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ANISOTROPIC ESTIMATES OF SUBELLIPTIC TYPE

ANNAMARIA MONTANARI - DANIELE MORBIDELLI

We discuss some estimates of subelliptic type related with vector fields
satisfying the Héormander condition. Our approach makes use of a class of
approximate exponentials studied in our previous papers [7-9, 11]. Such
kind of estimates arises naturally in the study of regularity theory of weak
solutions of degenerate elliptic equations.

1. Introduction

In this note we review and slightly improve some estimates of subelliptic type
for a family Xi,...,X,, of smooth vector fields of Hormander type in R". We
mainly use the analysis of a class of approximate exponential maps appearing in
some previous papers of the authors and of Ermanno Lanconelli. See [7-9, 11].
We shall formulate our estimates making use of a family of fractional Sobolev
norms modeled on the subRiemannian geometry defined by Xi,...,X,,. These
norms have been analyzed in [11].

Let Xi,...,X,, be a family of vector fields satisfying the Hormander condi-
tion of step kK € N in R"”. A classical estimate states that given a bounded set
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Q CR"and p € [1,+oo[, there is a positive constant C such that

1
o= “‘)”‘dd)mgaumﬁiwxmu><n
axQ |x y|n+p 1/x) = J ’
for all smooth f compactly supported in Q. Here [f]y1/x, denotes the L?
(semi)norm of the fractional derivative of order 1/x of f. Classical references
for this inequality are [3, 13]. Various versions of estimate (1) have been used
extensively starting from the seminal paper of Hormander [4] in the theory of
hypoelliptic operators.

Estimate (1) inherently gives the same order 1/k of Euclidean fractional
differentiability in all directions, for a function f € L? with derivatives X; f, ...,
Xnf € LP. Note that in typical situations of interest in subelliptic analysis, the
dimension of the subspace generated by X; (x), ..., X, (x) is strictly less than the
topological dimension n. It is known that (1) is sharp, as far as we refer to
Euclidean fractional derivatives. However, it does not capture the fact that given
f in the first order Folland—Stein space,! one can expect a better regularity of f
along the directions of commutators of lower order compared with the regularity
expected along the directions of commutators of higher order. This motivates
the introduction of a different notion of fractional differentiability, based on the
data of the metric measure space (R",£",d), where L£" denotes the Lebesgue
measure in R” and d the subRiemannian distance. Namely, following [11],
given Q C R”, we define for any s € |0, 1[ and p € [1, +oo[, the seminorm

- @)~ f0) v
ugrer = (o Tacdtmac®®) - @

where d denotes the subRiemannian distance associated with the vector fields X,

.» Xi». Here and hereafter, B(x,r) will denote the ball of center x € R” and ra-
dius r with respect to the subRiemannian distance d. Observe that, by known
properties in subRiemannian geometry, we have the local estimates £"(B(x,r))
< Cr"and d(x,y) < C|lx—y|'/¥, where K is the step of the vector fields. See (19)
in Section 2. Then we have the trivial local embedding

/p
v+ ([ SO IOR 0" < lflugoia

Q |x y|n+p (s/x)

/]

where || f ”W{jf’(g) =l +1 f]W;,p(Q) and the positive constant C depends
on the bounded set Q@ C R" and on s € |0, 1].

IThe functional space defined by the norm in the right-hand side of (1).
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Note also that the embedding is somehow strict. In order to explain our
comment, given a bounded set Q, we define the fractional derivative of order
€ €0, 1] of a function f along a vector field Z as

] o </dx/ dtlf(e’Zx)—f(X)I”>UP S
W o Jpeaiezeqy [t 1Pe ,

where as usual we denote by ¢'Z(x) the value at time ¢ of the integral curve of Z
starting from x when r = 0.

Let us introduce the notation X, := [X,,,, . - ., [Xw,_,,Xw,] . ..] to denote nested
commutators of length |w| = ¢ < k. Then, we show that given vector fields of
step K € N, p € [1,400] and a triple Q; € Q € Q3 of bounded sets, for all
s €]0, 1] we have the equivalence

C A llwsr (@) < lullrn + Y iy < Clfllwpriay- @)

‘W|§K‘ w

This means that given a function f € L?(Q) and s < 1, the seminorm [f] WP (Q) is
finite if and only if f has s/|w| derivatives in L” along commutators X,, of length
lw| =1,2,3,..., k. Note that in [11] the first author proved the equivalence (4)
for commutators X,, with length |w| = 1 only. Here we show that the argument
in [11] provides also the inequality

[f]W;‘/V‘WH)(QZ) S C||f||Wde(Q3)

for commutators X,, of arbitrary length |w| < k.
In Section 3 we shall prove the following anisotropic subelliptic estimate.

Theorem 1.1. Given Hormander vector fields X,,...,X,, in R", for all p €
[1,+o00[, for all s € |0, 1] and for any pair of nested bounded sets Q € Q there
is C > 0 such that for all C' function f we have the inequality

Ulwrie) <€( X 1Kl + Il ®
j=1

Roughly speaking, the inequality (5) means that the LP norm of the deriva-
tives of order s < 1 in the subRiemannian metric measure space (R", £",d) can
be estimated from above with the derivatives of order 1 in the Folland—Stein
space. This estimate is trivial in the Euclidean case, see the discussion in Re-
mark 3.1. Surprisingly, the proof of the subRiemannian statement (5) becomes
less trivial and requires a certain amount of work.

Inequality (5) has been proved in [11, Theorem 5.1] for 1 < p < % and for
an appropriate Q, by using some nice properties of the fundamental solution of
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Hormander operators. Here we extend this inequality to every p > 1 by using
a completely different technique, whose main tool is the approximate exponen-
tial map. The proof of Theorem 1.1 will be presented in Section 3 and it is
inspired to the argument of the Lanconelli’s unpublished proof of the nonsharp
version of (1). See [9, Proposition 6.2]. Let us mention that for the case s = 1
our seminorm (2) is not useful, but there is a rich theory of Sobolev spaces of
order s = 1 defined on metric measure spaces. See the Hajtasz spaces [5] and
the Newtonian spaces [14], just to quote a few.

In the subsequent Section 4, following [11], we describe the proof of the
equivalence (4). As a corollary, we obtain estimates in the directions of com-
mutators.

Namely, we will get the following statement.

Theorem 1.2. Let X1,...,X,, be Hormander vector fields of step x in R" and
take p € [1,+o0. Let s € ]0,1[ and consider a commutator X,, of length |w| < k.
Then, given bounded open sets Q. € Qg there is C > 0 such that

1/p
X, l’
[f]W;;/vMp ) </ /{te [0,1]:e%w (x)eQ} |t|l+PS/|W| }f X ’ dx>

<C(Iflrian + X 1% lia)

j=1

The idea of using anisotropic estimates along different directions in a subel-
liptic context arises naturally in the study of pointwise estimates for weak so-
lutions of degenerate elliptic equations with measurable coefficients and it was
exploited long ago by Franchi and Lanconelli [2] in the setting of the diagonal
vector fields X 7L] it where j=1,...,nand Ay,..., A, are suitable functions.
Here we formulate a famlly of amsotroplc inequalities in the setting of Horman-
der vector fields with their commutators. Again, our techniques do not provide
a proof of the borderline case s = 1.

To motivate Theorem 1.2, let us give a formulation of its L™ version, starting
from a well known fact. Let X = dy+2yd; anf Y = d,, — 2x0; be the vector fields
of the Heisenberg group with coordinates (x,y,#). Then, by an easy computa-
tion, we have the exact formula

est —sX sY SX(

Xy,1) = (5t —4s%) = ¢ K (x, 1), 6)

for all (z,¢) := (x,y,¢) € R? and s > 0. Then, given any regular function f =

f(z,1), we have an estimate of the %-Ht’)lder seminorm of f on a bounded set Q:

(™ Mz, 1) — £(z,1)]

|T|1/2

<C sup (|Xf(z,t)|—|—|Yf(Z,f)|), (N
(z,)€Qo

sup
(z,)€Q, |t]<ro
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where Qy D Q and ry > 0 is small enough.

A natural generalization of (6) to more general vector fields X1, ..., X, would
be a formula of the following form. Let X,, be any commutator of length
lw| < k constructed from a family Xj,...,X,, of Hérmander vector fields of
step k in R". Given a bounded set Q and Qg D Q there is ro > 0 and a positive
C such that for all nested commutator X, := [X,,,...[Xy, ,,Xw,]...] of length
lw| € {1,2,...,x}, we have

Xy . m
sup 1 ,T,xl)/wf W < csup Y 16,70 ®)

x€Q, |T|<rg yeQo j=1

If we try to prove (8) by generalizations of formula (6), we encounter some
remainders which can not be controlled with elementary methods. However,
estimate (8) does hold as a consequence of the ball-box Theorem presented in
Section 2. See the explanation in Remark 2.4.

We conclude the Introduction by remarking that in this paper, for the sake
of clarity, we consider smooth vector fields satisfying Hormander condition.
However, by the ball-box Theorem in [9], we expect that all the results of the
present paper can be extended to nonsmooth vector fields of arbitrary step k¥ € N
and with coefficients in some regularity class related with the step x appearing
in the Hormander condition.

2. Preliminaries

Consider smooth vector fields Xi,...,X,, in R". Given a word w = w ---wy in
the alphabeth {1,...,m}, let us introduce the commutator

X = Xy Xy [ Xy, X))

The number |w| = |wywy---wy| =: £ is called the length of the commutator X,,.
Let us define the subRiemannian distance
d(x,y) :=inf{r > 0: thereis y € Lip((0,1),R") with (0) =x,y(1) =y
and y(t) = Z wj(t)rX;(y(t)) with [u(t)|guc < 1 forae. t € [0,1]}.

1<j<m

Given a fixed k¥ > 1, denote by Y1,...,Y, an enumeration of {X,, : 1 < |w| <
Kk}, the family of commutators of length at most k. Let £; < k be the length of
Y;. Define the distance p

p(x,y) :=inf {r >0 there is y € Lip((0,1),IR") such that y(0) = x
q
y(1) =yand ¥(t) = Z bi(t)r'iY;(y(t)) : |b(t)|gue < 1 forae. £ € [0, 1]}.
=1
)



318 ANNAMARIA MONTANARI - DANIELE MORBIDELLI

The Hormander condition of step k reads as span{X,,(x) : [w| < xk} = R" for all
xeR"

We denote by B, (x,7), B(x,r) and By (x,r) the balls of center x and radius
r with respect to p, d and the Euclidean distance respectively. Sometimes, to
avoid any confusion, we denote by | - |, the Euclidean norm.

Since the vector fields Y1, ..., Y, span R" at any point, it is easy to see that for
all pair of points x,y € R”, the set of competitors defining p(x,y) is nonempty
and then p(x,y) < +oo for any pair of points. Furthermore, an elementary argu-
ment shows that a local estimate of the form p(x,y) < Clx — y|'/* holds. Triv-
ially, by definition, we have p(x,y) < d(x,y). The classical Chow’s theorem
implies also that for any pair of points x and y € R” the set of competitors defin-
ing d(x,y) is nonempty. Then d(x,y) < co. Finally, both p and d satisfy the
axioms of a distance.

Ball-box Theorem We recapitulate here the statement of the ball-box Theo-
rem. Let us consider a family of vector fields X1, ..., X, satisfying the Héorman-
der condition of step k in R". Let us fix an enumeration Yi,...,Y, of all the
commutators X,, with length |w| < k. Let ¢; be the length of ¥;. If the Hérman-
der condition of step k is fulfilled, then the vector fields Y1, ..., Y, span R" at any
point. Given a multi-index I = (iy,...,i,) € {1,...,¢4}" and its corresponding
n—tuple ¥; ,....Y; , let

A(x) = det(Y;, (x),.... Y, (x), and £(I) =& 440,  (10)

The first “ball-box Theorem” was proved by Nagel, Stein and Wainger in [12].
Namely, in that paper, the authors introduced the exponential map related with
an n-tuple I = (iy,...,i,) € {1,...,q}" in the form

Py (u) 1= exp ; ¥, ) (),

where u belongs to a neighborhood of the origin in R” and exp(Z)(x) or e?x

denotes the value at time ¢ = 1 of the integral curve of the vector field Z starting
from x € R" atr = 0. Since we are interested in local estimates, we may without
loss of generality assume that ¢“x is well defined in all situations of our interest.

To give the statement of the Nagel-Stein—Wainger ball-box Theorem, we
introduce a definition.

Definition 2.1 (n-maximal triple). Let I = (iy,...,i,) € {1,...,q}", x € R",
n €10,1[ and r > 0. We say that (I,x,r) is 1-maximal if

M)A >0 max Ak (x)|r 5. (1)
Ke{l J

s
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Define also forall 7 € {1,...,q}"

Hh”,zjir}axn\hﬂl/é’i, Oi(r)={heR": ||h]l; < r}. (12)
Then, in [12] the authors proved that if (7,x,r) is n-maximal, x belongs to a
compact set and r is sufficiently small, then we have the double inclusion

D, (Qi(c17)) C Bp(x,r) C Pr(Qi(car)), (13)

where the constants c; and ¢, depend on 1) and on the compact set where x lies.
This estimate together with some Jacobian estimates have the consequence that

L'By(x,r) = Y Ak(x)]r 5, (14)
Ke{l,... g}

where the equivalence holds for compact sets and sufficiently small . We have
presented the statements of this part in an informal way. Below we shall give
precise statements of similar results which are needed in this paper.

After [12], the analysis of the maps ®; was carried out by several authors
in subsequent years. See [1, 15, 16]. Since ¢(I) > n for all I, we always have
by (14) the local estimate L" (B, (x,r)) < Cr", where x belongs to a bounded set
and r > 0 is sufficiently small.

Approximate exponentials of commutators and the corresponding ball-box
Theorem. In [12], the authors gave also a sketch of the proof of the fact that
the distance p is equivalent to d locally. This was done introducing a class of
maps which we are now going to call “approximate exponentials”.

Consider vector fields X,,,,...,X,,, and their commutator X,,, which has
length £ = [w|. Let us define the approximate exponential exp,, (X,,). For 7 > 0,
we define, as in [12], [11] and [9],

Ce(Xy, ) = exp(TXo, ),
Ce(Xowy X, ) = exp(—TXo, ) exp(— Xy, ) exp(TXy, ) exp(TXu, ),

Ce(Xys - X)) = Ce(Xny -+, Xowy)~ exp(— X0, )Cr (X - - - s Xow, ) €XP(T Xy, ).
Then let
Ctl/5<XW17'-~7XWg)7 ift >0,

_ : (15)
e Xy X)), ifr <0.

eXpap (tXW) = {

By standard ODE theory, if x belongs to a bounded set Qy, there is rop > 0 so
that if |¢| < rp and x € Q the approximate exponential is well defined.
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Let us assume that the system X, ..., X, has step k¥ € N and introduce the
family Yi,...,Y, of their nested commutators of length at most k. Define, given
I=(i1,...,ip) €{1,...,q}", for x € K and h € R", h in a neghborhood of the
origin

EI,X(h) = expap(hlyil) " €XPap (hﬂYin)(x)‘ (16)
Theorem 2.2 (Ball-box). Let Xi,...,X,, be Hormander vector fields of step Kk
in R". Fix an open bounded set Qo C R". Then there is ry > 0 such that for
allm €10,1] there are constants &, < 1 < Cyy such that for any 1-maximl triple
(I,x,r) with r < ry and x € £, we have
(i) the map h— Ej(h) is one-to-one on the box Q;(&yr) defined in (12);
(ii) we have the inclusion

Er(Qi(&qr)) 2 Bp(x,Cy'r); (17)

(iii) The Jacobian of the map Ej ;. admits the following estimate

Cpt A () D < ‘detaES;l(h)‘ < Cpl () D forall h € Of(eqr).

Theorem 2.2 has been proved and used in various regularity conditions
in [9-11]. In this paper we will work in the smooth case and we shall choose
always n = %, to make statements clean.

A first consequence of Theorem 2.2 is the following volume estimate. For
all bounded set Q C R” there is ry > 0 and C > 0 such that

C'L'B(x,r)) < max |Ag(x)|[r"E) < CLMB(x,r))
Ke{l,...q}" (18)

for all x € Q and r < ry.
A couple of further consequences are the estimates

L"(B(x,r)) <Cr" forall x € Qand r < rp;

e (19)
d(x,y) <Clx—y| for all x,y € Q.

Remark 2.3. Let us observe the following consequence of Theorem 2.2 and
of the construction of the maps Ej,. Under the hypotheses of Theorem 2.2,
for any open bounded set Q C R" there are rp > 0 and Cy > 0 so that any pair
of points x,y € Q with |x —y| < ry can be connected with a piecewise integral
curve of the vector fields +Xj,...,£X,,. The number of pieces is bounded by
an universal algebraic constant M depending on m and k, while each piece has
length < Cp(x,y). (Recall that by definition we always have p(x,y) < d(x,y)).

In the following remark, we go back briefly to the discussion of the intro-
duction, concerning estimate (8).
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Remark 2.4. Let X,, be any nested commutator of length |w| < k constructed
from a family Xi,...,X,, of Hormander vector fields of step x in R". Given a
bounded set €2 and Qg D Q, there is rg > 0 and a positive C such that

|f (™) — f(x)

i =€ s X Xif0) (20)

yeQy j=1

sup
XEQ7 |T‘§r0

To check (20), it suffices to observe that, by definition of p, we have that

X (x) € Bp(x,2|7|"/"!) for all x € R" and T € R. Note explicitly that we must
use here the distance p defined using commutators. Then, by Remark 2.3, we
conclude that if x € Q and |7| < ry for small r,

(™)~ ()| < Csup T -1/
0 j

Informally speaking, if we choose ro small enough, then € can be made a small
open neighborhood of Q.

3. Anisotropic subelliptic estimates

In this section we prove inequality (4) and consequently Theorem 1.1. Namely
we show the local estimate

iy < (X Kiulorin) + lullrian) ). @1
j=1

for all f € C'. Here Q is bounded, Qo D Q, p € [1,+oo[ and s € ]0, 1[.

Remark 3.1. Let us look inequality (21) in the Euclidean case. Roughly speak-
ing, it says that derivatives of order s < 1 in L” can be estimated with derivatives
of order 1 in L”. The inequality is essentially trivial. Namely, in order to get the

estimate
/ \u(x)—u()\dxdy<c/ |V f(x)|Pdx,
[x — y[rtes
QxQ
Px—y[<ro

where Qg is an open neighborhood of Q depending on ry, it suffices to apply the
fundamental theorem of calculus and then Minkowski inequality

/ / |h|n+m —u(x+h)|Pdx
0 ||
= || i Ly \/ v (o) o
0 Ih\
S/o Vl\dilp{/o [/ ‘Vf<x+t|Z|)‘pdxr/p}p

" dh
<c Chp/ V(2)|Pd <c/ Vi,
<c [ il [ vr@paz<c [ vy
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because the integral in dh converges for s < 1. The argument of the inequalities
above is based on integration of f along the curves ¢ — ¥(t) := x—i—tﬁ, which
is not available in the Hormander setting. The machinery of the approximate
exponentials E7 , makes possible to prove inequality (21) following the scheme
of the chain of inequalities above.

Proof. Before starting the proof, we recall some useful consequences of the
ball-box Theorem for vector fields stated in Section 2. We use below the state-
ment with n = % of Theorem 2.2 and we let C := Ci/, and €= €12

Let Q be a bounded open set and let ry > 0 be a small number so that The-
orem 2.2 applies. Let us define, givenx € Q and I € {1,...,4}", the set

1
M, = {y ER":d(x,y)<ro and (I,x,Cd(x,y))is E—maxmlal}
It is easy to see that the set M; , is a metric annulus of the form

M]7x = {y ceR": rix < d(x,y) < Rl,x}-

We have defined for all 7 € {1,...,g}" and x an open set M;, which can be
empty. Furthermore, different choices of I can give overlapping annuli. Finally,
UrM; x = B(x,r9). The radius Ry, satisfies also the condition

|4 (0)|(CRy ) > ax |2k (x)|(CRp)" ™.

1
— m
2 Ke{l,.ng)”

Therefore, Theorem 2.2 gives the estimates

1 IE;«( . ~A

S < et T2 ‘<cm, W iflrll <&R. @)
B(xyRI,x) C EI,x(QI(C/éRI,x)) (23)
h — Ejx(h) is one-to-one on QI(CA“ERM). (24)

Recall again that QI(CAﬁRLx) ={heR": |h|; < E@RLX}. On the set My
we also have a lower estimate on the distance d(x,y) in terms of the variable
h. To get this bound, let us consider a point y € M;, and choose any number
p € ]d(x,y),R;]. For any such choice of p, we have obviously y € B(x, p). Fur-
thermore, the triple (I,x,Cp) is 1/2-maximal. Then we can write y = Epx(h)
for a unique h = E; ' (y) € 0;(Cgp). Therefore, given y € B(x, p), the unique h

satisfying Ej «(h) =y belongs to QI(&p), i.e. satisfies |||, < &p. Thus,

Ikl = |1E;; ()| < Cép,
forally € M and p € ]d(x,y),Rix[ = d(x,Erx(h)), Ry |-
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Letting p \, d(x, Er «(h)), we get the useful lower bound
d(x,Er.(h)) > (C&)~'|[hll; forall h € E;  (My,). (25)

Let now p € [1,4oo[ and s € ]0, 1]. Then we start with the estimate

|f(x) = fO)IP
/dx/xro ﬂdeyps‘Cn( (x d(x y)))dy

fx) = I
}n/ /M,m d(x,y) ’”ﬁ”( (x,d(x,y)))dy'

[E{l q

By the change of variable y = Ej ((h) € M, N, the last integral is

[f (x) = f(Erx(h))[” IE«(h
Z/ / 2 (M) d xEl,x(h))”SE”(B(xad(LEz,x(h))))‘dt ‘dh

IE
<CZ/‘“/H M;mQ) ||h\|, ne =)

where we have used the equivalence £"(B(x,r)) ~ maxg |Ax(x )\r , the -
maximality of / and estimates (25) and (22). Note also that E; (Mlx nQ) C

O (CA €Rrx) C Or (CA €rp). In the previous chain of inequalities we denoted E I,x] =

-1
(EI * ‘ O (&Rl,x)>
Next recall that we can write in an obvious way

E’J(h) = €XPgp (lell) *+ CXPygp (h”Yln) = ’)/I,X,h(Tl(h))v (26)

where the curve t — ;. ,(¢) is parametrized on the interval [0,7;(4)] and by
construction of exp,, it is a concatenation of integral curves of the vector fields
X1,...,Xm. Furthermore |T;(h)| < C||h||; for some absolute constant C. The
map x — ¥, is a change of variable by classical properties of flows of ODEs
(see the discussion in [7]) and

%xh

c—lg(det ’<c

uniformly in x on compact sets,

[0, 71 (h)].
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Then, letting [X f| = |(X1f,...,Xuf)| we get
dh T; (h) »

¥ = /dx/ C 7/ Xf(Yixn(t))|dt
) ; Q  JOi(CeRyy) Hh||f(l)+’” 0 XS (Y00 (2))] ‘

dh Ti(h) p
SC ~ 7/ dx‘/ Xf(y,x.h(t) dt‘
; 01(Céro) Hh”f(l)-‘rps ‘ T.x, )‘

dh Ti( h »
=¢ 1 EDTps / / Xf(Vxn(2))Pd
; QI(&VO Hh||f(1)+ps{ | f ,}/I h ))| xi| }

<c /Xf sz_c/ XfPP,
Z 0, @) [ +pSH 17 [ 1Xf(2)] X[l

as required. We have used the fact that for all 7 € {1,2,...,¢}",

dh
/ W<m,f0ralls<l,
i<ty ||| SO+ Ps=p

which can be proved by a standard decomposition as a disjoint union of sets of
the form {27% < ||A||; < 2%} with k € N. O

4. Estimates along commutators

In this section we prove Theorem 1.2. Namely given Hormander vector fields
of step k, s < 1 and 1 < p < oo, we show the estimate

p
./o \t]lﬂﬂ/\WI / |f(erx) = f(x)|"dx < C( Z 1% £ 12 (20) + 1 Il 2r (220) ) ;

(27
for any nested commutator X,, with |w| < k. Here, as usual Q is a bounded open
set, rp is a suitable small constant and Qo 3 Q is an enlarged set. As we already
observed, we do not reach the optimal exponent s = 1. An estimate in the same
spirit was proved by Franchi and Lanconelli in [2, Theorem] for diagonal vector
fields.

The proof of the inequality (27) is an immediate consequence of Lemma 4.1
and of Theorem 1.1.

Lemma 4.1. Let p > 1. Given Hormander vector fields X1, . .., X, of step K, for
any nested commutator X,, with |w| < K, for each s € 10,1[ and for any xy € R"
there is a neighborhood € of xg in R" such that given Q> Q there is ro > 0 and
C > 0 such that

X, 1k —fO)I”
A mws/wl/ (™) “’x“/ ‘”‘/ v xy‘”E" B(x,d(x.)))
(28)
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for any C" function f.

This statement was proved in [11] for commutators X,, of length |w| = 1.
Here we provide a sketch of the proof and we show that the argument works for
any commutator X,, of any length 1 < |w| < k.

The argument is based on the well known lifting procedure by Rothschild
and Stein, which we now briefly describe. Let Xi,...,X,, be vector fields of
step kK at any point of R”. Let us fix a point xg € R”. In [13] it was proved
that there exists a neighborhood U x V of (xg,0) € R” x R? =: RV such that on
U xV > (x,7) we can define new vector fields

- d d
Xj:Xj—i—Zajﬁ(x,r)ﬁ, where (x,7) €U x V, (29)
B=1 B

which are free up to order x in U x V. This means that the only linear relations
among commutators of order < k of the vector fields X ; have constant coeffi-
cients in U x V and are given by the antisymmetry and the Jacobi identity. Note
also that N is the dimension of the nilpotent free Lie algebra of step k with

m generators. However, usually the Lie algebra generated by X, ..., X, is not
nilpotent.
Let us go back to the family Yj,...,Y, introduced in the previous section

as an enumeration of the family X,, as 1 < |w| < k. Note incidentally that it
is ¢ > N for vector fields of step > 2. For a given ¥ = X, with w = w(k) =

wiwy...wy belonging to such family we define the lifted commutator ¥; =
DN, RN . SRR, O D | B B

Up to reordering the commutators Y7y,...,Y, we can assume that the subfam-
ily of the first N commutators,

?1:XVUYZ:XvZ;"')Ym:XM7Ym+17"'7YN (30)

are linearly independent. The lifted vector fields define a distance d whose
properties are established in [12, Lemma 3.2] and [6, Lemma 4.4]. Then we get
the following lemma.

Lemma 4.2 (See [11, Lemma 4.3]). Let xo € R” and let U and V be the set
arising in the lifting procedure. Given compact sets E C U and H C 'V, there is
0 > 0 and C > 0 such that for all x,y € E with d(x,y) < &, we have

/ dtdo <c 1
d((x,7),(y,0))2*+ps — d(x,y)P*L7(B(x,d(x.y)))

{(1,0)eH xH:d((x,7),(5,0)) <&}
€1y
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where Q = £(Y)) +---+{(Yy) is the homogeneous dimension of the free Carnot
group of step K with m generators. >

We do not include the proof of Lemma 4.2, whose argument is based on [12,
Lemma 3.2] or [6, Lemma 4.4]. See [11, Lemma 4.3] for the details.
Then we have the following Lemma.

Lemma 4.3. Let ?1, ... ,?q be the commutators introduced in (30) and let U X
V C R"x R? = RN be the sets appearing in (29). Then, given s € ]0,1[ and
p € [1,+00|, fixed open sets G € G € U X V, and given a commutator X,, with
|w| < K, there are & > 0 and o > 0 such that

dt ‘ax, )
Lae ] e @) )

<8y, ewao:)eG}

<o [ e é mlrdgdn.

1'] Q+pv

GxG
In the statement we denoted with & = (x,7) variables in the lifted space
R" x R,

Sketch of the proof of Lemma 4.3. The argument is similar to the one appearing
in [11, Lemma 4.4]. We sketch it, because there are some slight differences of
notation and because here we consider commutators of any step. First of all, in
view of the discussion in [13, p. 272], we can rearrange the choice of the basis
?1,...,?1\; in (30) in such a way that X,, = ?j for some j € {1,...,N} with {; =
|w|. Denote by Q := ley: 1 £; the homogeneous dimension. Fix then an open set
G* such that G € G* € G and define the exponential map &35 (h) := exp(h Y1 +

.-+ hyYy)(E). Taking & small enough we may assume that &)g (h) € G* if
||2]| = max <y |hj|"/% < &. In particular, if & € [0, 1] we also have e*"/%i € € G*,
if ||h|| < 8. Let us start from the inequality (44) in [11], which reads as

dt toX,
./cdé / W\”(e‘ X (&) —u(&)P
{lr]<8)"!, earkw (£)eG)
dhj jay; _ p
o K B R QRG]

1<y 173 (£)<G)

<cfae] ol - @) =)

2In our notation, the free Carnot group of step x with m generators has topological dimension
N. The homogeneous dimension Q has the property that £V (B,) = Cr@, where B, is a Carnot—
Carathéodory ball of radius r > 0 centered at any point.
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We used the equivalence

/|;, y(hj)dh; /| y(hj)dh (32)

j<ay | TPl Jyn<sy ([R]| Q5P

valid for all y = y(h;) nonnegative and measurable, with & = (hi,...,hy),
||h|| = maxg—; N \hkll/ ‘. See [11, (40) and (41)]. To conclude the proof, intro-
ducing the exponential map CI>5( )= eh¥i+hnYy (€), by the triangle inequal-
ity, we have

dh )
y< Lae [ o (@el) — (@)
e [ @)~ e

To estimate the first term we just use the change of variable A — &35 (h) =:7m,
which is nonsingular because the vector fields Yi,...,Yy are linearly indepen-
dent. To estimate the second one, we must choose a sufficiently small & > 0
so that, roughy speaking, e"/%¥i(&) stays rather close to & and the second term
admits an analogous estimate

u(8) —u(n)|”
CEy Tt oo e (33)

See [11] for a detailed explaination. O

Proof of Lemma 4.1. We follow the argument of the proof of Proposition 4.2
in [11, p. 237-238]. Let Xi,...,X,, be a family of Hormander vector fields of
step k € N. Let us choose a commutator X,, with length |w| < k. Fix xo € R”
and introduce the vector fields Xl, X on the sets U x V C RY appearing
in (29) and (30). Here N and Q are the topological and homogeneous dimension
of the free Carnot group of step kK with m generators. By properties of free Lie
algebras, see [13, p. 272], we may choose the vector fields }71, .. ,I7N in (30) in
the family Y;,...Y, assuming that X,, = Y; for some j < N with £; = |w|.

We apply first Lemma 4.3 to aset of the form G=0xH € OxHEUXV,
where H is a small open neighborhood of the origin in RV~". Recall also that
the function f does not depend on the additional variables in V. Then we get
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the inequality

/dx / ]t]lfli‘/WI | £ (% (x)) — u(x)|
o

\t\<6(‘)w‘ , e%Xwxe O

1f(x) = f)IP
- Cal; dmaé R ((x,7), (v, 0))2ts
1
=C dxdy|f(x) — p dtdo =
5 /0 At 100 /H o
1f(x) = f)IP
= C~/ . dxdy d(x,y)PsL(B(x,d(x,y)))’

0Ox0

by Lemma 4.2.

Covering any given open bounded Q set with a finite family of open sets

O of the form appearing in the discussion above, we obtain the proof of the
inequality (28) on Q. O
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