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THE ARONSSON-EULER EQUATION
FOR ABSOLUTELY MINIMIZING LIPSCHITZ EXTENSIONS
WITH RESPECT TO CARNOT-CARATHEODORY METRICS

THOMAS BIESKE AND LUCA CAPOGNA

ABSTRACT. We derive the Euler-Lagrange equation (also known in this setting
as the Aronsson-Euler equation) for absolute minimizers of the L variational
problem

u =g € Lip(62) on 99,

where 2 C G is an open subset of a Carnot group, Vou denotes the horizontal
gradient of u : © — R, and the Lipschitz class is defined in relation to the
Carnot-Carathéodory metric. In particular, we show that absolute minimiz-
ers are infinite harmonic in the viscosity sense. As a corollary we obtain the
uniqueness of absolute minimizers in a large class of groups. This result ex-
tends previous work of Jensen and of Crandall, Evans and Gariepy. We also
derive the Aronsson-Euler equation for more “regular” absolutely minimiz-
ing Lipschitz extensions corresponding to those Carnot-Carathéodory metrics
which are associated to “free” systems of vector fields.

{infvoumom),

1. INTRODUCTION

In 1967 Aronsson began a systematic study of minimal Lipschitz extensions in
Euclidean space. Such extensions are functions defined in a set 2 C R™ with the
property that

[[ullwro @) < [|w|lwie ), for all w such that u —w € Wy™(Q).

If 0Q sufficiently smooth, then the restriction of u to 92 is a Lipschitz function
and u is its minimal Lipschitz extension. Such notion is very useful as a model for
a large class of L™ variational problems which arise in applications to engineering.
However, in general minimal Lipschitz extensions are neither smooth nor unique.
In [1], Aronsson introduced what may be considered as a canonical minimal Lip-
schitz extension, one which is minimal in every subset of {2. Such minimizers are
called absolutely minimizing Lipschitz extension, or absolute minimizers for short.
In [1], Aronsson showed that sufficiently smooth absolute minimizers are classical
solutions of the Euler-Lagrange equation associated to this variational problem, the
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796 THOMAS BIESKE AND LUCA CAPOGNA
oo—Laplacian equation

n
(1.1) > 00, 0nyu Opu Opju = 0.
i,j=1

(In deference to Aronsson, this equation has subsequently been referred to also as
Aronsson’s Euler equation, or AEE.) Aronsson studied classical solutions of (L)
in [2], in particular proving their uniqueness. As a consequence one obtains the
uniqueness of C? absolute minimizers. However, still thanks to Aronsson’s results, it
is rather easy to verify that in general there are no classical solutions (see [26], page
55). In 1993, in his seminal work [26], Jensen proved that absolute minimizers are
solutions of () in the viscosity sense, and then established a uniqueness theorem
for such viscosity solutions, thus obtaining the uniqueness of absolute minimizers.
In 2000, Crandall, Evans and Gariepy [12], gave an alternative (and very elegant)
argument for the derivation of Aronsson’s Euler equation, using a rather different
set of ideas from the one in [26]. Their proof makes use of comparison with “cone”
functions, which are solutions of the eikonal equation |Vu| = 1. Thanks to Barron,
Jensen and Wang’s recent paper [3] and to Crandall’s even more recent [I1], the
role of this Hamilton-Jacobi equation (and its generalizations) in the L°° variational
theory has become better understood and has assumed a central character. In these
papers, the authors study absolute minimizers for the variational problems

(1.2) inf || f(x,u, Vu)|| =),

with some minimal hypothesis on f(z,s,p) (e.g., quasiconvexity in p).

The definition of absolutely minimizing Lipschitz extensions can be naturally
formulated in a metric space, as it does not require a differentiable structure. How-
ever, in contrast with the Euclidean picture, very little is known in this general
setting. The study of classical Euclidean problems in PDE, harmonic analysis and
potential theory in the context of suitably regular metric spaces endowed with a
doubling Borel measure is one of the most exciting and challenging trends in modern
analysis (see for instance [9], [24], [23], [28] and references therein).

In [28], Juutinen has proved that absolute minimizers exist in every separable
length space. There are no uniqueness results yet in this general setting, and it
seems very difficult to follow Jensen and Aronsson’s approach, i.e. to study the
Aronsson Euler equation, since the latter is not in divergence form and it is not
obvious how to formulate it in a metric space (where, roughly speaking, one cannot
use second derivatives).

In the present paper we study the derivation of the Aronsson Euler equation,
and the question of uniqueness of absolute minimizers in the setting of Carnot
groups. This is a large class of metric spacesE in which a rich algebraic structure
has allowed for the development of a broad range of results in harmonic analysis
and PDE (for an account of such results, see for instance [33] and [19]).

A Carnot group (or nilpotent stratified Lie group) is an analytic simply connected
Lie group G whose Lie algebra g is nilpotent and has a stratification g = V! @ ... ®
V7, owith [VE VI =Vt j=1,..,r—1,and [VI, V"] =0 for j =1,...,7. We let
Xik, k=1,..,rand i = 1,...,my withd my, = dim(V"*), denote a basis of V¥, and

IThis class includes Euclidean space, but in general Carnot groups are not even locally bi-
Lipschitz equivalent to a Euclidean space.
2For simplicity, in the sequel we will denote mj by m.
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ABSOLUTELY MINIMIZING LIPSCHITZ EXTENSIONS 797

let | - | be a norm in g for which the X ; are orthonormal. Since the exponential
map exp : g — G is a diffeomorphism, then we can identify exp(>_, >, ik Xik)
with the set of coordinates z = {z; . }. We denote by d¢ the Carnot-Carathéodory
distance associated to the basis X; = X; 1, ¢ = 1,...,mq, of the Lie algebra [33]:
Let z,y € G, and for every ¢ > 0 define

A6) = {7:10,6] = G | 7(0) = 2,7(8) = y
(1.3) and 7/(s) = Y ai(s)X;(3(5)), with Y Jai < 1},

By virtue of Chow’s theorem [I0], we know that for ¢ large enough the set A is
nonempty. Let us define
de(z,y) = inf J.

A(8) not empty

If z € G and r > 0, we will denote by Be(z,7) = {y € G | do(x,y) < r} the metric
balls in the control metric do. We will also denote by d(-, -) the pseudo-metric given
by d(z,y) = |ly~al|, where
T mp '
22t = S0 Jaasl®) F.
k=1 i=1

The two functions d, do are equivalent, in the sense that there exists C' > 0 such
that for any € G and r > 0, one has B(x,C~'r) C Be(z,r) C B(z,Cr). The
couple (G,d¢) is a separable length space (i.e., any two points can be joined by a
length-minimizing curve) [31].

We will denote by Vg the horizontal gradient, i.e. the gradient along the hor-
izontal directions Xi, ..., X;n,. The notation Vu will be used for the Euclidean
gradient in the z;; variables. Hereafter, whenever we write u € C? we intend that
the second derivatives 0., 0., ,u are continuous, whereas for £ € N, the symbol
u € I'* implies that all the horizontal derivatives X;, X, - X, u of order k are
continuous.

Carnot groups were introduced by Folland in [I6] (see also Folland and Stein [I7]
and Stein [33]). Such spaces arise naturally as ideal boundaries of noncompact rank
one symmetric spaces. A well known instance is the Heisenberg group H", n > 1
(see [I7]), which is isomorphic to the nilpotent part of the Iwasawa decomposition of
U(n,1), the isometry group of the complex hyperbolic space of dimension n. Such
a group has a Lie algebra stratification h = C" x R, and group law (z,¢)(z',t') =
(2 + 2/t +t' + 2Im({(2,2’)). Carnot groups also arise as limits of Riemannian
manifolds and as tangent spaces to Carnot-Carathéodory spaces (see [22], [30], [19]
and [20]).

If Q C G is an open set and v : G — R, then the Lipschitz norm of w in  is

e @) — uly)
u(z) —uly
||U||L1p(ﬂ) x,yeSSl)l,p;c;éy dC(xvy) .

Garofalo and Nhieu [21] have proved that v is Lipschitz if and only if u is weakly
differentiable along the horizontal directions X; and [[Vou||z~q) < 0o (see also
Franchi, Serapioni and Serra-Cassano [I8] for an alternative proof of one of the two
implications). Moreover,

(1.4) 1wl Lip) = IV oul| Lo ()
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798 THOMAS BIESKE AND LUCA CAPOGNA
Definition 1.1. A function u € Lip(Q) is an absolutely minimizing Lipschitz
extension (of its trace) if for every V' C Q and v € Lip(V') such that v = v on 9V,
we have

[[VoullLe vy < [[Vovl|Le(vy-

We now turn our attention to the Aronsson-Euler equation of the functional
[|[Voul|L=<, the subelliptic co— Laplacian equation

m
(1.5) Loo U = Z XiXju Xju Xju=0.
i,j=1
This is a fully non-linear, degenerate elliptic equation.

Definition 1.2. Let @ C G be an open set. A function v € C(Q) is a wviscosity
subsolution of (LH) in Q if for every x¢p € Q and every I'? function ¢ defined in a
neighborhood U of zg, such that u(z¢) = ¢(zro), and u(z) < ¢(z) for x € U, one
has that Lo ¢(xp) > 0. We say that u is a wiscosity supersolution at xo if —u is a
viscosity subsolution at z, and finally that u is a wviscosity solution if it is both a
subsolution and a supersolution in the viscosity sense.

We remark here that if ¢ is ', then both X;X;¢ for I,i = 1,...,m and O, , 9,
for j =1,...,my are continuous functions.

Viscosity solutions of (L) have been recently studied in the papers [5], [13],
[14] and [29]. We mention here that one could consider a stronger definition of
(viscosity) solution, by assuming only that u(z) < ¢(z) for x € H(xg) N U, where
H(zg) = span(Xi, ..., Xm)(xo) is the so-called horizontal space at xo. This defi-
nition emerges with respect to the Monge-Ampere equation in Carnot groups and
to the definition of horizontal convexity introduced years ago by Caffarelli (and
independently rediscovered in [13]). In this paper we will only use definition
and our main motivation comes from the following theorem by Bieske.

Theorem 1.3 (Uniqueness of solutions of (L), [B]). Let Q& C H" be a connected
open set, and g € C(0). There exists a unique viscosity solution (in the sense of
Definition [I.2) of the Dirichlet problem

{Eoouzo in €,

1.6
(16) u=yg in 08.

The main result of the present paper is the following

Theorem 1.4 (Derivation of the Aronsson-Euler equation). If w € Lip() is an
absolutely minimizing Lipschitz extension, then u is a viscosity solution of (LH) in
Q.

In view of the existence theorem for absolute minimizers in [28], as an immediate
corollary of Theorem [L4] we have

Corollary 1.5 (Uniqueness of absolutely minimizing Lipschitz extensions). Given
Q C H", and g € Lip(9R), there exists a unique absolutely minimizing Lipschitz
extension of g in S).

We point out that Theorem [[4 cannot be obtained as a consequence of the
results in [3] and [IT], as the functional |Vou|? = f(z, Vu) is not quasiconvex in
the Vu component. This can be easily checked by a direct computation in the
Heisenberg group setting.
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ABSOLUTELY MINIMIZING LIPSCHITZ EXTENSIONS 799

The proof of Theorem [[4]is based on a comparison of the absolute minimizer u
with a suitably chosen test function V. This approach is inspired by the ideas in
[12] and [I1]. The argument of Crandall [I1], in particular, provides the blueprint
for our proof. The main difference between Crandall’s proof and ours is in the
construction of the test function. In [11] the commutation of mixed derivatives is
used in a crucial way when differentiating the Hamilton-Jacobi equation. However
in our setting the vector fields do not commute, resulting in the appearance of an
extra term. This extra term affects the construction of the comparison function.
In the proof of Theorem [[.4 we deal with this problem through a refinement of
Crandall’s original argument.

There are a number of immediate generalizations of Theorem [T-4] to more gen-
eral functionals f(z,s,p), where p now denotes the variables corresponding to the
horizontal gradient, in which f(zx,s,p) is required to satisfy conditions similar to
(f1)-(£3) in [11]. We will not address these generalizations here, and rather focus
on the model case. A less obvious extension of our results concerns the deriva-
tion of the Aronsson Euler equation for absolute minimizers with respect to the
Carnot-Carathéodory distance associated to more general systems of vector fields
(as in [25]). The reason why our proof does not extend to this setting is that we
use in a crucial way the Taylor formula [I7] and the approximation through group
mollifiers. Another fundamental aspect of our proofs is the possibility of finding a
“good” system of coordinates. While one can think of several ways to deal with
the absence of either of these useful tools in the general setting (see for instance
8], [21], and [18]), it is not yet clear to us how to carry out the extension.

With the extra assumption that the horizontal derivatives of the absolute mini-
mizer are continuous, in Section @l we derive the Aronsson Euler equation for abso-
lutely minimizing Lipschitz extensions with respect to the Carnot-Carathéodory
metric associated to a system of smooth vector fields Xi, ..., X, which satisfy
Hormander’s finite rank condition, i.e., at every point g € R"™, the set of all
X;’s and their commutators up to order r € N generates an n-dimensional vector
space. If X1,..., X,, satisfy Hérmander’s condition, we will call them Hormander
vector fields. We also need to assume that the vector fields are free up to order
r (see Definition in Section M), in order to find an appropriate system of local
coordinates. Our main tool in the proof of this result will be the approximation
techniques developed by Rothschild and Stein [32]. In that fundamental paper,
the authors showed how to approximate locally the analytic and geometric struc-
ture associated to a system of free Hormander vector fields with a Carnot group
structure (see Theorem ELR). In the approximation there are error terms which
are “well-behaved”, and most of our proofs will deal with estimates of these error
terms.

In many examples, one can construct adequate Taylor approximations for a
given set of smooth Hormander vector fields, thus avoiding the need to invoke the
Carnot group approximation. In the last section of the paper we show a specific
example in which the Rothschild-Stein theorem is not needed. For a larger, and
more significative class of examples see [7], where non-free vector fields are studied ]

3After this paper was submitted, C. Wang informed us that he has proved a more general ver-
sion of our result in his recent preprint [34]. Namely, absolutely minimizing Lipschitz extensions
with respect to any CC metric (associated to a system of Hormander vector fields) are viscosity
solutions of the infinite sub-Laplacian. His proof differs from ours in two points: (i) The com-
parison between the AMLE and the test function in his paper is based on the Euclidean Taylor
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800 THOMAS BIESKE AND LUCA CAPOGNA

2. PRELIMINARY DEFINITIONS AND RESULTS

In this section we recall some basic definitions and results about Taylor poly-
nomials in nilpotent Lie groups (see [L7] for a more detailed treatment). We also
provide an elementary proof of Theorem [[4] for C? absolute minimizers, inspired
by an argument by Jensen.

One of the most important features of Carnot groups is the existence of a one-
parameter family of non-isotropic dilations d5(z) = (s*w; 1), for s > 0. A function
f defined in G is homogeneous of order A € R if f(d,(z)) = s*f(z) for any s > 0.
The elements of the basis X; ;. act as k-th order differential operators when viewed

as left invariant vector fields on G, i.e., X; 1 f(ds(2)) = s¥(Xi 1. f)(05(z)).

Definition 2.1. A polynomial in G is a function which can be expressed in the
exponential coordinates as
P(z) = Z arz!,
1

N S I -
where I = (ij);=, ", is a multi-index, the ar are real numbers, and

The (homogeneous) degree of polynomials is defined accordingly. For any integer
d, let us denote by P, the set of polynomials of homogeneous degree less than or
equal to d.

Next we need to express the vector fields X, ;, in exponential coordinates. From
the Baker-Campbell-Hausdorff formula we obtain, for [ = 1,...,7 — 1 and n =

]., ey My,
r—1My41

(21) XnJ(x) = aﬂb’n,l + Z Z f;f;/lJrl(xlvav "'7x1/+1*l)8951,u+17
v=l j=1

where z; = (14, ..., Tm, i), the fj"kl are polynomials of degree d = k — [, and the
components of x,, may appear raised to the highest power of % (the polynomial
coefficients depend on the group constants). For [ = r we simply have X, ,(z) =
Oy, .. From (ZI)) it is immediate that if P is a group polynomial of degree d € N,
then X;1P is a group polynomial of degree d — 1. If d > k, then X; ;P is a
polynomial of degree d — k.

Recall that if we consider a multi-index I = [(i1, k1), (i2, k2), ..., (i1, k)], with
leN,0<k;j<r,and 1< i; < My, then if f is a smooth function defined in G,

we will denote a derivative of f of order |I| = Zgzl k; by

XTf = Xiy jy Xin koo Xy o f-

polynomials (by a clever adaptation of Crandall’s argument) and not on the group Taylor poly-
nomials. (ii) Once the test function is constructed, he uses the argument in [3] rather than follow
Crandall’s paper [11]. On the other hand, our construction of explicit test functions with con-
trolled “subelliptic” Taylor polynomials may be useful in studying more general fully non-linear
equations.
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ABSOLUTELY MINIMIZING LIPSCHITZ EXTENSIONS 801
Next we recall the definition of (left) Taylor polynomial in Carnot groups (see
pg. 35, in [I7]).

Definition 2.2. If f € C§°(G) and k is an integer, then the k-th order Taylor
polynomial Py of f at the origin 0 is the unique polynomial of homogeneous order
less than or equal to k such that

X' Py(0) = X1 f(0),
for all multi-indices I such that |I| < k.
The following theorem is the stratified Taylor inequality (see [17], Theorem 1.42).

Theorem 2.3. Ifk > 1, then there exist positive constants Cy and b such that for
all w € T*(Q), and for all z,y € G,

[u(zy) — Pe(y)| < Clly|* sup X u(z2) — X'u(z)].
Byl IT1=k

Here Py(y) denotes the k-th order Taylor polynomial of u at the point x.

It is useful to write the polynomial P; explicitly for a function u € I'?(G) at the
origin: Set T' = (0, ,u(0), -+, Oz, ,u(0)), T1 = (T1.1, s Tm,1), T2 = (1,2, +; Ty 2)
and denote by

(2.2) H:( X1 Xqu(0), ... Xleu(0)>

X X1u(0), ..., XpXpu(0)

the horizontal Hessian of u at the origin, and by

(2.3) H* = %(H + HT>,

the symmetrized horizontal Hessian. With this notation we have
Pa(z) = u(0) + (Vou(0), z1) + (T, z) + %<Hx,x>

1
(2.4) = u(0) + (Vou(0), 21) + (T, 02) + 5 (H*w, 2)
We will need the following elementary consequence of Theorem 3.

Corollary 2.4. LetU C G be a neighborhood of the origin, k € N, k > 2, andu,v €
T'*(U). Denote by H* and K* the symmetrized Hessians of u and v respectively.
If u(0) = v(0) and O, ,u(0) = 0z, ,v(0), for k = 1,2 and i = 1,...,my, and if
H* > K*, then there exists € = ¢(u,v, G) > 0 such that u > v in B(0,¢)\ {0} C U.

We conclude this section with a simple proof of the derivation of the Aronsson
Euler equation for I'? absolutely minimizing Lipschitz extensions in Carnot groups.

Theorem 2.5. Let Q@ C G be an open domain. If u € T2(Q) is an absolutely
minimizing Lipschitz extension, then u is a (classical) solution of (L) in 2.

Proof. Let 2’ be an arbitrary point in the domain €2, which in turn is a subset of
the Carnot group G, and let u be a I'?> absolute minimizer. We wish to show that
u is infinite harmonic at x’. Since the co—Laplacian operator Lo, is left-invariant,
then without loss of generality we may assume z’ is the origin. By the smoothness
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802 THOMAS BIESKE AND LUCA CAPOGNA

of u, we may use the second order Taylor polynomial formula given by equation
(24) and the error estimates in Theorem 23] to obtain

ulp) = w0) + (Vou(0), 22) + (T, 2) + 3 (H w1, 0) + ol o)

m ma m
1 *
0) + in,lXiu(O) + in72X@2u(O) + B Z Hijxi,ll‘j,l + O(||pH2)
i=1

i=1 ij=1

Using this expansion, we obtain, for any k € {1,2,...,m},
(2.5) Xru(p) = Xpu(0 Z kTl +Z )Xj,2u(0) + o([p]),

where the ff ’21 are as in equation (Z1I). Recall that the various fjk ’21 are polynomials
of homogeneous degree one, and in particular, we have

m

k,1 _ ]
fiz = chjc,ixiﬁl’

i=1
where the antisymmetry of the Lie bracket operation produces

(2.6) Clyc P = _Cg,k'

N2

Squaring (ZH), we arrive at

(Xru(p))® = (Xpu(0))? + 2X4u(0 ZHkxz 1

m2

+2X5u(0) Y f75 (21)X;,20(0) + of[[p]))-

=1

The latter, combined with a standard computation, produces

IVou(p)||* = IVou(0)||* +2 Y Paiy +o(lp]),

i=1
where the coeflicient P; is given by
m 2
P, = ZXku Hk+zz Xku ]QU(O)
k=1 k=1j=1

If P, =0, i =1,..,m, then clearly > ", P,X;u(0) = 0, and hence in view of
(28) we would have

Loou(0)=> Y Xpu(0)X;u(0)H},
=1 k=1
(2.7) == 3> e Xiu(0) Xpu(0)X;2u(0) =0,
i=1 k=1 j=1

thus concluding the proof of the theorem.
We are left with the case
> P2 #0.
i=1
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ABSOLUTELY MINIMIZING LIPSCHITZ EXTENSIONS 803

Note that the maximum of ||[Vou(p)||? in the Euclidean ball B(0,1) = {p :
Yo7 ; <’} occurs when YO xF, = n?, and in particular when

1,5 i,
Ti1 = ﬂPl(Z Pf)ié
j=1
We thus conclude that

IVou(p) 1 50,0y = IVoulO)I* + 20D P7)Z + o(n).

i=1
Next, we consider the I'? function v defined by
7 T mp
v(p) = ulp) + 5 =D Y iy,
k=1 i=1

where v and ¢ are parameters sufficiently close to 0. Proceeding as above, we
compute the Taylor polynomial for v as

m m2
op) = u(0)+ 2+ 2w Xiu0) + 3 wiaXizu(0)

1 o~ =
g 2 Mymama ol
1=

where ﬁ/*ij = H}; — 70;;. Observing that u = v on the Euclidean sphere of radius
€, we proceed as above and conclude that

m
1
IVou) (g0 = IVou(O)?+20) " P +ofe),
i=1
LR 1
IVovd = (Broey = IVou(O)* +26(D_ Pz +ofe),
=1

where P; is defined as above and P; is defined analogously,

m m. m2
P = ZX]@U(O)H*M + Z Zci,iXku(O)Xj,gu(O) = P, —vX; u(0).
=1 =1 j—1

Since u is an absolute minimizer, we have

0 < IVov®)7 . (Br(0,.e)) — IVoudII (B (0,0))-

That is,
m m
0 2:(( P - ()Y ) ot
i=1 i=1
so that, dividing by 2¢ and letting ¢ — 0, we obtain
m m
0< (> P - (> P,
i=1 i=1

and consequently,

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



804 THOMAS BIESKE AND LUCA CAPOGNA

Using the definition of H* ij, We compute
P? = P? + 2yP,X,;u(0) + (yX,u(0))?,
so that we ultimately arrive at

0<> (Q'yPiXiu(O) + ('yXiu(O))2> = F(v).

i=1
Now F(0) = 0, and so

rol = 1o ZPXu (0) 47 ) (Xiu(0))?

) —
Y=
so that

i=1

and we conclude that

m
0 = ZPiXiu(O)
m m 2

= % X)X H + 30303 Xou(0) Xpu(0) X 2u(0)el.,

i=1 k=1 i=1 k=1 j=1
= Lo u(0)+0,
where the last equality is a consequence of (2.6)). O

The previous argument is very similar to the proof of the corresponding Eu-
clidean result in [26]. The main difference rests in the shape of the Taylor polyno-
mial, which accounts for an extra term in the second order part P;.

3. DERIVATION OF THE ARONSSON-EULER EQUATIONS
FOR LIPSCHITZ ABSOLUTE MINIMIZERS IN CARNOT GROUPS

In this section we prove Theorem [[L4l We start with a lemma which extends
Crandall’s argument in [I], pages 5-6, to the Carnot group setting.

Lemma 3.1. Let u € Lip(B(0,1)), uw(0) = 0 and set u > 0. If for e > 0 small
enough one can find a function V. € T?(U,), where U, C B(0, \/%) is a neighborhood
of the origin, such that

V€(O) = -6
(3.1) Ve < win U,
Ve = u on OU,,

u < Ve outside the ball B(0, \/E)

and
(3.2) [VoVe| = 1 in a neighborhood of U,

then u cannot be absolutely minimizing in B(0,1).
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ABSOLUTELY MINIMIZING LIPSCHITZ EXTENSIONS 805

Proof. We argue by contradiction. Assume that v is an absolute minimizer; then

(3.3) [Vou| <1,
a.e. in U.. Let v be the horizontal curve obtained as a solution of the ODE
d
(3.4 &= |woraw | s =o.
v

Since |%'y| =1, and + is horizontal, then there exist € > 0 and C. > 0 such that
for 0 <t < € one has

(3.5) et < Ihlle < Gt

Let us assume at this point that u € I'*(B(0, 1)), and show how to conclude the
proof with this extra hypothesis. A simple computation gives
d
F (v =ut) = =(vovi. (Vatiie) - Vout) ) )

From (B3)) we have

(3.6)

G (v —um) <o

Hence for any t > 0,

(3.7) (v =0 )6 < (Vo) =t ) 0) = .

The latter implies that v € U, for any ¢ > 0, but this contradicts (3.5]) and the fact
that U. C B(0, \/%) In fact, the curve v will exit the ball B(0, \/E) after a time

roughly equivalent to +/e.

If u ¢ TYB(0,1)), then B.H) does not hold in general for every t > 0. To
circumvent this obstacle we mollify the function u. We emphasize that only at this
point of the proof do we use the group structure.

Let ¢ € C§°(B(0,2)), ¢ > 0 and [,¢dH = 1. For any k € N, set ¢p(z) =
qub(é% (z)) and

ur() = u s gy = /G wly ™" 2)n (y)AH ().

Since the horizontal vector fields Xy, ..., X;,, are left-invariant, then Vou, = (Vou)*
¢r. Consequently

(3.8) IVourl|Lw.) < [Voullp=w, < 1.
For any €, > 0 we can find kg large enough so that
(3.9) ur(0) > =5 > Ve(0),

u < Ve + 6 outside the ball B(0, \/E)
W

Repeating the argument in (3:6]) and &), we obtain

€
(3.10) Ve(y) = un(v) < Ve(0) = ur(0) < =35;
hence for every ¢t > 0 we have

(3.11) Ve)(®) < ur(9)(t) —

NN e
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On the other hand, in view of [3H), after a time roughly equal to /¢ we have
~(t) ¢ B(0, \/E) From (BII)) and (B:9) we have

€

(3.12) Uk(’Y)_(sSUk(’Y)—ga
after a time roughly equal to /€ has elapsed. If we choose 0 < § and k sufficiently
large, we obtain a contradiction. ([

We are ready now to proceed with the proof of the main result.

Proof of Theorem Let u € Lip(2) be an absolutely minimizing Lipschitz ex-
tension, and assume that there is a point where it fails to be co—harmonic in the
viscosity sense. By left invariance of the vector fields (and of the equation) we can
assume without loss of generality that such a point is the origin. Let ¢ be a I'?
function defined in a neighborhood of the origin such that

u(0) = ¢(0),
(3.13) u(z) < ¢(x) for every x in a neighborhood of the origin,
Loo #(0) < 0.

To simplify the notation, we let
1
m X m symmetric matrix H = {H,;}, with H;; = §(Xin¢(0) + X;X,0(0)),

m vector D = Vy6(0),
m vector B=-HD,
my vector T = {0g;20(0)} for i =1, ..., mo.
With this notation, (3.13)) reads

(3.14) <B,D> >0, and <HD,D> < 0.

Since the co—Laplacian L., is a homogeneous operator of order 4, which is
invariant under the action of the orthogonal groups O(m;) acting on the spaces V*,
without loss of generality we can assume that

D =(1,0,...,0) e R™ and T = (1,0, ...,0) € R™2.

Denote by C = {Cj;} the antisymmetric m x m matrix
1
(3.15) Cji = i[Xi,Xj]¢(0)~

In the case of the Heisenberg group, C' is the symplectic matrix J. We now
proceed with the construction of a comparison function V., with the property listed
in the hypothesis of Lemma The construction closely follows the argument in
[3] and [11], but it is more delicate, as the vector fields do not commute and the
Taylor formula reflects the anisotropicity of the metric.

We will build V, as a solution of a Hamilton-Jacobi equation. Our first step
consists in constructing the initial data and the initial manifold.

Step 1. Let M = P 4+ H, where P is an m X m symmetric matrix defined by
the formula
(C-H)D,z)

(C—H)D —(D,z)D, for any z € R™.
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It is easy to verify the following properties of M: for every z,z’ € R™,
(Pz,z) >0,
(Pz,2'y = (P2, 2),
PD=(C—-H)D, and so (PD,D) =—(HD, D) > 0.
Hence we have
(3.17) M > H and MD = CD.
Step 2. Define the hyperplane

L = {x € g such that ZBjij =0}.
j=1
Note that for any y; x, k = 2,...,rand i = 1,...,my, we have (D, y; 1) ¢ L. Let N be
the dimension of g. If we denote by Y7, ..., Yy_1 a basis of L, then {Y1,...,Yn_1, D}
is a basis of g = RV. Set

h(z) = <D,x1> + %<Mx1,x1> + <T,x2>,

where we have set 1 = (1,1,22,1, ..., Tm,1) and x2 = (1,2, ...; Ty 2)-
Step 3. We use the method of characteristics (see [15], 3.2.3 to 3.2.4) to solve
the Cauchy problem for the eikonal equation

(3.18) |VoV| =1 in a neighborhood O of the origin,
' V=hon LNO,

subject to the constraint
(3.19) 0z,,V(0) = 0z, ,#(0), for k =1,2 and i = 1,..., my.

To obtain a local solution in a neighborhood of the origin, we need to verify
that L is not characteristic for (B.I8) at the origin. If we write the vector fields as
Xi =), 0ia0z, and set, for p € g,

1 m 2
f(xvp) = 5 Z |:aia pa:|
i=1
and

b(@) Bw>

then the non-characteristic condition ([27]) is

(3.20) (Vuf@n) 5.0 0

when z = 0 and p = VV/(0). Here we have denoted by V,, and V, the Euclidean
derivatives in the p and z variables. Note that f(0,V¢(0)) = f(0,0s,,¢(0),i =
1,..,m) = 1/2. A direct computation and the constraint ([3I9) yield that at the
origin one has

i=1
Step 4. We want to show that
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where V;; = 2(X; X,V (0)+X,X;V(0)). This is the part of the proof where the non-
commutativity of the horizontal vector fields plays a major role. Let us differentiate
the eikonal equation (BI8)) along the direction X;. We obtain

(3.22) > XiX;V X;V =0.
j=1

When we evaluate the latter at the origin, we obtain

1 1
ViDi=)_5 (XinV(O) + XinV(O)> Dj =) 51X, Xi|V(0)D;
j=1 j=1
(3.23) = CyD; = (by (3.17) and (3.19)) = Y _ M;;D;.
J=1 J=1

On the other hand, if z, 2’ € L, then the horizontal vectors
Z=Y =z X;and Z' = a},X;
i=1 i=1
are tangent to L. Since V = h along L, then

ZZ'V =2ZZ'h="Y w12}, XiX;h
i,j=1
e 1
(3.24) = Z $i71$;’1Xin<§<M$1,J)/1> + <T, l‘2>)
i,j=1

An explicit computation yields
1
<Vx1,x'1> =3 (Z’Z + ZZ') V(0)

(3.25) _ <Mx1,9c’1>.

Hence for any z, 2’ € L we have

(3.26) (Morat) = (vorat)

Since for any £ € g we can write £ = Zi\:ll y;Y; + dD, then by virtue of (3:23),
(B26) and the symmetry of M, we obtain

<M£1,51> - <v51,51>.

Equality ([B:21) follows from the latter and from the polarization identity.
Step 5. From the results in Steps 1-4 we have that V is a smooth function in a
neighborhood of the origin such that

V(0) =¢(0) =0, VoV(0) =D, {8%2V(0)} =T;, i=1,...,mo,
and
V=M>H.

For € > 0, set V. =V —e. From Corollary 24 (essentially Taylor’s theorem) we
immediately obtain that
Ve>op—c€
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in O\ {0}, where O is a neighborhood of the origin (independent of €). For x> 0
sufficiently small, we can find a neighborhood of the origin O, C O such that

(3.27) Vi(z) > ¢(z) — e + pl|z||?, for z € O, \ {0}.
Observe that for € > 0 small enough, such that B(0, \/%) C Oy, and for

r> \/E and z € 0B(0,7) N Oy,
W

one has

(328)  ul(e) < 6(@) < 6(2) + (wr? — &) = 6(x) — € + plle]® < Vi(a).
Hence there existd] a neighborhood U, of the origin such that

(3.29) V. =win 90U, and V. < v in U..

Without loss of generality we can assume that U, is connected. From [B28) we
have U. C B(0, \/% ). The contradiction now stems from ([328), (3229) and Lemma
BI 0

4. DERIVATION OF THE ARONSSON-EULER EQUATION
FOR I'! ABSOLUTE MINIMIZERS
WITH RESPECT TO MORE GENERAL CARNOT-CARATHEODORY METRICS

In this section we study the Aronsson-Euler equation for absolutely minimiz-
ing Lipschitz extensions corresponding to those Carnot-Carathéodory metrics as-
sociated to systems of smooth vector fields which satisfy Hormander’s finite rank
hypothesis (with rank r € N) and are free up to step r. In this case, we can ap-
proximate the structure of the CC space with an osculating Carnot group, using
techniques and ideas which were first introduced by Rothschild and Stein in their
celebrated paper [32].

We believe that a more direct proof could be given, without using this approx-
imation scheme. In the last section of the paper we show how to derive the same
theorem, in a particular example, without using the Rothschild-Stein results. Apart
from the study of the Grushin case [7], the general non-free Hérmander case is still
open.

Let X, ..., X, be a system of smooth vector fields in R™, which satisfy Horman-
der’s finite rank condition [25] up to step r € N, d.e., at every € R", the vector
fields and all their commutators up to order r generate R™.

In this section we want to extend the results of Theorem [[L4, and derive the
Aronsson-Euler equation for absolutely minimizing Lipschitz extensions with re-
spect to the Carnot-Carathéodory metric associated to the system X, ..., X,,, in
the presence of an extra assumption: the vector fields are free up to step r.

Definition 4.1. A free Lie algebra g,, s is a nilpotent Lie algebra of step s having
m generators, but otherwise as few relations among the commutators as possible.

To construct such an object we first need to consider the infinite dimensional,
free Lie algebra G on n generators Y7, ..., Y;,. Roughly speaking, the only relations
among the commutators of the Y;’s are given by anticommutativity and the Jacobi
identity. For each i € N, define G% inductively as Gk = Gp, and Giﬁl = [G%, GF).

4We omit the dependence on p, which from now on is a fixed number.
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For r > 1, we will define g,,,, = Gr/G%". For more details, see [32], Example 4,
page 256.

Definition 4.2. Denote by n,, s the dimension (as a vector space) of the free
nilpotent Lie algebra g,, ;. Let Xi,..., X,, be a set of smooth vector fields defined
in an open neighborhood of a point z, € R”, and let ns be the dimension of the
space generated by all commutators of the X;’s of length < s evaluated at the point
Z,. We shall say that X3, ..., X, are free up to step r if for any 1 < s < r we have
Nm,s = Ns.

Remark 4.3. We observe that if the vector fields X7, ..., X,,, are free up to step r in
an open set 2 C R™, then commutators of different lengths are linearly independent,
while commutators of the same length may be linearly dependent only because
of antisymmetry, or because of the Jacobi identity. Consequently, any n—tuple
Yi,, ..., Y;, of commutators which is a basis for R” must have the same cumulative
degree

Q =Y diy =Y j(nm;—nm;1) -
k=1 j=1

From this point on, we will denote by Y7, ..., Y,, the generators of the Lie algebra
Gm,s-
Consider smooth vector fields X7, ..., X;;, in R™ which are free up to step r in

the open set 2 C R™, and let £ € Q. For each k € N, 1 < k < r, choose
{Xir}, commutators of length k with X;; = X, such that the system {X;},

k = 1,...,7r, evaluated at £ is a basis of R". Then we can define a system of
coordinates (canonical coordinates) associated to {X;x}, based at the point &, as
follows:

(4.1) (uji) < exp(Y_uwXji) - €,

where exp(-) - £ : TeR™ — R™ denotes the exponential map based at €.

Remark 4.4. Let us fix a collection of commutators { X; } generating R™ at a point
&. We define the box-like sets which are given in canonical coordinates (u;) by the
expression

(4.2) Box(6) = {um €R, k=1,....,7, |ug| <Y} .

By virtue of Theorems 1-7 in [3I], we know that there exist C, R, > 0, and one
particular collection { X1}, for which one has

(4.3) Beo(€,C716) € Box(8) € Be(€,C96),

for any 0 < 6 < R,. Since we are considering vector fields which are free up to
step r at &, then all choices of the collection of commutators {X;;} give rise to
equivalent sets of coordinates. Consequently we can state that for any compact set
K CcC Q, there exist constants C7,Cs > 0 such that

(44) BOX(Clé) C Bc(f, 5) C BOX(CQ&) ,
forany £ € K and 0 < § < R,.

Following Rothschild and Stein [32], pg. 273, we want to approximate the free
vector fields X1, ..., X,, with left-invariant vector fields {Y;}, k = 1, ..., m, generat-
ing the free nilpotent Lie algebra g, ,. Let Gy, denote the Lie group associated
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t0 gm,r. For k=1,...,r and 7 = 1, ..., my, denote by Yj, a basis of the space V}, in
the stratification gy, = V1 @ --- @ V;., and by y; ; the corresponding exponential
coordinates in the group Gy, .. We let Y;; =Y, ¢ = 1,...,m;, denote the algebra
generators. If a denotes the multi-index {i,k}, then its degree is defined to be
la] = k.

Our argument will depend crucially upon the following fundamental result (see
[32], Theorem 5, page 273)

Theorem 4.5. Let X1,..., X,, be a system of smooth vector fields in R™ such that

(i) X1, ..., X and their commutators up to rank r generate R™, and

(i1) Xq,..., Xsm are free up to rank r at £ € R™.

Then there exist a neighborhood V' of & and a neighborhood U of the identity in
G, such that:

(A) Let n = exp(d>_ujxXjk) - &, denote the canonical coordinate chart n — wjy
for'V centered at &. The map 0 :V xV — U C Gy, defined by

(4.5) Oc(n) = 0($,m) = exp(d_ ukYin)

is a diffeomorphism onto its image.
(B) In the coordinate system given by 6s one can write

(46) Xi=Y+R;y, 1=1,....m,

where R; is a vector field of local degree less than or equal to zero, depending
smoothly on &, i.e., for any smooth f,

X, (f(9§(~))> — (Vif + Raf)(6e().

Let us recall that a differential operator on a Carnot group G has local degree
less than or equal to zero if, after taking the Taylor expansion at the origin of
its coeflicients, each term so obtained is an homogeneous operator of degree less
than or equal to zero. More explicitly, denote by {y.}, @ = (ik), the exponential
coordinates in G, , associated to the vector fields Y;,. We say that the vector field
R; has degree less than or equal to zero if for any N € N and any multi-index o =
(ik) one can find a function g, ,n € C°°(G), with growth g, n(y) = O(||y[|V),
such that

(4.7) Ri = Z Z (pa,i,N(y)aya + ga,i,N(y)aya>

=1 |a|=l

in a neighborhood of the origin. In (@&, the functions ps; n(y) depend on N
and are homogeneous group polynomials (see [I7]) of degree less than or equal
to N and greater than or equal to |a|. The notation 0,, indicates a first order
derivative along one of the group coordinates whose formal degree is |@|. In other
words, modulo lower order terms, the operator R; has order less than or equal to
o] — deg(pain) < laf — o] = 0.

In order to simplify the notation, we will write g instead of g,, r, and G instead
of Gy, . We will assume X, ..., X;, satisfy the hypothesis of Theorem [£5] and
consider canonical coordinates {x; ;} given by 6, in a neighborhood U of a point
xo € Q C R". We will denote by {z; ,} both the coordinates in U and the coordi-
nates in 6,,(U) C G. Since the exponential map exp : g — G is a diffeomorphism,
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we will not distinguish between points in G and in g. When we write that a cer-
tain function f is C!, for some | € N, we intend that the Euclidean derivatives
Oz 4y Oyy vy =" Oz, . [y 1 < s <, are continuous in a neighborhood of xq. Equiv-
alently, the lift of f to the free Lie algebra g, given by f'(z) = f(0;,' (z)), must have
the same property with respect to differentiation along the exponential coordinates
Z; % in a neighborhood of the origin.

The reason why we assume that the vector fields are free is that since we do not
have Taylor polynomials in R™ for f with respect to the vector fields X;, we want
to use the Taylor polynomials for the lift f’. To do this we need to compare the

derivatives X; f and X;X; f at xo with the expressions Y; f and Y;Y; f at the origin

in g.
Regarding the first Taylor polynomial, Theorem .3 yields immediately
(4.8) Vof = (Xaf, o X f)(wo) = (Yif', ..., Y f')(0).

In the following we will use the notation Y f/ := (Y1 f, ..., Y;n f')(0). To study the
relation between the second Taylor polynomial of f’ and f we need Theorem
Since the R; are of order less than or equal to zero, we expect that

(4.9) XX f(xo) =YY, f'(0) + Bi; f'(0),
where
Bijf/(O) = (Rzyj +RiR; + Yﬂ%j)f’(O)

is an operator of order less than or equal to one. The expressions [8) and (@.9)
lead us to the following lemma.

Lemma 4.6. If f,g € C*(U) with Vof(zo) = Vog(zo), then B f'(0) = Bi;g'(0),
and:

(i) If Y;Y;¢'(0) = Y;Y; f'(0), then X;X;9(x0) = XX, f(z0).

(11) If Xingl({E()) = Xl‘Xjf/(iL'o), then Y;Y}Q(O) = Y;Y}f(O)

Proof. Since we are interested in the value of Y;Y; f’ at the origin, we may ignore
the higher order terms g, ; n. In fact, provided we choose N > 2r in (A7), such
higher order terms will vanish at the origin together with all their derivatives up
to order 2r.

Modulo higher order terms we may Writeﬁ R; = Za Da,iOz,,, Where the p, ; are
homogeneous polynomials of order @ and « runs over all multi-indices o = (i, k)
with £ =1,...,r and ¢ = 1, ..., my. Since we are interested in the value of Y;Y; f at
the origin, we may ignore the higher order terms (they will vanish at the origin).
Since f,g € C? (recall, this is the Euclidean C?), then all their derivatives are in
L*°. Let us compute

Bijf,(()) = <R1Y] + R{Rj + Y[Rj)f’(())

(4.10) -y (zog,iam (V3 F') + Yi(PasOor ') + P3adas (Do f')(O)) .
o,

Swe drop the index N > 2r, which is fixed from now on.
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This is a sum of terms of order 8, « — 1 and a + 3 — 1 respectively. So when
evaluated at the origin we are left with
@) B = X (Ve ) )UFO) = Yo, S10)
=1 =1
Since the remainder B;; f'(0) is determined by the horizontal gradient of f’ at
the origin, the same argument applied to g yields the conclusion of the lemma. O

Because of the presence of the remainder terms R; in Theorem 5] we need to
strengthen our definition of viscosity solution.
Consider the co-Laplacian homogeneous equation

(4.12) Loou = Z XiXju Xju Xju = 0.
ij=1

This is a fully non-linear, degenerate elliptic equation.

Definition 4.7. Let 2 C R™ be an open set, and X1, ..., X,,, free Hormander vector
fields in Q. A function u € C(Q) is a viscosity subsolution of [{I2) in Q if for every
2o € Q and every C? function ¢ defined in a neighborhood U of zy such that
u(zo) = ¢(xo) and u(x) < ¢(z) for x € U, we have Lo, ¢(0) > 0. We say that u is
a wiscosity supersolution at xg if —u is a viscosity subsolution at zq, and finally, u
is a wviscosity solution if it is both a subsolution and a supersolution in the viscosity
sense.

Remark 4.8. The main difference between Definitions[[.2land[£.7is that in the latter
the test function ¢ needs to be in C? (the Euclidean space C?) in a neighborhood
of 29 € R™, and not only in I'?. The reason for this choice is that we will need to
apply a second order differential operator (in the definition of B;;, below) to the
lift of ¢ to the Lie group.

We are now ready to state the main theorem of this section

Theorem 4.9 (Aronsson Euler equation in the free vector fields setting). Let 2 C
R™ be an open set, and let X1,..., X,, be a system of smooth vector fields in R™
which are free up to step v € N and satisfy Héormander’s finite rank condition in
a neighborhood of Q. If u € TY(Q) is an absolutely minimizing Lipschitz extension
with respect to the Carnot-Carathéodory metric associated to X1, ..., X, then u is
a viscosity solution of the co— Laplacian equation (EI2) in Q.

Remark 4.10. The proof of Theorem €9 follows closely the argument used in prov-
ing Theorem [[4l In particular, the final step is given by Lemma B, which still
holds for general systems of smooth vector fields, and for sufficiently smooth abso-
lute minimizers u. The extra regularity hypothesis u € I'! is used only at this latter
point, at the end of the proof of Lemma Bl where in this more general setting we
will not be able to use group mollifiers. At this stage, it is not clear to us whether
the results in [21], [I8] and [8] make it possible to mollify our minimizer so that
the L*° norm of the horizontal gradient of the mollification is bounded by the L
norm of the horizontal gradient of the minimizer.

Proof of Theorem [{.9 The proof follows closely that of the main theorem, so we
will only give a sketch of the main steps, indicating the points where a substantially
different argument is required.
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Step 1: We argue by contradiction and assume that there exists ¢ € C? in a
neighborhood of the point zy such that

u(zo) = ¢(x9), and u < ¢ in a neighborhood of x,

> Xi Xjé(x0) Xid(xzo) Xjé(x0) < 0.

i,j=1
We fix a basis of R™ given by commutators of order up to r € N of the vector fields

X1, ..., Xm at the point xg. Let us denote by {X;;} such a basis, with X;; = X;
i =1,...,m. We use the exponential coordinates x; j associated to this basis by

{:L’} = exp(xikaik).

By the Rothschild-Stein Theorem [£.5] we can associate to the system X7, ..., X, a
free nilpotent Lie algebra g with m generators and step r» € N, and its corresponding
Lie group G. Let us denote by Yj; a basis of the Lie algebra. The same set of
coordinates {x} used in a neighborhood of zy € R™ can be used in a neighborhood
of the origin on the Lie algebra g and on the group G, by means of the osculating
map

0o () = expe (@i kYir)-
As we did previously, we will again denote by x1 = {x11,...,%m,1} and zo =
{Z1,2,.-; Tmy 2} the first two layers of the canonical coordinates.
Let ¢/ (x) = ¢(0,,! (x)), and set
D'=D=Y¢(0),
Ti/ = Yi,Q(bI(O) and Tz = Xi,g(b(l‘o) for i = 1, ...y, M2,

;= 5 (Y10 0) + ¥ ).
Hi; = % (Xin¢($0) + Xin¢($0)>7

By=1 (Bim'm) + Bji¢'(0)>.
Notice that by virtue of ([EEI0) we have
(4.13) H' +B=H.
We will be interested in the second Taylor polynomial of ¢’, which is given by
1
2

Step 2: Arguing as in the proof of Theorem [[L4 we find a symmetric m x m
matrix M such that

Py(z) = (D,y1) + (T', y2) + = (H'y1, y1)-

(4.14) M > H' and MD = (C — B)D,
where C' is an m x m antisymmetric matrix given by
1

Cjiz 5

[Xi, Xj]é(x0).
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In order to construct M we will let M = P+ H', where P is a m X m symmetric
matrix defined by the formula

(C =B —H"D,?)
(C=B—H)D,D)

for any z € R™. Since by ([I3) we have

((c-B-w)p.0)y=((~5-1)0.D)

(4.16) = < —HD,D> > 0,

(4.15) Pz=z+ (C—B—H)D -

then it is easy to verify the following properties of P: for every z,z’ € R™,
(Pz,z) >0,
(Pz,2'y = (PZ, 2),
PD = (C - H' — B)D, hence (PD,D)=—(HD,D) > 0.
Step 3: Define a new m x m symmetric matrix A given by A = M + B, and

a plane L = {(HD,z,) = 0}. Set h(z) = (D, z1) + (T, x2) + £ (Mxy,21). Observe
that

(417) %(Bz]hl(O) + szhl(0)> = Bij.

Use the method of characteristics to find a smooth solution of the Cauchy prob-
lem for the horizontal eikonal equation

(4.18) IVoV| = |Voo(zo)| in a neighborhood O of zg,
' V(z) = h(x) in LNO,

subject to the condition

(4.19) VV(zo) = Vé(xo) (the full Euclidean gradient)

Note that here we are using the fact that ¢ € O, since we are prescribing not only
the horizontal derivatives, but also all the commutators evaluated at xg.

If we let ¥(x) = (HD, x1), then X;9(xg) = E;nzl H;;D;. The condition that z
is not characteristic for (EI8) is given by the inequality

(4.20) S (XiV) Xigp(xo) = <HD, D> < 0.
i=1
Step 4: We prove that
1
(421) 5 (XZXJV(LE()) + X]XZV($0)> = A”

In order to prove [@ZI)) we need to differentiate the equation ({IJ) along the
directions X; and evaluate the result at xg, obtaining

D XiX;V(x0)X;V(zo) = 0.
j=1
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Consequently, we have

ZV”DJ = Z 5 (X X;V (o) + X, X, V(m0)> => %[Xj, X;]V (z0) D,

j=1 j=1

(from @I) =Y 51X, XJo(w0)D;

(from (@EI4)) = ZA”D]-.

The latter gives us a control over the directions not in L. Now we turn our
attention to the vectors in L. We observe that if x € L, then the vector field
Zi x;,1X; is tangent to L at the point xy. In fact,

d d
£<HD,exp(sti71Xi)) = £<HD,sac) =0.

i

Consider z,y € L, and observe that since h = V along L, then
szlX ZyLlX V) (o) lelX ZyﬂX h)(zo).

We now use (L) and compute

<Vx1,y1> _ <% (mfjh'(o) + ij'(o)) xl,y1>
+ <% <Bijh’(0) + Bjih/(0)>x1, y1>

from ({L.I7) :<Ma:1,y1>—|—<Bm1,y1> = <A xl,y1>.

The rest of the proof follows along the lines of (3:24)-(3.26)).
Step 5: We want to compare the second order Taylor polynomials P, and P) '
of (respectively) ¢/ and V'(z) = V(0! (x)).

First of all, note that we have P, = PY’| by virtue of Theorem . In view of
Lemma [£Z6] we also obtain

3 (V0 o)

= <X¢XjV(xo) + XinV(xo)> -3 (BijV'(o) + BjiV'(0)>
— 3 (XY ao) + X607 ) ) - 3 (B30/0) + B 0))
(4.23) = Ay — By
= M;;
Since by (@I4) we have M > H', it follows that
(4.24) P (z) > Py(x)
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for  # 0 and z in a neighborhood of the origin (the two polynomials are equal at
the origin).
The stratified Taylor inequality of Theorem 23] immediately yields
(4.25) V' > ¢
in O \ {0}, where O is a neighborhood of the origin.
Arguing as in Theorem [[4] we have
(4.26) u(z) < VI(x):= V'(z) —¢,
for R > \/% and z € 0B(0, R).
At this point we want to rephrase the latter inequality in terms of the functions
w and V near zg. To do this, we need to understand what is the image of B(0, R)

under the action of the map 6.
We recall that by Remark [L4] there exist C, 7o > 0 such that for 0 < § < 7o,

Box(C18) € Be(zo,6) C Box(C9).
On the other hand, the boz sets

my,
{z € G such that fok <R* fork=1,.,r'CG
i=1
are equivalent to the pseudo-balls B(0, R) in the group (this can be verified through
elementary computations, for a reference see [31]). Hence, there exist constants
C4, 71 such that for 0 < § < r; one has

(4.27) 0. (B(0,C~'6)) C Be(xo,6) C 0,1 (B(0,C6)).

By (E26) and (Z27) we can find a neighborhood W of g such that for R > \/%,
e small enough, and = € dB¢(x9, CR) N W, one has
(4.28) u(z) < Ve(z) :==V(z) —e.
On the other hand,
u(0) =0> —e = V,(0).
At this point we argue as in (328)) and (B29), and use Lemma Bl to reach a
contradiction and conclude the proof of the theorem. O

5. A CLASS OF VECTOR FIELD EXAMPLE

In this section, we examine certain vector fields without a group structure and
use the explicitly computed Taylor series to show that absolute minimizers are
infinite harmonic. We begin by constructing the tangent space. Consider R? with
coordinates (x1, z2,x3) spanned by the vector fields

X1 = cos(zs+ a)é‘im + sin(zg + a)%,
0
Xy = —
2 8$3’
X3 = sin(zs+ oz)i —cos(z3 + o) —
3 = 3 8131 3 8$27

where « is an arbitrary real number. Observe that since

cos®(x3 + a) + sin®(z3 + a) = 1,
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these vectors do indeed span R3; and since [X7, Xs] = X3, X; and X satisfy
Hormander’s condition. Note, though, that X3 is therefore a second order deriva-
tive. We endow R? with an inner product (,) so that the vectors X1, Xo and X3 are
orthonormal, and we call the resulting manifold g, which will be the tangent space
to a space denoted G, also using coordinates z = (z1, x2, x3) for points z € G. We
denote fixed points by 20 = (29,29, 29).

To assist in showing that G is not a group, we state Proposition 4.10 from [4].

Proposition 5.1. Let s be a non-negative integer and let p € G. For a smooth
function f defined near p, the following are equivalent:

(1) f(q) =O(dc(p,q)®) for q near p.
(2) The [subelliptic] derivatives of order < s —1 of f vanish at p.

The order of f at p is then the number sg, so either of these conditions hold with
so but not with sg + 1. In particular, it is easy to see using the second condition
that x1 has order 1 unless cos(zs + «) = 0, in which case 1 has order 2. Similarly,
x2 has order 1, unless sin(zs + @) = 0, in which case xzo has order 2. Because
group invariance implies all points have the same order, G cannot be a group.
Using the first condition, one then concludes that the Carnot-Carathéodory metric
has different local estimates when based at different points. Fixing a point z°, we
obtain the local estimate at x°:

(5.1 do(a® @) ~ for =" - fay — 2§ PO 4 g ),
where the function a(f) is defined by

[ L if cos(6) =0,
al0) = { % if cos(6) # 0,

and b(#) is defined analogously using sin. Using the language of [4], one sees that
our coordinates (z1,x2,23) form a system of privileged coordinates (see p. 42 in
[4]), and so equation (&.1l) is merely a restatement of Theorem 7.34 in [4].

The change in order at various points not only reiterates that G is not a group,
but it also must be reflected in the Taylor polynomial. The surprising fact is that
the Taylor polynomial based at an arbitrary point, given by the proposition below,
can be expressed in a form independent of the order of x; and z5. This fact is
a consequence of the previous paragraph. In particular, we have the following
proposition.

Proposition 5.2. Given a point 2° = (29,29, 29) and a T? function u : G — R,

for points x near x° the second order Taylor polynomial is given by
u(z) = u(2) + (21 — x?)(cos(xg + o) X u(z) + sin(zs + Oé)Xg’U,(J?O))
+ (22 — x8)<sin(x3 + ) Xu(2°) — cos(zz + oz)Xgu(xO)>
1 1
+ (23 — 29) Xou(z?) + §(x1 — 202X Xqu(2®) + 5(3:2 — 29)% X X u(2?)

1
+ 5(1‘3 — 29)%2 X2 Xou(x®) + cos(zz + @) (x1 — %) (23 — 29) X1 Xou(z")

+ sin(zz + a)(z2 — xg)(mg - mg)Xngu(xo) + O(do (z, 1:0)3).
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Note that this Taylor formula is wvalid for all points, including those at which
cos(zs + «) orsin(zs + «) is 0.

Proof. Denote the right hand side (without the error term) by P(z). We then have

X1P(x) = cos(zs+ ) (Cos(xg + ) X1u(z®) + sin(z3 + a) Xzu(z?)
+(z1 — 2 X1 Xqu(2®) + cos(zz + a)(z3 — xg)Xngu(:cO)>
+sin(z3 + @) ( sin(xs + a) X u(z°) — cos(xz + o) Xzu(z?)

+(zo — xg)Xleu(mO) + sin(zs + ) (a3 — xg)Xngu(m0)>

= Xju(a®) + cos(zz + a)(z; — 29) X1 Xqu(z?)
+sin(zs + a)(z — 29) X1 Xqu(z®) + (23 — 29) X1 Xou(2°)
and
XoP(x)

Xgu(:co) —sin(zs + a)(x — x(l))(:c3 - :cg)Xngu(xO)

+(23 — 29) Xo Xou(x®) + cos(xz + a)(r2 — 29) (x5 — 23) X1 Xou(z?)
+cos(x3 + a)(z; — 29) X1 Xou(x)

+sin(z3 + a)(z2 — 29) X1 Xou(2)

The second order derivatives can then be computed, producing

XsP(z) = sin(zs+ a)(cos(:vg + ) X u(2°) + sin(zz + ) Xzu(z?)
(21 — 2D X1 Xqu(2®) + cos(zz + a)(z3 — mg)Xngu(xO))
—cos(zs + ) (sin(:cg + o) X u(2°) — cos(zz + a) Xzu(z®)

+(z2 — :cg)Xleu(xO) + sin(zs + ) (zs — :cg)Xngu(xO)>

= Xsu(z®) — cos(zz + a)(z2 — 29) X1 X1u(z®)
+sin(z3 + a)(z; — 29) X1 Xqu(z?),

X1 X1P(x) = cos?(z3 + ) X1 Xqu(x®) + sin’(z3 + ) X7 Xyu(z0),

XoXoP(z) = XoXou(z®) —sin(zs + a)(z; — 29) X Xou(z?)
+cos(z3 + a) (w2 — 29) X1 Xou ()
—sin(zz + a)(z; — 2%) X Xou(z)
—cos(x3 + a)(z1 — 29)(x3 — 29) X1 Xou(2°)
+ cos(z3 + a)(zy — 29) X1 Xou ()
—sin(x3 + a)(ze — 29) (x5 — 29) X1 Xou(2°),
X1 XoP(z) = cos?(x3 4+ )X Xou(z®) 4 sin? (23 4+ o) X Xou(z?).
Evaluation at x = 2° and the fact that [X1, X

] = X3 produce
X,;P(2") = X;u(2°)
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and also

X, X;P(z%) = X; Xju(a).
Note that this calculation is independent of the value of sin(zs+ «) and cos(zs+ ).
Whenever sin(zs + o) = 0, x2 is of order 2, so that the term

sin(xz + a)(ze — 29)(z3 — 23) X1 Xou(z?)
is zero and does not appear in the Taylor polynomial, reflecting the fact that

(w2 — a3)(z3 — 25) = O(dc (x,2°)%).

A similar statement holds for cos(xs + «) and (x1 — 29) (x5 — 29).
The error term follows from applying Proposition B.Ilto P(z) — f(x). O

Having established the second order Taylor polynomial, we wish to prove an
analogue of Theorem [£9l for the space G. We shall proceed with the proof, using
the same five-step procedure to obtain a contradiction to Lemma 311

We first assume that we have a function u € Lip(£2) that is an absolute minimizer
but fails to be infinite harmonic at the origin. We will treat the general case later.
Without loss of generality, we may assume that there is a I'? function ¢ so that
equations ([3.I3)) hold. As in the previous proofs, we establish the following notation
for matrices H and C and vectors B and D:

Hy = 3(XiX;0(0) + X;Xi6(0),
D = VO¢(0),

B = —-HD,

s = 31X, X6(0)

Step 1. We use equation (3.16) to define a matrix P and the matrix M = P+H
with the properties of equation (3.17).
Step 2. We define the hyperplane L by

L ={z1X1(0) + 22 X2(0) + 23 X3(0),
with (21, 29,23) € R3 such that Bizy + Boxo = 0}
and note that (D, x3) ¢ L but 0 € L. We also define the I'? function h(z) by
hz) = P(),

where P(z) is the polynomial from the proof of Proposition [5.2
Step 3. We want to solve equation (B.I8)) (see also (£I8)) subject to the con-
straint VV'(0) = V¢(0). Here V denotes the Euclidean gradient, i.e.,

0 0
8—1;1V(0) = o (0),
0 0
8—1;2V(0) = o (0),
0 0

We also define the functions

flx,p) = % ((cos(xg + a)p1 + sin(zsz + a)p)? + (p3)2)
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b(w) = <B,m>.

A simple computation shows that

V£(0,Ve(0)) = (X19(0), X29(0)),

and

and consequently

<vpf<o,w>(0>>,vzw> _ <B,D> L0,

Interpreting the last inequality as the non-characteristic condition (compare with
equation ([3:20)), we can argue as before and conclude the existence of V.

Step 4. Using calculations as in the Carnot group case, we obtain equation
(BZZT)). We recall that the derivatives of h(z) are computed in Proposition B2 so
equation (325)) is obtained by a straightforward computation.

Step 5. We replace ||z|| in equation (327)) by the norm

0 0
|| = |o1 — 29]*@s 4 4 gy — 292@F) g — 29,

with @ and b defined as in equation (5.1]). We then proceed as in the Carnot group
case to reach a contradiction using Lemma [3.1]

Having completed the case when w fails to be infinite harmonic at the origin, we
next tackle the case when wu fails to be infinite harmonic at an arbitrary point z°.
Because G is not a group, we do not have left translation, and in fact, the vector
fields are not invariant. We cannot move from a point at which z; has order 1 to
a point where it has order 2. However, we can adjust the parameter o so that x;
and 2 have the same order at the origin as they do at 2°. In particular, at x° the
vector fields X1, X2 and X3 are given by

X, = cos(xd+ a)aixl + sin(29 + 04)8—9627
0
Xo = G
X3 = sin(2d+ oz)8;j;1 — cos(z + a)%a
and so at the origin we define the vector fields
Y1 = cosﬁ%—l—sinﬁ%ﬁ;
0
Yo = ors’
Ys = sinﬁ(,%l—cosﬁ(p}‘ix27

choosing the parameter 3 so that x; and x2 have the same order at the origin
with respect to the Y vector fields as they do at z° with respect to the X vector
fields. We consider the function @(z) = u(z + %), which is not infinite harmonic
at the origin. In addition, elementary calculations show that Lipu = Lipu and
is an absolute minimizer on Q = Q — 2°. We then use the above proof to obtain
a contradiction with Lemma B and conclude that w is infinite harmonic at 2°.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



822 THOMAS BIESKE AND LUCA CAPOGNA

At this point, we note that upon completion of the case when u is T'', we observe
that the lack of dilations in this setting does not allow us to remove the regularity
assumption.
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