases, A may be chosen independent of p, and we take the larger one to
define v1. In that way, we conclude that vy is a viscosity supersolution in 2. We
conclude by defining u as in (4.6). Reasoning as before, it is also possible to get a
subsolution u satisfying (4.1).

|

Next, we provide examples of domains where the hypothesis in Proposition 4.5
are satisfied.

e Ellipsoids. Let pg = (x0, Yo, 20) and consider a, b and ¢ as positive constants.

Define:
(z—x0)® | (y—wo)® | (z2—20)
Q= : =153.
{(.%',y, Z) a2 + b2 + 2
Letting:
o (z — $0)2 (y— yo)2 (2 — 20)2
g(l',y,Z) - CL2 + b2 + 62 )
we have
1 4,2 4
ot ay — gy
v2 x, ,Z = 2 a? c? ¢ :| )
Hog( Y, 2) _%xy b%+;%x2

which is a positive definite matrix. As A is uniformly elliptic, assumption
(DII) 4 is satisfied for appropriate bs. In particular, (DII) 4 holds true in the
Euclidean ball.

On the other hand, calling now hypothesis (DII) 5, we derive the following result.
Proposition 4.6. Under the assumptions (D), (DII) and (DII)g, there exist a

subsolution u € C(S2) and a supersolution w € C(2) to (1.1) in Q so that (4.3) holds.

Proof. As in the proof of Proposition 4.5, take the functions u; and us. We now
modify them near 09Q2. By assumption (DII)p, there exists an open neighbourhood
V of Uy so that:

c
(4.15) ||bHLoo(§)HVH09”Loo(V) + HAHLOO(Q)HV%{O.Q”LOO(V) < 9’
where ¢ > 0 satisfies:

(4.16) —b3(p)X3(p) > c,

for all p in Q,,. Next, define v1 as in (4.13), for A > X\g to be determined a posteriori.
Then, if p € V, we derive from (4.15) and (4.16), the following:
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F(p, Vyv1(p), Vi, v1(p))

— AMeME) [N (A(p) Vo g(p), Varog(p)) + tr (A(p) V3, 9(p) — (b(p), Varg(p))] — f(p)
cAMe™!
2~ ~fl=@):
Choosing A large enough, and independent of p € V', we get:

F(p,Vuui(p), V3, v1(p)) > 0.

Moreover, when p € Qy, \ U, we choose A so that (4.14) holds, where ¢* > 0 is

chosen now so that (4.12) is valid in Qy, \ V. We conclude as in the previous cases.
[ |

As an example we quote the following.
e Heisenberg ball. Let:

Q:=By(0,1) = {(z,y,2) : (2® +y*)* +2* < 1}.
Taking g(x,y, z) := (2? + y*)? + 22, we obtain:

@+ ) +y2

vHog(xvyv Z) =4 |:y(332 4 y2) —xz
2,2
2 e +y 0

Vﬂog('xaya Z) =12 |: 0 2 + y2:| :
Observe that Vy,g(x,y, z) = 0 implies z = 0 and y = 0. Hence V%{Og(x, y,2) =
0. Moreover, X3g(z,y,2) = 2z # 0 in a neighbourhood of Cy. Hence, for
appropriate b, assumption (DII)p holds true.

Remark 4.7. In the case where there is no linear term in (1.1), that is b = 0 in
Q, we may apply the above reasoning assuming that, in a neighbourhood of Cy, we
have f = 0 and V%{O g = 0. For instance, this is the case of the subelliptic Laplace
equation in By with arbitrary continuous boundary values and with a source term
f compactly supported in By.

Remark 4.8. Observe that in view of the left invariant property of the vector fields
X1, X2 and X3, to solve the problem (1.3) in a domain € it is equivalent to solve:

{ —tr(Ao(p) V3, v(p)) — (bo(p), Vo (p)) = folp) if p € Qo
v(p) = vo(p) for p € 9Ny,
where:
Qo:={po-p:p€Q},
and Ag, bg, fo and vy are the corresponding left translation of A, b, f and wuy,
respectively. As a corollary, we derive that if Proposition 4.3, Proposition 4.5 or

Proposition 4.6 hold in a domain €2, then the same conclusion is valid in the trans-
lated set €.
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