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A simple proof of the Hardy inequality on Carnot groups
and for some hypoelliptic families of vector fields

Francois Vigneron

We give an elementary proof of the classical Hardy inequality on any Carnot
group, using only integration by parts and a fine analysis of the commutator
structure, which was not deemed possible until now. We also discuss the con-
ditions under which this technique can be generalized to deal with hypoelliptic
families of vector fields, which, in this case, leads to an open problem regarding
the symbol properties of the gauge norm.

The classical Hardy inequality [1934] on a smooth open domain Q C R" (n > 3)
reads:

2
forall f € Hy (), sup (f Mm) <
Q

xR lx —xo/?

2)2 / V£ Pdx. (1)
Since L. D’ Ambrosio [2005] it has been well known that similar inequalities hold
on nilpotent groups, but interest on this matter is still high; see, e.g., [Ruzhansky
and Suragan 2017; Adimurthi and Mallick 2018; Ambrosio et al. 2019].

An important reference on this matter is a recent note by H. Bahouri, C. Fermanian-
Kammerer, 1. Gallagher [Bahouri et al. 2012]. It is dedicated to refined Hardy
inequalities on graded Lie groups and relies on constructing a general Littlewood—
Paley theory and, as such, involves the machinery of the Fourier transform on
groups.

Expanding the generality towards hypoelliptic vector fields, G. Grillo’s article
[2003] contains an inequality that holds for L”-norms, without an underlying
group structure, and contains weights that allow positive powers of the Carnot—
Carathéodory distance on the right-hand side. However, the proof of this gen-
eralization involves the whole power of the sub-Riemannian Calderon—Zygmund
theory.

Another beautiful reference is the paper by P. Ciatti, M.G. Cowling, F. Ricci
[Ciatti et al. 2015] that studies these matters on stratified Lie groups, but with the
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point of view of operator and interpolation theory (see also [Krugljak et al. 1999]
to highlight some subtleties in this approach).

The main goal of the present paper is to prove a general result on Carnot groups,
albeit slightly simpler than those of [Bahouri et al. 2012] or [Grillo 2003], by
using only elementary techniques: most of the paper relies only on integrations by
part and on a fine analysis of the commutator structure. We will occasionally use
interpolation techniques, but it is only required here if fractional regularities are
sought after.

A Carnot group is a connected, simply connected and nilpotent Lie group G
whose Lie algebra g admits a stratification, i.e.,

m
g=@V; where [Vi, Vj]= Vi1, 2)
j=1

with V,, # {0} but [V, V,,] = {0}. The dimensions will be denoted by g; = dim V;
andg=) ¢ ; =dimg. Given a basis (Yy)¢=1,... 4 of g adapted to the stratification
each index i € {1, ..., g} can be associated to a unique weight w; € {1, ..., m}
such that Y, € V,,,, namely

wg=j forn;j_; <l <nj, 3)

where no=0and n; =n;_; +¢q; for j =1, ..., m is the sequence of cumulative
dimensions. Note that n; = ¢; and n,, = ¢g. The horizontal derivatives are the
derivatives in the first layer (see Section 1.5 below) and they are collected together
in the following notation:

Vof =P fo. o YL D). 4)

The stratification hypothesis ensures that each derivative Y; f can be expressed as
at most w; — 1 commutators of horizontal derivatives. The homogeneous dimension
is the integer

m q
Q=Y jgi=) o ©)
j=1 =1

For k € N, the Sobolev space H k(G) is the subspace of functions ¢ € L?(G) such
that Vo € L?(G) for any multi-index « of length || < k. Fractional spaces can,
for example, be defined by interpolation. The main result that we intend to prove
here is the following.

Theorem 1. Let G be a Carnot group and | -|| any homogeneous pseudonorm
equivalent to the Carnot—Carathéodory distance to the origin. Then, for any real s
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with 0 < s < Q/2, there exists a constant Cy > 0 such that
1f (@I
¢ lglg

for any function f € H°(G).

dg < Gl f 36 (6)

A similar Hardy inequality was proved by the author in [Vigneron 2006] for
families of vector fields that satisfy a Hormander bracket condition of step 2; the
proof was based on the ideas of [Bahouri et al. 2005a; Bahouri and Cohen 2011],
but was never published independently. This result was part of a broader study
[Bahouri et al. 2005b; 2009; Mustapha and Vigneron 2007; Vigneron 2007] aiming
at characterizing the traces of Sobolev spaces on the Heisenberg group, along hy-
persurfaces with nondegenerate characteristic points. Here, instead, we concentrate
(except in Section 3) on the case of stratified groups, but without restrictions on
the step m of the stratification.

The mathematical literature already contains numerous Hardy-type inequalities
either on the Heisenberg group, for the p-sub-Laplacian, for Grushin-type opera-
tors and H-type groups (see, e.g., [D’ Ambrosio 2005; Kombe 2010]). Sometimes
(e.g., in [Garofalo and Lanconelli 1990; Niu et al. 2001; Dou et al. 2007]), a weight
is introduced in the left-hand side that vanishes along the center of the group,
i.e., along the (most) subelliptic direction. For example, [Garofalo and Lanconelli
1990] contains the following inequality on the Heisenberg group H,, >~ C" x R:

|f o) “ 2 2 )
/Hn dn e Op PO dr <A guxjfny FIY FI2) + BIFIR, (D)
where (X, Y;) are a basis of the first layer of the stratification and dy, ((z, 1), 0) >~
JVz|* +12 is the gauge distance and & is a cut-off function that vanishes along the
center z = 0:

D(z,1) =

A secondary goal of this article is to show that such a cut-off is usually not neces-
sary.

The core of our proof of Theorem 1 (see Section 2.5) consists in an integration
by part against the radial field (the infinitesimal generator of dilations). The radial
field can be expressed in terms of the left-invariant vector fields but, as all strata
are involved, this first step puts m — s too many derivatives on the function. Next,
one uses the commutator structure of the left-invariant fields to carefully backtrack
all but one derivative and let them act instead on the coefficients of the radial
field. This step requires that those coefficients have symbol-like properties. One
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can then conclude by an iterative process that reduces the Hardy inequality with
weight ||g||;* to the one with weight ||g||g(sfl) aslong as s < Q/2.

Finally, it is worth mentioning that a byproduct of our elementary approach con-
cerns the symbol properties of the Carnot—Carathéodory norm (or of any equivalent
gauge). For general hypoelliptic families of vector fields, the norm is not always
a symbol of order 1 (see section Section 3). On the contrary, on Carnot groups, it
happens to always be equivalent to such a symbol (Proposition 7). At the end of
the article, we discuss sufficient conditions for this property to hold for families of
hypoelliptic vector fields, based either on the order m of the Hérmander condition
(Theorem 14), or on the way the commutators are structured (Theorems 15 and 16).

The structure of the article goes as follows. Section 1 is a brief survey of calculus
on Carnot groups. It also sets the notations used subsequently. Section 2 contains
the actual proof of Theorem 1 and concludes on Theorem 13, which is the homo-
geneous variant of the previous statement. Section 3 addresses an open question
regarding families of vector fields that satisfy a Hormander bracket condition, but
lack an underlying group structure.

1. A brief survey of calculus on Carnot Groups

Let us first recall some classic definitions and facts about nilpotent Lie groups. We
also introduce notations that will be needed in Section 2. For a more in-depth
coverage of Lie groups, sub-Riemannian geometry and nilpotent groups, see, e.g.,
[Montgomery 2002; Folland and Stein 1982; Rossmann 2002] or the introduction
of [Ambrosio and Rigot 2004].

1.1. Left-invariant vector fields and the exponential map. Let us consider a Lie
group G and g = T,G its Lie algebra; e denotes the unit element of G. Left-
translation is defined by L,(h) = gh.

Definition. A vector field & is called left-invariant if (Lg)s 0§ =& o Lg. Such a
vector field is entirely determined by v = &(e) € g. To signify that v generates &,
one writes £ = v’ thus:

vE(g) = d(Ly)je(v). ®)

The tangent bundle 7 G identifies to G x g by the map (g, v) — (g, vX(g)).

The flow @! of a left-invariant vector field v’ exists for all time. Indeed, one has
@/ (g) = Lg o @/ (e), which implies that @, (e) = Loy () o @/ (e), thus allowing
the flow to be extended globally once it has been constructed locally.

Definition. The exponential map exp : g — G is defined by exp(v) = ®{ (e) where
(@))seR is the flow of the left-invariant vector field vE.
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One can check that the flow of v’ starting from g € G is @} (g) = gexp(tv). In
particular,

exp(sw) exp(tv) = &/ (exp(sw)) and dexpy=Idy.

1.2. The Baker—-Campbell-Hausdorff formula. The commutator of two left-in-
variant vector fields is also a left-invariant field. Therefore, the commutator of
u,v € g is defined by [u, v] = [u’, vL](e) € g. The product law of G induces
an extremely rigid relation between exponentials, known as the Baker—Campbell—
Hausdorff formula:

exp(u) exp(v) = exp(u(u, v)) ®

where u(u,v) =u—+v+ %[u, v]+ 1—12([u, [u, v]]+ [v, [v, u]]) +- - is a universal
Lie series in u, v i.e., an expression consisting of the iterated commutators of u
and v. In general, this formula holds provided # and v are small enough for the
series to converge (see, e.g., [Rossmann 2002, §1.3]). Subsequently, one will only
use the linear part of (9) with respect to one variable:

ad(u) — (—1)"B,
dpp(u, (W) = T——gos (w) =w+ ; e wwll (10)
where B, are the Bernoulli numbers (i.e., (x)/e* — 1 => (B,/n!)x") and ad(u) =
[u,-]. This formula is classical and can be found, e.g., in [Rossmann 2002] or
[Klarsfeld and Oteo 1989].

1.3. Stratification. From now on, G is supposed to be stratified, i.e., it is a Carnot
group as defined in the introduction of this paper. A stratified group is, in particular,
nilpotent of step m. Moreover, elementary linear algebra gives restrictions on the
possible dimensions ¢g; = dim V; of the strata:

q1(qg1 —1)
< —_
q2 = )

The last inequality is strict because of the Jacobi identity

and for j > 2, ¢qj41 <q1q;.

[I/l, [U, w]] - [v’ [l/l, w]] = _[w9 [M, U]]
For an exact count of the possible relations, see, e.g., [Reutenauer 1993].

Proposition 2. Let G be a Carnot group. Then exp : g — G is a global diffeo-
morphism that allows G to be identified with the set g equipped with the group law
u*xv=u(u,v). The identity element is 0 and the inverse of u is —u.

Proof. This claim is very standard so one only sketches the proof briefly. As
dexp)y = Idg, there exists a neighborhood Uy of e in G and Vj of 0 in g such that
exp : Vo — Up is a diffeomorphism. As G is connected, it is generated by any
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neighborhood of e and in particular by Uy = exp(Vp). But, as g is nilpotent, the
expression w(u, v) is a Lie polynomial of order m, thus (9) holds for any u, v € g.
Combining these facts implies that the exponential map is surjective. Next, one can
show that the pair (g, exp) is a covering space of G. Indeed, given g = exp(v) € G,
one gets a commutative diagram of diffeomorphisms

exp
V() — U 0

u(v’,-)l ng

exp
V' — g- Uy
for each v’ € g such that exp(v’) = g. Finally, by a standard covering space argument
based on the fact that g is path connected (as a vector space) and G is simply
connected (in the stratification assumption), one can claim that the exponential
map is a global diffeomorphism. U

Example. The Heisenberg group H can be realized as a set of upper-triangular
matrices with diagonal entries equal to 1. The group law in H is the multiplication
of matrices:

1 pr 1 pr 1 p+p r+r'+pg
01g 014 |=]|0 1 q+4q
001 00 1 0 0 1

The Lie algebra of H is

0
h=1{10 =pYi+qYo+rYs; p,g,reR
0

o o
[« RS

Left-invariant vector fields on H are linear combinations of

1
Yl(e)=Y, YF(@) =Yo+pYs and Yf(g)=Ys;, whereg= [0
0

o =
—_ N

H is a stratified nilpotent group with V| = Span(Y1, Y») and V, = Span(Y3). The
exponential map is the usual exponential of nilpotent matrices. It transfers the
group structure to h >~ R3 by (9):

0pr Opr lpr-l—%pq
(p,qg,r)y=|00gqg), exp{OO0g|=]|01 q ,
000 000 00 1

w((pa. My, (P’ ) = (P+ P a+4q' r+1'+5(pg" —ap)),.
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In exponential coordinates on b ~ R?, the left-invariant vector fields thus take the
following form:

YE(p,q.r) =3, —3qd,, Yy (p.q.r)=0,+1pd, Y{(p,q,r)=3.

The two different expressions of the fields correspond to the change of variables
(p.g.r)— (p.q.r —pq).

Remarks. (1) In general (even if G is connected and nilpotent), only the Lie
group action can be recovered from the exponential map but not G itself. For
example, G = {z € C; |z] = 1} ~ S! with rotation law (z, ') — zZ’ is a
nilpotent group. One has g = R and p(x, y) = x + y but the exponential map
is exp(x) = ¢'* and is obviously not a global diffeomorphism.

(2) Combined with (10), the commutative diagram of the proof of Proposition 2
provides a general formula for the differential of the exponential map, which
we will need later on. For v, w € g and g = exp(v), one has

m—1

dexp ) =

n=0

=n" L
DY 2w 8): (1n

For example, on the Heisenberg group, one gets dexp, (w) = (w — % [v, w])L(g).

Proposition 3. For any indices j, k € {1, ..., m}, one has
Viek ifj+k=<m,

Vi,Vilc{ '/ 12

LVi. Vil {{0} otherwise. 12)

Proof. By convention, let us write V,, = {0} if n > m. For k = 1, the property holds
by definition. For k = 2, as V, = [V}, V1], any element can be written [X, Y] with
X,Y e V. For Z € V;, one uses the identity [A, BC] =[A, B]C + B[A, C] to get

[Zv [Xv Y]] = [[Zv X]a Y] - [[Z7 Y]a X] € [[Vj7 Vl]’ Vl] C [Vj+15 V]] C Vj+2-

Next, one proceeds recursively. Assuming that for some k > 2, one has [V}, Vi] C
Vi for any j, then given Z € Vi1 = [V, Vi], one writes Z = [X, ¢] with X € V;
and ¢ € V. Then for any W € V;, the Jacobi identity gives

(W, Z] =W, [X, ¢]]
=—[X,[¢, WII =&, [W, X]] € [V1, Vjgu] + [Vk, Vi1l C Vi

which makes the property hereditary in k. U
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1.4. Stratified dilations. The next essential object in a Carnot group is the dilation
of the Lie algebra:

m
forallr >0, 8 =) rimj, (13)
j=1

where 7; : g — V; is the projection onto V; with kernel &, ~; Vi Identifying G
to exp(g), one gets a one parameter family of group automorphisms that we will
simply denote by

rg =expod,oexp ' (g) (14)

forany r >0and g € G.
The next result is an immediate consequence of the definition but should later
be compared with the scaling property (41) of the radial vector field.

Proposition 4. The dilation of a left-invariant vector field v* is given by
G0 (rg) = ((Lrghi o 80 (L)) (0 (8)). (15)

Up to a constant factor, the Haar measure on G is given by the Lebesgue measure
on g >~ R? and is commonly denoted dg.

Proposition 5. One has, for all ¢ € L' (G) and r > 0,

/ o(rg)dg =10 / o(g)dg, (16)
G G

where Q is the homogeneous dimension (5) of G. Note that when m # 1, one has
0>q.

Given (arbitrary') Euclidean norms || - | y; oneach V; and w=2LCM(, ..., m),
the anisotropic gauge-norm of either v € g or of g = exp(v) € G is defined by

m A lw
lvllg = gl = (Znnj(v)n’&{f) . (17)
j=1

The gauge norm is homogeneous in the following sense:
Irgllc =rlgle and |Og|=cor, (18)
with a uniform constant ¢y and where the gauge-ball is defined by
Oer=theGs Ih'gllc <r).
IFor a given basis of g adapted to the stratification, one will chose here a Euclidean structure that

renders this basis orthonormal. This is the natural choice when one proceeds to the identification
g =~ RY through this basis.
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Remark. The intrinsic metric objects of G are the so-called Carnot balls defined
as the set of points that can be connected to a center gg € G by an absolutely
continuous path y whose velocity is subunitary for almost every time i.e., such
that y(¢) € (L, ))«(Bo) where By C Vi is a fixed Euclidean ball of the first layer
of the stratification (up to some choice of a Euclidean metric on V|). However,
the ball-box theorem [Montgomery 2002] states that such intrinsic objects can
be sandwiched between two gauge-balls of comparable radii. For our purpose
(the analysis of Sobolev spaces), one can thus deal only with gauge-balls without
impeding the generality.

1.5. Horizontal derivatives and Sobolev spaces on G. Vector fields & on G are
identified with derivation operators on C*°(G) by the Lie derivative formula:

Ep)(g) =dy(6(g)). (19)

Definition. The horizontal derivatives are the left-invariant vector-fields associated
with V.

Let us consider a basis (Y)1<¢<, of g that is adapted to the stratification, i.e.,
V; = Span (Y, <e<n; (20)

where n; is defined by (3). An horizontal derivative is thus a vector field

§=) o¥j=a-Va,

J=<ni
where o = (a1, ..., o) € R" and Vg is defined by (4). Noncommutative multi-
indices are defined as follows: for y = (y1,...,¥) € {1,...,n1}¢, one writes

I=lyland Vi =Y}o-- oY)
Let us unfold the commutator structure in g with the following notation:
Yers oo e Yo, 1= Y k(s oy, Lt €)Y, 1)
Z/
Note that according to (12), one can warrant that x (£y, ..., £,, £,41; £) = 0 if
Cl)[/ # (!)[] + e +wzn+1‘

Remark. To simplify computations, one can always assume that the basis is cho-
sen such that

forall¢e{l,...,q}, Ye=[Yow), - Yo, Yar@ll, (22)

where kK = wy and «; (£) < n;. Indeed, the Lie algebra is linearly generated by the
commutators of the restricted family Vs and one just has to extract a basis from it.

Example. On the Heisenberg group H, the horizontal derivatives are left-invariant
vector fields of the form & = (aY; + BY»)E for o, B € R.
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Definition. For s € N, the Sobolev space H*(G) consists of the functions such
that each composition of at most s horizontal derivatives belongs to L?(G). The
norm is defined (up to the choice of the Y;) by

191y = 3 fG V()2 de. (23)
lyl<s

with y a noncommutative multi-index.

Remark. The space H?(G) is the domain of the hypoelliptic Laplace operator

Lo=—Y (Y)Y} (24)

<n

A celebrated result of L. Hormander [1967] states that H*(G) C Hl‘v/ " (R?), where

ocC
the last Sobolev space is the classical one (homogeneous and isotropic) on RY.

1.6. Exponential coordinates on a stratified group. Given a basis (Y;)1<¢<4 of
g adapted to the stratification, one can define a natural coordinate system on G,
called exponential coordinates. Given g = exp(v) € G, its coordinates x(g) =
(x¢(8))1<e<q € R? are defined by

q
v=) xu(®)e. (25)
=1
The projections (7)1 <j<p introduced in (13) are

nj

forall je(l.....m}, m@= Y x(gYe. (26)
Z=l+nj,1

In exponential coordinates, the expression of stratified dilations (14) is
forall £ € {1,...,q}, xe(rg) =r®xe(g). 27
The gauge norm (17) is given (for some fixed large w € N) by
m " w/j\1/Qw)
lgllc = llx(g)llg = <Z( > |Xe(g)|2> ) : (28)
j:l £=1+nj_1

One could however take any uniformly equivalent quantity as a gauge norm, which
will be the case subsequently, after Proposition 7.
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Example. With the previous notation, the exponential coordinates on the Heisen-
berg group H are

1 pr
x1(@)=p, x(g)=q. x38)=r—4ipg forg=|01g]|eH.
001

1.7. Left-invariant basis of vector fields. When doing explicit computations, it is
natural to identify g with R? through the previous coordinates. Given v € g, the left-
invariant vector field v~ on G defined by (8) matches a corresponding vector field
on g ~ RY that we will denote by #¥. According to the Baker—Campbell-Hausdorff
formula (10),

forall x = (x1,...,x9) €9,
m—1
- (=1"B
W =vtY ] Y g e Y vl (29)
— Uy °

where each of the ¢; ranges over {1, ..., ¢q}.

After the identification g ~ R? and to avoid confusion, let us denote Y, by d;: the
vectors (d¢)1<¢<4 are the dual basis of the coordinates (x¢)1<¢<4. The left-invariant
basis then becomes explicit:

q
forall x = (x1,...,x) €9, Y[L(x) =0+ Z Co.o (X1, ..., Xg)0p, (30)

=1
with, thanks to (29) and (21),
m—1
(—-1)"B
Gy =) " Y ksl G 3, G
n=1 ’ L1y.ily

Let us point out that ¢y » =0 if wy < w, (because « vanishes), thus the left-invariant
correction to d, only involves derivatives of a strictly higher weight. In other words,
the indices in (30) can be restricted to £’ > n,, =q1+ g2+ + qu,-

Note also that { € C*°(R?, M, 4(R)) and ¢(0) = 0. More precisely, this ma-
trix represents the differential action of left-translations, expressed in exponential
coordinates:

(dLg)je = Idrs + £ (x(8)). (32)

Wy —wy
G .

Moreover, as |x;(g)| < lIglle» one has £, ¢ (x()| S lgll

2. Proof of Theorem 1

This section is devoted to the proof of the main statement. The key idea is to prove
the result for s = 1 and then “push” the result up to the maximal regularity using
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only integrations by part. Adding an interpolation step once the result is known for
s = 1, but before pushing it to a higher regularity, allows one to capture all eligible
fractional derivatives. The actual proof is written in the last subsection Section 2.5
but some preliminary results are required.

2.1. Symbol classes S7(G). Symbol classes are a convenient way to classify the
coefficients involved in the computations in terms of how they vanish at the origin.

Definition. For o« € Ry and n € NU {oo}, the symbol class S, (G) is defined as
the set of functions ¢ € L° (G) such that for any multi-index y of length |y| < n,

loc
there exists a constant C,, > 0 that ensures the following inequality:

forall g€ G, |gllo <1=|Vip(g)| < CyllglsP+, (33)

For example, the symbols of class Sg(G) = L} (G) are only required to be bounded
near the origin. The symbol class S5 (G) is also denoted S*(G).

The following properties hold.

(1) The Leibnitz formula gives

@ €5%(G) and ¥ € SP(G) = oy € S°IF (G).

min(m,n)

2) AsY, ZL is a linear combination of derivatives Vé of length |y | = wy, one has
(if n = wy)
¢ € SU(G) = Y} € S0 (G).
(3) As smooth functions are locally bounded, one has also
Se_1(G)NC*®(G) C S*(G).
The coordinates and the coefficients of the left-invariant vector fields belong to the
following classes.

Proposition 6. One has
forallt e {l,...,q}, x¢(g) € S”(G) (34)
and

forall €, 0 €{1,....q}, Coo@x1(g).....x,(8)) € S~ (G).  (35)

Proof. We already observed that |x¢(g)| < llglla thus xe(g) € S5 (G). Next,
using (30), one gets
Cep.0(x(g)) 1f wyy < wy,
Yo (x0(8)) = St + Eeo,0 (X(8)) = | 8¢y.0 if g, = we,
0 if Wy, > Wy.
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Assuming £ € {1, ..., n;}, one gets |Vgxe(2)| < Cliglly ™ ! thus x¢(g) € S7(G).
One can now bootstrap this partial result in the expression (31), which gets us
Cov(x(g)) € Sw‘/ “(G). The previous expression now reads Vg x,(g) € Sa’l Uand
thus x¢(g) € S *(G). Iterating this process leads to x;(g) € Sa (G) and Coe (x (g) €

2 T(G). O

The key result is that one can adjust the gauge norm to be a symbol of order 1
(see also Section 3).

Proposition 7. There exists a symbol p(g) € S 11 (G) that is uniformly equivalent to
the gauge norm. For higher-order derivatives, it satisfies for any multi-index y:

C
forallge G, p(g)<1=|Vip|< {1- (36)
plv

Moreover, there exists w € N such that p* € SY(G).

Proof. Let us now modify the gauge norm (28) into the uniformly equivalent gauge

q 1/w
p(g) = (Z |xe(g>|“’/‘“f) (37)
=1

with w =2LCM(l, ..., m) to ensure that each w/w, € 2N. In particular, p(g)" €
C*°(G). Next, one computes the first horizontal derivative of the norm, using (30):

wpr—1
Vop= e (LT Lo (0) 2
GP = wpw—l - pw—l +Z wp ’
l=1...ny

=1

The expression in square brackets is a symbol of class S¥~!(G) because of (34)
and (35) and wy = 1 for £ < ny. Thus Vgp is bounded near the origin which means
that the modified gauge p belongs to S 11 (G). Next, one observes that for any o > 1,
if 6 € §¥(G) then

0 Vo 0 I (6 0> 1
Vo o) =\ et 7@ Ver) D= emt T e )

with 0; € S*"1(G) and 6, € S*T*~1(G). One can thus claim by recurrence on the
length of the multi-index y that

vgp=<yo+z )pw —.

where 60, € §%(G) is a polynomial in x,(g) with oy > 1 and 6, o is a polyno-
mial. Note that a polynomial in S°(G) is necessarily the sum of a constant and a
polynomial in § 1(G) and that, by (30), the horizontal derivatives of a polynomial
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are also a polynomial. This ensures (36). The final assertion about || - ||z follows
immediately from (34). O

From now one, one will modify the gauge norm accordingly and assume that
I-llc = p € S{(G).

2.2. The radial vector field. The infinitesimal generator of dilations on g is the
linear operator R : g — g defined by

R=Y"jm;. (38)
j=1

It is diagonalizable with positive eigenvalues; its trace TrR = Q is the homo-
geneous dimension. One checks immediately that §, = e12"R thus R(x) =
%5, (x)|r:1. The pair (x, R(x)) is a vector field on g whose expression in ex-
ponential coordinates follows from (26):

q
forall x = (x1,....x;) €9, R(x) =) wixedy. (39)
=1

Its exponential lift is called the radial field on G:
- d
R(g) = dexp, (R@w) = -(rg)| _. (40)
r r=1
Proposition 8. The radial vector field is scaling invariant:
R(rg) = ((Lyrg)so 8, 0 (Lg); N(R(g)). (4D)
Moreover, it can be expressed in terms of left-invariant derivatives:

q
R(®) =Y oe(x1(8),.... %)Y} (g (42)

=1
with o¢(x(g)) equal to

(="
(D!,

m—1
oex(g)+ Y D (@) xey, () @y k(s g1 £) € S(G).
n=1

Remarks. (1) Note that the variable x,, that appears in the second term defining
oy must satisfy

Wy =wg + -t o,

because if it is not the case, then k (€1, ..., £,41; £) = 0. In particular, as there
are at least n 4 1 > 2 factors, one has wy, < w, for eachi.
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(2) Both expressions for R =" wyx,9; = Y 0y I?ZL combined with (30) provide
a remarkable identity embedded in the commutator structure. For any £’ €
{1,...,4},

m—1 (—1)n
Zm Z Xy r Xy 1 D840
n=1 A
. (K(ﬁl, v gy 0) +ZK(51, R A E)é“u’(x)>
¢
=— Y wxelee(x).
¢
Note that when one substitutes x = x(g), both sides are indeed symbols of

class S*¢ (G).

Proof. Formula (41) follows, e.g., from the identities Ro 8, =6,0 R and ad o S =
S,o0ado (Sr_l:

R(rg) = dexpjs, () 08, 0 R(v)

| — o= 2dG, ) i
= (L}’g)* o (W) [¢] 8}" o R(U)

1l—e™ ad(v) »
= (L}’g)* [0} 8" o (T(U)) o R(v)

= ((Lrg)s0 80 (Le)y N(R(g)).

The definition of R(g) with g = exp(v) also reads

q
R(g) =) wuxe(g)(dexpy, Ye).
=1

Combining the expression for the differential of exp given by (11), the identity
[u, v]F = [u®, v1] and the fact that v = )" x,(g) Y, give
R(g)

q

— D" g
=y m(g)(z PERTLITR nn) ()

=1 +  ntimes v

MQ

1 n
gxz(g)(YL<g>+Z Z (( +)1),x41(g> m,,(g)ml,...,[an,Yz]]L(g)).
(=1 n=14£p,...,

This formula can be further simplified into (42) by using (21). The symbol property
comes from (34) and the restriction on nonvanishing indices imposed by (21). [J
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Examples. The previous computation can be simplified further by observing the
antisymmetric role of £, and £, in wy,,,[Ye,, Ye, ] if 0, = For m < 4,
one thus gets the following expressions for the radial field.

n+1°*

(1) For a group of step m = 2, the radial field is given by

q
R(g) =) wwxi()Y/(g).

=1

On the Heisenberg group H with exponential coordinates introduced in Section 1.6,
this formula boils down, as expected, to

L
R(g) = (pY1+qY2+2(r — 1pq)Y3) () = pd, +qd, +2rd,.

(2) For a group of step m = 3, the radial field is “corrected” along Vj3:

q
R(®) =D oY —5 Y x0,(@)xe,(9)[Ye,. Yi, 1"
=1 1<{1<n;
ny<€2<n»
(3) For step m = 4, its expression involves a further “correction” along V; that is
split among two types of commutators:

q
R(@ =) oY =5 > x,()x0,(©)Ye,, Yi,1"

=1 1<t1<n
ny<€<nj3

+i Y 2 (@)% (@)X (@)[Yy, Yo, Yo, 11

1=<f1,8r=<n;
ny<€3<np

Proposition 9. The gauge norm (37) and the radial field are related by the follow-
ing formula:

1 1 1
forall s > 0, —_——R< > (43)

25 2
I-1Ig 25 \I-Ig

Proof. Applying the chain rule, one gets

A(g) 1 1
T PR G,
gl s \llgllg

with A(g) = R(|lgllg)/llgllc and where the field R is obviously computed at the
same point g € G as the function that is being differentiated. Let us also observe
that

)
wliglly

r(g)
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for any w € N* and in particular for w =2 LCM(l, ..., m) for which we know that
I-II& € ¥ (G) by Proposition 7. Using the formula (37) for the modified gauge
norm and (39) for the expression of the radial field in exponential coordinates, one
then gets (note that w/w, € 2N*)

q
- w _
forallx eg~RY, R(|x|ly) = E wpXy - —xf/w‘ - wlx|ly
%
=1

and thus A(g) =1 for any g € G. (]
2.3. Adjoints.

Proposition 10. For the L>(G) scalar product, the adjoint vector field to R is

R*(g)=—0—R(g).

Proof. The proof is simplest in exponential coordinates, using (39) and (5):

q
forallx eg~RY, R(x)+ R*(x)=divR = Za)g = Q.
=1

One can also prove this formula directly, using (42) and (30):

forallg €®,  R(g)+R" ()= (@) +) Lo (Bro) +or- Butee).
14 IR

In this sum, according to a remark that follows (30), the index ¢ is restricted to
¢ > n,, and, in particular, the definition (3) then implies wy > w,. Now thanks to
the remark that follows Proposition 8, one can claim that the variable x, does not
appear in the second part of oy, thus its derivative reads

d¢(op) = wy.

For a similar reason, dy0y = 0 for wy > wy. One observes also that in (31), each ¢;
involved in the expression of &g must satisfy w;, < w, . In particular, dp¢¢ ¢ = 0.
One concludes using (5). O

The next property checks that left-invariant vector fields on a Carnot group are
divergence-free.

Proposition 11. For the L>(G) scalar product, the adjoint vector field to YEL
is —YeL. In particular, for any smooth function W on G and any €y, ..., ¢, €

{1,...,q},
/G (Y. IV YR (g) ¥ (g) dg =0, (44)
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Proof. The second “computational” proof of the previous proposition (the one
based on (30)) also ensures that

e e =0

when wy > w¢ and therefore (Y, EL)* = —Y[L. As the commutator of two anti-
symmetric operators is also an antisymmetric one, the second statement follows
immediately. U

2.4. A density result. The following density result can be proved by a scaling
argument.

Proposition 12. The space D(G\{e}) of C* functions, compactly supported out-
side the origin, is dense in H*(G) forany 0 <s < Q/2.

Proof. One can use a Hilbert space approach based on scaling and Schwartz’s
theorem for distributions. Let us assume additionally that s € N and consider a
function u € H*(G) that is orthogonal to any ¢ € D(G\{e}), e.g.,

U, @)=Y /GVéu(g)-V(y;fp(g)dg=0-

lyl<s

Integrating by parts (using Proposition 11 and the notation y* for the multi-index
y in reverse order) yields

S [ V2 iute) o) dg =0.

lyl<s G

For fractional values of s, one would replace Vg Vg by a fractional power of the
sub-Laplacian (24) and what follows would go unchanged. Schwartz’s theorem
implies that the distributional support of

v= Y (DML Viu

lyl<s

is reduced to the single point {e} and thus v = Z(—l)""'caa"‘(s where § is the Dirac
function at the origin. As v is at most a 2s-th horizontal derivative of u, one has
v € H7°(G) and in particular for any test function ¢ € D(G),

2
<c Z/GWéw(g)ng.

lyl<s

‘/ v(e)¥(g) dg
G
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The constant C does not depend on the support of ¥ because suppv C {e}. In
particular, one can apply this inequality to the dilations i (rg) for any r > 1:

2
<c 3 2 / V2 (ro) P de.
> | v

lyl<s

‘/ v(g)Y(rg)dg
G

thus )
sc Y e [ [ WhuP ds.
G

lyl<s

‘ / v g)¥(g) dg
G

Finally, one can compute the left-hand side using the homogeneity of the Dirac
mass:

/ v )Y(g)dg =) carCTENI %Y (o).
G o
Combining both formulas, one gets for any r > 1:

3 cur @ Emegay (o)) < CrO |yl s
o

and in particular with a suitable choice of ¢ and r — oo,
Q
Ca #FO= 52> E‘FZC&)]‘O[]‘.

But as s < Q/2, each coefficient ¢, vanishes, i.e., v =0 in H~*(G) and thus using
u € H*(G) as a test function, one infers u = 0. O

Remark. When Q is even and s = Q/2 € N, the previous density result still
holds. The only change in the proof is to observe that § ¢ H~2/?(G) by ex-
hibiting an example of an unbounded function in H2/2(G); the classical exam-
ple log(—log|lgl)¥ (g) with a sooth cut-off i still works. However, when Q is
odd, one still has § ¢ H~2/2(G) but the density result fails as it already does in
H"t1/2(R?*+1). For more details on this point, see [Vigneron 2006].

2.5. Hardy inequality. In this final section, let us combine the previous results
into a proof of Theorem 1.

Given f € H*(G) with s < Q/2 and the density result of the previous section,
one can assume without restriction that f is compactly supported and that 0 ¢
Supp u. Next, one will take a smooth cutoff function x : R — [0, 1] such that
x(®)=1if t] < % For any py > 0, one has

2 2 2 2s
| f (@)l < lp(g)] +(%) ||f||iZ(c)

2 2
¢ lglg ¢ lglg

(45)
lgllc

L0

with ¢(g) =x< )f(g).
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Moreover, one has ||¢| gsG) < Cspy I f | s Gy Without restriction, one can there-
fore assume that f (now denoted by ¢) is compactly supported in a fixed but
arbitrary small annular neighborhood around the origin.

The key of the computation is the following integration by part argument. Us-

ing (43), one has
lp(2)]? 1 1
= [ R ) P
¢ liglg 2s Jo  \lgl

Using Proposition 10 and the fact that supp ¢ is an annulus around the origin so
that no boundary terms appear:

(Q S) |<p(g)|2=_/ P(8)R(p(g))
G

¢ lglg gl

2

According to (42), the radial field can be expressed with left-invariant vector fields:

0 ) lp(9)I? ! /w(x(g»(p(gw;(w(g»
= _ = — . 46
(2 o ez =2 Js gl (40

What we do next depends on the order of each derivative YL,L ~ Ve

Case m = 1. In the Euclidean case, one uses Cauchy—Schwarz and Young’s iden-
tity |ab| < ea® + e~ 'b? with & > 0 small enough so that s +& < Q/2, which leads

to
2 \v/ 2
(g_s_g) |go(g)21 58_1Cf |(2;—(§ﬂ1) (47)
2 G liglg G llglls

This proves Hardy’s inequality for s = 1. Interpolation with L? then ensures that the
Hardy inequality holds for any s € [0, 1]. Finally, the previous estimate provides a
bootstrap argument from s — 1 to s for any s < Q/2.

Case m = 2. One uses the Euclidean technique to deal with the horizontal deriva-
tives. For the stratum V>, one uses the commutator structure to backtrack one
“half” integration by part. More precisely, the right-hand side of (46) becomes, for
1<¢<n,

/ w(x(g))w(g)Y;(go(g))‘ =, [ le@P Vool
<e Co| —Saay
G gl ¢ lelg G llgll2sb

and using (22) for n; < £ < ny = g and Proposition 11 (notice the cancellation of
the highest order term thanks to the commutator structure):
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o¢(x(g))
_/ 7y @(g) - [Yoﬁ(z), Y(){;(z)]((/)(g))
¢ gl
. [oe(x()
= /(; Yal([)( B -)o(8) - az(z)(‘/’(g))

_/GYoi(Z)(%)ﬂg) Yo 0 (@(2)).

Using the symbol properties of |- ||¢ and o,(x(g)), both terms are bounded in the
following way:

lp@I-1Vee@l _ o (@) Ve (9)I?

25—1 25 & 26—1)
¢ lel® ¢ lelg G gl P

One thus gets (47) again and one can conclude the proof just as in the case m = 1.

Case m > 3. The additional terms on the right-hand side of (46) correspond to
ny < £ < q. Thanks to (22), one can express each of them with commutators from
the first stratum:

1) == [ A0 1k o L Vo0

As in the case m = 2, the key is to use the commutator structure to put all the
derivatives but one on the symbol. More precisely, using Proposition 11, one first

gets
le(p) = %/G[Yoﬁ@),---’[YaLwlw)v Y“sz“)]]< il( II(ZgS)))| @

Next, one puts the outermost derivative back out onto ¢(g)?:

Ii(p) = Z/ (Ue”( ||(i))) 8)-Y (e)‘P(g)

where each W, ; is a derivative of order w, — 1. The symbol property o;(x(g)) €
S®¢(G) given by Proposition 8 ensures that

Gf(x(g)) CZ i,s
WU( 2s = 25— 1
lgll gl

Again, one gets

lp(9)? IVeo(g)I?
¢ lgll® G gl

and (47) holds once more. As in the case m = 1, one thus gets the Hardy inequality
for s = 1. Then, by interpolation with L?>(G), one gets it for s € [0, 1]. Finally,
using (47) iteratively, one can collect it for any s < Q/2.

(o)l <&
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Remark. When Q is odd and s € N, one can always take ¢ small enough so
that Q/2 — s — e # 0 in (47). The previous iteration argument thus proves the
Hardy inequality (6) for any s € N, but the result is then only valid for functions
that belong to the H*(G)-closure of smooth compactly supported functions whose
support avoids the origin.

2.6. Homogeneous Hardy inequality. One can slightly improve (6) by using a
simple scaling argument. For simplicity, we will only spell out the procedure for
s €N and 0 <s < Q/2 though it would also work for fractional values of s if V¢, was

replaced by the corresponding power [,sG/z of the subelliptic Laplace operator (24).

Theorem 13. For 0 <s < Q/2, the following homogeneous inequality holds:
If @)

¢ lgl*

forall f € H*(G) dg < 2G|V f 726 (48)

Proof. Let us indeed apply (6) to the function f(r~'g). After the change of variable
g =rg, one gets

=\2
o [ 1@ dggCSZrQ‘Z'“/ Ve (@) dg

¢ lgl* G

o] <s

which, for r < 1, can be further simplified into

lfF@* - - _ -
Srascy [ ver@Parer Y [ ver@rd
G g loe|=s G la|<s—1 G
Choosing
r“=minj{1l; —_—
”f”H“"l(G)
instantly leads to (48). (]

Remark. It would have been tempting to try using (45)—(46) without digging fur-
ther in the commutator structure to get

| f (@

%
¢ lelg

)“ i IYE((x ) (@)

0
dg 5/ (@) dg + (——s—s
. TR

2 G

=1

For s = 1, it gives a Hardy inequality with || f||? m(gy on the right-hand side. How-
ever, a scaling argument is then not sufficient to deduce the correct one, either (6)
or (48). Indeed, one would simultaneously need to let r — oo and r — 0 to get
rid of the superfluous derivatives without letting the lower-order L?(G) term get
in the way, which is overall impossible.
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3. A remark about the case of general hypoelliptic vector fields

For general families of vector fields that satisfy a Hormander condition of step m,
the technique of proving the Hardy inequality by integration by part works, but
possibly with some restrictions.

3.1. A counterexample to the symbol property of the gauge. The main objection
is the following one. When the group structure is discarded, the fact that one can
chose a gauge pseudonorm in a symbol class of order 1 can fail.

For example, the family

Z=014+x103, Zr=0r+x403+x504 and Z3 =205

is uniformly of rank 3 in R’ and satisfies a uniform Hormander bracket condition
of step 3:

04 =123, Z2], 03 =1143, Z2], Z»].
However, the “natural” gauge,
p = (1] + ol 4 besl* + x| + s D) V12,

is not a symbol of order 1 because |Z;p| > cp~! along x13 —X3=Xp =x4 =x5=0.
Luckily, for this particular family, the change of variable y; = x3 — %x% and y; = x;
(i # 3) transforms the family into Z| = d,,, Z} = 9y, + y49,, + y50,, and Z} = 9,
and for this new family, the associated gauge is a symbol of order 1.

In [Vigneron 2006, Chapter 7], it was shown that up to a Hormander condition
of step 3, one can always modify the gauge by a local diffeomorphism to restore
the symbol property. However, the same question for a family of vector fields that
satisfy a Hormander condition of step 4 or higher is still open. For the convenience
of the reader, we will recall here briefly the key points of the discussion (and clarify

the redaction), as this result was written in French and never published.

3.2. Regular hypoelliptic vector fields of step m. Let us consider a family X =
(X¢)1<e<n, of vector fields on some smooth open set 2 C R? and

forall x € 2, Wi(x) =Span(X;(x), ..., [X;,....[X;_, X;]1(x)). (49

One assumes that x € Q is a regular Hérmander point, i.e., that ny = dim W is
constant near x and that n,, = g for some finite integer m > 2.

Remark. At the origin of a Carnot group (2), one would have Wy (e) = EBI;-ZI Vi.

Next, one introduces a local basis of vector fields (Y, (x))1<¢<4, adapted to the
stratification, i.e., Yy (x) € W, (x) where for each ¢, the weight w, € {1, ..., m}
is defined by (3). For simplicity, one will now restrict €2 to be a bounded and



874 FRANCOIS VIGNERON

small enough neighborhood of x on which all those properties hold. The analog
of horizontal derivatives is the family

Ve=1, ..., Yo (50)

A local coordinate system (x¢)1<¢<4 is said to be adapted to the commutator
structure of the vector fields X near x if the dual basis (9¢)1<¢<4 satisfies Yy (x) = 0;.

Remark. Let us point out that adapted coordinates are not necessarily privileged
in the sense of A. Bellaiche [1996] and M. Gromov [1996]: the point of coordinates
(x¢)1<¢<¢ does not necessarily match with the image of x under the composite
action of the flows e*¥* (for some predetermined order of composition).

In an adapted coordinate system, the gauge is defined by

q 1/w
p(x) = (Z |xe|w/‘°‘) : (51)
=1

where w = 2LCM(1, ..., m) and the basis of vector fields and their commutators
satisfy

q
forall £ € (1,....q}, Ye(x) =8+ Y Cor(x)dp. (52)
=1
One obviously has |x;| < p(x)®* and, using a Taylor expansion, & ¢ (xg) = 0
implies |, ¢ (x)| < Cp(x). However, for derivatives, one can only claim that Vgéxg
and V;é e ¢ are bounded when |y | > 1.

3.3. A positive result for hypoelliptic fields of step 2.

Theorem 14. Let us consider a family of vector fields and x € 2 a regular Hor-
mander point of step m = 2. Then for any adapted coordinate system, the gauge p
satisfies

Vil <Cyp' V! (53)

in the neighborhood of x, for any multi-index y.

Proof. For y = 0, the estimate (53) comes from the fact that p is smooth and
vanishes at the origin and thus admits a Taylor expansion at the origin that is locally
bounded by ) |x¢| and thus by p. For |y| = 1, the computation is actually explicit:

1
3 3,1
Vxp=— (xz + Z Ceoxy + 3 Z Cz,z'xz'> :

p '<n 0'>n l=<t=<n

In the parenthesis, the first term is locally bounded by p>, the second by p* and
the last one again by p3, thus V¢p € L>®(Q) provided € is small enough. To deal
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with the higher-order derivatives, let us introduce the class P, of homogeneous
polynomials of x; and ¢, ¢ with smooth coefficients, i.e.,

. . By,
Yo el fap ),
a,p

where f, g € C*(R2) and ) a;w; + ) B, j» =n. Forn <0, one sets P, = C®(Q).
With the Leibnitz formula, one checks immediately that

Pn—1+7)n lfgfnlv

3 (Py) C
e(Pn) {73,1_2+7>n_1+7>n if > n,,

thus Vx(P,) C Py—1 + Py + Pnt+1. Moreover, for m > n, any expression in
P is locally bounded by Cp" for some constant C. We have shown above that
Vzp € p~3 - (P34 P4). One then gets recursively on k = || that Vgg,o is a linear

combination of expressions
Pum
pn+k71

with m > n and is thus locally bounded by Cp'~*. (]

Remark. One has P, C P,_». However, for £ > ny, one has x? € P4 NP, but
2
x[ Q 773.

3.4. Two positive results for hypoelliptic fields of step m > 3. Let us now revert
to the case of a general value for m. As pointed out at the beginning of this section,
one can find a counterexample of a family of vector fields, a regular Hormander
point of step m = 3 and an adapted coordinate system for which (53) fails. If we
tried to run the previous proof, the failure point would be that

86’(Pn) - ,Pnfa)@/ +- + P11+ P

When computing Vx(P,), the multiplication by &, . € P is then not able to com-
pensate for the loss when wy > 3. The profound reason is that our knowledge
about the way ¢, ¢ vanishes at the origin is too weak.

Definition. A coordinate system adapted to the commutator structure of the vector
fields X near a regular Hormander point x of step m is called well-adapted if

forall€e{l,...,mi}, € €f{l,....q}, |Viteel<Cyp 1" (54)

in a neighborhood of x. A family of vector fields that satisfies a regular Hormander
condition is called well-structured if it admits a well-adapted coordinate system.

One can check that in a well-adapted coordinate system, the gauge automatically
satisfies (53).
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Theorem 15 (If-theorem for arbitrary step m). Let us consider a family of vector
fields and x € Q a regular Hormander point of step m. Then for any well adapted
coordinate system, the gauge p satisfies (53) in the neighborhood of x.

Proof. The key is to adapt the definition of P, to capture the enhanced knowl-
edge that we gained about ¢, . Let us define 73n as the subset of C°°(2) that
consists of homogeneous polynomials with smooth coefficients of x,, ¢, and of
the derivatives of ¢, » for which we have estimates, i.e.,

Zijx?l~‘x§quVszz~-¢£2q([I<V%¢L1fWL1~-<V%cnhqf””“>f&ﬁﬁ<xx
o.p

v

where f, s € C*(R2), y denotes multi-indices of length |y| > 1 and

q q ni q
D i+ Y Y Biplwp =D+ D YD 8y @y —1—|yDi=n.

l<i<q j=1j=1 yI=1j=1j'=1

Note that only the factors for which w;; — 1 — |y| > O are significant; the others
can simply be tossed into f, g s. For n <0, one sets again P, = C*(2). We also
introduce the linear span

B =Y P,

m>n

Using the Leibnitz formula, Vx(x,) € 7’5@371 and Vx(7~3n) C 73:_]. One also has

Vx(p") o1y s+
Vap =" ot €F TPy
and recursively (note that p% € P,, allows one to convert Py into p~* - Py,)

vy Prj_
xP € Z pn+|)/|—l

n>1
from which (53) follows immediately. O

The previous “abstract” theorem does not presume on the existence of a well-
adapted coordinate system. However, when m < 3, it can actually be made to
work.

Theorem 16. Any family of vector fields that satisfies a regular Hormander con-
dition of step m < 3 admits at least one well-adapted coordinate system. It is
therefore well-structured.

Proof. For m =1 and 2, any adapted coordinate system is well-adapted. Let us thus
focus on m = 3 and use the previous notations. Writing down the Taylor expansion
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of the coefficients for £ < njy,

R
Lo (x) = Z( ;ff <x))xl +0(p?),

i<nmp
it appears that, for m = 3, a coordinate system is well-adapted if and only if

3561 A

forall £y, ¢, €{l,...,m}, &3e{n+1,...,q}, ()— (55)

Let us compute the following commutator:
(Yo . Yp]= Xq: 00 ut),
b 76 = dxg, 0xy, ¢

At the point x, the terms corresponding to £ > n, must belong to W, (x) and thus
vanish, therefore

080, e () = [l own

forall 1,¢,€{l,...,n1}, L3e{n+1,...,q}, X
8)6[2 8

( ). (56)

One can now define a new coordinate system (y¢)j<¢<q Whose dual basis satisfies

0 0Co.v
_=a—x£—|-1g<nl Z Z( Gl x))xl .

]
ye U'>ny i<n;

This coordinate system is (locally) well defined because the fields 88—2 commute
with each other thanks to (56). By construction, this coordinate system satisfies (55)
and is therefore a well-adapted one. ([

Remark. The generalization of Theorem 16 for m > 4 is an open question. One
can check that a coordinate system is well-adapted if and only if

0%y o
_ T () =0 (57)
8x11 '--qu"

for any indices such that wy = 1, wy > 3 and Z?:l w;a; < wp — 2. However,
for m > 4, it is not clear whether the regular Hormander assumption of step m is
enough to ensure that the vector fields

d 0] aaQ /4 « Gl
Dt (T ()it
3)’@ 8X[ <n Zgz Zaigwﬂ_z ax‘l)” . g Xq BXe'

commute with each other.
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3.5. From the symbol property of the gauge to Hardy inequality. For well-struc-
tured families of vector fields, symbols of class S*(X; p) are functions f such that

IVEFO)] < Cyp(x)ETrD+ (58)

in a neighborhood of x, for any multi-index y. Once the symbol property is es-
tablished for the gauge, the path that leads to the Hardy inequality is open. The
key (see [Vigneron 2006, Chapter 7]) is to define a “radial” vector field that admits
both expressions:

q q
R(x) =) oe(x)Ye(x) =Y (onXp +64(x)) 0% (59)

(=1 k=1

in well-adapted coordinates, with o, € S”(X; p) and 6} € SF1(%; p). One can
then check that

R Ax) =14 0(p),
divR=0+0(p) and A= =P satisfies { *x) +00) (60)
p Ri.=0(p).
The computations of Section 2.5 can then be carried out in a small enough neigh-

borhood of x.
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