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Abstract. We study fully nonlinear partial differential equations of Monge—Ampere type
involving the derivatives with respect to a family X of vector fields. The main result is a
comparison principle among viscosity subsolutions, convex with respect to X, and viscos-
ity supersolutions (in a weaker sense than usual), which implies the uniqueness of solution
to the Dirichlet problem. Its assumptions include the equation of prescribed horizontal
Gauss curvature in Carnot groups. By the Perron method we also prove the existence of
a solution either under a growth condition of the nonlinearity with respect to the gradi-
ent of the solution, or assuming the existence of a subsolution attaining continuously the
boundary data, therefore generalizing some classical result for Euclidean Monge—Ampere
equations.
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1 Introduction

For a given family of C 11 vector fields X = {X1,....,Xm}in R*, m < n, the
X -gradient and symmetrized X -Hessian matrix of a function u are

Dxu = (Xqu,..., Xnu), (D%Cu)ij = (XiXju+ X;X;u)/2.

The main examples we have in mind are the vector fields that generate a homo-
geneous Carnot group [12, 16], and in that case D yxu and Dgcu are called, re-
spectively, the horizontal gradient and the horizontal Hessian. We consider fully
nonlinear partial differential equations of the form

—det D3u + H(x,u, Dyu) =0 in Q, (1.1
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where 2 € R” is open and bounded and H is at least continuous and nonnegative.
In the case when the vector fields are the canonical basis of R”, which we call the
Euclidean case, this is a classical equation of Monge—Ampere type. We recall that
in the Euclidean case the Monge—Ampere equations are elliptic on convex func-
tions. These equations arise in several problems, mostly of differential geometry,
and have a wide literature, especially on the regularity of solutions, see, e.g., the
books [3,4,31,32,38,47] and the papers [19, 21, 22, 28,3941, 51, 52]. For the
recent applications to optimal transportation problems we refer to [1,17,53] and
the references therein.

Partial differential equations with an elliptic structure relative to vector fields
that do not span the whole space R” are degenerate elliptic, often called subellip-
tic, see, e.g., the recent book of Bonfiglioli, Lanconelli and Uguzzoni [16] for a
comprehensive survey of the linear theory. A theory of fully nonlinear subelliptic
equations was started a few years ago by Bieske [13, 14] and Manfredi [11, 44]
using viscosity methods, and the Monge—Ampere equation

—detD3u + f(x) =0 inQ (1.2)

was listed among the main examples, with Xy,..., X}, generators of a given
Carnot group. Moreover, a number of authors studied in the last five years sev-
eral notions of convexity in Carnot groups [5,26,27,30,33,34,37,42,43,49, 54],
and one of their motivations was the connection with Monge—Ampere equations
on such groups. However, little is known about them so far. We mention the com-
parison principle among smooth sub- and supersolutions of (1.2) in the Heisenberg
group proved by Gutierrez and Montanari [33] (among other results).

The dependence on the gradient Dyu in H is motivated by various possible
applications. A first interesting example is the subelliptic analogue of the pre-
scribed Gauss curvature equation. Danielli, Garofalo and Nhieu [26] defined the
horizontal Gauss curvature of the graph of a smooth function u# on a Carnot group
as

m-+2

Kp(x) := det(D3u)(1 + |[Dxul®) ™ 2 .

In fact, this is the classical Gaussian curvature of the graph of the restriction of u
to the horizontal plane passing through x. Moreover, Capogna, Pauls and Tyson
[20] showed the connection of K} with the second fundamental form of the graph
of u. Then (1.1) becomes the prescribed horizontal Gauss curvature equation if

H(x.r.q) = k(x)(1 + g2 (1.3)

for a given continuous k : € — [0, +oo[. A different hypoelliptic Monge—
Ampere-type equation was proposed in [50] for a financial problem. Finally, the
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extension of the theory of optimal transportation to the realm of sub-Riemannian
manifolds was started recently by Ambrosio and Rigot [2] and Figalli and Rifford
[29] and it might lead to equations of the form (1.1), or variants of it.

This paper is devoted to a study of the degenerate elliptic Monge—Ampere-type
equations (1.1) within the theory of viscosity solutions, see [6, 18,23,24]. In
particular, we establish the well-posedness of the Dirichlet problem under rather
general conditions. The first part of the paper deals with comparison results among
sub- and supersolutions, and the second part with the existence of solution by the
Perron method.

The new difficulties we encounter for the comparison principles are three.

1. The PDE (1.1) is degenerate elliptic only on convex functions with respect
to the vector fields X1, ..., X, briefly X -convex. We say that an u.s.c. function
u on  is X -convex if it satisfies —D%Cu < 01in €2 in viscosity sense, that is,

D%C(p(x) >0 forallg € C3(Q), x € argmax(u — ¢). (1.4)

This notion was introduced by Lu, Manfredi and Stroffolini [42] for the Heisen-
berg group under the name of v-convexity. It was extended recently to general
C? vector fields by the first author and Dragoni [7], who proved the equivalence
with the convexity along trajectories of the fields. In the case of Carnot groups, it
coincides with the geometric notion of horizontal convexity, a fact proved under
different assumptions by several authors [5, 37,42, 43,49, 54], see also [26] for
connections with other notions. Our comparison results will concern an X -convex
viscosity subsolution of (1.1) and a viscosity supersolution defined with strictly
X -convex test functions. This is inspired by the treatment of the Euclidean case
by Ishii and Lions [36] and is equivalent to comparing sub- and supersolutions of

max{—/\min(Dgcu), —detD%Cu + H(x,u, Dxu)} =0 in$,

where A, denotes the minimal eigenvalue.

In the classical case, convex functions are locally Lipschitz continuous with
respect to the Euclidean norm, so there is an interior gradient bound for the subso-
lution. The corresponding property for X-convex functions is the local Lipschitz
continuity with respect to the Carnot—Carathéodory metric associated to the vector
fields: this was proved in [26,37,42,43,49] for the generators of a Carnot group
and in [7] for general fields.

2. The operator in (1.1) does not satisfy the standard structure conditions in
viscosity theory, unless the vector fields are constant. To overcome this problem,
for H > 0 we take the log of both terms in (1.1) and show that the new equation
verifies the Lipschitz-type condition with respect to x of Crandall, Ishii and Lions
[24] for uniformly X -convex subsolutions, i.e., functions such that, for a y > 0,
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—D%Cu + yI < 01in  in viscosity sense. Our first main result states the compar-
ison among semicontinuous sub- and supersolutions of equations of the form

—logdet(D3u) + K(x,u, Du, D*u) =0 inQ, (1.5)

provided that either K is strictly increasing in u or the subsolution is strict. Here
K is not restricted to log H(x,u, Dxu); it can be any degenerate elliptic opera-
tor involving the full gradient and Hessian Du, D?u and satisfying the structure
conditions of [24].

3. To cover the cases of H not strictly increasing in u, which is the most fre-
quent in applications, and satisfying only H > 0, we need to perturb an X -convex
subsolution to a uniformly X -convex strict subsolution. This was done in the
Euclidean case in [36] and we adapted the method to several nonlinear subelliptic
equations in [8]. We are able to perform this construction for equation (1.1) under
an additional condition on the vector fields, namely

3 ‘ I
Xj(x) = o +i:§1r,-j(x)a—xi, ji=1....m. (1.6)

In this case, we say the vector fields are of Carnot type, because this property is
satisfied by the generators of a Carnot group. However we do not need all the other
rich properties of such generators, not even the Hormander bracket generating
condition.

We therefore get the following comparison principle, containing the Euclidean
result of Ishii and Lions [36] as a special case.

Theorem 1.1. Assume H : Q xR x R™ — [0, +o0[ is continuous, nondecreasing
in the second entry, and for all R > 0 there is L g such that

|[HY™(x,r,q + q1) — HY™(x,r.q)| < Lglq1| (1.7)

forall x € Q, |r| < R, |q] < R and |q1| < 1. Suppose the vector fields
Xi,...,X;y € C? satisfy (1.6). Let u : Q — R be a bounded, X-convex, u.s.c.
subsolution of (1.1) and v : Q — R be a bounded Ls.c. supersolution of (1.1).
Then
sup(u — v) < max(u —v)*. (1.8)
Q Q2

Note that the result applies to the prescribed horizontal Gauss curvature equa-
tion (1.1), (1.3). We also get a comparison principle for (1.2) that extends to the
viscosity context a result of Rauch and Taylor [48] in W?2-", the first result for not
necessarily convex supersolutions.
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Theorem 1.1 implies that there is at most one X-convex continuous viscosity
solution of the equation (1.1) with prescribed boundary data

u=g ondQ, geC@ORN). (1.9)

The existence of solutions to the Dirichlet problem can be studied by the Perron
method, as adapted to viscosity solutions by Ishii [24]. It turns out to fit very well
with our modified notions of sub- and supersolution. A byproduct is the following
subelliptic version of a classical result by Caffarelli, Nirenberg and Spruck [19]
and Lions [41] in the Euclidean setting.

Theorem 1.2. Under the assumptions of Theorem 1.1 suppose that g € C?(Q) is
X -convex and Q2 is X -convex, i.e., it is the sublevel set of a C 2 X -convex Sfunction.
Then the solvability of (1.1), (1.9) is equivalent to the existence of an X -convex
subsolution attaining continuously the boundary data.

The construction of a subsolution with the desired properties requires further
assumptions, as it is well known in the Euclidean case [31,41]. Our main existence
result is the following extension of a theorem of Lions [41].

Theorem 1.3. Besides the assumptions of Theorem 1.1 suppose

Hl/m(x,rggxg,p)fL|p|+M forall x € Q, p € R™. (1.10)

Assume also that Q is uniformly X -convex, i.e., the sublevel set of a C? uniformly
X -convex function. Then there is a unique X -convex solution in C(2) of the
Dirichlet problem (1.1), (1.9).

The growth condition (1.10) rules out the prescribed Gauss curvature equation
(1.3), where it is known that k£ must satisfy some compatibility conditions [31,41].
We have an existence result in this case for the Koranyi ball of the Heisenberg
group if k(x) < kg (x), where kyy is the horizontal Gauss curvature of the graph
of the gauge w, i.e., w(x) = |x|%I and |x|g is the homogeneous norm of the
Heisenberg group, see formula (4.6) for the explicit expression of kyj.

Some special cases of the comparison results proved here were announced in
the note [10] and in the conference proceedings [9]. More precisely, [10] contains
the statement of Theorem 1.1 in the case of Carnot groups and H > 0, with a few
hints on the proof, and [9] gives a different proof of Theorem 2.18 below for H
strictly increasing in u (which excludes (1.2) and the prescribed horizontal Gauss
curvature equation) and in Carnot groups.
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The Dirichlet problem for subelliptic fully nonlinear equations was studied by
Bieske [13, 14], Bieske and Capogna [15], and Wang [55] for the Aronsson equa-
tions of the calculus of variations in L°°, and by ourselves [8] and Cutri and Tchou
[25] for Pucci-type and other Bellman—Isaacs equations. Almost nothing is known
on the regularity of solutions of fully nonlinear subelliptic equations. This is a
challenging subject for future research.

The paper is organized as follows. Section 2 is devoted to the definitions, the
comparison principle for the equation (1.5) (and variants of it), and its applications
to (1.1) if H > 0 and either the subsolution is strict or H is strictly increasing in
r. In Section 3, we build strict subsolutions for vector fields of Carnot type and
complete the proof of Theorem 1.1. Section 4 deals with the existence issue for
the Dirichlet problem.

2 Comparison principles with strict subsolutions

2.1 Definitions

Let us consider equations of the form

{ — G(UT(x)Dzu o(x)+ A(x, Du)) + K(x,u, Du, Dzu) =0 inQ, @.1)

G = det or G = logdet,

where the set 2 C R” is open and bounded. We denote with S the set of the
symmetric n Xn matrices, with < the usual partial order, with / the identity matrix,
and with tr M the trace of a square matrix M. By M > 0 we denote any positive
definite matrix. USC(£2) and LSC(2) denote the sets of functions & — R that are
upper semicontinuous and lower semicontinuous, respectively. The assumptions
on the data are the following:

K:Q xR xR"” x S" — R is continuous,
K(x,r,p,X) < K(x,s,p,Y) forallr <s,Y <X, x e Q, 2.2)
uelk, peR” X, Y € §”,

,Y)—K(x,r,x;y,X) §w<|x—y|(1—|— |x_y|)) 2.3)

&

xX—=)

K(y,r,

for some modulus w and all e > 0, x,y € Q. reR, XY esS” satisfying

AP e
e \0 [ 0 -Y e\-1 I
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Moreover, we assume that

2.5)

o (x) is a Lipschitz continuous 7 x m matrix valued function on
withm <n,

and that
A(x, p) is a continuous m x m matrix valued function on Q x R”

such that (2.6)
—Cilx —y[(A + |pDI < A(x, p) — A(y, p) < C1|lx — y|(1 + [p]].

Definition 2.1.If ¥ : Q@ x R” x S — S™ and M € S™, we say that u is
a (viscosity) subsolution of the matrix inequality W(x, Du, D?u) < M in Q, if
u is USC in © and W(x, D¢ (x), D?p(x)) < M for all € C*(R) and x €
argmax(u — ¢).

The definition of (viscosity) subsolution u of (2.1) is given in a standard way,
as in [24] (see also the comments in Remark 2.4 below).

Definition 2.2. A function u € USC(Q) is a Lviscosity) subsolution of (2.1) with
G = detor G = logdet if for all ¢ € C?(Q) such that u — ¢ has a maximum
point at xo we have

— G (0T (x0) D*¢(x0) 0 (x0) + A(x0. D(x0)))
+ K (x0,u(x0), D (x0), D*¢(x0)) < 0. 2.7)

The definition of (viscosity) supersolution v of (2.1) is modified by restrict-
ing the test functions to the C? functions ¢ with 67 D2po + A > 0 at points
x € argmin(v — ¢). In the Euclidean case, this coincides with the definition
given in [36]. (See also [51] for viscosity solutions of other prescribed curvature
equations).

Definition 2.3. A function v € LSC(Q) is a (viscosity) supersolution of (2.1) with
G = det or G = logdet if for all ¢ € C?(Q) such that v — ¢ has a minimum
point at x¢ and

o7 (x0) D?¢(x0) 0 (x0) + A(xo. D(x0)) > 0, (2.8)
we have

— G (0T (x0) D2p(x0) 0 (x0) + A(x0, D (x0)))
+ K (x0, v(x0), D$(x0), D¢ (x0)) = 0. (2.9)
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The restriction of the test functions is motivated by the consistency with classi-
cal supersolutions. In fact, if v is smooth and v — ¢ has a minimum at x¢, then

o' D%po + A(xg, D¢) < o D*>vo + A(xo, Dv)

at xo; if the left-hand side is not positive semidefinite, no inequality is ensured
between the determinant of the two sides and therefore (2.9) may fail. For instance,
suppose that m is even, o7 o(xg) > 0, A is growing at most linearly in p, K is
independent of the derivatives, and take ¢(x) = v(x) — a%, with @ > 0.
Then

det(cT D2¢p o + A(xo, D)) = c1(—a)™ + c2

at x¢ for suitable constants ¢; > 0 and c;, the inequality (2.9) is violated for o
large enough and so a classical supersolution v would not be a viscosity superso-
lution.

Remark 2.4. In the next sections, we will compare a supersolution of (2.1) in the
sense of Definition 2.3 with a function u subsolution of (2.1) as in Definition 2.2
satisfying also the matrix inequality

—(0T(x)D*uo(x) + A(x, Du)) <0 (2.10)

in the sense of Definition 2.1. This is equivalent to comparing sub- and supersolu-
tions in the standard sense of [24] of the equation

max{—)umin(aTDzu o + A(x, Du)),
— G(o" D*uo + A(x, Du)) + K(x,u, Du, D*u)} =0,

where Anin(Z) denotes the minimal eigenvalue of Z € S™. This is obvious for
subsolutions, whereas for a supersolution v of the last equation and a standard test
function ¢, either (2.9) holds, or

Amin(07 (x0) D¢ (x0) 0 (x0) + A(xo, D (x0))) <0

at xo € argmin(v — ¢), which is equivalent to Definition 2.3.
In the case G = log det, we will further restrict subsolutions to functions satis-
fying the matrix inequality

(0T (x)D%u o (x) + A(x, Du)) < —yI

in the sense of Definition 2.1. Then the first term in (2.7) is well defined because
the argument of G is a positive definite matrix.
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The generality of the term A4 in (2.1) includes equations of the form
—logdet(D?u + A(x)) + f(x,u) =0,

arising in problems of Riemannian geometry (see [3,19] and the references therein)
and their counterparts involving non-commutative vector fields. However, in this
paper we are mostly interested in subelliptic equations

—det D3u + F(x,u, Dxu,D3u) =0 inQ, (2.11)
where Dyxu = (Xju,..., X;pu) is the intrinsic (or horizontal) gradient with re-
spect to a given family of C 1! vector fields X1, ..., X,,, and

(DXw)i; = (Xi(Xju) + Xj(Xiu))/2

is the symmetrized intrinsic Hessian. If we take the n x m C! matrix-valued
function o, defined in 2 € R”", whose columns ¢/ are the coefficients of X,
j =1,...,m, we see that, for any smooth u,

Dxu =0T (x)Du, D%u=0o"(x)D*uo(x)+ Q(x, Du), (2.12)

where Q(x, p) is an m x m matrix whose elements are

1 . . . .
Qij(x,p) = E(DOJ (x)a' (x) + Do’ (x)o” (x)) - p. (2.13)
Therefore the PDE (2.11) can be written in the form (2.1) with
A=0Q, G=det, K(x,r,p,X)= F(x,r,UTp,OTXO + Q).

In this case, the functions satisfying the matrix inequality (2.10) are called X-
convex, consistently with the theory of convex functions in Carnot groups [37,42]
and in general Carnot—Carathéodory metric spaces [7].

Definition 2.5. u € USC(RQ) is convex in Q with respect to the fields X1, ..., X,
briefly X -convex (resp., uniformly X -convex), if it is a subsolution of

~D%u =0T (x)D*uc(x)— Q(x,Du) <0 inQ (2.14)
(resp., < —yI for some y > 0).

Remark 2.6. Note that for a uniformly X-convex subsolution of (2.11) the test
functions can be restricted to C? strictly X -convex functions (i.e., satisfying (2.8)),
as for supersolutions.
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2.2 The basic comparison principle

The first result is a comparison principle between a supersolution and a strict sub-
solution such that —o7 D2u o — A(x, Du) < —yI of the equation
—log det(oT(x)Dzu o(x) + A(x, Du)) + K(x,u, Du, D*u) =0 inQ.
(2.15)
Note that K is not strictly increasing with respect to the entry u.

Theorem 2.7. Assume that conditions (2.2) through (2.6) hold. Let u € USC(Q)
be a bounded subsolution, for some y,y1 > 0, of

—oT(x)D?*uo(x)— A(x, Du) < —yl in S, (2.16)
and
—logdet(o” (x) D%u o (x) + A(x, Du)) + K(x,u, Du, D*u) < —y; in Q.
(2.17)

Let v € LSC() be a bounded supersolution of (2.15). Then

sup(u — v) < max(u —v) ™. (2.18)
Q Q2

To prove the comparison principle we need the following two lemmata.

Lemma2.8.1fy > 0, forall Ae SN, A > yI,
logdet(A) = min{N loga — N +tr(AM) :
a>0,MeSY, 0<M<21l detM=aN} (219
Proof. Tt is well known that
(det A)YYN = min{t(AB): B e SN, B>0,detB = NV}, (2.20)

.. . . _ (et VN
and the minimum is attained at B,, = *—3—— A"~ ". On the other hand

(det A)V/N — ¢

log[(det A)/N] = min{loga +
a

ta > 0},

and the minimum is attained at a,, = (det A) /N We combine the two formulas
to get a minimum representation for log[(det A)l/ N1 and we can restrict the search
for the minimum to matrices of the form B = %M with M~ > yI. Then
tr(Ag M)

1 .
v logdet(A4) = mm{ loga — 1+ p

a>0,MeSN,()gMg%],aNdetM:l},

which gives (2.19). O
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Lemma 2.9. Consider the operator
F(x,p, X):= —logdet(UT(x)X o(x)+ A(x, p))

withx € Q, p € R", X € S", 6 and A satisfying (2.5), (2.6). Then for all y > 0
there is a constant C > 0 such that

F(y. ? v)-F(x, %X) < C(l—yl+ ¥ —€y|2) 2.21)

forall X,Y € S" satisfying (2.4) and

X —

ol (X)X o(x) + A(x, y) >y,

© (2.22)
el ) >yl

oT (MY 0 () + A(.
Proof. By Lemma (2.8) and (2.22) we can write F(x, p, X) as the maximum of
m—mloga —tr(o7 (x)X o (x)M) — tr(A(x, p)M)

asa, M varyovera >0, M € S", 0 <M < %I, det M = a=™. Then there is a
choice of a and M such that the left-hand side of (2.21) is bounded above by the
sum of
(o ()X o(x)M) —tr(cT (»)Y o (y)M), (2.23)

and X—y

tr(A(x, p)M) —tr(A(y, p)M), p= — (2.24)
By diagonalization we see that |[M| < ./m/y, where |-| denotes the Euclidean
norm. Moreover there is R € S™ such that M = RRT, |R| < +//m/y. We call
¥ (x) the n x n matrix whose first lines are Ro (x) and the last m — n lines are 0.
Then (2.23) can be rewritten as

(T )Z@)X) —u(ZT()Z()Y).

A standard calculation in the theory of viscosity solutions (see, e.g., [24, Example
3.6]) shows that this quantity is bounded above by 3L%|x — y|?/e for matrices
satisfying (2.4), where L is a Lipschitz constant of X(-). Therefore we can take
L = Ls+/m/y where Ly is a Lipschitz constant for o (-). As for (2.24),

|tr(A(x. p) — A(y. p))M| < |A(x. p) — A(y. p)||M|

Cim
= = =i+ ).
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In conclusion, we get
F(y, ﬂ, Y) _ F(x, x;y, X)
I3 £

Ci/m 3L(27m + Ci/m |x—y|2
» |x —y| + ) pamt

We can prove now the comparison theorem.

=

Proof of Theorem 2.7. For e > 0 the function ®,(x, y) = u(x)—v(y)—z%e lx—y|?
has a maximum point (x,, y¢). A standard argument gives

|xe — YS|2
£

, ase—>0T. (2.25)

—0

If there is a sequence g — 0 such that x;, — X € 0€2, then y;, — X, and by the
upper semicontinuity of u(x) — v(y), we get

max(u —v) < Pg(xg, ye) — rg?zx(u —v), ase— 0.
Q
The case of y;; — J € 92 for some &; — 0 is analogous. Therefore we are left

with the case (xg, y¢) € Q x Q for all small . We use the theorem on sums, as in
[23] and get X, Y € S” (depending on ¢) such that, for p, 1= |x; — y¢|/e,

W(xe), pe. X) € T u(xe),  (e), pe, Y) € T v(ye),

3 (1 o) (X 0 ) 3 ( I —1)
S < <2 _ (2.26)
e\0 I 0 —v) e\=1 1

Then (2.16) implies

and

G(xs, X) = 0 (xe) X 0(xe) + A(xe, pe) = ¥1.

We seek a similar inequality for G(ye, Y) := o7 (y5)Y 0 (y¢) + A(Ve. pe). To this
end we multiply on the left the second inequality in (2.26) by the m x 2n matrix
whose first 7 columns are o7 (x;) and the last  are o7 (y,), and then on the right
by the transpose of such matrix. Since the operation preserves the inequality, we
get

A

UT(xs)XU(xs) - UT(J’s)YO(J’s) = %(U(X-s) - U(J’s))T(U(xs) —0(ye)

IA

3
~Colxe = vel*1, (2.27)
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where C is a suitable constant related to the Lipschitz constant of o. Then, by
(2.27) and assumptions (2.6),

3
G(ye,Y) = G(xe, X) — gca|x6 - J’s|21 + A(ye, pe) — A(xe, pe)

1>%1
2

for & small enough, by (2.25). Now we use the facts that u satisfies (2.17) and that

v is a supersolution to get

3 |xe — yel?
> (V - gcalxs_)%:|2 — Cilxg — yel _Cl%)

{ —logdet(o7 (x0) X 0(xs) + A(xe, pe)) + K(xe, u(xe), pe, X) < —y1 <0,

—logdet(a (ye)Y 0(¥s) + A(Ve, Pe)) + K(ye, v(ve), pe, ¥) = 0.
(2.28)

If u(xe) < v(ye) for some €, we conclude that

max(u — v) < u(xe) — v(ye) < 0.
Q

Otherwise, by the monotonicity of K with respect to the second entry r, we get

—logdet(ocT (ye)Y 0 (ye) + A(Ve, pe)) + K(ye, u(xe), pe, Y) > 0.

Now we subtract this inequality from the first of (2.28), we use Lemma 2.9 and
the structure condition on K to obtain

Xg — Xg —
C|XS_YS|(1 + %) +a)(|xs_J’8|(l + %)) <y <0

which gives a contradiction as ¢ — 07, by (2.25). O

Remark 2.10. If K = K(x, p, X) is independent of r, the previous proof shows
that

sup(u — v) < max(u — v).

up(u ) < max(u —v)

Remark 2.11. Theorem 2.7 remains true if we relax the strict subsolution con-
dition (2.17) to the following: for any open €2; such that ;7 € € there exists
y1 > 0 such that

—logdet(o” (x)D%u o (x) + A(x, Du)) + K(x,u, Du, D*u) < —y; in @

holds. The proof is the same, because if no sequence x,, or y.; converges to a
boundary point then (xg, y¢) € Q1 x Q for some Q1 € Q and for all & small
enough.
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Theorem 2.12. The conclusion of Theorem 2.7 remains true if u is a subsolution
of (2.15) instead of a strict subsolution (2.17), provided that, for some C > 0,

Kx,r,p,X)— K(x,s,p,X)>C(r—s), —M <s<r<M,
M = max{[|uco. [V]l0c}. X € 2, p eR", X € S”.

Under this condition there is at most one viscosity solution u of (2.15) such that
—oT (x)D?u o (x)—A(x, Du) < —yI with prescribed continuous boundary data.

Proof. Ttis a standard variant of the preceding one. o

Remark 2.13. Note that, if we consider Monge—Ampere equations without log,
the structure condition (2.21) can be not true. Take for example

F(x,p, X) := —det(c” (x)X o(x) + A(x, p))

with A = 0 and
1 0
o=1]0 1 )
2y —2x

the matrix associated to the Heisenberg group. If X and Y satisfy the matrix
inequality (2.4), then (2.27) holds. If we take ¥ diagonal, it is easy to see that

det(M(ye,Y) + Al) =det M(ye,Y) + A2 + A tr M(ys., Y).

where M(y,.Y) := 07 (ys)Y 0(7¢). Then from (2.27), taking A = 3C, Ke=2el®,

&
det M(ye,Y) —det M(xe, X) > det M(ye,Y) —det(M(ye,Y) + Al)
> A2 —Atr M(y,,Y).

The term A tr M (y,, Y) does not necessarily tend to zero as ¢ — 0. Taking, for
example, v(y) Lipschitz continuous, since the function ®.(x, y) = u(x)—v(y)—
%lx — y/|?, introduced in the proof of Theorem 2.7, has a maximum point in
(xe, ye), we deduce g (xg, ye) = De(xe, xe), 1e. [v(xe) —v(ye)| > ﬁ|x8 — el

From the Lipschitz continuity of v with constant L, we obtain |x, — y¢| < 2¢L.
In this case, since tr M(y, Y) < % for C > 0, the best one can say is that

<4KL?

. 2
A M(ye,Y) < KM
&

for a suitable K > 0.
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2.3 Monge-Ampere equations with bounded right-hand side
In this section, we apply the basic comparison principle to equations of the form
—det D3.u + F(x,u, Dxu, D3u) =0 inQ, (2.29)

introduced in Section 2.1, where D xu and D%Cu are, respectively, the intrinsic
gradient and the symmetrized Hessian with respect to the vector fields Xi, ...
Xm eClL.

Lemma 2.14. Let 0 < Fix,u,p, X) < Cy, foranyx € Q, u € R, p € R™ and
X € 8™, Let w € USC(R2) be a uniformly X -convex bounded function satisfying
—detD%Cw + F(x,w, Dyw, Dgcw) <—-a<0 inQ.

Then there is o1 > 0 such that
—logdet(D3-w) + log F(x,w, Dxw, D4w) < —a1 <0 inQ.  (2.30)
Proof. By the properties of log, we have

log(F(x,w, Dxw, D%Cw) + a)

o
= log F(x,w, Dyw, D%w) + lo (l—|— )
g F( X xw) & F(x,w,wa,Dgcw)

> log F(x, w, Dyw, D}w) + 10g(1 n Ci)
1

which gives (2.30) with a1 = log(1 + Cil). O

Corollary 2.15. Suppose that 0 < F(x,u, p, X) < C1, K = log F satisfies (2.2)
and (2.3), and that the X1, . .., X are C1V in Q. Then the comparison principle
holds between a uniformly X -convex strict subsolution u and a supersolution v of
equation (2.29).

Proof. We apply Theorem 2.7 with K = log F and A = Q given by (2.13), noting
that the strict subsolution of (2.29) is a strict subsolution of (2.15) by Lemma
2.14. O

From Theorem 2.12 we immediately get:

Corollary 2.16. The comparison principle is true if o is a C' n x m matrix
valued function, F > 0, K = log F satisfies (2.2) and (2.3), and u is a uniformly
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X -convex subsolution of (2.29), not necessarily strict, provided that, for some
C >0,

F(x,r,p,X)—F(x,s,p,X) > C(r —s),

—M <s<r=<M, M :=max{|u]co,[|V]oo}

forallx e Q, p e R™ X € S™.

Note that here the upper bound for F is not required.

2.4 Equations with unbounded gradient terms

In this section, we prove a comparison result for the equation
—logdet(D%u) + Ki(x,u, Dyu) = 0 (2.31)

with Hamiltonian K; unbounded but independent of the second derivatives. In
this case, we can exploit the boundedness of Dy u for any X-convex function u
to decrease the assumptions on the Hamiltonian K (x,r, p) = Ki(x,r, o7 (x)p).
The gradient estimate in viscosity sense of the next proposition was proved very
recently by the first author and Dragoni for general vector fields [7]. In the special
case of Carnot groups, various authors showed, under different assumptions, the
Lipschitz continuity of X-convex functions with respect to the intrinsic metric
of the group and bounds on their horizontal gradient in the sense of distributions
[26,37,42,43,49]. From those results one can obtain a short proof of the gradient
bound in viscosity sense, which we give for the convenience of readers mostly
interested in the Carnot group setting (see Section 3.1 for the definitions).

Proposition 2.17 ([7]). Let the vector fields X1, ..., Xm be of class C2 and u be
X -convex and bounded in Q. Then, for every open Q1 with Q1 C 2, there exists
a constant C such that

loT(x)Du| <C in

in viscosity sense.

Proof in the case of Carnot groups. It is known that X -convexity implies local
Lipschitz continuity with respect to the Carnot—Carathéodory distance by a re-
sult of Magnani [43] and Rickly [49], see also [37]. In particular, u is continuous
in . We mollify u by convolution with kernels adapted to the group structure, as
in [16,26]. The approximating u, converge to u uniformly on compact subsets of
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2, and they are smooth and X -convex. Moreover, from the proof of [26, Theorem
9.1] we get, for R small enough,

m 1/2
sup (Z(Xjug)z) < sup  |ul,

2
Bc(x0,R) "= R B (x0,3R)

where the balls B¢ are taken with respect to the gauge pseudo-distance and X u
denotes the derivative of u along the trajectory of the vector field X;. Since u,
is C*°, we have X;u.(x) = o/ (x)Dug(x). Therefore there is a constant C
depending only on supg |u| and the pseudo-distance of €21 from 92 such that

loT (x)Dug| < C in Q.

By letting ¢ — 0, we obtain that u is a viscosity subsolution of the same inequality.
o

Theorem 2.18. Assume K; : Q x R x R™ — R is continuous and nondecreasing
with respect to r, and X1, ..., Xm are of class C?. Suppose u € USC(Q) is
bounded, uniformly X-convex and a subsolution of (2.31), whereas v € LSC(Q)
is a bounded supersolution of (2.31). Finally, assume that either Ky is strictly
increasing in r, Ki(x,r,q) — K1(x,s,q) = C(r —s) for some C > 0 and all
rs € [-M,M], M = max{||u|lco, |V|lco}, OF U is a strict subsolution of (2.31)

>

in each Q1 with Q1 € Q. Then

+
sup(¥ —v) < max(u —v) .
up(u ) < max(u —v)

Proof. We only show how we can avoid the structure condition (2.3) on the
Hamiltonian in the proof of Theorem 2.7. Since p; = (x, — y¢)/€ is in the
superdifferential of u at x, € €21, Proposition 2.17 gives

|0T(x6)ps | <C.
Moreover

T T |xe — yel?
|0 (xg)ps —0 (J/s)Ps} SLUT_)() ase — 0,

where L is a Lipschitz constant of o, and therefore, for & small,

|UT(J’8)ps| <C+1.
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Let w1 be the modulus of continuity of K1 on Q x [-M, M]x B(0,C + 1). Then

|K(xs, u(xe), pe) — K(ye, u(xe), Ps)|
= |K1 (xs, ”(xe)7UT(xs)pe) - K (ys’ ”(xe)7UT(YS)ps)|

|xe _)’S|2
€

§w1(|x€—y8|+L0 )—>0 as e — 0.

The rest of the proof is the same as that of Theorem 2.7, taking into account
Remark 2.11 and Theorem 2.12. O

A different proof of this theorem under the strict monotonicity assumption on
K is given in our paper [9].

3 The comparison principle for vector fields of Carnot type

3.1 Carnot groups

We begin with recalling some well-known definitions. We adopt the terminology
and notations of the recent book [16]. Consider a group operation o on R” =
R™ x --- x R™ with identity 0, such that

(x,y) >y lox issmooth,

and the dilation §, : R" — R",
§,00) =8, (xV, . xO) = x W 22x® k@), xO e R,

If 8, is an automorphism of the group (R”, o) forall A > 0, (R”, o, ;) is a homo-
geneous Lie group on R”. We say that m = n; smooth vector fields X1, ..., X,
on R” generate (R”, 0,6, ), and that this is a (homogeneous) Carnot group, if

* X1,..., Xy are invariant with respect to the left translations on R”, 7, (x) :=
oo x forallw € R”,

e Xi(0)=90/0x;,i =1,...,m,

e the rank of the Lie algebra generated by Xi,..., X,; is n at every point
x € R".

We refer, e.g., to [12, 16] for the connections of this definition with the classical
one in the context of abstract Lie groups and for the properties of the generators.
We will use only the following property, and refer to [16, p. 59, Remark 1.4.6] for
more precise information.
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Proposition 3.1. If X1, ..., X,, are generators of a Carnot group, then

9 " 9
Xi(x) = — E () —
/) dx; " i=m+1 o (X)axi

with 0 (x) = 0jj(x1,...,Xj—1) homogeneous polynomials of a degree < n —m.

The previous proposition implies that o(x) = (I(Ix)) where [ is the m x m
identity matrix and 7(x) is an (n — m) X m matrix.

If X1,..., Xy are the generators of a Carnot group ¢, the definition (2.5) of
X -convexity coincides with the definition of convexity in ¥ in viscosity sense
(v-convexity) of Lu, Manfredi and Stroffolini [42]. A more geometric notion
of convexity in , called horizontal convexity (or weak H-convexity), was intro-
duced and studied in the same seminal paper [42] and, independently, by Danielli,
Garofalo and Nhieu [26]. The equivalence of the two notions was studied by sev-
eral authors, first in the Heisenberg groups [5, 42], and then in general Carnot
groups [37,43,54].

3.2 Construction of strict subsolutions

In this section, we construct a uniformly X -convex strict subsolution of the sub-
elliptic Monge—Ampere equation

—det D3u + H(x,u, Dyu) =0 in Q, (3.1)

from an X -convex subsolution u (here the X derivatives are defined by (2.12) and
(2.13)). We therefore get a comparison principle for usual viscosity subsolutions,
without the strictness assumption.

The first assumption is on the vector fields and it is motivated by the properties
of generators of Carnot groups recalled in the preceding section:

o(x) is an n X m matrix such that o (x) = (r(lx))
where [ is the m x m identity matrix and (3.2)

7(x)isa C! (n — m) x m matrix.

When the matrix o satisfies (3.2), we will say that the vector fields are of Carnot
type, following the terminology of [45]. However, different from [45], we do not
assume the Hormander condition on the rank of the Lie algebra generated by the
fields.
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The second assumption is on H. In the Euclidean case, it coincides with the
one made by Ishii and Lions for their comparison principle in that context [36].

H:Q xR xR™ — [0, +00) is continuous and

nondecreasing in r; for any R > 0O there exists L g such that
[HY™(x.riq +q1) = H'™ (x.r.q)] < Ll
forall x € Q,|r| < R,|q| < R,|q1| < 1.

Theorem 3.2. Assume (3.2) and (3.3) and let u be an X -convex subsolution of
equation (3.1). Then for any open set Q1 with Q1 C Q there exist a,g9 > 0
and a sequence ug € USC(Q) of uniformly X -convex functions such that ug < u,
Uy — u uniformly in Q as ¢ — 0, and, for all ¢ < &,

_dethCus'i_H(X,uaaDX“a)f—Ol in Q. (3.4)
Proof. We consider
Ue(x) := u(x) + e(e? Sl lxil? _ 2).

and we want to show that it is a strict subsolution for A and p sufficiently large,
independent of ¢ > 0. First we choose

A := maxe? Lim1lxil?
xeQ
for all x € €2, and this implies u.(x) < u(x). We set

B mo 2
V= spes imilkil’ g0 = min exp(—3 D i=1 %)
: : = e m 12

and compute

Du, = Du +v(x1,...,Xm,0,...,0),
D2u8=D2u

I, O
—l—v(((')" 0)—I—pL(xl,...,xm,O,...,O)®(x1,...,xm,0,...,0)),

where (¢ ® q)ij = qiq;. Note that [v(x1,...,x,)| < 1fore < gg. Then

OTDMS =o' Du+ V(X1,.. .y Xm)
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and
ol (x)D*uz0(x) + O(x, Dug) = o7 (x)D*uo(x) + O(x, Du)
F vl + (X1, Xm) Q (X1,.. ., Xm)) +vO(x, (x1,...,Xm,0,...,0)).

From the structure of the coefficients of the matrices Q and o, (2.13) and (3.2),

we have that
i O i s 0
Do' = |, Do'o’ = ],
D! Dt ¢/

7l being the i-th column of the matrix t. Then Q;; (x, (x1,...,X%,0,...,0)) =0
forany i, j = 1,...,m. Hence, since u is X -convex,

—o T (x)D?us 0(x) — O(x, Dug) + vl <0,

i.e., U is uniformly X -convex.
Now we want to find a sufficiently large p such that u, satisfies (3.4). Let us
consider the auxiliary equation

G(x,u, Du, D*u) := —detl/m(UTDzuo + Q(x, Du)) + HY"(x,u,0T Du)
—0. (3.5)
To prove that u, is a strict subsolution of (3.5) for large 1, we compute
G(x,ug, Dug, D*uy) = —det'/™ (6" D*uo + Q(x, Du)
FVUm 4 (X1 Xm) ® (X1 Xm)))
—I—Hl/m(x,us,aTDu + V(X100 Xm))- (3.6)
From Minkowski’s inequality [35] we deduce
det'/™(4 + B) > det'/™(A4) + det'/™(B), (3.7)
for all matrices of order m, A > 0, B > 0, and
G(x,ug, Dug, D*ug) < —det'/™ (oTDzu o + Q(x, Du))
—vdet"™ (L 4 (X1 .o Xm) @ (X1.- . Xm))

+ HY™(x,ug, 0T Du 4 v(x1, ..., Xm)).

By Proposition 2.17, |07 (x)Du| < C in 1, so we use the Lipschitz continuity
of HY/™ with L = L and its monotonicity in u (see (3.3)), with the fact that u
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is a subsolution of (3.1), to obtain
G(x,ug, Dug, Dzus) < v(L|(x1, ey Xm)]
—det!™ (L 4+ p(x1, .., Xm) ® (X1, .., Xm))).
We want to find a suitably large p independent of ¢ such that
L™ (x1, oo xm)|™ < det(Ip + (X1, Xm) ® (X1,. .., Xm)) (3.8)
for any x € €21. We use the following equality [46]:
det(/ +q®q) =1+ |q|% (3.9

where g is an m x 1 column vector. Then (3.8) becomes

1+l (xr, .. xm) > = L™(x1, ... xm)|™ > 0. (3.10)
If|[(x1,....xm)| < %,then (3.10) is true for any . > 0. If | (x1, ..., Xm)| > %
we take
p > max(L™(xq, ..., xp)|" — 1)L2,
X

and (3.10) holds also in this case. With this choice of u, for some o > 0 we have
G(x,ug, Dug, D*>ug) < —a for any x € Q1. Then (3.4) holds and the proof is
complete. o

Remark 3.3. We can obtain the same result also in the case

o(x) = (ch )),

where K is a nonsingular constant m x m matrix. In this case, we use a general-
ization of (3.9):

det(KT (I + pvv")K) = det( KT K)(1 + plv]?), if |[KTv[#0. (3.11)

Remark 3.4. Another case where it is possible to construct a uniformly X -convex
strict subsolution is when

UT(x)o(x) + Q(x,x) > nl forall x € Q, for some 1 > 0. (3.12)

This condition is equivalent to saying that |x|? is uniformly X-convex in Q. In
this case, we consider, for a given viscosity subsolution u,

ue(x) 1= u(x) + s(e’”"lz/2 - 1)
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and we show that it is a strict subsolution for A > © > 1, independent of ¢ > 0,
following the procedure used in the proof of Theorem 3.2. To do this we apply the
inequality [40]

det(A + nug ® q) > nN(l + Nilqlz), (3.13)
n

where 4 € SN suchthatAZnI,n>0,uZO,qGRN.

3.3 The comparison principle with non-strict subsolutions

We are now ready to prove the main comparison principle for the equation
—det(D3u) + H(x,u,Dxu) =0 in Q. (3.14)

Theorem 3.5. Assume H satisfies (3.3) and the vector fields X1, ..., Xy € C?
are of Carnot type or satisfy (3.12). Let u € USC(S2) be a bounded X -convex
subsolution of (3.14) and v € LSC(2) be a bounded supersolution of (3.14).
Then
+
sup(u —v) < max(u —v)".
gp( ) = max(u —v)

Proof. We fix n > 0 and set s := maxyq(u — v) ™. By the upper semicontinuity
of u — v there is § > 0 such that

(u —v)(x) <s+n forall x such that dist(x, dR2) < §.

Now we set
Qs 1= {x € Q : dist(x, 9) > §}

and we must prove that supg (u —v) < s+ n. To this goal we consider the
uniformly X -convex strict subsolutions u, constructed in Theorem 3.2. We claim
that each u, is also a strict subsolution of

—log det(D%Cug) + log(H(x,ue, Doue) + %) <0 in Qg,

where o > 0 is the constant provided by Theorem 3.2. Since v is a supersolution of
the same equation, we can then use Theorem 2.18 in Q5 with K; = log(H +«/2)
to get

sup(ug —v) < max(ue —v)*t <s+1n foralle < g,

Qs 0%
where the last inequality follows from u, < u. Since uy — u, we let ¢ — 0 and
obtain that u — v < s + 7 in all 2, which gives the conclusion by the arbitrariness
of n.
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To prove the claim we recall that for each ¢ there is C such that |Dyug| < C
in g, by Proposition 2.17. Then

H(x,ug, Dxug) < max H(x,supu, p) =: Cy.
x€Q,|p|<C

From this we get the conclusion as in Lemma 2.14, because
log(H (x,ue, Dxue) + @)

e (H(xu Du)+g>+10(1+ a )
= log e, DocUe) T & 2H(x,ue, Dxgue) +

o o
> log(H(x,us, D 2) +log(1 45— ).
> log| H(x,ue, Dxue) + ) + log +2C1 Ty u
Remark 3.6. If H is independent of u, then the conclusion of Theorem 3.5 can be
strengthened to supg (¥ — v) < maxyq (1 — v) by Remark 2.10.

Example 3.7. The assumptions of Theorem 3.5 cover equations of the form
—det(Du) + k(x,u)(1 + |[Dxul>)* =0 inQ,

for any o > 0, k € C(2 x R), k > 0 and nondecreasing in the second entry.
If the vector fields are the canonical basis of the Euclidean space R” and o =
(n + 2)/2 this is the classical equation satisfied by a function ¥ whose graph has
Gauss curvature k. In Carnot groups and for « = (m + 2)/2, k = k(x), it
is the equation of prescribed horizontal Gauss curvature as defined by Danielli,
Garofalo and Nhieu [26]. As a corollary of Theorem 3.5 we obtain the uniqueness
of a viscosity solution u € C(2) of this PDE with prescribed boundary data.

Example 3.8. In problems of optimal transportation (see [17,53] for the Euclidean
case and [2,29]), H has the form H(x,q) = f(x)/h(q) with f,h > 0 and
Jo f(x)dx = [gmh(q)dq < +oo. The assumption (3.3) of Theorem 3.5 is
satisfied if £ € C(Q), h € C(R™), h > 0, and h~1/™ is locally Lipschitz. This is
true, for instance, if #(q) = 1/(c + |g|)* witha > m and ¢ > 0.

In [48], Rauch and Taylor proved the following comparison principle for the
classical Monge—Ampere equation:
If Q is strictly convex, u € C(Q) is convex, v € W?"(Q), and
det D?u > det D?v in Q, then maxq (u — v) < maxyg(u — v).
The last result of this section, which is a special case of Theorem 3.5 with
Remark 3.6, gives a version of such statement in the context of viscosity solutions
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and non-commutative vector fields. It extends also a proposition of Gutierrez and
Montanari [33] for u,v € CZ(Q), n =3, m = 2, and X1, X» generators of the
Heisenberg group.

Corollary 3.9. Assume the vector fields X1, ..., X, € C? are of Carnot type or
satisfy (3.12), u € USC(Q) bounded and X -convex, v € LSC(Q) bounded, and

—det(D3u) + f(x) <0, —det(D3v)+ f(x) >0 inQ

in viscosity sense for some f € C(Q), f > 0. Then supg(u—v) < maxyg (u—0v).

4 Solvability of the Dirichlet problem

In this section, we apply the results of Section 3 to solve the Dirichlet problem for
the PDE (3.14):

{—detl)gqurH(x,u,Dxu) =0 inQ, @.1)

u=g on 0%2,

with g € C(0R2).

4.1 Some explicit solutions in the Heisenberg group

In R3 with coordinates x = (x1, X2, t) the generators of the Heisenberg group are
the vector fields

0 i) 0 0
Xi=—4+2x3—, Xo=— —2x1—. 4.2
T TR I P 42)
The norm
|x|m = w(x)1/4, w(xy, x2,t) 1= (x% + x%)2 + 12 4.3)

is positively 1-homogeneous with respect to the dilations
83(x1,x2,1) = (Ax1,Ax2,A%1).
The Koranyi ball of radius R > 0 centered at the origin is

Bu(R) := {x = (x1.x2.1) e R? : |x|g < R}.
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Proposition 4.1. Let 2 = By (R) and X1, X5 be the generators of the Heisenberg
group (4.2). Then w(x) = |x|%I is the unique X -convex viscosity solution of the
Dirichlet problems

—det D3.u + 144(x7 +x3)> =0 in Q, 4.4)
u—= R4 on 092,
and
—det D3u + ku(x)(1 4+ [Dxul*)? =0 inQ, (4.5)
u = R* on 082,
where 2 2
12(x? + x2) 2
kg (x) 1= ( 1 2 ) ‘ (4.6)

1+ 16(x7 + x3)|x|f

In particular, w is the unique X -convex function on By (R) with horizontal Gauss
curvature kg and boundary value R*.

Proof. The uniqueness follows from Theorem 3.5. A straightforward calculation
gives

D w(x) = 12(x] + x3)1, 4.7
so w is X -convex and a classical solution of (4.4). Moreover
Dyw = 4(x2 + x2) (xl) Y ( 2 ) : (4.8)
X2 —X1
SO
|Dxw|? = 16(x7 + x3)((x + x3)* + 12) (4.9)
and w 1is a classical solution of (4.5). O

The next result is the analogue in the Heisenberg group of the fact that the
Euclidean norm |x| in R” is the unique convex function solving det D?u = 0 in
the punctured Euclidean ball B(R) \ {0} and taking the values R on dB(R) and 0
at 0.

Proposition 4.2. Let X1, X, be the generators of the Heisenberg group (4.2).
Then the homogeneous norm |-|g is the unique X -convex viscosity solution of
the Dirichlet problem

—det D3.u =0 in Bg(R) \ {0},

u=R on By (R), (4.10)
u(0) = 0.
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Proof. The uniqueness follows from Theorem 3.5. Next we compute, for x # 0,

1 3
D lxlu = ——[Djw - = Dyw & Dyw]. 4.11
X |xIm N xW — -Dx x 4.11)
If (x1,x2) = 0, then D§C|x|H = 0. If (x1,x2) # 0, to show that the matrix
in brackets [---] is positive semidefinite, we take a unit vector ¢ and set ¥ :=
x12 + x%. First observe that
(T DYwe = 12918 = 12y
by (4.7). Next we compute, using (4.9),
3 T 3 2
— 0 (Dxw ® Dxw)l = —[0- Dxw|
4w 4w
3 5 3
< —|Dxw|” = —16yw = 12¢.
4w 4w
Then D§C|x|H > 0in R3 \ {0} in the classical sense and ||y is X -convex.
To prove that det D§C|x|H = 0, it is enough to show, by (4.11), that
2 3
[DXW_RD’“”@D’CW]D’“” —0, (4.12)

because Dacw # 0 for (x1, x2) # 0. By (4.7) and (4.8) the first term is

D2 wDyw = 48> (x‘) + 48t ( 2 ) .

X2 —X1

For the second term we use (Dxw ® Dyxw)Dxw = |Dxw|?>Dyxw, (4.8), and
finally (4.9) to compute

3 3
" (Dxw ® Dxw)Dyw = —16ywDxw = 48y [ 1) + 480y | 72 ),
4w 4w X2 —X1

which gives (4.12). O

Remark 4.3. The calculations of this section hold as well in R?/*1 with the gen-
erators of the j-th Heisenberg group and the corresponding homogeneous norm.
The fact that such norm solves det Dgcu = 0 off the origin was proved in [26] for
general stratified groups of Heisenberg type.
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4.2 Perron method

Here we describe the construction of solutions in the general case. We denote by
& and Z, respectively, the sets of sub- and supersolutions of (4.1):

8= {w € USC(R) : w bounded X-convex subsolution of (3.14),
w < gon BQ},

Z := {W € LSC(Q) : W bounded supersolution of (3.14), W > g on 0R}.
The Perron method proposes

u(x) = sup w(x), xeQ, if8#09
wes
as a candidate solution of (4.1). Note that, if W € Z and the comparison principle
holds, then u(x) < W(x) < 4oo0 for all x. Under no further assumptions u is a
generalized, possibly discontinuous solution of the Dirichlet problem (4.1) in the
following sense.

Theorem 4.4. If § # @, Z # 0, and the comparison principle holds for (4.1),
then the u.s.c. envelope u* is a X -convex subsolution and the l.s.c. envelope u, is
a supersolution of (3.14).

Proof. By a standard argument, if a function v is the sup of a set of subsolutions,
then its u.s.c. envelope v*(x) := inf{V(x) : V € USC(R),v < V} is a subsolu-
tion, see [6,24]. In particular, u*(x) is X-convex. The proof that u, is a super-
solution of (3.14) is achieved by contradiction: one assumes that u, fails to be a
supersolution at some point y € €2 and constructs a subsolution that is larger than
u near y, therefore contradicting the maximality of u. For the Monge—Ampere
equations we must show that the we can construct an X -convex subsolution larger
than u.

If u, fails to be a supersolution at some point, say y = 0, by Definition 2.3
there is a C? test function ¢ such that ¢(0) = u,(0), ¢(x) < u,(x) for |x| small,

—det(D%¢(0)) + H(0.u,(0), Dx¢(0)) <0,

and

D3%.¢(0) > 0. (4.13)
The usual “bump” construction [6,24] considers v(x) := ¢(x) + & — y|x|? and
max{u(x). v()} if x| <.

Ulx) = {

u(x) otherwise.
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Then one checks that for small ¢, y, r, the function U* is a subsolution of the
PDE (3.14) and sup(U* — u) > 0. Thanks to (4.13), by further restricting y, r if
necessary, we also have that —D%CU * < 0in viscosity sense, so U* is X -convex
and we achieve the contradiction by the usual argument [6,24]. o

To give examples of equations that satisfy the last theorem, as well as the next
results on the existence of continuous solutions, we will use the assumption that
for some L, M, R > 0,

HY™(x,R,p)<L|p|+M forallx € Q, peR". (4.14)

Since H is nondecreasing in the second entry, the same inequality holds for
HY™(x,r, p)andall r < R. In the next results, we will take R = mingg g or
maxygq g, and L, M will depend on it. This is a slightly weaker version of the
growth condition used by Lions [41] in the Euclidean case, see Examples 4.16 and
4.19 below.

Example 4.5. Assume H satisfies (3.3), (4.14) with R = minyg g, and the vector
fields X1,..., X;n € C? are of Carnot type. Then u(x) is a generalized solution
of problem (4.1) in the sense described by Theorem 4.4. In fact, by Theorem 3.5
we know that the comparison principle for (4.1) holds. Therefore, it is enough to
prove that both sets § and Z are nonempty. First of all we note that W = maxyq g
is an element of Z. As far as the set § is concerned, we consider

MmN~ m 12 K om 12 .
w(x) = e2 Li=1lil” _ max 2 Xi=1lil + min g,
x€Q Q2

so that w < mingg g. As in the proof of Theorem 3.2, we have that D%Cw > ul.
Moreover, for
p = /«Le%zg’;‘lx"lz,

by (3.9) we get
—det"/™(D3w) + HY™(x,w, Dxw)
= —vdet!™(Iy + p(x1, ..., Xm) ® (X1+ ... Xm))
+ HY™(x, w,v(x1, ..., Xm))
< (=1 = plGis )P+ LG xm)]) + M

which becomes negative for p large enough.
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Example 4.6. Assume H satisfies (3.3), (4.14) with R = minggq g, and the vector
fields are of class C? and such that |x|? is X-convex in 2, that is, the inequal-
ity (3.12) holds. Then u(x) is a generalized solution of problem (4.1) as in the
preceding example. The proof is the same except that now we use

Ix|2 x]2

w(x) =e* 2 —maxe* 2" + ming.
xeQ o

As in the classical potential theory, the continuity at the boundary of the Perron
solution requires the existence of barriers.

Definition 4.7. We say that w is a lower (respectively, upper) barrier for problem
(4.1) ata point x € dQ2 if w € & (respectively, w € Z) and

lim w(y) = g(x).
y—>x

Corollary 4.8. Suppose that the comparison principle holds for (4.1) and that for
all x € 3Q there exist a lower and an upper barrier. Then u € C(R) is the
solution of (4.1), that is, the unique X -convex viscosity solution of (3.14) attaining
continuously the boundary data g.

Proof. The existence of a lower and an upper barrier at x € d2 implies the con-
tinuity of u at x and u(x) = u*(x) = u,(x) = g(x). Then the comparison
principle gives u™ = u, in € and therefore u is a continuous viscosity solution of
(3.14). o

Remark 4.9 (Interior regularity of the solution). Since the solution u of the Dirich-
let problem is X-convex, it is locally Lipschitz continuous with respect to the
Carnot—Carathéodory distance d associated to the vector fields X (see, e.g., [7,12]
for the definition). If, in addition, the identity map (R”, d) — (R",|-|) is a home-
omorphism (e.g., the vector fields X are smooth and satisfy the Hormander con-
dition), then the distributional derivatives X;u exist a.e. and are locally bounded.
All this is known in Carnot groups by [5,26,42,43,49] and was proved in [7] for
general vector fields.

In Carnot groups of step 2, horizontally convex functions are also twice differ-
entiable a.e. [27,34,43]. Therefore in this case the Perron solution u solves the
PDE (3.14) also pointwise almost everywhere.
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4.3 Construction of barriers

To find explicit examples where the Perron method works and the Dirichlet prob-
lem is solvable, we make some assumptions on the bounded open set 2. We say
it is smooth if

(4.15)

there exists ® € C? such that
Q= {x eR": ®(x) > 0}, DP(x) # 0 for all x € 9.

The main additional assumption is that the domain be uniformly convex with re-
spect to the vector fields X;. It is the natural extension for subelliptic Monge—
Ampere equations of the standard uniform convexity in the Euclidean case [19,31,
40,41,52].

Definition 4.10. A domain 2 smooth in the sense of (4.15) is called convex with
respect to the fields X7, ..., X, (briefly X-convex) if D§C<1>(x) < 0, and uni-
formly X -convex if

D%CCD(x) < —yl forsome y > 0, for any x € Q2. (4.16)

Example 4.11. Any Euclidean ball centered in x¢ is uniformly X -convex if and
only if |x — xg|? is X-convex in R”. It is well known that this is true in all Carnot
groups of step 2, in particular the Heisenberg groups. For xo = 0 the X -convexity
of |x|? is equivalent to the inequality (3.12) in R” that we already used in the
comparison principles.

The Koranyi ball By (R) in R3 is X -convex but not uniformly X -convex with
respect to the generators of the Heisenberg group (4.2).

The next result is an analogue in the context of Carnot-type vector fields of
a classical result of Caffarelli, Nirenberg and Spruck [19] and Lions [41] in the
Euclidean case, saying that the solvability of the Dirichlet problem is equivalent
to the existence of a convex subsolution attaining continuously the boundary data
(see also [51] for other curvature equations).

Corollary 4.12. Assume H satisfies (3.3) and the vector fields X1, ..., Xy, € C?
are either of Carnot type or they satisfy (3.12). Suppose also that either (i) g = 0,
or (ii) Q and g € C?(Q) are X-convex, or (iii) Q is uniformly X-convex and
g € C%(Q). Iffor all x € 0Q there exists a lower barrier, then u € C(Q) is the
unique solution of (4.1).

Proof. We are going to apply Corollary 4.8. The comparison principle comes from
Theorem 3.5. An upper barrier at all points of the boundary is W = 0 in case (i).
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In the other cases, we take W(x) := A®(x) — g(x), A > 0. Then in case (ii)
D%CW(X) < 0 for any A and in case (iii) D%C W(x) < —Ayl — Dgcg(x) < 0 for
A large enough. Therefore any test function ¢ such that W — ¢ attains a minimum
at x has D%C(p(x) < 0. Then W is a supersolution of (3.14) by Definition 2.3. O

Remark 4.13. In the papers [19] and [41], the vector fields are the canonical basis
of R” and the authors assume the existence of a convex function w attaining con-
tinuously the boundary data at all points and such that either w is a subsolution of
class C? or w solves the PDE in the sense of Alexandrov. On the other hand the
existence of a C ®° solution to the Dirichlet problem is proved.

Next we give some explicit conditions on the data ensuring the existence of a
lower barrier and therefore the solvability of the Dirichlet problem.

Proposition 4.14. Suppose that Q is uniformly X-convex and g € C*(Q). Assume
H satisfies (4.14) with R = maxyq g and it is nondecreasing with respect to the
second entry r. Then there exists w € 8 N C(2) such that w = g on 022.

Proof. We consider
w(x) = Ae ™ _1) + g(x), p.A>0, 4.17)

where @ is defined in (4.15). Clearly w(x) = g(x) for any x € dQ2 and w(x) <
g(x) for any x € Q. Moreover

Dw(x) = —pure *®Dd + Dg,
D?*w(x) = ur e *®(=D%® + uD® ® D) + D?g.
D3w = pre *®(-=D3® + po’ DO @ 6T D®) + D% g.

From the regularity of the function g (there is ¢ such that —c¢/ < Dgc g) and the

uniform X -convexity of €2 with constant y we have
D3w > (A ey o) 4+ pPre " T DO ®oT DO,

First we choose A such that uA e #®®)y — ¢ > %/L)L e hPMy e,

2
A > 25 max eH®. (4.18)

ny <
With this A, D%Cw > 0 and w is X -convex. Moreover, from inequality (3.13),

det(DLw) > (A e M) det(gl +uoTDo® oTch)

> (A e—m)m(g)m@ + %|0TD®|2). (4.19)
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From the monotonicity of H, the growth assumption (4.14) with R = maxyq g,
and the boundedness of Dg we get, for some K > 0,

H(x,w,Dxw) < H(x,R,Dyxw) < (M + L|IDxw + Dyxg|)™

< K + K(uh e #2@ym 5T pp|m. (4.20)

To prove that w is a subsolution we have to show that the right-hand side of (4.19)
is larger than the right-hand side of (4.20) for u and A large enough. This is
equivalent to

2 MK 2\m
1+ PoTpopp> =24 (-) KloT D™,
my (yud e—u®ym = Ly

First we choose p so large that
2 2\m
PisTpo? > (—) KloT Do|™
my 14

and then we choose A such that 27 K /(yul e "#®)" < 1, i.e.,

2K1/m
>

max e ®.
ry Q

A
From (4.18) we can conclude the proof by choosing
2
A > —max(c,Kl/m)mgxe“q’. O
ny Q

Theorem 4.15. Suppose that 2 is uniformly X -convex, g € C(92), and the vector
fields X1, ..., Xm € C? are either of Carnot type or they satisfy (3.12). Assume
H satisfies (3.3) and (4.14) with R = maxyg g. Then u € C(Q) is the unique
solution of (4.1).

Proof. We take a sequence g, € C2(Q) that converges uniformly to g. By Corol-
lary 4.12 and Proposition 4.14 there is a solution u, € C(2) of the Dirichlet
problem with boundary condition g,. By the estimate of Theorem 3.5

supluy — um,| < max|g, — gm| foralln,m.
Q 0

Since gn is a Cauchy sequence, also u, is such and therefore it converges uni-
formly to u € C(£2). By the stability of viscosity solutions, u solves (4.1) and by
the comparison principle Theorem 3.5 it coincides with u. o
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Next we list several equations to which the last theorem on the well-posedness
of the Dirichlet problem applies.

Example 4.16. Assume that the Hamiltonian H in (4.1) satisfies (3.3) and, for
some R € R,

: H(x, R, p)
limsuyp —————

T < 400 uniformly in x € Q.
|pl>+00 1P

Then the growth assumption (4.14) holds for some L, M and Theorem 4.15 ap-
plies for all data g € C(d2) such that maxyn g < R. In the Euclidean case
(m = n and the vector fields are the canonical basis of R”), we therefore recover
one of the main results of Lions’ paper [41].

Example 4.17. The previous example includes the basic subelliptic Monge—
Ampere equation [26,33,44]

—det(Dju) + f(x) =0, feC®), f=>0,

as well as the case H(x,r, p) = (1+ A|p|2)’"/2, with A > 0, that in the Euclidean
case was studied in [40].

Example 4.18. Equations of the form
—det(D%Cu) + f(x,u) =0, f e C(Q xR)nondecreasinginu, f >0,

satisfy the assumptions of Theorem 4.15. The dependence of f on u appears in
various problems of differential geometry, see [3,21] and the references therein.
An example that appears in several papers [3,22,28] is

Flxu) = ¢(x)e*?™" X peC(@Q), A.¢>0.

Example 4.19. Another special case of Example 4.16 is

3

—det(D3u) + k(x,u)(1 + |Dxul>)* =0, k>0,0<a< X
with k € C(2 x R) nondecreasing in u, whose structure is reminiscent of the
equation of prescribed Gauss curvature (where, however, o« = % + 1). We recall
that the exponent % is optimal without additional compatibility conditions on k.
In the Euclidean case, it is well known that a necessary condition for the existence
of a classical subsolution attaining the boundary data is

/ k(x) dx < / (1+ [p2) 2 dp.
Q R7

and the right-hand side is finite if and only if & > n/2.
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Example 4.20. A simple example of nonexistence of the viscosity solution to the
Dirichlet problem when the growth assumption (4.14) fails is the ODE

—u”" + H(x,u,u’) =0 in]—1,1] withH(x,u,p)E%(l—!—pz)

and boundary conditions u(—1) = u(1) = 0. Indeed there are no viscosity sub-
solutions, i.e., 8 = @. To prove this we solve —u” 4+ k(1 + (1’)?) = 0 with k < 7
and find ug (x) = £ log Cf)‘;skk - If w € &, the comparison principle gives w < uy,

but uy (x) — —ocask — 5 —, forall [x| < 1.

Remark 4.21. In the theory of linear PDEs, it is important to distinguish the char-
acteristic and non-characteristic points of the boundary. For fully nonlinear, de-
generate elliptic PDEs

F(x,u, Du, Dzu) =0 in,

we gave in [8] the following definition: a point z € dS2 is called characteristic for
the operator F if

F(z,0,—n(z), X + un(z) ® n(z)) = F(z,0,—n(z), X) (4.21)

for all X and all u > 0. For the subelliptic Monge—Ampere equations (3.14) the
operator F is

F(x,r,p,X):= —det(oTXU + Q(x, p)) + H(x.r,ol p),
with Q given by (2.13). The characteristic points z are determined by the equation
det(oT(z)Xo(z) + Q(z,p)+ uaT(z)n(z) ® GT(z)n(z))
= det(aT(z)XU(z) + 0(z, p)). (4.22)
We recall that if A, B are square matrices, A > 0 and B > 0, then
det(A + B) = det(A) ifandonlyif B =0.

Then (4.22) for u > 0 yields |67 (z)n(z)| = 0. In the proof of Theorem 4.15,
we did not need to treat these points differently from the non-characteristic ones
because of the uniform X-convexity of the domain. For more general domains we
expect that the lower barrier must be constructed in different ways at characteristic
and non-characteristic points, as for the linear and the Hamilton—Jacobi—Bellman
subelliptic PDEs, see [8, 16] and the references therein.
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We end the section with two results in the Koranyi ball of the Heisenberg group.
Note that By (R) is a X -convex set but it is not uniformly X-convex, because
the condition (4.16) fails at the characteristic points of the boundary, namely, the
intersections with the ¢ axis.

Corollary 4.22. Let X1, X, be the generators of the Heisenberg group (4.2). Then,

for any f € C(Bm(R) x R) nondecreasing in the second entry and such that

f(x,RY < 144(x? +x3)% u € C(Bw(R)) is the unique X -convex viscosity
solution of the Dirichlet problem

{—detD%Cu + f(x,u) =0 in Bu(R), 423)

u = R* on OBy (R).

Proof. By Proposition 4.1, w(x) = |x|%I is a subsolution of (4.23) that attains
continuously the boundary data. The conclusion follows from Corollary 4.12. O

The last result is about the prescribed horizontal Gauss curvature equation. Al-
though it does not satisfy the growth condition (4.14), a lower barrier is given by
w(x) = |x |ﬁ4&I if the prescribed curvature is lower than the horizontal curvature kg
of the graph of w.

Corollary 4.23. Let X1, X, be the generators of the Heisenberg group (4.2). As-
sume k € C(Bg(R) x R) is nondecreasing in the second entry and satisfies
k(x,R*) < kg (x), where kg is given by (4.6). Then u € C(Bu(R)) is the
unique X -convex viscosity solution of the Dirichlet problem

4.24
u = R* on 0B (R). (429

{—detD%Cu + k(x,u)(1 + |Dyul?)®2 =0 in Bu(R).
In particular, u is the unique X -convex function on By (R) with horizontal Gauss
curvature k and boundary value R*.

Proof. By Proposition 4.1, w(x) = |x|]%I is a subsolution of (4.24) that attains
continuously the boundary data. The conclusion follows from Corollary 4.12. o
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