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NONLINEAR SUBELLIPTIC EQUATIONS
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“ANALYSIS AND GEOMETRY IN METRIC SPACES”

JUAN J. MANFREDI

ABSTRACT. The main objective of this course is to present an exten-
sion of Jensen’s uniqueness theorem for viscosity solutions of second
order uniformly elliptic equations to Carnot groups. This is done via
an extension of the comparison principle for semicontinuous functions
of Crandall-Ishii-Lions. We first present the details for the Heisenberg
group, where the ideas and the calculations are easier to appreciate. We
then consider the general case of Carnot groups and present applications
to the theory of convex functions and to minimal Lipschitz extensions.
The last lecture is devoted to Cordes estimates in the Heisenberg group.
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The analysis of non-linear subelliptic equations is going through a burst
of activity! During the preparation of these notes at least three preprints
have appeared that contain substantial improvements in the field.

e Changyou Wang [W1] has found a new approach to Jensen’s theo-
rem on Carnot groups that is more powerful than ours. He extends
also Jensen’s uniqueness theorem for infinite harmonic functions to
general Carnot groups, previously known only for the Heisenberg

group [Bi].

e Cristian Gutiérrez and Anna Maria Montanari [GM1], [GM2] have
recently identified the Monge-Ampere measure of a convex function
on the Heisenberg group and proved the twice pointwise differentia-
bility a. e. of convex functions (subelliptic Aleksandrov theorem).
Another presentation of similar results has been given by Nicola

Garofalo and Federico Tournier [GTo).

It is a pleasure to thank Thomas Bieske and Andrds Domokos who read

a preliminary version of these notes and made valuable suggestions.

I

have benefited from many discussions with Zoltan Balogh, Matthew Rickley,
Roberto Monti, Jeremy Tyson and Martin Riemann while visiting the Uni-
versity of Bern and revising these notes. While at Trento, Bianca Stroffolini

and Petri Juutinen made numerous suggestions.

Finally, I would like to

thank Andrea Caruso and Francesco Borrell form the University of Catania
for their invaluable help in the preparation of the final version of these notes.
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Nevertheless, the responsibility for any mistakes and omissions is solely the
author’s.

1. LECTURE I: THE EUCLIDEAN CASE

We first present an elementary discussion in R” starting at the maximum
principle for smooth functions and arriving to the notion of viscosity solu-
tions. This notion is based on using jets or pointwise generalized derivatives
obtained from considering expansions for semi-continuous functions similar
to Taylor expansions for smooth functions.

1.1. Calculus. Let Q2 be a (bounded, smooth) domain in R™. Let f: Q — R
be a C?-function that has a local maximum at a point zo € Q. It follows
from Taylor’s theorem that:

Df(.%'o) =0
and the second derivative is negative semi-definite
D?f(x0) < 0.

This last inequality must be interpreted in the matrix sense: for every £ € R”
we have

(D?f(w0)¢.€) < 0.

Our first version of the maximum principle is just a restatement of this result
for the difference of two functions.

Theorem 1. MAXIMUM PRINCIPLE, FIRST VERSION: If the difference u—v
has a local maximum at a point xg, then

(1.1) Du(xg) = Dv(zo)
and
(1.2) D?u(xq) < D*v(zp).

Let us see how to use this theorem to prove a uniqueness principle for
smooth solutions of elliptic partial differential equations. Consider the equa-
tion
(1.3) —Au+ f(Du) +u =0,
where f is a smooth function. Suppose that u and v are smooth solutions of
(1.3) on  having identical boundary values. Consider the function (u—wv)*.

If it is positive at a point, the u—wv has a positive interior local maximum, say
at the point xzy. From Theorem 1 and (1.3) we get the following relations:

(1.4) Du(xg) = Dv(xo),

(1.5) D?u(zo) < D*v(xp),
(1.6) 0 = —Au(zo) + f(Du(xo)) + u(xo)
(1.7) 0 = —Awv(zo) + f(Dv(x0)) + v(zo)
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Subtracting (1.7) from (1.6) we get
0 = —Au(zo) + Av(zo) + u(zo) — v(x0).

From (1.5) if follows that —Au(zg) + Av(zg) > 0. Since we clearly have
u(xg) — v(zg) > 0 we get a contradiction. Therefore (u — v)* < 0, or
equivalently © < v. A symmetric argument gives v < u.

Therefore, we have proved uniqueness for the Dirichlet problem for the
equation (1.3).

Note however that the above argument does not apply directly to the
Laplace equation —Au = 0. A careful examination of the previous argument
shows that we can, in fact, prove the following:

Theorem 2. COMPARISON PRINCIPLE, EARLY VERSION: Assume that u <
v on 08, that u is a subsolution of (1.8)

—Au+ f(Du)+u <0
and that v is a supersolution of (1.3)
—Av+ f(Dv)+v >0,

then we have
u<ov

i ).

Note that the first order terms play no essential role in the maximum or
comparison principles in this section.

The more flexible Theorem 2 allows us to expand the class of equations
for which we can prove uniqueness for the Dirichlet problem. In the case of
the Laplace equation, we can proceed as follows. Let w and v be harmonic
functions (—Au = 0, —Av = 0) on a bounded domain €, continuous on
Q, and with the same boundary values on 0f). For ¢ > 0 small define
tue = u+ ez} and v, = v — ex?. Here is the basis of the argument. For € > 0
we can always find A > 0 small enough so that u. is a subsolution and v is a
supersolution of the equation —Awu + Au = 0. Therefore, by the comparison
principle Theorem (2), the difference ue — ve attains its maximum in Q at a
point in 9Q. Next, compute the maximum

a — ) < max(2ez?) < Constant
néQX(u6 ve)_rrégx( ex]) < Constant €

and observe that
ue — ve < Constant e
in . Letting ¢ — 0 we obtain u < v.
Modifications of these simple ideas can be used to prove comparison prin-
ciples for many elliptic equations of the form

F(z,u, Du, D*u) = 0

as long as F is increasing in u and decreasing in D?u, but the hypothesis of
C? regularity seems quite necessary. The main purpose of this introduction
is to present a version of theorems 1 and 2 for non-smooth functions in R".
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We need a notion of generalized derivative in order to find the analogue of
(1.1) and (1.2) for non-smooth functions. Of course, there is already an
extensive theory of generalized derivatives or distributions that has proven
extremely useful for understanding linear and quasilinear equations. How-
ever, distributions are not always useful in nonlinear problems. Take as an
example the co-Laplace equation

En: d%u  Ou % B
“~ 89526% 81‘Z 8.7}]' o

,j=1

It is not clear at all what a distributional solution should be.

1.2. Jets. The notion of generalized derivative that we shall use is based
on the Taylor theorem. Suppose that u : R” — R is a C%-function. Taylor
at 0 says:

w(@) = u(0) + (Du(0), z) + %(DZU(U)% z) + o(|z[?)

as z — 0. If u is not necessarily smooth, we could define a generalized first
derivative as the vector 1 and a generalized second derivative as an n X n
symmetric matrix X if

(1) u(z) = w(0) + {n,2) + (X - 2,2) + ol|af?)

as x — 0. This turns out to be very strict for non-smooth functions.
The key idea is to split (1.8) in two parts. Since we still need to evalu-
ate functions pointwise, the class of semicontinuous functions (upper and
lower) is the natural class of non-smooth functions to be consider. Recall
that upper-semicontinuous functions are locally bounded above and lower-
semicontinuous functions are locally bounded below.

Definition 1. A pair (n, X), where n € R™ and X is an n X n symmetric
matriz, belongs to the second order superjet of an upper semicontinuous
function u at the point xq if

u(wo + ) < u(zo) + (n, h) + %(X ~h,h)+ o (|f?)

as h — 0. The collection of all of these pairs, is denoted by J*> u(xq).
(Later on, when we need to emphasize the Euclidean structure we will write

(o))

euclt

There is no apriori reason why the set J>% u(zo) should be non-empty
for an arbitrary upper-semicontinuous function. However, a simple argu-
ment translating paraboloids shows that indeed J*%u(z¢) is non-empty for
a dense set of points xg. For lower semi-continuous functions, we consider
subjets:
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Definition 2. A pair (n, X), where n € R™ and X is an n x n symmetric
matriz, belongs to the second order subjet of a lower semicontinuous function
v at the point xg if

v(zo + h) > v(xo) + (0, h) + %(X ~h,h) +o (|h?)

as h — 0. The collection of all of these pairs, is denoted by J> v(xq).
(Later on, when we need to emphasize the Euclidean structure we will write
J2 w(xo).)

If u is continuous and J? T (u, 2¢) N J*~ (u, zg) # 0, then it contains only
one pair (1, X). Moreover, the function w is differentiable at zo, the vector
n = Du(zg) and we say that u is twice pointwise differentiable at xy and
write D?u(z) = X.

A special class of jets is determined by smooth functions ¢ that touch a
function u from above or below at a point xg. Denote by K2~ (u,xq) the
collection of pairs

(Ve(xo), D*p(x0))
where ¢ € C?(2) touches u from below at x¢; that is, ¢(zo) = u(zg) and
¢(x) < u(z) for x # x¢. Similarly, we define K** (u,z() using smooth test
functions that touch a function u from above. In fact, all jets come from
test functions.

Theorem 3. (CRANDALL, IsHI, [C]) We always have
K2’+(’LL, xO) = J27+(u7 :L'O)

and
K> (u,x0) = J*~ (u, 29).

1.3. Viscosity Solutions. Consider equations of the form
F(z,u, Du, D*u) = 0

for a continuous F increasing in v and decreasing in D?u. We say that an
upper-semicontinuous function u is a viscosity subsolution of the above
equation, if whenever xg €  and (1, X) € J>Tu(zo) we have

F(anu($0)>naX) <0.

Similarly, we define viscosity supersolutions by using second order subjets
of lower-semicontinuos functions. A viscosity solution is both a viscosity
subsolution and a viscosity supersolution. With this notion of weak solution,
we have increased enormously the class of functions possibly qualifying as
solutions. However, a remarkable result of Jensen [J1] states that for second
order uniformly elliptic equations there is at most one viscosity solution.

The proof of this fundamental uniqueness result is based on a powerful
non-linear regularization technique from Control Theory involving first order
Hamilton-Jacobi equations - see [E] for an enlightening discussion. Once you
have the comparison principle, one can also adapt techniques from classical
potential theory to prove existence (Perron’s method).
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1.4. The Maximum Principle for Semicontinuous Functions.

Theorem 4. (Crandall-Ishii-Jensen-Lions, 1992, [CIL]): Let the func-
tion u be upper semicontinuous in a bounded domain ). Let the function v
be lower semi-continuous in . Suppose that for x € IQ we have
limsup u(y) < liminf v(y),

y—T Yy—x
where both sides are not 400 or —oo simultaneously. If u—wv has an interior
local mazimum

sup(u —v) >0
Q

then we have:

For 7 > 0 we can find points p™,q" € Q such that
i)
lim 7 (pr —¢7) = 0,
where 1(p) = |p|?,

ii) there exists a point p € Q such that p; — p (and so does q; by (i))
and

sgp(u —v) =u(p) —v(p) > 0,
iii) there exist n x n symmetric matrices X,,Y; and vectors n, so that

(e, Xr) € T (u, pr),
iv)
i27_
(777'7YT)€J (u7Q’T)7

and

v)
X, <Y,

The last statement means that if £ € R™ we have

(X7€,8) < (Y2, §).
In fact, a stronger statement than (v) holds, which we shall need later on.
Set
A= D;,(6(p - q))
and
C =1(A* + A).
Then for all £,y € R™ we have

(1.9) (Xr7,7) — (Yox, x) < (Cy@ x, 7 @ x)-

Statement (v) follows from 1.9 by setting v = x and noting that (A¢,&) =0
for £ € R?".

A minor technical detail: we have used the closures of the second order
super and subjets, J>(u,p,) and J%~(v,p;). These are defined by taking
pointwise limits as follows: A pair (1, X) € J%7 (u, p) if there exist sequences
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of points p,, — p, vectors 7, — 1 and matrices X,, — X as m — oo such
that u(pm) — u(p) and (1hm, Xim) € J>* (u, pm).

1.5. Extensions and generalizations. The notion of viscosity solution is
so robust that it makes sense on Lie groups, Riemannian and sub-Riemannian
manifolds and even more general structures generated by vector fields. The
extension of the Crandall-Ishii-Lions-Jensen machinery to these more gen-
eral structures is the objective of this course.

2. LECTURE II: THE HEISENBERG GROUP
In this section we consider the simplest Carnot group, the Heisenberg
group H = (R3,-), where - is the group operation given by

1
(x,y,2)- (2", 2) = (@ + 2" y+y, 2+ 2 + 5(33?/ —ya')).

‘H is a Lie group with Lie algebra h generated by the left-invariant vector
fields

g y 0
X =2 49
YT or 2 02
o =z 0
X, = 2 =<
2 y + 2 0z
0
)
7 0z
The only non-trivial commuting relation is X3 = [X1, X3]. Thus H is a

nilpotent Lie group of step 2. The horizontal tangent space at a point
p = (z,y,2) is Tp(p) = linear span{X;(p), Xa2(p)}. A piecewise smooth
curve t — 7(t) € H is horizontal if v/(t) € Ty(y(t)) whenever +/(t) exists.
Given two points p, ¢ € H denote by

I'(p, q) = {horizontal curves joining p and g¢}.
There are plenty of horizontal curves. We have the classical:
Theorem 5. (Chow) I'(p, q) # ¢.

For convenience, fix an ambient Riemannian metric in R3 so that
{X1, X2, X3}
is an orthonormal frame and
Riemannian vol. element = Haar measure of H = Lebesgue meas. in R3.
The Carnot-Caratheéodory metric is then defined by
dec(p, q) = inf{length(v) : v € I'(p, q)}.

It depends only on the restriction of the ambient Riemannian metric to the
horizontal distribution generated by the horizontal tangent spaces.
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Since horizontal curves are preserved by left translations d.. is left-invariant.
The exponential mapping exp : h — H is a global diffeomorphism. We use
exponential coordinates of the first kind:

p=(x,y,2) = exp(x X1 + yXo + 2X3).
There is a family of non-isotropic dilations §;, parametrized by ¢t > 0
5e(x,y, 2) = (tz, ty, t22)
that are group homomorphisms.
References for Carnot groups and Carnot-Carathéodory spaces include:
[B], [FS], [H], [G], [GN], and [Lu].
2.1. Calculus in H. Given a function u : H — R we consider
Du = (X1u, Xou, X3u) € R?,
the (full) gradient of u. As a vector field, this is written
Du = (Xju) X1 + (Xou) Xo + (X3u) Xs.
The horizontal gradient of u is
Dou = (X1u, Xou) € R?,
or as a vector field Dyu = (Xju) X1 + (Xou) Xo.

Theorem 6. Ball-Box Theorem (simple version):(See [B], [G], [NSW])
Set |p| = dce(p,0), the Carnot-Carathéodory gauge and

plr = ((® +y?)* 4 2%/
the Heisenberg gauge. We have
dec(p, 0) = Iplr ~ || + ly| + |22
and
Vol(B(0,7)) ~ 4,
where B(0,r) is the Carnot-Carathédory ball centered at 0 of radius .

Remark 1. With our choice of vector fields we have
(0,0, 2)|cc = Var |2|'/?

2.2. Taylor Formula. Suppose that u : H — R is a smooth function.
Fuclidean Taylor at 0 says:

u(x?y7z) = u(07070)
FUp T Uy Y+ U,z

1
+§{um~m2+uyy-y2+uzz-22

+2Upyxy + 2ugpx2 + 2uy, Y2}
+o(2? + y? + 22)
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Using the fact that |p|?> ~ x? + y? + |z|, we obtain the horizontal Taylor
expansion

u(z,y, z) = u(0,0,0)
FUg T+ Uy Yy tu, -z

1
+ 2 {“mwz + Uyy - Yy’ + 2“wyxy}
+o([p[*).

At another point py = (z0, y0, 20), we get the horizontal Taylor formula by
left-translation:

u(p) = u(po) + (Dulpo). b5 ) + 5 (DFulpo))*h, ) + ol - pP).

where Du(pg) is the full gradient of u at pg, the matrix

(D2u)* = Xiu (X1 Xou + Xo Xqu)
0 (X1 Xou + Xo Xqu) X2u

is the horizontal symmetrized second derivative and the vector and h =

(x — xo,y — yo) is the horizontal projection of py 1. p. We could also have
used the non-symmetrized second derivative

X2u X1 Xou
2. 1 1A2
Dou = ( XoXiu  XZu ) '

We prefer to use the symmetrized version since the quadratic form associated
to a matrix A is determined by its symmetric part 1 (A+ A?). Here A’
denotes the transpose of A.

2.3. Subelliptic Jets. Let u be an upper-semicontinuous real function in
‘H. The second order superjet of u at pg is defined as

J?> T (u,pg) = {(77, X) € R? x S%(R) such that
) S ulpo) + (" 5)+ {0 B) + ol o)
Similarly, for lower-semincontinuous u, we define the second order subjet
J* ™ (u, po) = {(n,y) € R? x S%(R) such that

o) = ulon) + 0 ") + 50 + ol o) -
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One easy way to get jets is by using smooth functions that touch u from
above or below.

K% (u, po) = {(Dﬁﬂ(po),(DQSO(po))*) tpeC®in X1, Xy, 0 € C'in X,
©(po) = u(po)
©(p) > u(p), p # po in a neighborhood of po}

As in the Euclidean case every jet can be obtained by this method.

Lemma 1. ([C] for the Euclidean case and [Bi] for the subelliptic case) We
always have

K2’+ (U, pO) = J27+(u7 pO)
and

K™ (u,po) = J*~ (u,po)

We also define the closure of the second order superjet of an upper-
semicontinuous function u at po, denoted by J%¥(u, po), as the set of pairs
(n,X) € R? x S?(R) such that there exist sequences of points p,, and pairs
(Nms Xm) € J>T (u, prm) such that

(Pms w(pm), Thms Xm) — (Po, u(po), 1, X)
as m — 00. The closure of the second order subjet of a lower-semicontinuous
function v at pg, denoted by J%~ (u,pg) is defined in an analogous manner.
2.4. Fully Non-Linear Equations. Consider a continuous function
FHxRxhxS(R?) —R
(P, u,m, X) — F(p,u, 1, X).

We will assume that F' is proper; that is, F' is increasing in u and F' is
decreasing in X.

Definition 3. A lower semicontinuous function u is a viscosity supersolu-
tion of the equation

F(p7 U(p), Du(p), (D2u(p))*) =0

if whenever (n, X) € J*>~(u,po) we have

F(p()au(p())?n:‘)() > 0.

Equivalently, if p touches u from below, is C? in X1, Xy and C' in X3, then
we must have

F(po, u(po), De(po), (D*¢(po))*) = 0.
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Definition 4. An upper semicontinuous function u is a viscosity subsolution
of the equation

F(pvu(p)a Du(p), (D2u(p))*) =0
if whenever (n, X) € J%*(u, py) we have

F(po,u(po),n, X) < 0.

Equivalently, if ¢ touches u from above, is C? in X1, X9 and C! in X3, then
we must have

F(po, u(po), De(po), (D*p(po))*) <

0.
Note that if u is a viscosity subsolution and (1, X) € J**(u,po) then, by
the continuity of F', we still have

F(po,u(po),n, X) < 0.

A similar remark applies to viscosity supersolutions and the closure of second
order subjets.

A viscosity solution is defined as being both a viscosity subsolution and
a viscosity supersolution. Observe that since F is proper, it follows easily
that if u is a smooth classical solution then u is a viscosity solution.

Examples of F:
e Subelliptic Laplace equation (the Hérmander-Kohn operator):
—Agu = — (X12u + X%u) =0
e Subelliptic p-Laplace equation, 2 < p < oo:
—Apu = — [|D0u|p72A0U + (p — 2)|D0u|p74A0700u]
= —div (|Dou[P"2Dgu) = 0

Strictly speaking we need p > 2 for the continuity of the corresponding
F. In the Euclidean case it is possible to extend the definition to the full
range p > 1. This is a non-trivial matter not yet studied in the case of
the Heisenberg group (to the best of my knowledge.) See [JLM] for the

Euclidean case.
e Subelliptic co-Laplace equation ([Bi]):

2
—Agmu = — Z(Xlu) (Xju)Xinu = —((D%u)*Dou, D0u>
2%
e “Naive” subelliptic Monge-Ampére
—det(D3u)* = f
Here the corresponding F'(X) = — det X is only proper in the cone of positive

semidefinite matrices. As mentioned in the introduction, Gutiérrez and
Montanari have considered the Monge-Ampere operator

- {det(Dgu)* + z(Tu)Q} .
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They show, among other things, that it can always be defined in the sense
of measures for a convex function. See [GM1] and [GM2].

In order to have a reasonable theory we need a comparison principle,
since it implies uniqueness. It also implies existence (under some additional
hypothesis) via Perron’s method (See [C] and [IL]).

The comparison principle for viscosity solutions is based on the “max-
imum principle for semicontinuous functions” (Crandall-Ishii-Lions, [CIL],
in R™). This principle gives a substitute for the “maximum principle” for
smooth functions easily obtained from the subelliptic Taylor formula.

If u,v € C%(Q) and u — v has a local maximum at p € €, we have

Du(p) = Dv(p)
and

(Dju(p))” = (Djv(p)*

2.5. The Subelliptic Maximum Principle. The subelliptic version of
the maximum principle for semicontinuous functions was proved by Bieske
[Bi] for the case of the Heisenberg group.

Theorem 7. Maximum principle for semicontinuous functions: Let
u be upper semi-continuous in a bounded domain Q@ C H. Let v be lower
semi-continuous in 2. Suppose that for x € I we have

limsup u(y) < liminf v(y),
Yy—T Yy—x

where both sides are not 400 or —oo simultaneously. If u—wv has an interior
local mazimum

sup(u —v) >0
Q

then we have:
For 7 > 0 we can find points p™,q" € H such that

i)
lim (pr g7 ") =0,
T—00
where
U(z,y,2) = 2t +yt + 27
ii) There exists a point p € Q2 such that pr — p (and so does q- by (i))
and

sup(u — v) = u(p) — v(p) > 0,
Q

iii) there exist symmetric matrices
X, V- € S(R?)
and vectors
nr € R3
so that
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iv)
(17, X)) € T (u,py),
v)
(- Vr) €T (v,0),
and
vi)
Xr = Y- +0(1)
as T — oo.

The last statement means that if £ € R? we have

(X:6,6) — (Vr,&,6) <al(r)é)?,

where a(7) — 0 as 7 — oo.

Proof. For 7 > 0 set

M, = sup{u(p) — v(q) — ¢(p- ¢~ ")}
QxQ

By semi-continuity M, < oo and M, is attained at a point (pr,q;). Note
that M, is decreasing in 7 and uniform bounded. We have

M,y > u(pr) = v(gr) = g0(pr - a7)

T _
Myjs = 50(pr-g7') > M-

1 _
MT/2 - M: > 5“/1(]97 " qr 1)
Conclude first that
lim 7¢(p, g5 ') = 0.
T—00
Next we observe,

sup(u(p) — v(p)) < Mr = ulpr) = v(ar) = TU(pr ")

Since p; — p as well as ¢ — p (for a subsequence of 7’s tending to oo) we
get

sup(u(p) —v(p)) = lim M, = u(p) — v(p).
Q T—00
We apply now the Euclidean maximum principle for semicontinuous

functions of Crandall-Ishii-Lions [CIL]. There exist 3 x 3 symmetric matrices
X;, Y, so that

(7Dp((p-47")). Xr) € Tenar. (7
and
(—7Dg(b(p- M), Ys) € Toer, (v:7)

with the property
(Xr7,7) = (Ve x) S (Cry @ x; 78 X)
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where the vectors v,y € R?, and
C =71(A%+ A)
and
A=D3 ($(p-q7")

are 6 X 6 matrices.
We need now a way to get subelliptic jets from euclidean jets.

Lemma 2. SUBELLIPTIC JETS FROM EUCLIDEAN JETS: Let (n, X) € Jfl’btl,(u,p)
be a second order Fuclidean superjet. Then, we have

(DLy -0, (DLy - X - (DLp)")2x2) € J** (u, p)
In the lemma the subindex 2 x 2 indicates the principal 2 X 2 minor of

a 3 x 3 matrix. The mapping L, is just left multiplication by p in ‘H. One
can easily see that its differential is given by

1 0 —y/2
DL,= 0 1 x/2
00 1
Proof. Easy when p = 0. Left translate for general p. (]

Using this lemma we conclude that

_ =2,
(TDLPT Dpth(p-q ), (DLp, - X7 - (DLpf)t)2x2) c€J +(u,pT)
and

(—TDL%'DMMPﬂUKDL%'YW(DL%wa>€5ﬂ’@%%)

Our choice of ¥(p - ¢~ ') implies that
DLy, - Dpip(p- q_l) =—DLg, - Dgtp(p- q_l)'
We call this common value 7,. Let & = (&1, &) € R2. Write
1
&p, = (&1, &2, 5(525'3{ —&y1))s

where we have set pr = (27,47, 27).
The vector &, is chosen so that

(DL, )") ! &, = (€1,62,0)

Similarly set

& = (61,6, 5 (620F — E105)),

where we have set ¢, = (23,y7, 25). It satisfies

((DLqT)t)il §gr = (€1,€2,0).
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Set
Xr = (DLy, - X (DLpT)t)2><2
and
Y = (DL, - Y - (DLg, )" )axa.
With these choices we have
(Xr€, &) — (V€. €) =
= (ngpfafpr> - <YT§QT7£¢]T>
= (C(pr @ qu)agpf ©® fqr> =

:L,’TyTixTyT 2
—teP (BT yar o)

< o(1) [¢]* by ()-
(]

Remark 2. Bieske [Bi] has considered more general functions 1 of the form
b(a,y, z) = a4y 4 22
Estimate (vi) in this case is more complicated. It takes the form
< 21¢12 T T 1 T, T T, T\\—2+4m
(X, &) — VrE,6) = 2m7[¢]° 7(2] — 23 + §(Z2@/1 — 21y1))
1 _
< 2m?|€)? %7 (pr - g7 )
_ 1 _
< 2m?[¢” (T(pr - 7)) 7w (pr - g ).
This improvement is mecessary to prove uniqueness for the subelliptic oo-

Laplacian, [Bi].

2.6. Examples of Comparison Principles. We have included a couple
of examples where the comparison principle holds. As explained in [CIL],
once we have the subelliptic version of the maximum principle, many more
cases can be analyzed. See also [IL] for more examples.

2.7. Degenerate Elliptic Equations, Constant Coefficients.

Theorem 8. Let F' be continuous and independent of p. Suppose that F
satisfies

oF
—>7>0,
6u‘7

F is decreasing in X, and
|F(U,’I’],X) —F(Uﬂ?»y)| é w(X_y)’

where w — 0 as X —Y — 0. Let u be an upper semicontinuous subsolution
and v a lower semicontinuous supersolution of

F(u, Du, (D3u)*) =0
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mn a domain ) such that

limsupu(y) < liminfo(y), =z € 09Q,

Yy— y—z
where both sides are not 400 or —oo simultaneously. Then

u(z) S v(x) for all x € Q.

Proof. Let us proceed by contradiction. Suppose that supg(u —v) > 0 and
apply the subelliptic maximum principle from §2.5. For 7 large enough we
have:

0 <~(ulpr) = v(gr)) < F(ulpr), 17, &7) = F(v(gr), nr, Xr)
+ F(v(gr) 0, Vr) = F(v(gr), 0r, Vr)

§F(U(Q)77¢,y7)— (( )777'; 7’)
= F(v(gr),nm Yr) — F(v(gr), ne YVr + Rr)
<w(R;)—0 asT— 00,

where we have used the facts that w is a subsolution, that v is a supersolution,
the inequality
X, <V +R,

the fact that F' is proper and the continuity of F'.
O

2.8. Uniformly Elliptic Equations with no First Derivatives De-
pendence.

Theorem 9. Let F' be continuous, proper, independent of n and satisfying

‘F(pvuv X) —F(q,u,X)| g w(p7Q)7
where w(p,q) — 0 as ¢~ -p — 0. Suppose that F uniformly elliptic in the

following sense. There exists a constant v > 0 such that
F(p,u, X) — F(p,u,¥) < —v trace(X — )
whenever X > Y. Let u be an upper semicontinuous subsolution of
F(p,u, (Dgu)*) =0

in a domain Q, v a lower semicontinuous supersolution, u < v on I as in
2.7. Then
u(z) S v(x) for all z € Q.

Proof. Suppose this is not the case. Then supg (v —v) > 0. Let ¢ be a
non-negative smooth function such that

(D) <0

everywhere in the bounded domain € (¢ could be a quadratic polynomial).
Note that for § > 0 small enough, the function u — vs has an interior maxi-
mum, where v = v + Jp.
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Claim. The function vs is a strict supersolution of
Flp,u, (D3u)) = 0.
Proof. Let v be a smooth test function touching vs from below at pg

Y(po) = vs(po)
Y(p) <wvs(p), p#po.

Then 9(p) — dp(p) is a smooth test function that touches v from below at
po. Thus, we have

F(po, v (po) — 8¢ (po), (Dg)* —8(Dgp)*) > 0,
which implies
F(po,¥(po), (D§y)* = 8(Dgp)*) > 0.
Using the uniform ellipticity we get
F(po, (o), (Dg$)*) — F(po, ¥ (po), (Dge)*—8(Dge)")
> trace (—8(Dge)" (po))-
We conclude that
F(po, ¥(po), (Dgh)*) = by trace (=(Dge)*)(po) > 0
thereby proving the claim. O
Apply the subelliptic maximum principle to u — vs. Since F' is increasing
in u:
0 < F(pr,u(pr), Xr) — F(pr,vs(qr), Xr)
+F(QT7 U(q7)7 XT) - F(qT7 'U(S(QT)? XT)
S0+ w(p7'7 Q’r))

getting a contradiction for 7 large enough. (]

3. LECTURE III: THE MAXIMUM PRINCIPLE FOR RIEMANNIAN VECTOR
FIELDS

Consider a frame X = {X;, Xs,...,X,,} in R" consisting of n linearly
independent smooth vector fields. Write

n
0
Xi(x) = Z aij(x)%j
i,7=1

for some smooth functions a;;(x). Denote by A(z) the matrix whose (i, j)-
entry is a;;(z). We always assume that det(A(z)) # 0 in R".

We need to write down an appropriate Taylor theorem. We will use
exponential coordinates as done in [NSW]. Fix a point p € R” and let
t = (t1,t2,...,t,) denote a vector close to zero. We define the exponential
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based at p of t, denoted by O,(t), as follows: Let v be the unique solution
to the system of ordinary differential equations

Y(s) =D t:iXi((s))
i=1

satisfying the initial condition v(0) = p. We set ©,(t) = v(1) and note this
is defined in a a neighborhood of zero. In fact we have the following Calculus
lemma.

Lemma 3. Write ©,(t) = (0,(t),02(t),...,00(t)). Note that we can think
of Xi(z) as the i-th row of A(x). Similarly D@’;(O) is the k-th column of
A(p) so that

For the second derivative we get
(D*©5(0)h, h) = (A'(p)h. D(A'(p)h)r)
for all vectors h € R™.

In particular, the mapping ¢t — ©,(t) is a diffeomorphism taking a a
neighborhood of 0 into a neighborhood of p.
The gradient of a function u relative to the frame X is

Dxu = (X1(u), Xo(u), ..., Xn(u)).

The second derivative matrix D%u is an m X n - not necessarily symmetric
matrix with entries X;(X;(u)). We shall be interested in the quadratic
form determined by this matrix, which is the same as the quadratic form
determined by the symmetrized second derivative

1
(Du)* = 1 (Du+ (D))
The Taylor expansion from [NSW] can be stated as follows:

Lemma 4. Let u be a smooth function in a neighborhood of p. We have:

u(©p(t)) = ulp) + (Dxu(p).t) + %<(D§U(p))* t,t) + o(Jt[?)
ast — 0.

A natural question is how Dxu and (Dgeu)* change if we change frames.
We could write down a long (and uninteresting) formula for the change
between two general frames. Here is how to go from the canonical frame
{8%1, 8%2, e %} to the frame X. The gradient relative to the canonical
frame is denoted V.

Lemma 5. For smooth functions u we have

Dyxu=A-Vu
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and for all t € R"

% - ou
Diu)" t,t) = (A - D*u- Al ¢t AL,V (A% 1) ) ——.
The Taylor series gives the following counterpart of theorem 1.

Lemma 6. Let u and v be smooth functions such that w—v has an interior
local mazimum at p. Then we have

(3.1) Dxu(p) = Dxv(p)
and
(3.2) (D3u(p)” < (D3o(p))".

For the purposes of illustrations let us consider some examples:

Example 1. The canonical frame

This is just {8%1, 8%27 . %}. The first and second derivatives are just the
usual ones and the exponential mapping is just addition
Op(t) =p+t.

Example 2. The Heisenberg group

The frame is given by the left invariant vector fields {X;, Xo, X3}. For
p = (z,y, z) the matrix A is just

A simple calculation shows that
(A“t,D (A" t),) =0

not only for £ =1 and k£ = 2 but also for £ = 3. That is, although A is not
constant, we have that Lemma 5 simplifies to

(3.3) ((D%u)™ t,t) = (A D*u- A t,1).
The exponential mapping is just the group multiplication
Op(t) =p-Oo(t) = (x +t1,y +t2,2 +t3 + (1/2)(xt2 — yt1)).

From Lemma 5 we see that the additional simplification of (3.3) occurs
whenever DQG)]; (0) = 0. This is true for all step 2 groups as it can be seen
from the Campbell-Hausdorff formula.

Example 3. The Engel group
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This is a step 3 group for which the analogue of (3.3) does not work. Denote
by p = (z,y,z,w) a point in R*. The frame is given by the vector fields:

o) el - o)
X1 %—%%WL(ﬁ—%)%
— X X
X2 = @+§8EZ+T%
_ X
X3 = %‘Ff%
X4 = %
So that the matrix A is
W
X X
oot ¥
2
00 O 1

Let t = (t1,t2,t3,t4). Direct calculations shows that

(ALt,D (A%t))) = 0
(A“t,D (A“t),) = 0

(At,D (A t),) = 0
but for k = 4 we get
1
AL, D (AL 1)) = Stity — 222 + Ztyts,
(A", D ( )k> RE 31+213
Therefore, for a smooth function v we have
Dxu=A-Du
and for all t € R™
X 1 ou
DZu)" t,t) = (A~ D2u- At ) + ( Styty — 23+ “tyty ) ——
((Dxu)™t,) = ( u ’>+312 31+213 9w

3.1. Jets. To define second order superjets of an upper-semicontinuous func-
tion u, let us consider smooth functions ¢ touching « from above a a point

P.
K*%(u,p) = {gp € C*%in a neighborhood of p, p(p) = u(p),

v(q) > u(q), q # p in a neighborhood ofp}

Each function ¢ € K**(u,p) determines a pair (1, A) by
(3.4) n o= (Xipp), Xop(p), ..., Xno(p))
Aij 3 (Xi(X;(0)) () + X;(Xi(9)) (p))-
This representation clearly depends on the frame X. Using the Taylor the-
orem for ¢ and the fact that ¢ touches u from above at p we get

(3.5) u(Op(t)) < ulp) + (n, 1) + %(At, t) +o([t|*)
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We may also consider J%Jr(u,p) defined as the collections of pairs (1, X)
such that (3.5) holds. Using the identification given by (3.4) it is clear that

K> (u,p) C Jg " (u,p).
In fact, we have equality. This is the analogue of the Crandall-Ishii Lemma
of [C].
Lemma 7.

K> (u,p) = T3 (u, p).

Proof. Given a pair (n, X) € Ji’ﬂu,p) we must find a C? function ¢ so that
(3.4) holds. Given any pair (£,Y) the version of the lemma for the canonical
frame in [C] gives a C? function ¢ touching u from above at p such that
Dy(p) = ¢ and D?p(p) = Y. Using Lemma 5 we get

Dxp(p) = A(p) - €

and .
(Dke)" t,t) = (A-Y - ALt t) + > (A t,D (A1), )&
Thus, it suffices to solve for (£,Y") the equakti:olns
n=~Ap)-¢
and

(Xt) = (A-Y At )+ Y (Al D (AL 1) )&
k=1
O

Theorem 10. [BBM] THE MAXIMUM PRINCIPLE FOR SEMICONTINUOUS
FUNCTIONS: Let u be upper semi-continuous in a bounded domain 2 C R"™.
Let v be lower semi-continuous in ). Suppose that for x € 02 we have
limsup u(y) < liminfv(y),
Yy—T Yy—x
where both sides are not +0o or —oo simultaneously. If uw —v has a positive
interior local maximum
sup(u —v) >0
Q
then we have:
For 7 > 0 we can find points pr,qr € R™ such that
i)
lim 7|p; — qT|2 =0,
T—00
ii) there exists a point p € Q such that p; — p (and so does q; by (i))
and

sup(u — v) = u(p) — v(p) > 0,
Q

iii) there exist symmetric matrices Xy, Y. and vectors 0}, n; so that
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iv)
—2,
(ij XT) € Jx+(u7p7)7
v)
_ —=2,—
(777- 7y7') S Jf{ (anT>7
vi)
=, =o(l)
and
vi)
X’T g y’T + 0(1)
as T — OQ.

23

Proof. The idea of the proof as in the case of theorem 7 is to use the Eu-
clidean theorem to get the jets and then twist them into position. As in the
proof of theorem 7, for 7 > 0 we get points p; and ¢, so that (i) and (ii)
hold. We apply now the Euclidean maximum principle for semicontin-
uous functions of Crandall-Ishii-Lions [CIL]. There exist n x n symmetric
matrices X, Y, so that

and

(TDp($(pry ), Xr) € Ty, (u,pr)

(=7 Dyg(tb(pry ), Ys) € Touat, (v, )

with the property

(3.6) (Xrv:) = Y x) S (Cy@x, 7@ x)
where the vectors v, x € R", and

and

are

C=1(A%+ A)

A=D? (¢(pr.qr))

2n X 2n matrices.

Let us now twist the jets according to Lemma 5. Call & = 7D, (¢(pr, ¢r))

and & = —7Dy(¢(pr,qr)). By our choice of 1) we get & = &7 Set

and

We

nf =Apr) - &

n. =Agr) - &,
see that

[n = | A(pr) — Algr)lI&] |

< CT’pT - qTHDp(w(pTaqT))‘
< C7(pr,qr)
= o(1),

where we have used the fact that |p — ¢||Dp(p, q)| < C¥(p, q), property (i)

and the smoothness, in the form of a Lispchitz condition, of A(p).
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The second order parts of the jets are given by

(Xr-t,t) = (A(pr) Xr AN pr) - 1,1) + Y (A (pr)- £, D(A(p)- B)rlps ) (€K
k=1

and

<y7—' t, t> = <A(QT)YTAt(QT)' t, t> + Z<At(QT)' t, D(At(p) t)k[QT]>(§;)k

k=1
In order to estimate their difference we write
(Xrt,t) = (Ve t,t) = (X:A pr)- ¢, A (pr)- 1) — (YA (gr)- ¢ A’f( ) t)
+ZZ:1<At(pT) t, D(A(p ) )k[pr]) (€5 )k
— > h=1(A%gr)- t, D(A'(p)- V)klar]) (67 -

Using inequality 3.6, we get

<XT‘ t) t> - <y7' t7 t> < <C (A(pT) 1D A(QT)' t) 7A(p7') t® A(QT) >
+7 EZ:1<At(pT)-t,D(At(p)'t)k[ ])l(pra%')
Yhe1(Al(gr)- t, D(A(p)- Dklar)) 5 (P ¢r)

To estimate the first term in the right hand side we note that symmetries
of ¢ give a block structure to Diqw so that we have

(C(y@d),(y®d)) < Crly — 3.

Replacing v by A(p;)-t and § by A(g;)- t, using the smoothness of A,
and property (i) we get that this first term is o(1). The second and third
term together are also o(1) since their difference is estimated by 7|p, —

qT||Dp/lzZ)(pT7 Q‘r)|'
|

Once we have the maximum principle (Theorem 10) we get easily com-
parison theorems for viscosity solutions for fully nonlinear equations of the
general form

F(x,u(x), Dxu(z), (D3u(x))*) = 0
where F is continuous and proper (increasing in u and decreasing in (D%u(x))*).)
as it is done in [CIL]. Here is an example:

Corollary 1. Suppose F(p,z,n,X) satisfies

0(7’—8) < F(p7r7777X)_F<p73a777X)7
|F(p,r,n,X) = F(g,m,n, X)| < willp—dl),
’F(p, T:W,X) —F(p,?",?],Y)‘ < w2(|X _Y’) an
‘F(pﬂ"a 777X) —F(p,?“,f,X)‘ < W3(|77—f‘),

where the constant o > 0 and the functions w;: [0,00) — [0,00) satisfy
wi(0T) =0 fori = 1,2,3. Let u be an upper-continuous viscosity solution
and v a lower semi-continuous viscosity supersolution to

F(x,u(x), Dxu(z), (D3u(x))*) = 0
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in a domain 0 so that for all p € 02 we have

limsup u(q) < liminf v(q)
q€N,q—p q€Q,q—p

and both sides are not co or —oo simultaneously. Then

u(p) < v(p)
for all p € Q.

4. LECTURE IV: THE MAXIMUM PRINCIPLE IN CARNOT GROUPS

A Carnot group G of step > 1 is a simply connected nilpotent Lie group
whose Lie algebra g is stratified. This means that g admits a decomposition
as a vector space sum

0=01Dgd - Dgr
such that
91, 85] = 941
for j =1,...,r with g = {0} for £ > j. Note that g is generated as a Lie
algebra by g;.

Let m; = dim(g;) and choose a basis of g; formed by left-invariant vector
fields X;;, i = 1,...,m;. The dimension of G as a manifold is m = my +
ma + ...+ m,. The horizontal tangent space at a point p € G is

Ty (p) = linear span{Xi 1(p), X21(p), ..., Xm, 1(p)}-

As in the Heisenberg group case, we say that a piecewise smooth curve
t — ~(t) is horizontal if 7/(t) € Ty (y(t)) whenever +'(t) exists. Given two
points p, ¢ € G denote by

I'(p, q) = {horizontal curves joining p and ¢}.

Chow’s theorem states that I'(p, q) # ¢.
For convenience, fix an ambient Riemannian metric in G so that X =
{Xij}1<m; j=1<r is a left invariant orthonormal frame and

Riemannian vol. element = Haar measure of G = Lebesgue meas. in R™.
The Carnot-Caratheodory metric is then defined by
dec(p, q) = inf{length(v) : v € T'(p, q) }.

It depends only on the restriction of the ambient Riemannian metric to
the horizontal distribution generated by the horizontal tangent spaces. The
exponential mapping exp: g — G is a global diffeomorphism.

A point p € G has exponential coordinates (p;,j)1<i<m;,1<j<r if

r mj

P = exp Z sz‘,in,j

j=1i=1

Denoting by - the group operation in G, the mapping (p,q) — p - q has
polynomial entries when written in exponential coordinates.
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The non-isotropic dilations are the group homorphisms given by

r  mj r My

Ot ZZPi,in,j :Zztjpi,in,jy

Jj=li=1 j=1i=1

where ¢t > 0.

Recall that references for Carnot groups and Carnot-Carathéodory spaces
include: [B], [FS], [H], [G], [GN], and [Lu].

4.1. Calculus in G. Given a function v : G — R we consider
Dxu = (X; ju)i<i<m;1<j<r € R™,

the (full) gradient of u. As a vector field, this is written

r  my

Dxu=>» > (X;u)X;,

j=1i=1
The horizontal gradient of u is
Dou = (X;1u)1<i<m, € R™,
or as a vector field Dou = > "% (X 1u) X 1.

Theorem 11. Ball-Box Theorem: (See [B], |G|, [NSW]) Set |p| = dec(p,0),
the Carnot-Carathéodory gauge and let

roo/my 7\ >
Iplg = Z(Z |pz',j\2>

j=1 \i=1

be a smooth gauge. Then:

r My

1
dee(p,0) ~ [plg ~ D > Ipijlo

j=1 i=1
and

Vol(B(0,r)) ~ 19,

where B(0,r) is the Carnot-Carathéodory ball centered at 0 of radius r and
Q= Z;Zl Jjm; is the homogeneous dimension of G.

4.2. Taylor Formula. Suppose that u : G — R is a smooth function. Let
us write down the Taylor expansion with respect to the frame X at p = 0.
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Write P = Z;:l Z:ijl pi,in,j so that p= (pi,j) = exp(P).
u(exp(P)) = u(0)

+ 3 (Xiju)(0)piy

j=1i=1

1
t3 Z (X1 Xi,ju) (0)pkipi g
Z7]7k7l
r  mj
o (22 Imsl?

j=1i=1

as p — 0. We want to replace the quadratic norm in the error term by

r my

2
plE ~ > > il
j=1i=1
2
For j > 3 it is clear that p; ; = o(|p; ;|7 ) and for j,k > 2 it is also clear that

2
pijpik = o(|pij|7). Throwing all these terms into the reminder we obtain
the subriemannian Taylor formula

u(exp(P)) = u(0)

2 my

+ ) (X u)(0)pi

j=1i=1

mi

1
s kzl(Xk,le’,W)(0)pk,1pi,1
3=

+olplg
We already had defined the horizontal gradient of u as
Dou = (Xi1u)1<i<m, -

This is the part of the gradient corresponding to gi. It is clear from the
second order Taylor formula that the part corresponding to gs, which we
call second order horizontal gradient for lack of a better name,

Diu = (X 2u)1<i<ms

will also play a role in theory of second order subelliptic equations. We also
write

Dju = (Xi1 Xjau)f

for the second order derivatives corresponding to g; and (D(Q)u)* for its sym-
metric part $(D2u+ (D3u)?). With these notations the Taylor formula at 0
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reads
u(p) = u(0)
+ (Dou(0), p1) + (D1u(0), p2)
+ %<(D§U(0))* - p1,D1)
+olplg,

where we have written p; = (pi.1)1<i<m, and p2 = (pi2)1<i<ms-
At another point pg, we get the horizontal Taylor formula by left-translation.

Lemma 8. Ifu: G — R is a smooth function near py we have
u(p) = u(po)+(Dou(po), (pg " - P)1) + (Drulpo), (" - p)2)
1 . ~ _
+5 ((Dgu(po) (g™ - )1, (pg " - p)1) + ollpg - pI)
as p — po.

We continue the development of the theory as we did in the Heisenberg
group case.

4.3. Subelliptic Jets. Let u be an upper-semicontinuous real function in
G. The second order superjet of u at pg is defined as

J*F(u, po) = {(n,§, X) e R™ x R™ x §™(R) such that

u(p) < u(po) + (n, (po " - P)1) + (& (y ' - p)2)
# 5 5" p ) + ol o)

Similarly, for lower-semincontinuous v, we define the second order subjet

J> (v, po) = {(n,f,y) € R™ x R™ x 8™ (R) such that

(po) + (m, (g - p)1) + (&, (05" - p)2)

V5" ) oyt ) + o<\palp|é>}

As before, one way to get jets is by using smooth functions that touch u from
above or below. Let I'> denote the class of function ¢ such that Dy, D1¢
and D(2)¢ are continuous. We define

K> (u, po) = { (Dop(po), Drgp(po) (D% 0(p0))") : ¢ € T

©(po) = u(po)

v(p) >

[
1
2

w(p) > u(p), p# po in a neighborhood of po}.

The set K% (u,pg) is defined analogously.
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Lemma 9. (See [C] for the Fuclidean case, [Bi] for the Heisenberg group
case, and [BM] for the Carnot case) We always have

K% (u,po) = J** (u, po)
and
K27_ (U,po) = J2’_(U,p0)

We also define the closure of the second order superjet of an upper-
semicontinuous function u at pg, denoted by J*%(u,pg), as the set of triples
(n,€,X) € R™ x R™2 x S?(R) such that there exist sequences of points py,
and triples (9, Em&om) € J>F(u, prm) such that

(pma u(pm)a Nim, ‘Sm, Xm) - (p07 u(pO)a 7, 57 X)

as m — 00. The closure of the second order subjet of a lower-semicontinuous
function v at pg, denoted by J%~ (u,pg) is defined in an analogous manner.

4.4. Fully Non-Linear Equations. Consider a continuous function
F:GgxRxR™ xR™ x SR™) —R
(p7u7777£7X) - F(p’u7777£7X)'

We will always assume that F' is proper; that is, F' is increasing in u and F'
is decreasing in X.

Definition 5. A lower semicontinuous function v is a viscosity supersolu-
tion of the equation

F(p,v(p), Dov(p), D1v(p), (D*v(p))*) = 0
if whenever (n,&,Y) € J>~(v,pg) we have

F(p(]av(po)’nagay) > 0.

Equivalently, if ¢ touches v from below and is in I'?, then we must have

F(po,v(po), Dow(po), D1o(po), (D*¢(po))*) > 0.

Definition 6. An upper semicontinuous function u is a viscosity subsolution
of the equation

F(p,v(p), Dov(p), Dov(p), (D*v(p))*) = 0
if whenever (n,&,X) € J*T (u, po) we have

F(po,u(po),n, & &) <0.

Equivalently, if ¢ touches u from above, is in T2, then we must have

F(po, u(po), Dow(po), Dow(po), (D*p(po))*) < 0.



30 JUAN J. MANFREDI

Note that if u is a viscosity subsolution and (1, &, X) € J%% (u,pg) then, by
the continuity of F', we still have

F(pOau(pO)ﬂnaé—vX) <0.

A similar remark applies to viscosity supersolutions and the closure of second
order subjets.

A viscosity solution is defined as being both a viscosity subsolution and
a viscosity supersolution. Observe that since F' is proper, it follows easily
that if u is a smooth classical solution then u is a viscosity solution.

Examples of F:

e Subelliptic Laplace equation (the Hérmander-Kohn operator):

“Aogu=—| Y Xj1Xju|=0
1<j<m
e Subelliptic co-Laplace equation:

mi
_AO,oou = — Z (Xl,iu)(XLju)XLin’ju = —((Dgu)*Dou,Dou)
i,j=1
e Subelliptic p-Laplace equation, 2 < p < oo:
—Apu = — [|D0u|p*2A0u + (p — 2)|D0u|p74A07oou]

= —div (|Doul[P"2Dgu) = 0
Strictly speaking we need p > 2 for the continuity of the corresponding
F. In the Euclidean case it is possible to extend the definition to the full
range p > 1. This is a non-trivial matter not yet studied in the case of
the Heisenberg group (to the best of my knowledge.) See [JLM] for the

FEuclidean case.
e “Naive” subelliptic Monge-Ampére
—det(D3u)* = f
Here the corresponding F'(X) = — det X is only proper in the cone of positive
semidefinite matrices.
The next step is to generalize to semi-continuous functions the “maximum

principle” for smooth functions easily obtained from the subelliptic Taylor
formula. If u,v € I'*(Q) and u — v has a local maximum at p € €2, we have

Dou(p) = Dov(p),

Dyu(p) = D1v(p),
and
(Dgu(p))* < (Dgv(p))*
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Theorem 12. THE MAXIMUM PRINCIPLE FOR SEMICONTINUOUS FUNC-
TIONS: Let u be upper semi-continuous in a bounded domain 2 C G. Let v
be lower semi-continuous in . Suppose that for x € IQ we have
limsup u(y) < liminf v(y),
Yy—T Yy—x
where both sides are not +00 or —oo simultaneously. If u—v has a positive
interior local mazimum
sup(u —v) >0
Q
then we have:
For 7 > 0 we can find points p,,qr € G such that
)
lim 7|p; — qT|2 =0,
T—00
ii) there exists a point p € Q such that pr — p (and so does q. by (i))
and

sup(u —v) = u(p) —v(p) > 0,
Q

iii) there exist my x my symmetric matrices X, Y, and vectors ni, &1,
n: and &2 so that
iv)
727“!‘
(n’j—’gj?XT) E J (u7p7—)?
v)
_ —2,—
(nT7€T7yT)€J (anT)a

vi)
= =o(l),
& —& =o(1)
and
vi)
Xr = Y- +0(1)
as T — 00.

Proof. Let us apply Theorem 10 to the Carnot group G endowed with the
left-invariant frame X. We get riemannian jets

727
(ﬁja XT) € J.’{+<u7p7‘)

and
(B7.Yr) € T% (v.4r),
satisfying
B =B =o(1)
and

X; <Y:+o0(1).
All we need to check is that by keeping the parts of 8 and 8 in g1 @ go
and restricting X, and Y, to g we get subelliptic jets.
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The following lemma follows from the Taylor theorem arguing as in section
4.2 regarding higher order derivatives as part of the error term.

Lemma 10. SUBELLIPTIC JETS FROM RIEMANNIAN JETS: Let ((,X) €

Ji’+(u,p) be a second order superjet. Then, we have

(BY, B2, Xony s ) € T2 (u, p)
]

4.5. Absolutely Minimizing Lipschitz Extensions. Let 2 C R" be a
domain. Consider m linearly independent vector fields

{X17X27 o 7Xm}7

where m < n. If there is an integer » > 1 such that at any point x € €2, the
linear span of { X1, Xo,..., X;,,} and all their commutators up to order r has
dimension n, the systems of vector fields { X7, Xo, ..., X,,,} is said to satisfy
Hormander’s condition. In [Ho] Hérmander proved that if this condition is
satisfied the second order operator X7 + X3 + ...+ X2, is hypoelliptic.

The control distance associated to {X1, Xo, ..., X,,} is defined using hor-
izontal curves as we did in Section §4. This control distance is a genuine
metric by the corresponding version of Chow’s theorem, see [NSW] and [B],
and it satisfies

1 1
— |z —y| < dee(,y) < cxlr—y|r
CK

for some constant cx > 0 for z,y € K compact subset of 2.
For a function u: £ — R the horizontal gradient of u is

Xu = (X1u, Xou, ..., Xpu).

The Sobolev space HWP(Q), 1 < p < oo, consists of functions u € LP()
whose distributional horizontal gradient is also in LP(€2). Endowed with the
norm

Hqu + HXqu

the space HWP(Q) is a Banach space. As it is the case in the Euclidean
case, Lipschitz functions in a bounded domain 2 with respect to the Carnot-
Caratheéodory metric d,. are precisely functions is HW1>°(2). See [FSS] and
[GN].

Definition 7. A function u € HW1°(Q) is an absolute minimizing Lips-
chitz extension (AMLE) if whenever D C ) is open, v € HWL°(D) and
u=7v on 0D we have

[ Xull oo (py < [ X0 Lo (D)

Given any Lipschitz function f : 92 — R it can always be extended to
an AMLE in €. This existence result holds in very general metric spaces as
shown by Juutinen [Ju2].
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Jensen proved in [J2] that AMLE in Euclidean space are viscosity solu-
tions of the co-Laplace equation

z": Pu du du
i1 695283:] 8351 al'j ’
and also proved a uniqueness theorem for solutions of the Dirichlet problem.
As a corollary, he therefore obtained that AMLEs are determined by their
boundary values.

For general Carnot groups Bieske and Capogna [BC] proved that AMLEs
are viscosity solutions of the corresponding co-Laplace equation

m
(4.1) Asoou =Y XuXuX;Xju=0.
ij=1
Changyou Wang has recently extended Bieske and Capogna theorem to
general Hormander vector fields:

Theorem 13. [W1] Let {X1, Xs,..., X} be system of Hormander vector
fields and let uw be an AMLE. Then u is a viscosity solution of the equation

4.1.

The natural question to consider is now the uniqueness of viscosity solu-
tions of 4.1. This was proven by Bieske [Bi] in the case of the Heisenberg
group by using the extension of the maximum principle mentioned in Re-
mark 2 of Section 2. Bieske has also considered the Grusin plane case in
[Bi2], [Bi3]. The case of general Carnot group has recently being settled by
Changyou Wang [W1], who introduced subelliptic sup-convolutions. To the
best of my knowledge, the case of general Hormander vector fields is open.

5. LECTURE V: CONVEX FUNCTIONS ON CARNOT GROUPS
Let us recall the definition of convexity in the viscosity sense:

Definition 8. Let Q@ C G be an open set and u: @ — R be an upper-
semicontinuous function. We say that u is convex in Q2 if

(D3u)* >0

in the viscosity sense. That is, if p € Q and ¢ € C? touches u from above
at p (¢(p) = u(p) and ¢(q) > u(q) for q near p) we have (D3¢)*(p) > 0.

This definition is compatible with the stratified group structure since
convexity is preserved by left-translations and by dilations. Also, uniform
limits of convex functions are convex and the supremum of a family of convex
functions is convex, since these results hold for viscosity subsolutions in
general.

Note that we require the a-priori assumption of upper-semicontinuity as
it is done in the definition of sub-harmonic functions. This is not needed
when horizontally conver functions are considered. These are defined by
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requiring that whenever p € ) and the horizontal vector h € G; are such
that {p-d:(h): t € (—1,1)} C O the function of one real variable

(5.1) t = u(p-or(h))

is convex for —1 < ¢t < 1. A development of the theory based on the notion
of horizontal convexity can be found in [DGN].

It was established in [LMS] that upper-semicontinuous horizontally con-
vex functions are indeed convex in the sense of Definition 8. In this section
we will show that the reciprocal is also true (see Theorem 15 below.) This
equivalence has also been established independently by Wang [W2] and Mag-
nani [M].

In the Heisenberg group Balogh and Rickley [BR] proved that condition
(5.1) by itself, without requiring upper-semicontinuity, suffices to guarantee
that v is continuous - and therefore Lipschitz continuous - and also showed
that horizontally convex functions are convex in the sense of Definition 8.

5.1. Convexity in the Viscosity Sense in R". In order to illustrate our
approach in the case of general Carnot groups, we present here the Euclidean
version of Theorem 15 below.

Theorem 14. Let @ C R™ be an open set and u: Q — R be an upper-
semicontinuous function. The following statements are equivalent:

i) whenever z,y € Q0 and the segment joining x and y is also in  we
have

(5.2) u(Az + (1 — N)y) < du(z) + (1 — Nu(y)

forall0 <A< 1.
il) u is a viscosity subsolution of all equations

F(z,u(z), Du(z), D*u(x)) = 0,

where F(x,z,p, M) is a continuous function in @ x R x R" x 8"
satisfying the conditions in Section 4.4 and homogeneous; that is

F(x7 Z7p7 0) = 0'
iil) u is a viscosity subsolution of all linear equations with constant co-
efficients

F(x,u, Du, D*u) = — trace (A . Dzu) =0,

where A € 8™ is positive definite.
iv) @ — u(Ax) is subharmonic for all A € 8™ positive definite;
V) u satisfies the inequality

D*u >0
in the viscosity sense;

vi) u satisfies —trace(A - D?u) < 0 in the sense of distributions for all
A € 8" positive definite.

A function u is convex if one of the above equivalent statements holds.
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Proof. For the equivalence between i), ii), iii), and v) we refer to [LMS]. The
equivalence between vi) and iii) for any given matrix A is part of viscosity
folklore. This is just the simplest case of the theory of Hessian measures
of Trudinger and Wang [TW1]. To prove the equivalence between iv) and
iii) observe that * — wu(Az) is subharmonic for all A > 0 if and only if
trace(A - D*u(x)A?) > 0 in the sense of distributions for all A > 0. This
occurs precisely when trace(A! - A- D?u(x)) > 0 in the sense of distribution
for all A > 0. Since every positive definite matrix B has a positive definite
square root B = A2 = A!. A, we see that © — u(Ax) is subharmonic for all
A > 0 if and only if trace(B - D*u(x)) > 0 in the sense of distribution for all
B > 0. O

5.2. Convexity in Carnot Groups. A key observation is that the notion
of convexity depends only on the horizontal distribution and not on the
particular choice of a basis of g;. More precisely, let us consider two linearly
independent horizontal frames

Xh={X1,.. . X}, Dn={Y1,....Ym,}

and write X; = 7;1 a;;Yj, for some constants a;;. Let A be the matrix

with entries a;;. The matrix A is not singular and the following formula
holds for any smooth function ¢

(D§ z¢(p))" = A(D§ ¢ (p))" A"
Thus the matrix (Dﬁ’xqﬁ(p))* is positive definite if and only if (Dﬁ7@¢(p))*

is positive definite.
Given a frame X we denote by

my
Axu=» Xu
=1

the corresponding Héormander-Kohn Laplacian.
The main result of this lecture is the analogue to Theorem 14.

Theorem 15. Let 2 C G be an open set and u: Q@ — R be an upper-
semicontinuous function. The following statements are equivalent:

i) whenever p € Q and h € Gy are such that {p-§;(h): t € (-1,1)} C Q
the function of one real variable

t— u(p-d(h))

is convex for —1 <t < 1.
i) w is a viscosity subsolution of all equations

F(p,u(p), Dou(p), (Dgu(p))*) =0,

where F(x,z,p, M) is proper and homogeneous.
iii) w is a viscosity subsolution of all linear equations with constant co-
efficients

F(p7u7 DOU, (Dgu)*) = — trace (A . (Dgu)*) = 07
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where A € 8™ is positive definite.
iv) w satisfies the inequality —Agu < 0 in the viscosity sense for all
frames ) such that Py, = AXy, where A € 8™ s positive definite.
V) u satisfies the inequality

(Dgu)* =0

in the viscosity sense.
vi) u satisfies —trace(A - (D3u)*) < 0 in the sense of distributions for
all A € 8™ positive definite.

A few remarks are in order. Condition i) is called horizontal convexity in
[LMS] and H-convexity in [DGN]. Note that iv) is indeed the analogue of
iv) in Theorem 14. Condition v) is called v-convexity in [LMS] and in [W2].

The equivalence of the four viscosity related conditions ii), iii), iv), and v)
follows easily from elementary linear algebra facts as in theorem 14. More-
over if one of these conditions holds, then w is locally bounded. This is the
case because u is always a subsolution of the corresponding oo-Laplacian (see
5.3 below). The details in the case of the Heisenberg group are contained in
the proof of Lemma 3.1 in [LMS].

To show that iv) implies vi) we may do it one matrix A € 8™ at a
time. Thus, we may assume that A is the identity matrix. If u is a bounded
viscosity subsolution of the Héormander-Kohn Laplacian, it follows using the
same proofs as in Lemma 2.2 and Lemma 2.3 from [LMS] that u is weak-
subsolution with first horizontal derivatives locally square integrable. If u
is not bounded below, we use the truncation ups(z) = max{—M,u(z)} and
standard limit theorems (see [TW2].)

To prove the equivalence of (i) with the other conditions we need to estab-
lish that convex functions can be approximated by smooth convex functions.
Note that this is relatively easy to do for horizontally convex functions since
the inequality (5.1) is preserved by convolution with a smooth mollifier (see
the proof of Theorem 4.2 in [LMS].) Fortunately, Bonfiglioli and Lanconelli
[BL] have characterized subharmonic functions by a sub-mean value prop-
erty and proved that subharmonic functions can be approximated by smooth
subharmonic functions. Moreover these approximations are frame indepen-
dent. If follows from these results that vi) implies iv) since the implication
holds for smooth functions, and viscosity subsolutions are preserved by lo-
cally uniform limits. The complete details are in [JLMS].

5.3. Regularity of Convex Functions. Convex functions are subsolu-
tions of all homogeneous ellliptic equations. In particular we consider the
Hormander-Kohn Laplace equation

—Apu = —(X?u+--- X2u) =0,

and the subelliptic co-Laplace equation

(5.3) —Aonu=— > _ (Xju)(X;u)(X;X;u) = 0.
i,j=1
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These equations can certainly be written in the form

F(p,u(p), Dou(p), (Dgu)*(p)) = 0.

The proof that a convex function u is bounded is done in two steps. To
control ut we use the subelliptic version of the De Giorgi-Moser estimate
for subsolutions of linear elliptic equations

sup(ut) < C ut dz.

Br Bur
To control u~ we use comparison with cones defined using oo-harmonic
functions. The details are in [LMS].

To prove that a convex funtion is Lipschitz, the key ingredient is that sub-
solutions of (5.3) are Lipschtiz continuous. This was established by Jensen
[J2] in the Euclidean case and Bieske [B] for the Heisenberg group. The case
of general Carnot groups follows from Wang [W1].

We collect these results in the following:

Theorem 16. Let Q) C G be an open set and u: 2 — R be a convex function.
Let Bg be a ball such that Bsr C 2. Then u is locally bounded and we have.

(5.4) fuleimy < C f.Julde
Bayr
Moreover, u is locally Lipschitz and we have the bound
C
(5.5) [ DnullLoe(Br) < EHUHLOO(BQR)-

Here C is a constant independent of u and R. If, in addition, u is C2, then
the symmetrized horizontal second derivatives are nonnegative

(5.6) (D3u)* > 0.

A different proof of this theorem for horizontally convex functions is in
[DGN].

6. LECTURE VI: SUBELLIPTIC CORDES ESTIMATES

The goal of this lecture is to present some estimates of Cordes type for
linear subelliptic partial differential operators in non-divergence form with
measurable coefficients in the Heisenberg group, including the linearized p-
Laplacian. The following regularity theorems follow from these techniques.

Theorem 17. Let @ <p< % Then any p-harmonic function in
the Heisenberg group 'H wnitially in HVVll’p is in HW>?.

oc loc

Theorem 18. Given 0 < o < 1 there exists € = e(a) such for |p — 2| < e,
p-harmonic functions in the Heisenberg group H have horizontal derivatives
that are Hélder continuous with exponent .
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The results from this section are basend on the work of Marchi [Ma, Ma2]
extended by Domokos [D1], which give non-uniform bounds of the HW?2?2
(or HW?P) norm of approximate p-harmonic functions. Using the Cordes
condition [Co, T] and Strichartz’s spectral analysis [S] we establish HW 2?2
estimates for linear subelliptic partial differential operators with measurable
coeflicients.

Let 2 C 'H be a domain in the Heisenberg group. Consider the following
Sobolev space with respect to the horizontal vector fields X; as

HW?*2(Q) = {u € L*(Q) : X;Xju € L*(Q), for alli,j € {1,2}}

endowed with the inner-product

2
(u(m)v(m) + Z XiXju(x) -Xinv(x)>da;.
ij=1

(u, ’U)HWM(Q) = /

Q

HW?2(Q) is a Hilbert space and let HWOQ’Q(Q) be the closure of C§°(€2) in
this Hilbert space.

Recall that X?u is the matrix of second order horizontal derivatives whose
entries are (X%u);; = X;(X;u), and Agu = 2?21 X; X,u is the subelliptic
Laplacian associated to the horizontal vector fields X;. The first step in
proving Cordes estimates is to control the L?-norm of all the second deriva-
tives by the L?-norm of the sublaplacian. For the symmetric part of the
second derivative, this follows easily by integration by parts but to con-
trol Tu we need a more refined argument based on Strichartz [S] spectral
analysis.

Lemma 11. For all u € HWOZ’Q(Q) we have
1%l r20) < V3 [[Aoullr2(0)-
The constant \/3 is sharp when Q = H.

Proof. Since —Ap and iT commute they share the same system of eigenvec-
tors. Strichartz [S] computed them explicitly as well as the corresponding
eigenvalues. Computing L%-norms is now a matter of adding eigenvalues.
Details can be found in [DM].

O

6.1. Cordes conditions. Let us consider now

2
Au = Z (IU(SL‘)Xinu

1,j=1

where the functions a;; € L*°(£2). Let us denote by A = (a;j) the 2 x 2
matrix of coefficients.



NONLINEAR SUBELLIPTIC EQUATIONS 39

Definition 9. [Co, T] We say that A satisfies the Cordes condition K. , if
there exists € € (0,1] and o > 0 such that

- 1 2 ’
(6.1) ; Z 5 (Z an-(ac)) , a.e.x €.
7j=1 =1

Theorem 19. Let 0 < e <1, 0 > 0 such that v = V3J/1—¢ <1 and A
satisfies the Cordes condition K. ,. Then for all u € HWOQ’2(Q) we have

1
(6.2) X%l < V/gri‘:fj; [eel| oo || Aul| 2
where (A(). 1)
x), I
a(x) = i
[ A()|?
Proof. This is just Linear Algebra. See [DM] for the details. (|

6.2. HW?2-interior regularity for p-harmonic functions in H. Let
Q) C 'H be a domain, h € HW'P(Q) and p > 1. Consider the problem of

minimizing the functional
= / |Xu(x)|P dx
Q

over all u € HW'P(Q) such that u — h € HWOI’p(Q). The Euler equation
for this problem is the p-Laplace equation
2
(6.3) > X (1XulP? Xu) =0, in Q.
i=1
A function u € HW1P(Q) is called a weak solution of (6.3) if

2
(6.4) Z / |Xu(z) P2 Xu(z) - Xip(x)dz =0, forall ¢ € HW,P().

® is a convex functional on HW P, therefore weak solutions are minimiz-
ers for ®. For m € N define the approximating problems of minimizing

functionals .

@m(u):/g(;—i-]é’(u(x)P)Q

and the corresponding Euler equations

p—2

2 2
(6.5) ;X ((; + !XU\2>

The differentiated version of this equation has the form

Xm) =0, inQ.

2
(6.6) > @l XiX;u=0, inQ
ij=1
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where
aij(x) = 6ij + (p — 2)

Consider a weak solution u,, € HWYP(Q) of equation (6.5). Then coef-
ficients a;; are bounded. Define the mapping Ly, : H WO2 2(Q) — L)
by

2

(6.7) Ly(v)(x) = > af(2) X X;0(x).

ij=1
The Cordes condition is satisfied precisely when

ac (1—2\/57 1+2\/5>

independently of m.

Theorem 20. THE CASE p > 2: For2<p<2+ HT‘/E if u € WHP(Q) is a
minimizer for the functional ®, then u € HW.22(9).

loc

Proof. The case p = 2 it is well known, so let us suppose p # 2. Let
u € HWP(Q) be a minimizer for ®. Consider z¢ € Q and r > 0 such that
By, = B(xg,4r) CC Q. Choose a cut-off function n € C§°(Bs,) such that
n =1 on B,. Also consider minimizers u,, for ®,, on HWP(Bsy,) subject
to Uy, — U € HWOLP(BQT). Then u,, — u in HWYP(By,) as m — oo.

By [D1, Ma] for 2 < p < 4 we have u,, € HW>2(2), but with bounds

loc
depending on m. Also that u,, satisfies equation L, (u,,) = 0 a.e. in By,.

So, in By, we have a.e.
XZ'X]'(T]2um) = XZXJ(T]Q)Um + XJ(T]Q)XZum + XZ(U2)XJ’LLm + nQXinum

and hence
2

Lin(n*tm) = tm Lin(n?) + > a} () (Xj(WQ)Xium + Xi(ﬁz)Xjum> :
ij—1

From the Cordes estimate it follows that
1X%umll 25,y < 1P um)llr2(8,0) < el L (77 um)ll 22(5,,)
< cllumllwrrs,,y < cllullgwrrs,,)

where c is independent of m. Therefore, u € HW>2(B,). O

For p < 2 a different argument is needed since we only get v € H I/Vlif(Q)
We finish by quoting the result obtained in [DM]:

Theorem 21. THE CASE p < 2: For the range @ <p<2ifue
HW1P(Q) is a minimizer for the functional ®, then u € VV;’S(Q)
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