Chapter 3

Homogeneous Lie groups

By definition a homogeneous Lie group is a Lie group equipped with a family of
dilations compatible with the group law. The abelian group (R",+) is the very
first example of homogeneous Lie group. Homogeneous Lie groups have proved to
be a natural setting to generalise many questions of Euclidean harmonic analysis.
Indeed, having both the group and dilation structures allows one to introduce
many notions coming from the Euclidean harmonic analysis. There are several
important differences between the Euclidean setting and the one of homogeneous
Lie groups. For instance the operators appearing in the latter setting are usually
more singular than their Euclidean counterparts. However it is possible to adapt
the technique in harmonic analysis to still treat many questions in this more
abstract setting.

As explained in the introduction (see also Chapter 4), we will in fact study
operators on a subclass of the homogeneous Lie group, more precisely on graded
Lie groups. A graded Lie group is a Lie group whose Lie algebra admits a (N)-
gradation. Graded Lie groups are homogeneous and in fact the relevant structure
for the analysis of graded Lie groups is their natural homogeneous structure and
this justifies presenting the general setting of homogeneous Lie groups. From the
point of view of applications, the class of graded Lie groups contains many inter-
esting examples, in fact all the ones given in the introduction. Indeed these groups
appear naturally in the geometry of certain symmetric domains and in some subel-
liptic partial differential equations. Moreover, they serve as local models for contact
manifolds and CR manifolds, or for more general Heisenberg manifolds, see the
discussion in the Introduction.

The references for this chapter of the monograph are [FS82, ch. I] and
[GooT6], as well as Fulvio Ricci’s lecture notes [Ric]. However, our conventions
and notation do not always follow the ones of these references. The treatment
in this chapter is, overall, more general than that in the above literature since
we also consider distributions and kernels of complex homogeneous degrees and
adapt our analysis for subsequent applications to Sobolev spaces and to the op-
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92 Chapter 3. Homogeneous Lie groups

erator quantization developed in the following chapters. Especially, our study of
complex homogeneities allows us to deal with complex powers of operators (e.g.
in Section 4.3.2).

3.1 Graded and homogeneous Lie groups

In this section we present the definition and the first properties of graded Lie
groups. Since many of their properties can be explained in the more general setting
of homogeneous Lie groups, we will also present these groups.

3.1.1 Definition and examples of graded Lie groups
We start with definitions and examples of graded and stratified Lie groups.

Definition 3.1.1. (i) A Lie algebra g is graded when it is endowed with a vector
space decomposition (where all but finitely many of the V;’s are {0}):

g=@DV; suchthat [V;,Vj] C Vig;.
j=1

(ii) A Lie group is graded when it is a connected simply connected Lie group
whose Lie algebra is graded.

The condition that the group is connected and simply connected is technical
but important to ensure that the exponential mapping is a global diffeomorphism
between the group and its Lie algebra.

The classical examples of graded Lie groups and algebras are the following.

Ezample 3.1.2 (Abelian case). The abelian group (R"™, +) is graded: its Lie algebra
R™ is trivially graded, i.e. V3 = R".

Ezample 3.1.3 (Heisenberg group). The Heisenberg group H,, given in Example
1.6.4 is graded: its Lie algebra b, can be decomposed as

Bn, =V1 & Vo where Vi =&7°,RX; &RY; and Vo =RT.

(For the notation, see Example 1.6.4 in Section 1.6.)

Ezample 3.1.4 (Upper triangular matrices). The group T, of n, X n, matrices
which are upper triangular with 1 on the diagonal is graded: its Lie algebra t,, of
N X N, upper triangular matrices with 0 on the diagonal is graded by

t,, =Vi®...0V, 1 where V; =" "RE; ;.

(For the notation, see Example 1.6.5 in Section 1.6.) The vector space V; is formed
by the matrices with only non-zero coefficients on the j-th upper off-diagonal.
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As we will show in Proposition 3.1.10, a graded Lie algebra (hence possessing
a natural dilation structure) must be nilpotent. The converse is not true, see
Remark 3.1.6, Part 2.

Examples 3.1.2-3.1.4 are stratified in the following sense:

Definition 3.1.5. (i) A Lie algebra g is stratified when g is graded, g = ®524Vj,
and the first stratum V7 generates g as an algebra. This means that every
element of g can be written as a linear combination of iterated Lie brackets
of various elements of V7.

(ii) A Lie group is stratified when it is a connected simply connected Lie group
whose Lie algebra is stratified.

Remark 3.1.6. Let us make the following comments on existence and uniqueness
of gradations.

1. A gradation over a Lie algebra is not unique: the same Lie algebra may
admit different gradations. For example, any vector space decomposition of
R™ yields a graded structure on the group (R™,+). More convincingly, we
can decompose the 3 dimensional Heisenberg Lie algebra b as

3
by =EDV; with Vi =RXy, Vo =RY;, V3 =RT.

j=1

This last example can be easily generalised to find several gradations on the
Heisenberg groups H,,,, n, = 2,3,..., which are not the classical ones given
in Example 3.1.3. Another example would be

8
by =EPV, with Vi=RX;, Vs =RY, Vs =RT, (3.1)
j=1

and all the other V; = {0}.

2. A gradation may not even exist. The first obstruction is that the existence
of a gradation implies nilpotency; in other words, a graded Lie group or a
graded Lie algebra are nilpotent, as we shall see in the sequel (see Proposition
3.1.10). Even then, a gradation of a nilpotent Lie algebra may not exist. As a
curiosity, let us mention that the (dimensionally) lowest nilpotent Lie algebra
which is not graded is the seven dimensional Lie algebra given by the following
commutator relations:

[Xl,Xj] :Xj+1 fOI‘jZQ,...,G, [XQ,X:;] :AXV67
(X2, Xu] = [X5, Xo] = [X3, X4] = X7.

They define a seven dimensional nilpotent Lie algebra of step 6 (with basis
{X1,...,X7}). It is the (dimensionally) lowest nilpotent Lie algebra which
is not graded. See, more generally, [Goo76, ch.I §3.2].
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3. To go back to the problem of uniqueness, different gradations may lead to

‘morally equivalent’ decompositions. For instance, if a Lie algebra g is graded
by g = ©72,Vj then it is also graded by g = ©52; W; where W3, 1 = {0} and
Wajr = V. This last example motivates the presentation of homogeneous Lie
groups: indeed graded Lie groups are homogeneous and the natural homoge-
neous structure for the graded Lie algebra

g=872,V; =&;4, W,
is the same for the two gradations.

Moreover, the relevant structure for the analysis of graded Lie groups
is their natural homogeneous structure.

. There are plenty of graded Lie groups which are not stratified, simply because

the first vector subspace of the gradation may not generate the whole Lie
algebra (it may be {0} for example). This can also be seen in terms of dilations
defined in Section 3.1.2. Moreover, a direct product of two stratified Lie
groups is graded but may be not stratified as their stratification structures
may not ‘match’. We refer to Remark 3.1.13 for further comments on this
topic.

3.1.2 Definition and examples of homogeneous Lie groups

We now deal with a more general subclass of Lie groups, namely the class of
homogeneous Lie groups.

Definition 3.1.7. (i) A family of dilations of a Lie algebra g is a family of linear

mappings
{D;, r>0}

from g to itself which satisfies:

— the mappings are of the form

\ [

=Exp(Alnr) Z Z'
£=0

where A is a diagonalisable linear operator on g with positive eigen-
values, Exp denotes the exponential of matrices and In(r) the natural
logarithm of r > 0,

— each D, is a morphism of the Lie algebra g, that is, a linear mapping
from g to itself which respects the Lie bracket:

VX,Yeg r>0 [D.X,D,Y]=D,[X,Y]

(ii) A homogeneous Lie group is a connected simply connected Lie group whose

Lie algebra is equipped with dilations.
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(iii) We call the eigenvalues of A the dilations’ weights or weights. The set of
dilations’ weights, or in other worlds, the set of eigenvalues of A is denoted
by WA.

We can realise the mappings A and D, in a basis of A-eigenvectors as the
diagonal matrices

U1 rvt
Vg rv2

A= ) and D, =

Un ron
The dilations’ weights are v1, ..., v,.

Remark 3.1.8. Note that if {D,.} is a family of dilations of the Lie algebra g, then
D, := D,o := Exp(aAlnr) defines a new family of dilations {D,, r > 0} for any
a > 0. By adjusting « if necessary, we may assume that the dilations’ weights
satisfy certain properties in order to compare different families of dilations and
in order to fix one of such families. For example in [FS82], it is assumed that the
minimum eigenvalue is 1.

Graded Lie algebras are naturally equipped with dilations: if the Lie algebra
g is graded by

g = @5‘;1‘/]”

then we define the dilations
D, :=Exp(Alnr)

where A is the operator defined by AX = jX for X € Vj.
The converse is true:

Lemma 3.1.9. If a Lie algebra g has a family of dilations such that the weights are
all rational, then g has a natural gradation.

Proof. By adjusting the weights (see Remark 3.1.8), we may assume that all the
eigenvalues are positive integers. Then the decomposition in eigenspaces gives the
the gradation of the Lie algebra. O

Before discussing the dilations in the examples given in Section 3.1.1 and
other examples of homogeneous Lie groups, let us state the following crucial prop-
erty.

Proposition 3.1.10. The following holds:
(i) A Lie algebra equipped with a family of dilations is nilpotent.

(i) A homogeneous Lie group is a nilpotent Lie group.
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Proof of Proposition 3.1.10. Let {D, = Exp(Alnr)} be the family of dilations.
By Remark 3.1.8, we may assume that the smallest weight is 1. For v € Wy let
W, C g be the corresponding eigenspace of A. If v € R but v ¢ W4 then we set
W, :={0}.

Thus D, X =r"X for X € W,,. Moreover, if X € W,, and Y € W, then

D.[X,Y] = [D,X,D,Y] = r""[X,Y]
and hence
[Wv» Wv/] C Wv+v’~

In particular, since v > 1 for v € W4, we see that the ideals in the lower series of
g (see (1.18)) satisfy
9(j) € oz Wa.

Since the set Wy is finite, it follows that g;) = {0} for j sufficiently large. Con-
sequently the Lie algebra g and its corresponding Lie group G are nilpotent. [

Let G be a homogeneous Lie group with Lie algebra g endowed with dilations
{D;}r>0. By Proposition 3.1.10, the connected simply connected Lie group G
is nilpotent. We can transport the dilations to the group using the exponential
mapping expo = exp of G (see Proposition 1.6.6 (a)) in the following way: the
maps

expg oD, o expél, r >0,

are automorphisms of the group G; we shall denote them also by D,. and call them
dilations on G. This explains why homogeneous Lie groups are often presented as
Lie groups endowed with dilations.

We may write
rx = D,(x) forr>0andx€G.
The dilations on the group or on the Lie algebra satisfy
D, =D.Dg, 1,5>0.

As explained above, Examples 3.1.2, 3.1.3 and, 3.1.4 are naturally homoge-
neous Lie groups:

In Exzample 3.1.2: The abelian group (R™, +) is homogeneous when equipped with
the usual dilations D,x =rz, r > 0, x € R".

In Example 3.1.3: The Heisenberg group H,,  is homogeneous when equipped with
the dilations

rh = (rm,ry,TQt), h=(z,y,t) € R"™ x R"™ x R.
The corresponding dilations on the Heisenberg Lie algebra b, are given by

D.(X;) =rX;, D.(Y;)=rY;, j=1,...,n,, and D,(T) = r*T.
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In Example 3.1.4: The group T,,, is homogeneous when equipped with the dilations
defined by
[Do(M)];j =" [M];; 1<i<j<mn, MET,,.

,

The corresponding dilations on the Lie algebra t, are given by

Dy (E;j)=r"""E;; 1<i<j<n,.

As already seen for the graded Lie groups, the same homogeneous Lie group
may admit various homogeneous structures, that is, a nilpotent Lie group or al-
gebra may admit different families of dilations, even after renormalisation of the
eigenvalues (see Remark 3.1.8). This can already be seen from the examples in
the graded case (see Remark 3.1.6 part 1). These examples can be generalised as
follows.

Ezxample 3.1.11. On R™ we can define
D (x1,...,xy) = (r"'zy,...,r""xy,),

where 0 < vy < ... <w,, and on H,,, we can define

’ 1"

’
— v1 (& v (3 (3
Dr(T1y o s @ny s Yy - o s Ynys t) = (rr @y, ..o yrmomy  rliyy, om0y, 1Y t),

where v; >0, v} > 0 and v; +vj = v" for all j =1,...,n,.

These families of dilations give graded structures whenever the weights v;
for R™ and wv;,v},v" for H,, are all rational or, more generally, all in aQ™ for
a fixed @ € R4. From this remark it is not difficult to construct a homogeneous
non-graded structure: on R?, consider the diagonal 3 x 3 matrix A with entries,

e.g., 1l and m and 1 + 7.

Ezample 3.1.12. Continuing the example above, choosing the v; and U;-’S rational
in a certain way, it is also possible to find a homogeneous structure for H,, such
that the corresponding gradation of b,, = @72,V does exist but is necessarily
such that V3 = {0}: we choose v;, v positive integers different from 1 but with
1 as greatest common divisor (for instance for n, = 2, take v1 = 3,v9 = 2,0} =
5,05 =6 and v = 8). As an illustration for Corollary 4.1.10 in the sequel, with
this example, the homogeneous dimension is Q = 34245+ 6 + 8 = 24 while the
least common multiple is v, = 2 x 3 x 5 = 30, so we have here @ < v,.

If nothing is specified, we assume that the groups (R",+) and H,,  are en-
dowed with their classical structure of graded Lie groups as described in Examples
3.1.2 and 3.1.3.

Remark 3.1.13. We continue with several comments following those given in Re-
mark 3.1.6.
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1. The converse of Proposition 3.1.10 does not hold, namely, not every nilpotent
Lie algebra or group admits a family of dilations. An example of a nine di-
mensional nilpotent Lie algebra which does not admit any family of dilations
is due to Dyer [Dye70].

2. A direct product of two stratified Lie groups is graded but may be not strat-
ified as their stratification structures may not ‘match’. This can be also seen
on the level of dilations defined in Section 3.1.2. Jumping ahead and using
the notion of homogeneous operators, we see that this remark may be an
advantage for example when considering the sub-Laplacian £ = X2+ Y? on
the Heisenberg group H;. Then the operator

—L+OF

for k € N odd, becomes homogeneous on the direct product H; x R when it
is equipped with the dilation structure which is not the one of a stratified
Lie group, see Lemma 4.2.11 or, more generally, Remark 4.2.12.

3. In our definition of a homogeneous structure we started with dilations defined
on the Lie algebra inducing dilations on the Lie group. If we start with a Lie
group the situation may become slightly more involved. For example, R? with
the group law

xy = (arcsinh(sinh(z1) + sinh(y1)), 2 + yo + sinh(x1)ys, x5 + y3)
is a 2-step nilpotent stratified Lie group, the first stratum given by
X = cosh(x1)7'0,,, Y =sinh(z1)0,, + Ops,

and their commutator is
T=[X,Y] = 0,,.

It may seem like there is no obvious homogeneous structure on this group
but we can see it going to its Lie algebra which is isomorphic to the Lie
algebra h; of the Heisenberg group H;. Consequently, the above group itself
is isomorphic to H; with the corresponding dilation structure.

4. In fact, the same argument as above shows that if we defined a stratified
Lie group by saying that there is a collection of vector fields on it stratified
with respect to their commutation relations, then for every such stratified
Lie group there always exists a homogeneous stratified Lie group isomorphic
to it. Indeed, since the Lie algebra is stratified and has a natural dilation
structure with integer weights, we obtain the required homogeneous Lie group
by exponentiating this Lie algebra. We refer to e.g. [BLUO7, Theorem 2.2.18]
for a detailed proof of this.

Refining the proof of Proposition 3.1.10, we can obtain the following techni-
cal result which gives the existence of an ‘adapted’ basis of eigenvectors for the
dilations.
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Lemma 3.1.14. Let g be a Lie algebra endowed with a family of dilations {D,, r >

0}. Then there exists a basis {X1,...,X,} of g, positive numbers vy, ...,v, >0,
and an integer n’ with 1 < n’ < n such that
Vi>0 Vi=1,...,n Dt(Xj):tUij7 (32)
and
[0,0) CRX,y 11 & ... B RX,,. (3.3)
Moreover, X1,...,X, generate the algebra g, that is, any element of g can be

written as a linear combination of these vectors together with all their iterated Lie
brackets.

This result and its proof are due to ter Elst and Robinson (see [tER97,
Lemma 2.2]). Condition (3.2) says that {X;}7_, is a basis of eigenvectors for the
mapping A given by

D, = Exp(Alnr).
Condition (3.3) says that this basis can be chosen so that the first n’ vectors of
this basis generate the whole Lie algebra and the others span (linearly) the derived
algebra [g, g].

Proof of Lemma 3.1.14. We continue with the notation of the proof of Proposi-
tion 3.1.10. For each weight v € W4, we choose a basis

You,. . Yoa ,Yoa 41,..., Yo a,} of Wy

such that {Yy, 4s 41,...,Yy,q4,} is a basis of the subspace

W, ﬂ <Span U (W, an]> .

Vi 4u =y
Since g = ®yew, Wo, we have by construction that
[g,9] C Span{Y,; : vE€ Wy, d,+1<j<d,}.
Let b be the Lie algebra generated by
{Yo; : veWy, 1<j<d,}. (3.4)
We now label and order the weights, that is, we write
Wa ={v1,...,Un}

with 1 <wv; < ... < vp,. It follows by induction on N =1,2...,m that EB;VZIWUj
is contained in h and hence h = g and the set (3.4) generate (algebraically) g.
A basis with the required property is given by

le,la .. '7YU17¢1{,1 g 7va,17 e ,va”d;’m, for Xl, .. .,Xn/,
and

vl Vim,

Yora, +10- - Yordn oo Yo, 410 Yo, a,, for Xogr, .. X,
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3.1.3 Homogeneous structure

In this section, we shall be working on a fixed homogeneous Lie group G of di-

mension n with dilations
{D, = Exp(Alnr)}.

We denote by v, ..., v, the weights, listed in increasing order and with each value
listed as many times as its multiplicity, and we assume without loss of generality
(see Remark 3.1.8) that v; > 1. Thus,

1< <vy <., <o, (3.5)
If the group G is graded, then the weights are also assumed to be integers with
one as their greatest common divisor (again see Remark 3.1.8).

By Proposition 3.1.10 the Lie group G is nilpotent connected simply con-
nected. Thus it may be identified with R™ equipped with a polynomial law, using
the exponential mapping exp. of the group (see Section 1.6). With this identifi-
cation its unit element is 0 € R™ and it may also be denoted by Og or simply by
0.

We fix a basis {X1,...,X,,} of g such that
AXj = Uij

for each j. This yields a Lebesgue measure on g and a Haar measure on G by
Proposition 1.6.6. If = or g denotes a point in G the Haar measure is denoted by
dz or dg. The Haar measure of a measurable subset S of G is denoted by |S].

We easily check that
|D,.(S)| = 9|5, / flrz)dx = r_Q/ f(x)dex, (3.6)
G G

where
Q=v,+...+v, =TrA. (3.7)

The number Q is larger (or equal) than the usual dimension of the group:
n=dimG < Q,

and may replace it for certain questions of analysis. For this reason the number @

is called the homogeneous dimension of G.

Homogeneity

Any function defined on G or on G\{0} can be composed with the dilations D,.
Using property (3.6) of the Haar measure and the dilations, we have for any
measurable functions f and ¢ on G, provided that the integrals exist,

[ (foD)(@) o(a) do =179 [ f(@) (60D,)(a) d, (39)
G G
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Therefore, we can extend the map f — f o D, to distributions via
(foDr,¢):=r"%fdoDi1), feD(G), ¢€DG). (3.9)

We can now define the homogeneity of a function or a distribution in the
same way:

Definition 3.1.15. Let v € C.

(i) A function f on G\{0} or a distribution f € D’(G) is homogeneous of degree
v € C (or v-homogeneous) when

foD,=r"f foranyr>0.

(ii) A linear operator T : D(G) — D'(G) is homogeneous of degree v € C (or
v-homogeneous) when

T(poD,)=r"(T¢)o D, forany ¢ € D(G), r > 0.

Remark 3.1.16. We will also say that a linear operator T': E — F, where FE is a
Fréchet space containing D(G) as a dense subset, and F is a Fréchet space included
in D'(G), is homogeneous of degree v € C when its restriction as an operator from
D(G) to D'(G) is. For example, it will apply to the situation when 7T is a linear
operator from L?(G) to some LI(G).

Ezample 3.1.17 (Coordinate function). The coordinate function x; = [z]; given
by

Gox=(x1,...,2,) — xj = [2];, (3.10)
is homogeneous of degree v;.
Ezample 3.1.18 (Koranyi norm). The function defined on the Heisenberg group
H,, by

2 2\2 2\ /4
Ha, 3 (2,5,8) — (o +1y2)" +6)

where |z| and |y| denote the canonical norms of z and y in R™°, is homogeneous
of degree 1. It is sometimes called the Koranyi norm.

Ezample 3.1.19 (Haar measure). Equality (3.8) shows that the Haar measure,
viewed as a tempered distribution, is a homogeneous distribution of degree @ (see
(3.7)). We can write this informally as

d(rz) = r9dz,

see (3.6).
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Ezample 3.1.20 (Dirac measure at 0). The Dirac measure at 0 is the probability
measure Jy given by

/ fdéy = £(0).
G

It is homogeneous of degree —@ since for any ¢ € D(G) and r > 0, we have

(300 Dy, 6) = 10,60 Ds) = r-96(20) = 1 2(0) = (%, ).

Ezample 3.1.21 (Invariant vector fields). Let X € g be viewed as a left-invariant
vector field X or a right-invariant vector field X (cf. Section 1.3). We assume
that X is in the v;-eigenspace of A. Then the left and right-invariant differential
operators X and X are homogeneous of degree v;. Indeed,
X(foDp)(x) = O=0{foDr(xexpg(tX))} = di=o {f (reexpg(r7tX))}
= 1% 0u_o{f (reexps(t' X))} =r¥ (X f)(rz),

and similarly for X.

The following properties are very easy to check:

Lemma 3.1.22. (i) Whenever it makes sense, the product of two functions, dis-
tributions or operators of degrees vy and vo is homogeneous of degree vyvs.

(i) Let T : D(G) — D'(G) be a v-homogeneous operator. Then its formal adjoint
and transpose T* and T*, given by

Lana= [ i@, [@ne=[ 1@, feepE),

are also homogeneous with degree U and v respectively.

Consequently for any non-zero multi-index o = (g, ..., a,) € Ng\{0}, the
function
=t e, (3.11)
and the operators

0 “ 0 “ 0 o @ ai « e ol e

are homogeneous of degree
[a] :=v100 + ... + vy, (3.12)

Formula (3.12) defines the homogeneous degree of the multi-index «. It is usually
different from the length of « given by

la] == a1 + ... 4+ ay.
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For a = 0, the function % and the operators (a%)a7 X, X are defined
to be equal, respectively, to the constant function 1 and the identity operator I,
which are of degree [a] := 0.

With this convention for each o € Nf, the differential operators (%)”‘, X«
and X are of order |a| but of homogeneous degree [«].

One easily checks for oy, s € N that

(] + [ag] = [a1 + az],  |ou| + [az| = |1 + azl.

Proposition 3.1.23. Let the operator T be homogeneous of degree vy and let f be
a function or a distribution homogeneous of degree vy. Then, whenever T f makes
sense, the distribution T f is homogeneous of degree vy — vp.

In particular, if f € D'(G) is homogeneous of degree v, then

XOf, Xf,0%f
are homogeneous of degree v — [a].

Proof. The first claim follows from the formal calculation
(Tf)o Dy =1 "*T(f 0 D,) =" T(r¥ f) = 1“1+,

The second claim follows from the first one since X, X*f and 9°f are well
defined on distributions and are homogeneous of the same degree [a] given by
(3.12). O

3.1.4 Polynomials

By Propositions 3.1.10 and 1.6.6 we already know that the group law is polynomial.
This means that each [ry]; is a polynomial in the coordinates of = and of y. The
homogeneous structure implies certain additional properties of this polynomial.

Proposition 3.1.24. For any j =1,...,n, we have
2yl =z +yi+ D, Casr®y.
a,BeNG\{0}
[e]+[B]=v;

In particular, this sum over [a] and [B] can involve only coordinates in x or y with
degrees of homogeneity strictly less than v;.

For example,

forvy: [zyh = 1+,

forve: [uyls = a2ty t Y. crapr®y’
[a]=[Bl=v1

forvs: [zyls = x3+ys+ Z c3,0,52°Y",

[a]=v1, [B]=v2

or [a]=wa, [B]=v1
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and so on.

Proof. Let j = 1,...,n. From the Baker-Campbell-Hausdorff formula (see Theo-
rem 1.3.2) applied to the two vectors X = z1 X1 + ...+ 2, X, and Y = y1 X; +
...+ yn X, of g, we have with our notation that

[yl = z; +y; + Rj(x,y)

where R;(z,y) is a polynomial in 1, y1,...,Zn,yn. Moreover, R; must be a finite
linear combination of monomials zy? with |a| + || > 2:

Rj(z,y) = Z cjya’ga:"‘yﬁ.
o,BeNy
|| +18]=2

We now use the dilations. Since the function z; is homogeneous of degree v,
we easily check
Rj(rz,ry) = r"R;(z,y)

for any r > 0 and this forces all the coefficients ¢; o, g with [a] + [5] # v, to be
zero. The formula follows. O

Recursively using Proposition 3.1.24, we obtain for any o € Ny\{0}:

(xy)a = [xy](lll s [xy}z" - Z CB1,B2 (a)xﬁl y/627 (313)
B1,B2ENg
[B1]+[B2]=[a]
with
0 ifp « 0 ifp «@
e, 0(a) = { i 7Y and cppla) = { i O ()

Definition 3.1.25. A function P on G is a polynomial if P o exp, is a polynomial
on g.

For example the coordinate functions 1, ...,x, defined in (3.10) or, more
generally, the monomials 2 defined in (3.11) are (homogeneous) polynomials on
G.

It is clear that every polynomial P on G can be written as a unique finite
linear combination of the monomials z®, that is,

P=)" cua®, (3.15)

aeNy

where all but finitely many of the coefficients ¢, € C vanish. The homogeneous
degree of a polynomial P written as (3.15) is

D°P := max{[a] : « € Nj with ¢, # 0},
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which is often different from its isotropic degree:
d°P := max{|a| : « € Njj with ¢, # 0}.

For example on H,, , 1 + ¢ is a polynomial of homogeneous degree 2 but
isotropic degree 1.

Definition 3.1.26. We denote by P(G) the set of all polynomials on G. For any
M > 0 we denote by P<js the set of polynomials P on G such that D°P < M
and by ’P“" the set of polynomials on G such that d°P < M. We also define in

the same way P, P=pr, P> and so on, and similarly for P%°.

It is clear that P(G) is an algebra, for pointwise multiplication, which is
generated by the x;’s

It is not difficult to see:

Lemma 3.1.27. The subspaces P<y and PE, of P are finite dimensional with
bases {x* : o € NI, [a] < M} and {2 : a € Np, |a| < M}, respectively.
Furthermore,

VM >0 P<m C 77%5]5\’4 C P<ov, M

Proof. The first part of the lemma is clear. For the second, because of (3.5), we
have
Va € Ny la| < [a] <vplal. (3.16)

Therefore,
VP e P d°P < D°P < v,d°P,

and the inclusions follow. O

By Proposition 3.1.24, [xy]; is in P<,,; as a function of = for each y, and also
as a function of y for each x. Hence each subspace P< s is invariant under left and
right translation. This is not the case for P”O (unless ’P’so ~CorG=(R"+4));
consequently, it will not be of much use to us.

3.1.5 Invariant differential operators on homogeneous Lie groups

We now investigate expressions for left- and right-invariant operators on homoge-
neous Lie groups.

Proposition 3.1.28. The left and right-invariant vector fields X; and Xj, for any
7 =1,...,n, can be written as

R S o
i 1lk<n axk 81‘3 1<k<n
U <Uk v <vg
~ 0 0
X. — _ =
J oz, + Z Qj, kaxk 8321 + Z QJ ks
1<k<n 1<k<n

v <vg vj <vg
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where Pj ) and Q. are homogeneous polynomials on G of homogeneous degree
Vg — U5 > 0.
Proof. For any x € G, we denote by L, : G — G the left-translation, i.e. L,(y) =

zy. Let 7 = 1,...,n. Recall that ‘,Xj is the differential operator invariant under
left-translation which agrees with a%j at 0, that is, for any f € C*°(G) and z, € G,
we have
of
(Xjf) 0 Ls, (0) = X;(f 0 Ly, )(0) and  X;(£)(0) = 7-~(0).
J
Thus
0
(Xjf)(zo) = (X;f) o La,(0) = X;(f 0 Lg,)(0) = 5 —(f © La,)(0)
J
"L of Ozox]
= — (2o 0),
> oy () e, )
by the chain rule. But by Proposition 3.1.24,
Ozox] 0 5
0 0) = 87% [Tolk + Tk + Z 8202”3 (0)
a,BENT\{0}
[a]+[B]=vk

= 0k + Z Ck,0,8%5 »
B=e;, «ENG\{0}
[a]+[B]=vk

where e; is the multi-index with 1 in the j-th place and zeros elsewhere, and §; j,
is the Kronecker delta. The assertion for X; now follows immediately, and the
assertion for X; is proved in the same way using right translations. O

Proposition 3.1.28 gives, in particular,

0

forv, : X, = R
forv,_1: X,_1 = 83:(3_1+Pn71’”8¥;’
forv,—o: Xp_o = azi_Q"‘FPan,nflaan_l"_Pan,na;znv

so that

0

T
3112_1 = Xn1— P 12X,

= Xn—2 - Pn—2,n—1 (Xn—l - Pn—l,an) - Pn—Q,ana
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and so forth, with similar formulae for the right-invariant vector fields. This shows
that there are formulas for the %’s of the same sort as for the X;’s and Xj’s,
J

that is,

0 - -

oz, =X+ Y piaXe =X+ Y X, (3.17)
1<k<n 1<k<n
v <vk v <vg

where p; 1 and g¢; are homogeneous polynomials on G of homogeneous degree
UV — U5 > 0.

Remark 3.1.29. 1. Given the formulae above and the condition on the degree,
it is not difficult to see that the P;; and @, in Proposition 3.1.28 and the
pjk and g; in (3.17), with v > vj, are polynomials in (x1,...,25—1) and

commute with X}, X and % respectively.

2. The first part of Proposition 3.1.28 and its proof are valid for any nilpotent
Lie group (see Remark 1.6.7, part (1)). In our setting here, the homoge-
neous structure implies the additional property that the P;; and Q; are
homogeneous.

Corollary 3.1.30. For any a € Nj\{0},

R SR SR D
BENG, |BI<]|a| BENG, IBI<|al
[8]>[a] [B]>[e]

e Y s Y X
BENG, |B|<|e] BENG, [B]<|c]
[B]=[a] [B]=[e]

where Py g,pa,8,Qa,8,9a,3 are homogeneous polynomials of homogeneous degree
(8] = le].
Proof. By Proposition 3.1.28 we obtain recursively for any o € Nj\{0} that

xXe= > R%B(;1>ﬂ, (3.18)

BENG, |8|<|e]
(B1=[e]

with P, s homogeneous polynomial of degree [] — [o]. Similar formulae yield X
in terms of the (a%)ﬁ’s.

Recursively from (3.17), we also obtain similar formulae for (%)a in terms
of the X# or X7,

The assertion comes form combining these formulae, with a similar argument
for pq, g and gq 8. O
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Corollary 3.1.31. For any M > 0, the maps

6 P H{(Q)QP(O)}QENS’,M]SM’

(’Ll) P — {XQP(O)}O&ENS, [(X]SM 5

(i) P »—>{X P(O)}QGNS’[Q]SM,

are linear isomorphisms from P<yr to CH™P<a . Also, the maps

ol

(i) P {XQP(O)}QGN(},[Q]:Ma

(iii) P {X@P(o)} it
aeNy, [a]=

are linear isomorphisms from P—y; to CHmP=n

Proof. By Lemma 3.1.27, the vector subspace P< s of P is finite dimensional, with
basis {z* : « € N}, [a] < M}. Hence case (i) is a simple consequence of Taylor’s
Theorem on R™.

Note that in the formula (3.18), P, g is a constant function when [a] = [§]
and P, g(0) = 0 when [a] > [8]. Hence

o B
Xa|0 = Z Pa75 <81‘>
BeNG, |BI<]e
(Bl=l[a]

0

We have similar result from the other formulae relating X, X and (%)a.
Cases (ii) and (iii) follow from these observations together with case (i). The
case of the homogeneous polynomials of order M is similar. O

We may use the following property without referring to it.

Corollary 3.1.32. Let o, f € Nj. The differential operator X*XP is a linear com-
bination of X7 with [y] € Ny, [v] = [o] + [8]-

XoxP = > Chpr X7 (3.19)

YeNG, [vI<]al+|B]
[(V]=[a]+(8]

The differential operator X*X? is a linear combination of X7 with [y] € N,
V| < lel + 18] and [v] = [o] + [5].
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Proof. The differential operator X*X# is a left-invariant differential operator of
order |a| 4+ |B| by (3.18), and it is a linear combination of X7, |y| < |a| 4 |B] (see
Section 1.3),
XX = > g X
YeNG, [vI<]al+8]

By homogeneity, for any r > 0 and any function f € C°°(G), we have on one

hand,
X°XP(foD,)= pled+18] (X*XPf)o D,,

and on the other hand,
XaXB(fODT) = Z c:x,B,wXﬂy(foDr)
YENG, [vI<]al+B]
= Z c;,ﬂﬂrh](Xﬂyf)oDr.

YENG, [v[<|al+]8]

Choosing f suitably (for example f being polynomials of homogeneous degree
at most [a] + [5], see Corollary 3.1.31), this implies that if [a] 4+ [3] # [7] then
C. 5. = 0, showing (3.19).

The property for the right-invariant vector fields is similar. O

3.1.6 Homogeneous quasi-norms

We can define an Euclidean norm |-| 5 on g by declaring the X;’s to be orthonormal.
We may also regard this norm as a function on G via the exponential mapping,
that is,

2|5 = [expg’ 2|5

However, this norm is of limited use for our purposes, since it does not interact in
a simple fashion with dilations. We therefore define:

Definition 3.1.33. A homogeneous quasi-norm is a continuous non-negative func-
tion
G >3z |z| €]0,00),

satisfying
(i) (symmetric) |z7!| = |z| for all z € G,
(i) (1-homogeneous) |rz| = r|z| for all z € G and r > 0,

(iii) (definite) |z| = 0 if and only if z = 0.
The | - |-ball centred at x € G with radius R > 0 is defined by

B(x,R):={y€G: |z~ 'y| < R}
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Remark 3.1.34. With such definition, we have for any x,z, € G, R > 0,
zoB(x, R) = B(zox, R), (3.20)
since
z€x,B(z,R) <= x,'2 € B(x,R) < |z "2, 2| < R <= z € B(w,z, R).
In particular, we see that
B(z,r) =zB(0,r).
It is also easy to check that
B(0,r) = D,.(B(0,1)).

Note that in our definition of quasi-balls, we choose to privilege the left
translations. Indeed, the set {y € G : |yz~! < R} may also be defined as
a quasi-ball but one would have to use the right translation instead of the left
xo-translation to have a similar property to (3.20).

An important example of a quasi-norm is given by Example 3.1.18 on the

Heisenberg group H,,, . More generally, on any homogeneous Lie group, the follow-
ing functions are homogeneous quasi-norms:

(@1, wn)lp = | D lal™ |, (3.21)
j=1
for 0 < p < oo, and for p = oco:
|(x1,.. . %n)|oo = max |z;|". (3.22)

1<j<n

In Definition 3.1.33 we do not require a homogeneous quasi-norm to be
smooth away from the origin but some authors do. Quasi-norms with added regu-
larity always exist as well but, in fact, a distinction between different quasi-norms
is usually irrelevant for many questions of analysis because of the following prop-
erty:

Proposition 3.1.35. (i) Every homogeneous Lie group G admits a homogeneous
quasi-norm that is smooth away from the unit element.

(i) Any two homogeneous quasi-norms |-| and |-|" on G are mutually equivalent:

|-l =<|I-I" 4n the sense that Ja,b>0 VYre G  alz| <|z| < blz|.
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Proof. Let us consider the function
n
U(r,z) = |Dyx|% = Zr%fﬂc?.
j=1

Let us fix 2 # 0. The function ¥(r,x) is continuous, strictly increasing in r
and satisfies

U(r,z) — 0 and U(r,z) — +oo.
r—0 r—+4o00

Therefore, there is a unique 7 > 0 such that |D,z|p = 1. We set |z|, :== r~ 1.

Hence we have defined a map
G\{0} 3>z + ||, € (0,00)

which is the implicit function for W(r,x) = 1. This map is smooth since the
function ¥(r,z) is smooth from (0, +00) x G\{0} to (0, 00) and 0, ¥ (r, z) is always
different from zero. Setting |0¢g|, := 0, the map |- |, clearly satisfies the properties
of Definition 3.1.33. This shows part (i).

For Part (ii), it is sufficient to prove that any homogeneous quasi-norm is
equivalent to | - |, constructed above. Before doing so, we observe that the unit
spheres in the Euclidean norm and the homogeneous quasi-norm | - |, coincide,
that is,

Let |- | be any other homogeneous norm. Since it is a definite function (see
(iii) of Definition 3.1.33) its restriction to & is never zero. By compactness of &
and continuity of | - |, there are constants a,b > 0 such that

Ve e & a < |z| <b.
For any z € G\{0}, let t > 0 be given by t~! = |z|,. We have D,z € &, and thus
a<|Dixr|<b and alz|, =t 'a < |z| <t7b = blz|,.
The conclusion of Part (ii) follows. O

Remark 3.1.36. If G is graded, the formula (3.21) for p = 2v; ... v, gives another
concrete example of a homogeneous quasi-norm smooth away from the origin since
x + |z[b is then a polynomial in the coordinate functions {z;}.

Proposition 3.1.35 and our examples of homogeneous quasi-norms show that
the usual Euclidean topology coincides with the topology associated with any
homogeneous quasi-norm:
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Proposition 3.1.37. If | - | is a homogeneous quasi-norm on G ~ R™, the topology
induced by the | - |-balls

B(z,R):={y € G: |z~ 'y| < R},

x € G and R > 0, coincides with the Fuclidean topology of R™.

Any closed ball or sphere for any homogeneous quasi-norm is compact. It
is also bounded with respect to any norm of the vector space R™ or any other
homogeneous quasi-norm on G.

Proof of Proposition 3.1.37. It is a routine exercise of topology to check that the
equivalence of norm given in Proposition 3.1.35 implies that the topology induced
by the balls of two different homogeneous quasi-norms coincide. Hence we can
choose the norm | - |« given by (3.22) and the corresponding balls

Bo(z,R) :={y € G: |z 'yl < R}.
We also consider the supremum Euclidean norm given by

|(£C1, e ,xn)‘E,OO = 11%1]&%(” |‘rj|7

and its corresponding balls
Bioo(z,R) ={y€G: | —z+ylp,o < R}
That the topologies induced by the two families of balls

{Bx(z,R)}zec,r>0 and {Bgoo(z,R)}rca,r>0

must coincide follows from the following two observations. Firstly it is easy to
check for any R € (0,1)

Boo(0, R%T) C Bp.oo(0, R) C Boo(0, Ron ).

Secondly for each = € G, the mappings ¥, : y — 7'y and U , : y > —x +y are
two smooth diffeomorphisms of R™. Hence these mappings are continuous with
continuous inverses (with respect to the Euclidean topology). Furthermore, by
Remark 3.1.34, we have

U, (B (z,R)) = Boo(0,R) and Vg .(Bg,(z, R)) = Br,x(0,R).
The second part of the statement follows from the first and from the conti-
nuity of homogeneous quasi-norms. O

The next proposition justifies the terminology of ‘quasi-norm’ by stating that
every homogeneous quasi-norm satisfies the triangle inequality up to a constant,
the other properties of a norm being already satisfied.
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Proposition 3.1.38. If |- | is a homogeneous quasi-norm on G, there is a constant
C > 0 such that
zyl < C(|lz]+lyl)  Va,yeG.

Proof. Let || be a quasi-norm on G. Let B := {z : |z| < 1} be its associated closed
unit ball. By Proposition 3.1.37, B is compact. As the product law is continuous
(even polynomial), the set {zy : x,y € B} is also compact. Therefore, there is a
constant C' > 0 such that

Vr,y € B lzy| < C.

Let z,y € G. If both of them are 0, there is nothing to prove. If not, let ¢ > 0 be
given by t~1 = |z| + |y| > 0. Then D;(x) and D,(y) are in B, so that

tlzy| = |Di(xy)| = |De(2) Di(y)| < C,

and this concludes the proof. O

Note that the constant C' in Proposition 3.1.38 satisfies necessarily C' > 1
since |0] = 0 implies |z| < C|z| for all z € G. It is natural to ask whether
a homogeneous Lie group G may admit a homogeneous quasi-norm | - | which
is actually a norm or, equivalently, which satisfies the triangle inequality with
constant C = 1. For instance, on the Heisenberg group H,, , the homogeneous
quasi-norm given in Example 3.1.18 turns out to be a norm (cf. [Cyg81]). In the
stratified case, the norm built from the control distance of the sub-Laplacian, often
called the Carnot-Caratheodory distance, is also 1-homogeneous (see, e.g., [Pan89]
or [BLUO7, Section 5.2]). This can be generalised to all homogeneous Lie groups.

Theorem 3.1.39. Let G be a homogeneous Lie group. Then there exist a homoge-
neous quasi-norm on G which is a norm, that is, a homogeneous quasi-norm | - |
which satisfies the triangle inequality

lzy| < [x| +|y|  Va,y€G.

A proof of Theorem 3.1.39 by Hebisch and Sikora uses the correspondence
between homogeneous norms and convex sets, see [HS90]. Here we sketch a differ-
ent proof. Its idea may be viewed as an adaptation of a part of the proof that the
control distance in the stratified case is a distance. Our proof may be simpler than
the stratified case though, since we define a distance without using ‘horizontal’
curves.

Sketch of the proof of Theorem 3.1.39. If v : [0,T] — G is a smooth curve, its
tangent vector +/'(t,) at v(t,) is usually defined as the element of the tangent
space T+, G at 7(t,) such that

V) () = )| L f e ().

t=t,
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It is more convenient for us to identify the tangent vector of v at y(¢,) with an
element of the Lie algebra g = TyG. We therefore define 4/(¢,) € g via

. [eC™(G).

t=t,

(1)) 1= o F(1(1) (1)

We now fix a basis {X;}7_; of g such that D, X; = r% X;. We also define
the map |- | : g — [0,00) by

n
1
| X |00 := jlrllaxn|xj|'”j, X = E z; X €g.
Ly

j=1

Given a piecewise smooth curve 7 : [0,T] — G, we define its length adapted
to the group structure by

T
iy) = / 5 (8) e

If x and y are in G, we denote by d(z,y) the infimum of the lengths g(’y)
of the piecewise smooth curves « joining x and y. Since two points  and y can
always be joined by a smooth compact curve, e.g. v(t) = ((1—t)x) ty, the quantity
d(x,y) is always finite. Hence we have obtained a map d: G x G — [0,00). It is a
routine exercise to check that d is symmetric and satisfies the triangle inequality
in the sense that we have for all z,y, z € G, that

d(z,y) =d(y,z) and d(z,y) <d(z,z)+d(z,y).

Moreover, one can check easily that £(D,.(v)) = () and £(z) = £(v), thus we
also have for all z,y,z € G and r > 0, that

d(zz,zy) =d(xz,y) and d(rz,ry) = rd(z,y). (3.23)

Let us show that d is non-degenerate, that is, d(z,y) = 0 = x = y. First let
|-|e be the Euclidean norm on g ~ R™ such that the basis {X;}7_, is orthonormal.
We endow each tangent space T, G with the Euclidean norm obtained by left
translation of the Euclidean norm |- |g. Hence we have for any smooth curve ~ at
any point ¢,

|’7/(t0)|T~,(to)G = |'7/(t0)|E‘

Now we see that if X =377, 2;X; € g is such that

| X

Eoo = max |z;| <1,
Jj=1,....,n

)

then
X[ < [X|E,00 < [X]oo.
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This implies that if v : [0,7] — G is a smooth curve satisfying
vt € 10,7 Y ()|, e <1, (3.24)

then
) < Cly), (3.25)

where £ is the usual length

T
o) = / Y (0l et

and C' > 0 a positive constant independent of ~.

Let dg be the Riemaniann distance induced by our choice of metric on the
manifold G, that is, the infimum of the lengths ¢(y) of the piecewise smooth curves
v joining = and y. Very well known results in Riemaniann geometry imply that
d¢ induces the same topology as the Euclidean topology. Moreover, there exists
a small open set 2 containing 0 such that any point in 2 may be joined to 0 by
a smooth curve satisfying (3.24) at any point. Then (3.25) yields that we have
de(0,2) < Cd(0,x) for any x € Q. This implies that d is non-degenerate since d
is invariant under left-translation and is 1-homogeneous in the sense of (3.23),

Checking that the associated map x — |z| = d(0, x) is a quasi-norm concludes
the sketch of the proof of Theorem 3.1.39. g

Even if homogeneous norms do exist, it is often preferable to use homogeneous
quasi-norms. Because the triangle inequality is up to a constant in this case, we
do not necessarily have the inequality ||xy| — |z|| < C|y|. However, the following
lemma may help:

Proposition 3.1.40. We fiz a homogeneous quasi-norm |- | on G. For any [ €
CY(G\{0}) homogeneous of degree v € C, for any b € (0,1) there is a constant
C = Cy > 0 such that

[f(zy) = f(x)] < Cly| """ whenever [y| < blzl.
Indeed, applying it to a C*(G\{0}) homogeneous quasi-norm, we obtain
Vbe (0,1) IC=Cp,>0 Vao,yeG |yl <ble| = |lay| — ||| < Cly|. (3.26)

Proof of Proposition 3.1.40. Let f € CY(G\{0}). Both sides of the desired in-
equality are homogeneous of degree Rev so it suffices to assume that |z| = 1
and |y| < b. By Proposition 3.1.37 and the continuity of multiplication, the set
{zy : |z| = land|y| < b} is a compact which does not contain 0. So by the
(Euclidean) mean value theorem on R™, we get

|f(zy) — f(@)] < ClylE.

We conclude using the next lemma. O
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The next lemma shows that locally a homogeneous quasi-norm and the Eu-
clidean norm are comparable:

Lemma 3.1.41. We fix a homogeneous quasi-norm | -| on G. Then there exist

C1,Cy > 0 such that

1
Cilzlp <|z| < Colz|pr  whenever |z| < 1.

Proof of Lemma 3.1.41. By Proposition 3.1.37, the unit sphere {y : |y| = 1} is
compact and does not contain 0. Hence the Euclidean norm assumes a positive
maximum C| !"and a positive minimum C5 "™ on it, for some Cy,Cy > 0.

Let x € G. We may assume z # 0. Then we can write it as ¢ = ry with
ly| =1 and r = |z|. We observe that since

ryl% = sz 2,

we have if r < 1
rlyle < Iryle < rlyle.
Hence for r = |z| < 1, we get
|2l = Iryle < rlyle < |2|CT" and  zlp = |ryle > 7 |yl > |2 Cy ",

implying the statement. O

3.1.7 Polar coordinates
There is an analogue of polar coordinates on homogeneous Lie groups.

Proposition 3.1.42. Let G be a homogeneous Lie group equipped with a homoge-
neous quasi-norm | - |. Then there is a (unique) positive Borel measure o on the
unit sphere

S:={zeG: |z|=1},

such that for all f € L*(G), we have

/G F(2)dz = /0 - /6 Fry)r@=do (y)dr. (3.27)

In order to prove this claim, we start with the following averaging property:

Lemma 3.1.43. Let G be a homogeneous Lie group equipped with a homogeneous
quasi-norm | - |. If f is a locally integrable function on G\{0}, homogeneous of
degree —Q), then there exists a constant my € C (the average value of f) such that
for all w € L*((0,00),r~1dr), we have

f@)u(|z])de = my b u(r)rtdr. (3.28)
J e J
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The proof of Lemma 3.1.43 yields the formula for my in terms of the homo-
geneous quasi-norm | - |,

my = / f(z)d. (3.29)
1<]z|<e
However, in Lemma 3.1.45 we will give an invariant meaning to this value.

Proof of Lemma 8.1.43. Let f be locally integrable function on G\{0}, homoge-
neous of degree —@Q). We set for any r > 0,

. Jicpo<p f@)dz ifr > 1,
A= _7r§|_x\§1 flz)dz ifr<1.

The mapping ¢ : (0,00) — C is continuous and one easily checks that
o(rs) = o(r) + ¢(s) for all r,s > 0,

by making the change of variable x — sz and using the homogeneity of f. It
follows that ¢(r) = ¢(e)Inr and we set

my = ¢(e).

Then the equation (3.28) is easily satisfied when w is the characteristic function
of an interval. By taking the linear combinations and limits of such functions, the
equation (3.28) is also satisfied when u € L'((0,00),r~tdr). O

Proof of Proposition 3.1.42. For any continuous function f on the unit sphere &,
we define the homogeneous function f on G\{0} by

F(@) = |22 f (|2| ).

Then f satisfies the hypotheses of Lemma 3.1.43. The map f m# is clearly a
positive functional on the space of continuous functions on &. Hence it is given
by integration against a regular positive measure o (see, e.g. [Rud87, ch.VI)).

For u € L*((0,00),r~tdr), we have

oo

[ Faa®uliahds = m; [ roturyar

=0

/OOO /@ F@)u(r)r® " do(y)dr.

/ f(lzl~t2)u(e])da

Since linear combinations of functions of the form f(|z|~tx)u(|z|) are dense in
L'(G), the proposition follows. O

We view the formula (3.27) as a change in polar coordinates.
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Example 3.1.44. For 0 < a < b < 0o and a € C, we have

-1/ _ o :
/ |$°‘_de=0{ « b(b a%) }fa;éO with C = o(6).
a<|z|<b In (E) fa=0
And if @ € R and f is a measurable function on G such that f(z) = O(|z|*~9)
then f is integrable either near oo if a < 0, or near 0 if a > 0.
The measure o in the polar coordinates decomposition actually has a smooth

density. We will not need this fact and will not prove it here, but refer to [FR66)
and [Goo80].

Now, the polar change of coordinates depends on the choice of a homogeneous
quasi-norm to fix the unit sphere. But it turns out that the average value of the
(—Q)-homogeneous function considered in Lemma 3.1.43 does not. Let us prove
this fact for the sake of completeness.

Lemma 3.1.45. Let G be a homogeneous Lie group and let f be a locally integrable
function on G\{0}, homogeneous of degree —Q).

Given a homogeneous quasi-norm, let o be the Radon measure on the unit
sphere & giving the polar change of coordinate (3.27). Then the average value of
f defined in (3.28) is given by

mf:/ fdo. (3.30)
S
This average value my 1is independent of the choice of the homogeneous quasi-

norm.

Proof of Lemma 3.1.45. For any homogeneous quasi-norm, using the polar change
of coordinates (3.27), we obtain

/a<|z|<bf (2)dr = / b /6 J(ra)do(x)r@ " dr

:/ab/ef(m)do(:p)r_ldr:/abr_ldr/ef(x)da(x) - (mZ) my.

This shows (3.30), taking a = 1 and b = e, see (3.29) and the proof of Lemma
3.1.43.

Let | -] and |- | be two homogeneous quasi-norms on G. We denote by
B,:={ze€G:|z|<r} and B.:={zxecG: |z <r},
the closed balls around 0 of radius r for |- | and |- [', respectively. By Proposi-
tion 3.1.35, Part (ii), there exists a constant a > 0 such that B, C B;. We also
have B!, C B}, C By and, with the usual sign convention for integration, we have

oo o
/32\31 /BQ\B(/L /Bl\B[l /BQ\BQ,Q By \B! By\B!,
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Using the homogeneities of f and of the Haar measure, we see, after the changes
of variables z = 2y and x = az, that

/B e f(x)dx = /B 5 f(y)dy and /B . f(z)dz = /B o F(2)dz.

Hence
[ oa=[
B>\ B, B\ B/

Using the first computations of this proof, the left and right hand sides are equal to
(Inb/a)my and (Inb/a)m’, respectively, where my and m’; are the average values
for [-| and |- |". Thus my = m/. O

3.1.8 Mean value theorem and Taylor expansion

Here we prove the mean value theorem and describe the Taylor series on homoge-
neous Lie groups. Naturally, the space C'*(G) here is the space of functions f such
that X;f are continuous on G for all j, etc. The following mean value theorem
can be partly viewed as a refinement of Proposition 3.1.40.

Proposition 3.1.46. We fix a homogeneous quasi-norm |-| on G. There exist group
constants Co > 0 and n > 1 such that for all f € C*(G) and all x,y € G, we have

[flzy) = f(@)] < Co Y Iyl sup [(X;f)(xz)|.
j=1 [z1<nlyl
In order to prove this proposition, we first prove the following property.
Lemma 3.1.47. The map ¢ : R™ — G defined by
Oty ... tn) = expa(t1X1) expa(taX2) ... expa(tn Xn),
is a global diffeomorphism.

Moreover, fixzing a homogeneous quasi-norm |- | on G, there is a constant
C1 > 0 such that

1
V(tl,...7tn) c Rn, _] = 1,...,n, |tj|v-7 < Cl‘¢(t1,...7tn)|.

The first part of the lemma is true for any nilpotent Lie group (see Remark
1.6.7 Part (ii)). But we will not use this fact here.

Proof. Clearly the map ¢ is smooth. By the Baker-Campbell-Hausdorff formula
(see Theorem 1.3.2), the differential d¢(0) : R™ — TG is the isomorphism

dp(0)(t1, .. tn) = D ;X;]o,
J=1
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so that ¢ is a local diffeomorphism near 0 (this is true for any Lie group). More
precisely, there exist §, 0 > 0 such that ¢ is a diffeomorphism from U to the ball
Bs:={z € G : || < §} with

67N (Bs) =U C{(t1, ... 1) : max it;[% < 'Y,
j=1,....,n

We now use the dilations and for any r > 0, we see that

O(rtty,...,r"t,) = expa(r?ttiX1)...expa(r'tt, Xn)
(rexpa(t1X1)) ... (rexpa(tnXn))
r (eXpG(thl) s eXpG(tan)) )

hence
O(rity, ..., ) = rd(ty, ..., ty). (3.31)

If (t1,...,tn) = ¢(s1,...,8,), formula (3.31) implies that for all » > 0, we
have

(e, ., ) = P(rPh sy, ., T Sy).

For r sufficiently small, this forces ¢; = s; for all j since ¢ is a diffeomorphism on
U. So the map ¢ : R™ — G is injective.
Moreover, any « € G\{0} can be written as

2 _
r=ry with r:= g|x\ and y:=r'ze B; C ¢(U).
1
We may write y = ¢(s1,...5s,) with |s;|"7 < C” and formula (3.31) then implies

1
that © = ¢(t1,...,t,) is in ¢(R™) with ¢; := r¥s; satisfying [t;|*7 < C’r. Setting
Cy = 2C" /6, the assertion follows. O

Proof of Proposition 3.1.46. First let us assume that y = expg(tX;). Then

flay) - f@) = / Du—s {F(z expe(s'X;))} ds

/0 Osr—o { f(zexpg(sX;) expa(s'X;))} ds

t
= [ X fepa(sx)is,
0
and hence

|f (zy) — f(2)]

IN

It| sup |X;f(xexpg(sX;))|
0<s<t

IN

[t sup |X;f(zz)].
|21yl
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Since |expqg(sX;)| = |s \ | exps X;| and hence |y| = |t| |expe X|, setting

Cs = max | expg Xi|7*

b 7n

Y

we obtain
|f(zy) = f(2)] < Caly[” sup | X f(22)]. (3.32)

z|<|y
We now prove the general case, so let y be any point of G. By Lemma 3.1.47,
it can be written uniquely as y = y1y2 . .. y», With y; = exp(t;X;), and hence

ly;| = |t| |expe X;| < CiCsly| where Cj:= max |expe Xk, (3.33)

and (' is as in Lemma 3.1.47. We write
|f(2xy) — f@)] <[f(@yr ... yn) = F(@Y1 .. Yn-1)]
+f @y yn—1) = fl@yr . yn2) + ...+ | f(zyr) — f(2)],

and applying (3.32) to each term, we obtain

f(zy) — |<202|y3|’ sup | X f(zyr ... y;-12)].

= |21 <]

Let Cy > 1 be the constant of the triangle inequality for |-| (see Proposition 3.1.38).
If |z] < |yj|, then 2’ = y; ... y,;_12 satisfies

12| < Callyr - yj—1l +1ys1) < Ca(Callyn - yj—2l + lyj—1]) + ly;l)

i—1
Ci(lyr - yj—a| + lyj—1l + i) < ... < CT (Il + w2l + - ly;)
] iCiCslyl,

IA A

using (3.33). Therefore, setting n := C¢nC;1Cs5, using again (3.33), we have ob-
tained

|2/ |<nly|

|f (2y) — Z (CLCsly)™  sup | X;f(x2),
completing the proof. O

Remark 3.1.48. Let us make the following remarks.

1. In the same way, we can prove the following version of Proposition 3.1.46 for
right-invariant vector fields: a homogeneous quasi-norm | - | being fixed on G,
there exists group constants C' > 0 and b > 0 such that for all f € C*(G)
and all z,y € G, we have

|f(yx) — |<CZ|y\“J sup |(X;f)(z2)|.

o laI<blyl
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2. If the homogeneous Lie group G is stratified, a more precise version of the
mean value theorem exists involving only the vector fields of the first stratum,
see Folland and Stein [FS82, (1.41)], but we will not use this fact here.

3. The statement and the proof of the mean value theorem can easily be adapted
to hold for functions which are valued in a Banach space, the modulus being
replaced by the Banach norm.

Taylor expansion

In view of Corollary 3.1.31, we can define Taylor polynomials:

Definition 3.1.49. The Taylor polynomial of a suitable function f at a point x € G
of homogeneous degree < M € Ny is the unique P € P<js such that

VaeNI, [ <M X“P(0) = X*f(x).

More precisely, we have defined the left Taylor polynomial, and a similar
definition using the right-invariant differential operators X yields the right Taylor
polynomial. However, in this monograph we will use only left Taylor polynomials.

We may use the following notation for the Taylor polynomial P of a function

f at x and for its remainder of order M:
PR =P and Ry () = f(oy) — Ply). (3.34)
For instance, ng)w(()) = f(z). We will also extend the notation for negative M
with
ngf]ef =0 and R(f) v () = f(zry) when M <O0.

With this notation, we easily see (whenever it makes sense), the following

properties.

Lemma 3.1.50. For any M € Ny, a € Nj and suitable function f, we have

(f ) (X*f) , (f ) (X*f)
X”P = PIM (o] and X“RY\, = Rw M=[a]"
Proof. Tt is easy to check that the polynomial P, := X aP(f ])W is homogeneous of
degree M — [a]. Furthermore, using (3.19), it satlsﬁes for every 8 € Nf, such that
[a] + [B] < M, the equality

XPP,(0) = X°x°P)(0)
= > s XPRO = Y i, X
yI<]al+3] yI<]al+3]
IyI=la]+(3] (=lal+ 8]
= XPX°f(x).

This shows the claim. O
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In Definition 3.1.49 the suitable functions f are distributions on a neigh-
bourhood of z in G whose (distributional) derivatives X[ are continuous in a
neighbourhood of z for [o] < M. We will see in the sequel that in order to control
(uniformly) a remainder of a function f of order M we would like f to be at least
(k + 1) times continuously differentiable, i.e. f € C**1(G), where k € Ny is equal
to

[M] := max{|a| : « € Nj with [o] < M}; (3.35)

this is indeed a maximum over a finite set because of (3.16).
We can now state and prove Taylor’s inequality.

Theorem 3.1.51. We fix a homogeneous quasi-norm |- | on G and obtain a corre-
sponding constant n from the mean value theorem (see Proposition 3.1.46). For any
M € Ny, there is a constant Cyy > 0 such that for all functions f € CTMIT1(G)
and all x,y € G, we have

ROyl <cnr S0 il sup [(XOF) (22)],

la|<[M]+1 |z[<nfMI+1]y|
[a]>M

where Rif])w and [M] are defined by (3.34) and (3.35).

Theorem 3.1.51 for M = 0 boils down exactly to the mean value theorem as
stated in Proposition 3.1.46. Similar comments as in Remark 3.1.48 for the mean
value theorem are also valid for Taylor’s inequality.

Proof. Under the hypothesis of the theorem, a remainder Rif 1)\4 is always C'' and
vanishes at 0. Let us apply the mean value theorem (see Proposition 3.1.46) at the

' , . (Xu,;, Xu, 1)
point 0 to the remainders Rif 1)\/17 Rixﬁ]_fljov = Mji(w‘JOJrUj
s ) ’ 0 1

M — (vj, + ...+ vj,) > 0; using this together with Lemma 3.1.50, we obtain

) and so on as long as

n
) (Xv; f)
‘R% yo)‘ < oY lwl sup Ry ()],
jo=1 ly11<nlyol
(Xo, f) - , (X, Xoj f)
‘RwMOvm ()] < Co Z ly[r  sup Rt (Um+vn)(y2)
ji=1 ly2<nly1]
(Xo; - 1) (X, < Xojo )
‘Rw ]\/[Jk(UJ0+ +U1k)(yk) = CO Z |yklvjk sup R:r MkJ(rllﬂJoJr Fugy 1)(yk)
je=1 [yk+11<n|y| +

We combine these inequalities together, to obtain

() kL k R
‘RI,M(?JO) < CO Z ‘y0|wo+ +vjy, sup
,1, n [y+1|<nk+1|yol
z 0,....,k+1

(X "IRt1 X0 f)
z,fo(Uj0+...+vjk+l ) (yk) ) .
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The process stops exactly for k = [M | by the very definition of [ M |. For this value
of k, Corollary 3.1.32 and the change of discrete variable o := vj e, +...vj, . €5,
(where e; denotes the multi-index with 1 in the j-th place and zeros elsewhere)
yield the result. O

Remark 3.1.52. 1. We can consider Taylor polynomials for right-invariant vec-
tor fields. The corresponding Taylor estimates would then approximate f(yx)
with a polynomial in y. See Part 1 of Remark 3.1.48, about the mean value
theorem for the case of order 0. Note that in Theorem 3.1.51 we consider
f(zy) and its approximation by a polynomial in y.

2. If the homogeneous Lie group G is stratified, a more precise versions of Tay-
lor’s inequality exists involving only the vector fields of the first stratum, see
Folland and Stein [FS82, (1.41)], but we will not use this fact here.

3. The statement and the proof of Theorem 3.1.51 can easily be adapted to
hold for functions which are valued in a Banach space, the modulus being
replaced by the Banach norm.

4. One can derive explicit formulae for Taylor’s polynomials and the remainders
on homogeneous Lie groups, see [Bon09] (see also [ACCO05] for the case of
Carnot groups), but we do not require these here.

As a corollary of Theorem 3.1.51 that will be useful to us later, the right-
derivatives of Taylor polynomials and of the remainder will have the following
properties, slightly different from those for the left derivatives in Lemma 3.1.50.

Corollary 3.1.53. Let f € C*°(G). For any M € Ny and o € N}, we have

vap(f) _ pXZf(z)) Cap(f) _ pXgf(z:)
XOPyy =Pt and XOR; = Ry

Proof. Recall from (1.12) that for any X € g identified with a left-invariant vector
field, we have

X)) = e mo = Xl fam)),

and recursively, we obtain

Xy {f(wy)y = X3 {f (zy)}. (3.36)

Therefore, we have

PR~ Pl )
_ on o R(f) _ I x« o R(Xﬁf(z))
v [ (@y) — Ry () 2 f(@y) = Ry ()

. X fa
= —XRY), () + RO ). (3.37)
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By Corollary 3.1.30, we can write

XRY) () = > Qa,ﬁ(y)XﬁRa(c{J)\/[(y)
[B]<|al, [B] =[]

B
= > QuswRE, W),
[B]<|ex], [B] =[]

where each @, g is a homogencous polynomial of degree [3] — [a].
Fixing a homogeneous quasi-norm |- | on G, the Taylor inequality (Theorem

Sfz- s . .
3.1.51) applied to Ry 1" and RN 7 implies that, for |y| < 1,

X f(z — x5 _
1B )] < ClyMet and  |RESD ()] < Oy M

Hence R
1XeRU) ()] < Cly M1+,

Going back to (3.37), we have obtained that its left hand side can be estimated as

e Xof(x- —[a
(XPX () — PO ()] < Oy Ml

But X“Pzif]\)/[ (y) — Po(ﬁf[(z]'))(y) is a polynomial of homogeneous degree at most
M — [a]. Therefore, this polynomial is identically 0. This concludes the proof of
Corollary 3.1.53. O

3.1.9 Schwartz space and tempered distributions

The Schwartz space on a homogeneous Lie group G is defined as the Schwartz space
on any connected simply connected nilpotent Lie group, namely, by identifying G
with the underlying vector space of its Lie algebra (see Definition 1.6.8). The
vector space S(G) is naturally endowed with a Fréchet topology defined by any of
a number of families of seminorms.

In the ‘traditional’ Schwartz seminorm on R™ (see (1.13)) we can replace
(without changing anything for the Fréchet topology):

° (%)a and the isotropic degree |a| by X and the homogeneous degree [a],
respectively, in view of Section 3.1.5,

o the Euclidean norm by the norm |- |, given in (3.21), and then by any ho-
mogeneous norm since homogeneous quasi-norms are equivalent (cf. Propo-
sition 3.1.35).

Hence we choose the following family of seminorms for S(G), where G is a
homogeneous Lie group:

Iflls@v = sup  (L+[a)V]X*f(2)] (N €N,
[a]<N,zeG
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after having fixed a homogeneous quasi-norm | - | on G.
Another equivalent family is given by a similar definition with the right-
invariant vector fields X¢ replacing X <.

The following lemma proves, in particular, that translations, taking the in-
verse, and convolutions, are continuous operations on Schwartz functions.

Lemma 3.1.54. Let f € S(G) and N € N. Then we have

1F @ ) sy < Ona+DNIfllsey  WeG), (3.38)

HfHS(G),N < Cn|flls@),wn+1)n  where f(z) = fz™), (3.39)

Hf(‘y)HS(G),N < CN(1+|y\)(v"+1)N||f|\5(G),(un+1)2N (y € G). (3.40)
Moreover,

1f(y-)— fHS(G),N —y0 0 and [[f(-y) - fHS(G),N —ry—0 0. (3.41)
The group convolution of two Schwartz functions f1, fo € S(G) satisfies

Ilf1* fallscey,~ < Cnllfillsie),nrqrallfellsia),n- (3.42)

Proof. Let C, > 1 be the constant of the triangle inequality, cf. Proposition 3.1.38.
We have easily that

Ve,ye G (14 |2]) < Co(1+[y]) (1 + |yz]). (3.43)
Thus,

sup  (Co(1+ [y (1 + [y )™ [X* f(ya)]
[a]<N,z€G

< YA+ 1yhNIflls@ -

IA

Hf(y')Hs(G),N

This shows (3.38).
For (3.39), using (1.11) and Corollary 3.1.30, we have

H ~H5(G),N < [a]SS;VJ})xEG(l + 2V [(Xf) (@)

< sup Yo DN (QapXPf) (27
IS, 7€C geng. 1] <ol

(B1=[e]
< COn  sup (L4 [/ PV X (2]
[B]SUnNylEeG

by homogeneity of the polynomials Q. s and (3.16).
Since f(-y) = (f(y~' ), we deduce (3.40) from (3.38) and (3.39).
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By the mean value theorem (cf. Proposition 3.1.46),

fly-)—f = sup (1 + |z)V|Xf(yz) — X f(x
1) = Fllsyn S () YIX () ()]
< Oy s 1+ |2V (XX f) (22))]
=N sed i<yl
= CZ ly|* ||f||S(G),N+un ) (3.44)

Jj=1

and this proves (3.41) for the left invariance. The proof is similar for the right
invariance and is left to the reader.
Since using (3.43) we have

(L4 2N (X% (f % fo)(@)] < /G (14 1) fu(w)] X2 oy~ ) dy
<c¥ /G L+ DV AW+ [y )Y (X oy~ ) | dy
< CN sup(1 + )V | X fo(2)| / (L+ [y 12 (9)dy,
z€G G

we obtain (3.42) by the convergence in Example 3.1.44. O

The space of tempered distributions S’(G) is the (continuous) dual of S(G).
Hence a linear form f on S(G) is in 8'(G) if and only if

IN €Ny, C>0 Vo eS(G) [(f,0)] <Cldlls),n- (3.45)

The topology of §'(G) is given by the family of seminorms given by

I flls @),n == sup{|{f, )|, I8llse),n <1}, feS(G), NeNo.

Now, with these definitions, we can repeat the construction in Section 1.5
and define convolution of a distribution in S’(G) with the test function in S(G).
Then we have

Lemma 3.1.55. For any f € S'(G) there exist N € N and C > 0 such that
VoeS(G)  YreG  |(éx @) <CA+|z)V]els@)n- (3.46)

The constant C' may be chosen of the form C = C'||f||s/(a),n' for some C" and
N’ independent of f.

For any f € 8'(G) and ¢ € S(G), ¢px f € C°(G). Moreover, if fo — 100 |
in 8'(GQ) then for any ¢ € S(G),

¢*f€ —l—00 ¢*f
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in C(G).

Furthermore, if f € S'(G) is compactly supported then ¢ x f € S(G) for any
¢ € S(G).
Proof. Let f € §'(G) and ¢ € S(G). By definition of the convolution in Definition
1.5.3 and continuity of f (see (3.45)) we have

(@ @) = [fio(2™))] < Clo(-27Yllsay.n
C+ |z NNl sy sy (by (3.40))
< COAH+ )N blls@) warnon  (by (3.39)).

This shows (3.46). Consequently

X f) = (X) * f

IN

is also bounded for every o € Nj and hence ¢ * f is smooth. The convergence
statement then follows from the definition of the convolution for distributions.

Let us now assume that the distribution f is compactly supported. Its support
is included in the ball of radius R for R large enough. There exists N € Ny such
that

(¢ ) ()]

(el <C s ](;y)aw(xy-l))]

ly|<R, |a|]<N

)

< Cnswp|Xg{olay )
|y‘SR7[a]SUnN

using (3.16) and (3.17). By (1.11), we have
Xy{o(ay™h} = (-1)I(X ) (ay™"),
and so for every M € Ny with M > [a], we obtain
Kofoloy ™} = X202y < Iolls@ar(1+ ay "),
By (3.43), we have also
L+ ]2y N7 < Col+ |y + J2]) 71
Therefore, for every M € N with M > v, N we get

(¢ )] < CRIS&pRCy(lJrIyl)M(lJrIfEI)*Mllsts(G),M
Y=

Cr+ |z)) ™Il sy nm-

This shows ¢ * f € S(G). O

IN
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We note that there are certainly different ways of introducing the topology
of the Schwartz spaces by different choices of families of seminorms.

Lemma 3.1.56. Other families of Schwartz seminorms defining the same Fréchet
topology on S(G) are

) ¢ — max[a}ﬁ[ﬁ]SN ||$QXB¢||Z,
° gf) — max[a],[B]SN ||X5Ia¢||p

o ¢ maxpgen [(L+]- )V X9,
(for the first two we don’t need a homogeneous quasi-norm) where p € [1,00].

Proof. The first two families with the usual Euclidean derivatives instead of left-
invariant vector fields are known to give the Fréchet topologies. Therefore, by e.g.
using Proposition 3.1.28, this is also the case for the first two families.

The last family would certainly be equivalent to the first one for the homo-
geneous quasi-norm | - |, in (3.21), for p being a multiple of vy,...,v,, since |z[}
is a polynomial. Therefore, the last family also yields the Fréchet topology for any
choice of homogeneous quasi-norm since any two homogeneous quasi-norms are
equivalent by Proposition 3.1.35. O

3.1.10 Approximation of the identity
The family of dilations gives an easy way to define approximations to the identity.

If ¢ is a function on G and t > 0, we define ¢, by
b=t 9poD, 1 ie ¢x) =t %ot ).
If ¢ is integrable then [ ¢; is independent of ¢.

We denote by C,(G) the space of continuous functions on G which vanish at
infinity:

Definition 3.1.57. We denote by C,(G) the space of continuous function f : G — C
such that for every € > 0 there exists a compact set K outside which we have

[fl <e

Endowed with the supremum norm || - [|oc = || - [z (@), Co(G) is a Banach
space.

We also denote by C.(G) the space of continuous and compactly supported
functions on G. It is easy to see that C.(G) is dense in LP(G) for p € [1,00) and
in C,(G) (in which case we set p = 00).

Lemma 3.1.58. Let ¢ € L'(G) and [, ¢ = c.
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(i) For every f € LP(G) with 1 < p < oo or every f € Co(G) with p = oo, we
have
doxf—ref LX) or ColG). ie. |6y f—cf ey — 0
The same holds for f * ¢y.
(ii) If ¢ € S(G), then for any ¢ € S(G) and f € S'(G), we have
. 3 !/
th*T/JJ))Cw in S(G) and (;St*fg)cf in S'(G).
The same holds for 1 * ¢ and f * 1.

The proof is very similar to its Euclidean counterpart.

Proof. Let ¢ € L'(G) and ¢ = [, ¢. If f € C.(G) then

(60 % )(@) — ef(x) th*Q¢a*%»fw*%wdy—cf@»

/¢@ﬁ dz—/¢ )z f(a
/¢ “13) - f(x)) d=.

Hence by the Minkowski inequality we have

¢ * f—cfllp < /G |6(2)] Hf((tz)_l- ) — f”pdz‘

Since || f((tz)~'+) —pr < 2| fllp, this shows (i) for any f € C.(G) by the
Lebesgue dominated convergence theorem. Let f be in LP(G) or C,(G) (in this
case p = 00). By density of C.(G), for any € > 0, we can find f. € C.(G) such
that ||f — fell, < e. We have

[ % (f = f)llp < Nellallf = Fellp < lllle,

thus

@ * f = cfllp e (f = fo)llp + lelll fe = Fllp + lfe * fe — cfellp

(Il + leDe + llge  fe = cfellp-

Since ||¢y * fe — cfe|l, = 0 as t — 0, there exists n > 0 such that

vee (0m) o fo—cfilly <

Hence if 0 < ¢t < 7, we have

I¢e * f = cfllp < (Il + el + Le.

<
<
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This shows the convergence of ¢, x f — cf for any f € LP(G) or C,(G).
With the notation ~ for the operation given by g(z) = g(z~1), we also have
(fxgf=gx*f.
Hence applying the previous result to f and (5, we obtain the convergence of

[y —cf.
Let us prove (ii) for ¢,¢ € S(G). We have as above

(60 ) (x) — c(a / o( “1g) — (x)) de,

thus

A

e 5% — ctll ey < /G 6] [[0((22) ™) =l gy 2

/G 16(2) Z 1(2) 1% 1956y v, 42

IN

by (3.44). And this shows

[ ps % 1p — C¢||5(G) N = CZ ||¢||s G),Q+1+v; ||¢Hs (G),N+v, % — 0.

t—0

Hence we have obtained the convergence of ¢; * ) — c1). As above, applying the
previous result to ¥ and ¢, we obtain the convergence of 1 x ¢;.

Let f € 8'(GQ). By (1.14) for distributions, we see for any ¢ € S(G), that
<f*¢t7¢> = <f7w*ét> ;)) C<f7¢>

by the convergence just shown above. This shows that [ x ¢; converges to f in
S'(G). As above, applying the previous result to f and ¢, we obtain the conver-
gence of f * ¢;. O

In the sequel we will need (only in the proof of Theorem 4.4.9) the follow-
ing collection of technical results. Recall that a simple function is a measurable
function which takes only a finite number of values.

Lemma 3.1.59. Let % denote the space of simple and compactly supported functions
on G. Then we have the following properties.

(i) The space A is dense in LP(G) for any p € [1,0).
(ii) If ¢ € S(G) and f € B, then ¢ x [ and f * ¢ are in S(G).
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(iii) For every f € B and p € [1, 0],

oef = ([ or

t—0

in LP(G). The same holds for f * ¢;.

Proof. Part (i) is well-known (see, e.g., Rudin [Rud87, ch. 1]).

As a convolution of a Schwartz function ¢ with a compactly supported tem-
pered distribution f € %, f * ¢ and ¢ * [ are Schwartz by Lemma 3.1.55. This
proves (ii).

Part (iii) follows from Lemma 3.1.58 (i) for 1 < p < oo. For the case p = oo,
we proceed as in the first part of the proof of Lemma 3.1.58 (i) taking f not in
C.(@) but a simple function with compact support. O

Remark 3.1.60. In Section 4.2.2 we will see that the heat semi-group associated
to a positive Rockland operator gives an approximation of the identity h;, t > 0,

which is commutative:
ht * hs = hs * ht = hs+t~

3.2 Operators on homogeneous Lie groups

In this section we analyse operators on a (fixed) homogeneous Lie group G. We
first study sufficient conditions for a linear operator to extend boundedly from
some LP-space to an L%-space. We will be particularly interested in the case of
left-invariant homogeneous linear operators. In the last section, we will focus our
attention on such operators which are furthermore differential and on the possible
existence of their fundamental solutions. As an application, we will give a version
of Liouville’s Theorem which holds on homogeneous Lie groups. All these results
have well-known Euclidean counterparts.

All the operators we consider here will be linear so we will not emphasise
their linearity in every statement.

3.2.1 Left-invariant operators on homogeneous Lie groups

The Schwartz kernel theorem (see Theorem 1.4.1) says that, under very mild
hypothesis, an operator on a smooth manifold has an integral representation. An
easy consequence is that a left-invariant operator on a Lie group has a convolution
kernel.

Corollary 3.2.1 (Kernel theorem on Lie groups). We have the following statements.

e Let G be a connected Lie group and let T : D(G) — D'(G) be a continuous
linear operator which is invariant under left-translations, i.e.

vV, € G7 f € D(G) T(f(xO )) = (Tf)(on )
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Then there exists a unique distribution € D'(G) such that
Thizr fien) = [ oA,
G

In other words, T is a convolution operator with (right convolution) kernel k.
The converse is also true.

o Let G be a connected simply connected nilpotent Lie group identified with R™
endowed with a polynomial law (see Proposition 1.6.6). Let T : S(G) — S'(G)
be a continuous linear operator which is invariant under left translations, i.e.

Vi, € G, f€S(G)  T(f(xo) = (Tf)(xo)-

Then there exists a unique distribution x € S’'(R™) such that
Thizr fien) = [ s DA,
G

In other words, T is a convolution operator with (right convolution) kernel k.
The converse is also true.

In both cases, for any test function fy, the function T f1 is smooth. Further-
more, the map k — T is an isomorphism of topological vector spaces.

A similar statement holds for right-invariant operators.

We omit the proof: it relies on approaching the kernels x(x,y) by continuous
1

functions for which the invariance forces them to be of the form x(y~'z). The
converses are much easier and have been shown in Section 1.5.
In this monograph, we will often use the following notation:

Definition 3.2.2. Let T' be an operator on a connected Lie group G which is con-
tinuous as an operator D(G) — D'(G) or as S(G) — S'(G). Its right convolution
kernel k, as given in Corollary 3.2.1, is denoted by

T(So = K.

In the case of left-invariant differential operators, we obtain easily the fol-
lowing properties.

Proposition 3.2.3. If T is a left-invariant differential operator on a connected Lie
group G, then its kernel is by definition the distribution Ty € D'(G) such that

Vo € D(G) To = ¢x*Tdy.
The distribution Ty € S'(G) is supported at the origin. The equality



134 Chapter 3. Homogeneous Lie groups

holds for any f € £'(G), the left-hand side being the group convolution of a distri-
bution with a compactly supported distribution. The equality

Téox f=TFf

for the right-invariant differential operator corresponding to T also holds for any
fel(G).
The kernel of Tq is given formally by

Tt(So(I) = T60($71).

If T = X*, for a left-invariant vector field X on G and £ € N, then the
distribution (—1)*X*8o(z~") is the left convolution kernel of the right-invariant
differential operator T.

We can also see from (1.14) and Definition 1.5.4 that the adjoint of the
bounded on L?(G) operator T'f = f *  is the convolution operator T* f = f * &,
well defined on D(G), with the right convolution kernel given by

k(x) = R(zh). (3.47)

The transpose operation is defined in Definition A.1.5, and for left-invariant
differential operators it takes the form given by (1.10). Clearly the transpose of a
left-invariant differential operator on G is a left-invariant differential operator on

G.

Proof. A left-invariant differential operator is necessarily continuous as D(G) —
D(G). Hence it admits the kernel T'6y. We have for ¢ € D(G) with ¢(z) = ¢p(z71)
that

(T'00, ) = (¢ x Tdo)(0) = T'p(0).

So if 0 ¢ supp ¢ then (T'dg, ») = 0. This shows that Td, is supported at 0.
If ¢,v € D(G), then

(@ Too, ¥) = (T, ) = (¢, ') = (¢, 9 + T"do).
By (1.14) this shows that T%6y = (T'6y). Furthermore, if f € D'(G), then

(Tf,0) = (f,T'¢) = (f,¢x T'0) = (f, & (Tdo)) = (f * Tdo, $).
This shows T'f = f xTdy.
Now we can check easily (see (1.11)) that
Xf=~(X[y

and, more generally, B

Xf=(-D)"X"f)
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for ¢ € N. Since the equality (f * g = g * f holds as long as it makes sense, this
shows that

(1) (X 0oy * f =Tf.
O

In fact, our primary concern will be to study operators of a different nature,
and their possible extensions to some LP-spaces. This (i.e. the LP-boundedness) is
certainly not the case for general differential operators.

Assuming that an operator is continuous as S(G) — S'(G) or as D(G) —
D'(G) is in practice a very mild hypothesis. It ensures that a potential extension
into a bounded operator L?(G) — L9(G) is necessarily unique, by density of D(G)
in LP(G). Hence we may abuse the notation, and keep the same notation for an
operator which is continuous as S(G) — S'(G) or as D(G) — D'(G) and its
possible extension, once we have proved that it gives a bounded operator from
L?(G) to LY(G).

We want to study in the context of homogeneous Lie groups the condition
which implies that an operator as above extends to a bounded operator from

LP(G) to LY(G).
As the next proposition shows, only the case p < ¢ is interesting.

Proposition 3.2.4. Let G be a homogeneous Lie group and let T be a linear left-
invariant operator bounded from LP(G) to LI(G), for some (given) finite p,q €
[1,00). If p > q then T = 0.

The proof is based on the following lemma:
Lemma 3.2.5. Let f € LP(G) with 1 < p < co. Then
. 1
Jim ([ = f@)llre) = 27 1 fll e @)-
Proof of Lemma 3.2.5. First let us assume that the function f is continuous with
compact support E. For z, € G, the function f(z, ) is continuous and supported

in 2,1 E. Therefore, if x, is not in EE~! = {yz : y € E, z € E~'}, then f and
f(z,-) have disjoint supports, and

I£ = £ = [ 157+ [ \rtaor =21

Now we assume that f € LP(G). For each sufficiently small € > 0, let f. be a
continuous function with compact support E. C {|z| < '} satisfying || f — fe|l, <
€. We claim that for any sufficiently small € > 0, we have

o] > 267 = ||If = fl@o )l — 27 £ ]ln| < (2+27)e. (3.48)
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Indeed, using the triangle inequality, we obtain

1f = f(@o o —271f11p + 27 [[| fellp — £l -

1
< |1 = F@o )y = 23 1l
For the last term of the right-hand side we have

el = 1fllo| < Ilfe = Fllp <e,

whereas for the first term, if z, ¢ E.E_!, using the first part of the proof and
then the triangle inequality, we get

‘Hf - f(370')Hp - Q%erHp’ = |||f_ f(CUO')Hp — || fe = fe(iL'O')Hp‘
<N = f@o)) = (fe = fe(@a ),
<= Sell, + 1 (@o ) = felzo I, < 2e.

This shows (3.48) and concludes the proof of Lemma 3.2.5. O

Proof of Proposition 3.2.4. Let f € D(G). As T is left-invariant, we have
T (@o) = Tfll, = T (f(zo) = ), TN ewrc),ay llf(@o-) = £, -

Taking the limits as x, tends to infinity, by Lemma 3.2.5, we get

1 1
20 [|Tfll, < 1Tl 2@r(),La@n2r £, -

But then L
Tl 2(zr(c),Lac) <227 || Tl 2Lr(c),La(c))-
Hence p > ¢ implies ||T'|| #(zr(a),La(a)) = 0 and T' = 0. O
As in the Euclidean case, Proposition 3.2.4 is all that can be proved in the
general framework of left-invariant bounded operators from LP(G) to L4(G). How-

ever, if we add the property of homogeneity more can be said and we now focus
our attention on this case.

3.2.2 Left-invariant homogeneous operators

The next statement says that if the operator T' is left-invariant, homogeneous
and bounded from LP(G) to L(G), then the indices p and ¢ must be related in
the same way as in the Euclidean case but with the topological dimension being
replaced by the homogeneous dimension Q.

Proposition 3.2.6. Let T be a left-invariant linear operator on G which is bounded
from LP(G) to LYG) for some (given) finite p,q € [1,00). If T is homogeneous of
degree v € C (and T #0), then
Rev

0

Q| =
D=
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Proof. We compute easily,

_Q
1f o Delly =t~ 7| fllp, [fe€LP(G), t>0.
Thus, since T is homogeneous of degree v, we have
el/—g v
8T N T f g = 17 (Tf) o Dillg = 1T (f o De)llg < 1Tl 2(zr (@), La(@If © Dellp
_Q
=Tllzwr@).La@nt 7 [1fllps

SO

Vt>0 Tl zwr@),Laa) < fRev I3 1Tl .2 Lr(a),La(c))-
Hence we must have
—Rev + Q_Q =0
q p
as claimed. O

Combining together Propositions 3.2.4 and 3.2.6, we see that it makes sense

to restrict one’s attention to
Rev

€ (-1,0].

The case Rev = 0 is the most delicate and we leave it aside for the moment (see
Section 3.2.5). We shall discuss instead the case

—Q <Rev <0.

Let us observe that the homogeneity of the operator is equivalent to the
homogeneity of its kernel:

Lemma 3.2.7. Let T be a continuous left-invariant linear operator as S(G) —
S'(G) or as D(G) — D'(G), where G is a homogeneous Lie group. Then T is v-
homogeneous if and only if its (right) convolution kernel is —(Q+v)-homogeneous.

Proof. On one hand we have

T(f(r)(x) = /G Fery)a(y™2)dy,

and on the other hand,

Tf(rr) = /G ()= ra)dz = /G F(ry)a((ry)re)rdy

e /G Fry) (5.0 D) (y~ ") dy.

Now the statement follows from these and the uniqueness of the kernel. O
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The following proposition gives a sufficient condition on the homogeneous
kernel so that the corresponding left-invariant homogeneous operator extends to
a bounded operator from LP(G) to L1(G).

Proposition 3.2.8. Let T be a linear continuous operator as S(G) — S'(G) or as
D(G) — D'(G) on a homogeneous Lie group G. We assume that the operator T
is left-invariant and homogeneous of degree v, that

Rev e (_Q7 0)7

and that the (right convolution) kernel k of T' is conlinuous away from the origin.

Then T extends to a bounded operator from LP(G) to LY(G) whenever p,q €
(1,00) satisfy
1 1 Rev

qg p Q

The integral kernel k then can also be identified with a locally integrable
function at the origin.

We observe that, by Corollary 3.2.1, x is a distribution (in S'(G) or D'(G))
on G. The hypothesis on & says that its restriction to G\{0} coincides with a
continuous function «, on G\{0}.

Proof of Proposition 3.2.8. We fix a homogeneous norm | - | on G. We denote by
Br :={x: |z| < R} and & := {z : |z| = 1} the ball of radius R and the unit
sphere around 0. By Lemma 3.2.7, k, is a continuous homogeneous function of
degree —(Q + v) on G\{0}. Denoting by C' its maximum on the unit sphere, we
have

C

Ve € G\{0}  [ko(z) < [p[@Rew”

Hence K, defines a locally integrable function on G, even around 0, and we keep
the same notation for this function. Therefore, the distribution k' = k — k, on
G is, in fact, supported at the origin. It is also homogeneous of degree —Q) — v.
Due to the compact support of x’, |(k’, f)| is controlled by some C* norm of f on
a fixed small neighbourhood of the origin. But, because of its homogeneity, and

using (3.9), we get
vt >0 <K?/,f>:t7Q7V<I{/OD%,f> =1""(x', f o Dy).

Letting t tend to 0, the C*¥ norms of f o D; remain bounded, so that (x', f) = 0
since Rev < 0. This shows that " = 0 and so k = k,.

Note that the weak L"(G)-norm of « is finite for r = Q/(Q + Rev). Indeed,

if s >0,
Q+Rev C
rofa)] > 5 = [o] S < <
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Q
C Q+Rev
~c| — )
S

_Q
Q+Rev’

The proposition is now easy using the generalisation of Young’s inequalities (see
Proposition 1.5.2), so that we get that T is bounded from LP(G) to L(G) for

1 1 1 _ Rev

so that

o+ Irola)] > )] < \B

(C/s) TFHET

with ¢ = |B1], and hence

[Kollw—rr(c) < cCTFReT  with 7 =

as claimed. O

We may use the usual vocabulary for homogeneous kernels as in [Fol75] and
[FS82]:

Definition 3.2.9. Let G be a homogeneous Lie group and let v € C.

A distribution £ € D’(G) which is smooth away from the origin and homo-
geneous of degree v — @ is called a kernel of type v on G.

A (right) convolution operator T : D(G) — D’(G) whose convolution kernel
is of type v is called an operator of type v. That is, T is given via

T(¢) = ¢ =k,
where k kernel of type v.

Remark 3.2.10. We will mainly be interested in the L? — L?-boundedness of
operators of type v. Thus, by Propositions 3.2.4 and 3.2.6, we will restrict ourselves
to v € C with Rev € [0, Q).

If Rev € (0,Q), then a (v — @)-homogeneous function in C*(G\{0}) is
integrable on a neighbourhood of 0 and hence extends to a distribution in D'(G),
see the proof of Proposition 3.2.8. Hence, in the case Rev € (0, @Q), the restriction
to G\{0} yields a one-to-one correspondence between the (v — @)-homogeneous
functions in C*°(G\{0}) and the kernels of type v.

We will see in Remark 3.2.29 that the case Rev = 0 is more subtle.

In view of Lemma 3.2.7 and Proposition 3.2.8, we have the following state-
ment for operators of type v with Rev € (0,Q).

Corollary 3.2.11. Let G be a homogeneous Lie group and let v € C with
Rev € (0,Q).
Any operator of type v is (—v)-homogeneous and extends to a bounded operator
from LP(QG) to LY(G) whenever p,q € (1,00) satisfy
1 Rev
¢ Q

SRR
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As we said earlier the case of a left-invariant operator which is homogeneous
of degree 0 is more complicated and is postponed until the end of Section 3.2.4. In
the meantime, we make a useful parenthesis about the Calderén-Zygmund theory
in our context.

3.2.3 Singular integral operators on homogeneous Lie groups

In the case of R, a famous example of a left-invariant 0-homogeneous operator is the
Hilbert transform. This particular example has motivated the development of the
theory of singular integrals in the Euclidean case as well as in other more general
settings. In Section A.4, the interested reader will find a brief presentation of this
theory in the setting of spaces of homogeneous type (due to Coifman and Weiss). In
this section here, we check that homogeneous Lie groups are spaces of homogeneous
type and we obtain the corresponding theorem of singular integrals together with
some useful consequences for left-invariant operators. We also propose a definition
of Calderén-Zygmund kernels on homogeneous Lie groups, thereby extending the
one on Euclidean spaces (cf. Section A .4).

First let us check that homogeneous Lie groups equipped with a quasi-norm
are spaces of homogeneous type in the sense of Definition A.4.2 and that the Haar
measure is doubling (see Section A.4):

Lemma 3.2.12. Let G be a homogeneous Lie groups and let | - | be a quasi-norm.
Then the set G endowed with the usual Euclidean topology together with the quasi-
distance

d:(z,y) =y~ "ol

is a space of homogeneous type and the Haar measure has the doubling property

given in (A.5).

Proof of Lemma 3.2.12. We keep the notation of the statement. The defining
properties of a quasi-norm and the fact that it satisfies the triangular inequality up
to a constant (see Proposition 3.1.38) imply easily that d is indeed a quasi-distance
on G in the sense of Definition A.4.1. By Proposition 3.1.37, the corresponding
quasi-balls B(z,r) := {y € G : d(z,y) < r}, z € G, r > 0, generate the usual
topology of the underlying Euclidean space. Hence the first property listed in
Definition A.4.2 is satisfied.

By Remark 3.1.34, the quasi-balls satisty B(z,r) = B(0,r) and B(0,r) =
D,(B(0,1)). By (3.6), the volume of B(0,r) is |B(0,7)| = r?|B(0,1)|. Hence we
have obtained that the volume of any open quasi-ball is |B(x,r)| = r?|B(0,1)|.
This implies that the Haar measure satisfies the doubling condition given in (A.5).
We can now conclude the proof of the statement with Lemma A.4.3. O

Lemma 3.2.12 implies that we can apply the theorem of singular integrals on
spaces of homogeneous type recalled in Theorem A.4.4 and we obtain:
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Theorem 3.2.13 (Singular integrals). Let G be a homogeneous Lie group and let T
be a bounded linear operator on L*(G), i.e.

30, VfeL? |Tf]2 < Collfllz- (3.49)

We assume that the integral kernel k of T coincides with a locally integrable
function away from the diagonal, that is, on (G x G)\{(z,y) € G x G : x = y}.
We also assume that there exist C1,Co > 0 satisfying

Vy,yo € G / (2, y) — k(@ yo)ldz < Co, (3.50)
lyo tx|>C1lys Myl

for a quasi-norm | - |.
Then for all p, 1 < p <2, T extends to a bounded operator on LP because

34, >0 VfeL*NLP ||ITfll, < Apllfly;

for p =1, the operator T extends to a weak-type (1,1) operator since
>0 Verntt ule s [T > ap < 4Ll
«@

the constants Ay, 1 < p <2, depend only on C,, Cy and Cs.

Remark 3.2.14. e The L2-boundedness, that is, Condition (3.49), implies that
the operator satisfies the Schwartz kernel theorem (see Theorem 1.4.1) and
thus yields the existence of a distributional integral kernel. We still need to
assume that this distribution is locally integrable away from the diagonal.

e Since any two quasi-norms on G are equivalent (see Proposition 3.1.35), if
the kernel condition in (3.50) holds for one quasi-norm, it then holds for any
quasi-norm (maybe with different constants C7, Cs).

As recalled in Section A.4, the notion of Calderén-Zygmund kernels in the
Euclidean setting appear naturally as sufficient conditions (often satisfied ‘in prac-
tice’) for (A.7) to be satisfied by the kernel of the operator and the kernel of its
formal adjoint. This leads us to define the Calderén-Zygmund kernels in our setting
as follows:

Definition 3.2.15. A Calderdn-Zygmund kernel on a homogeneous Lie group G is
a measurable function &, defined on (G x G)\{(z,y) € G x G : x = y} satisfying
for some v, 0 < v <1, Cy >0, A > 0, and a homogeneous quasi-norm | - | the
inequalities

ko, y)| < Aly~'a|79,
lo— 1z’ . _ _
|Ko(z,y) — ko2, y)] < [y Tz if Cilz™'a!| < ly~'al,
-1,/
hole) — o) < ALLEIL ey < el

ly~ta|Qty
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A linear continuous operator T' as D(G) — D'(G) or as S(G) — S'(G) is called
a Calderon-Zygmund operator if its integral kernel coincides with a Calderén-
Zygmund kernel on (G x G)\{(z,y) € G x G : = =y}.

Remark 3.2.16. 1. In other words, we have modified the definition of a classical
Calderén-Zygmund kernel (as in Section A.4)

e by replacing the Euclidean norm by a homogeneous quasi-norm

e and, more importantly, the topological (Euclidean) dimension of the
underlying space n by the homogeneous dimension Q.

2. By equivalence of homogeneous quasi-norms, see Proposition 3.1.35, the def-
inition does not depend on a particular choice of a homogeneous quasi-norm
as we can change the constants Cy, A.

As in the Euclidean case, we have

Proposition 3.2.17. Let G be a homogeneous Lie group and let T be a bounded
linear operator on L*(G).

If T is a Calderdn-Zygmund operator on G (in the sense of Definition 8.2.15),
then T is bounded on LP(G), p € (1,00), and weak-type (1,1).

Proof of Proposition 3.2.17. Let T be a bounded operator on L?(G) and s :
(z,y) — k(x,y) its distributional kernel. Then its formal adjoint T* is also bounded
on L?(G) with the same operator norm. Furthermore its distributional kernel is
k) 2 (z,y) — R(y,x). We assume that s coincides with a Calderén-Zygmund
kernel k, away from the diagonal. We fix a quasi-norm | - |. The first inequality in
Definition 3.2.15 shows that x, and mg*) coincide with locally integrable functions
away from the diagonal. Using the last inequality, we have for any y,y, € G,

ly Lol

— <
/ |"€o(xvy) /fo(x,yo)|dx — A 1$|Q+y

vo 2l =Cily 'yl o L2l >Cr vyl [Yo
and, using the change of variable 2’ = y, 'x, we have

1 _
/ [Tl /|~ (@4 !
lys a|>Crlys tyl Yo 2|97 |2/|>C1lys "yl

< / |$/|7(Q+v)dlﬂ/
[=/|>C1lys "yl

+oo
- C/ r @O = ey ty| 7,
r=Cilys 'yl

having also used the polar coordinates (Proposition 3.1.42) with ¢ denoting the
mass of the Borel measure on the unit sphere, and ¢; a new constant (of Cy, 7
and Q). Hence we have obtained

/ 50(29) — ol o) d < 1
ly

otz >Chlys
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Similarly for m(,*), we have

/ 1K) (2, ) — K8 (2 o) [dr = / ooy, ) — Fio(yo, 2)|de
\ \

yo x|>Crlys Myl yo x|>Crlys Myl

—1,,|7
<4 / v Ve,
lys te>Calys byl [Yo T|@TY

having used the second inequality in Definition 3.2.15. The same computation as

above shows that the last left-hand side is bounded by ¢; A. Hence k, and mé*)
satisfy (3.50). Proposition 3.2.17 now follows from Theorem 3.2.13. O

Remark 3.2.18. As in the Euclidean case, Calderén-Zygmund kernels do not nec-
essarily satisfy the other condition of the L2-boundedness (see (3.49)) and a condi-
tion of ‘cancellation’ is needed in addition to the Calderén-Zygmund condition to
ensure the L2-boundedness. Indeed, one can prove adapting the Euclidean case (see
the proof of Proposition 1 in [Ste93, ch.VII §3]) that if , is a Calderén-Zygmund
kernel satisfying the inequality

>0 VeFy o Kolw,y) >cly x| 79,
then there does not exist an L?-bounded operator T having &, as its kernel.

The following statement gives sufficient conditions for a kernel to be Calderén-
Zygmund in terms of derivatives:

Lemma 3.2.19. Let G be a homogeneous Lie group. If k, is a continuously differ-
entiable function on (G x G)\{(z,y) € G x G : © =y} satisfying the inequalities
foranyx,y e G, x#y,j=1,...,n,

Ko(z,y)] < Ay 'z|7?,
|(Xj)a:"fo(-'157y)| < Aly_1x|_(Q+“j)’
(X)) ykolz, y)| < Ay a7 (@0,

for some constant A > 0 and homogeneous quasi-norm |-|, then K, is a Calderdn-
Zygmund kernel in the sense of Definition 3.2.15 with v = 1.

Again, if these inequalities are satisfied for one quasi-norm, then they are
satisfied for all quasi-norms, maybe with different constants A > 0.

Proof of Lemma 8.2.19. We fix a quasi-norm | - |. We assume that it is a norm
without loss of generality because of the remark just above and the existence of a
homogeneous norm (Theorem 3.1.39); although we could give a proof without this
hypothesis, it simplifies the constants below. Let x, be as in the statement. Using
the Taylor expansion (Theorem 3.1.51) or the Mean Value Theorem (Proposition
3.1.46), we have

n
ko2, y) — Kolz,y)| < Co Z [V sup (X)), =azko(21,Y)].
j=1 [z]<nlz—1a’|
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Using the second inequality in the statement, we have

sup  |(X))ay=aako(z,y)| A sup |yl (@F),
|z|<nlz—ta’| [z|<nlz—ta'|
The reverse triangle inequality yields
- _ 1, . 1, _
lytee] > ly el = Jal > Sly el i e < Slylal.

Hence, if 2n|z~ta2’| < |y~ 'a|, then we have

sup |y taz| (@) < 9@+ |y g | (QF i)

z|<nlz—1z’
lz[<n

and we have obtained

n
Koz, y) = Ko(z,y)| < COZ|$_1$/‘v'72Q+Uj|y_1m|_(Q+Uj)
j=1
< Co | Y@ oty e 7@

Jj=1

This shows the second inequality in Definition 3.2.15.
We proceed in a similar way to prove the third inequality in Definition 3.2.15:
the Taylor expansion yields

n
|o(2,y) = Koz, y) < Co Y Iy /% sup  |(X))y,=yzhiola, )]
=1 [z|<nly=ty’|
while one checks easily

sup  |(X))ymyzhio(z,yn)] < A sup  |(yz)laT@F)
[z]<nly=ty’| [z]<nly='y’|
A2Q+vj|y*1x|*(62+vj)’

IN

when 2n|y~1y/| < |y~!z|. We conclude in the same way as above and this shows
that x, is a Calderén-Zygmund kernel. O

Corollary 3.2.20. Let G be a homogeneous Lie group and let k be a continuously
differentiable function on G\{0}. If k satisfies for any x € G\{0}, j=1,...,n,

K@) < Alal 2,
Xjw(a)| < Ajaf @),
Kpn()l < Ala=@),

N

for some constant A > 0 and homogeneous quasi-norm | - |, then

Ko : (2,y) = Ky~ 'z)

is a Calderon-Zygmund kernel in the sense of Definition 3.2.15 with v = 1.
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Corollary 3.2.20 will be useful when dealing with convolution kernels which
are smooth away from the origin, in particular when they are also (—Q)-homoge-
neous, see Theorem 3.2.30.

Proof of Corollary 3.2.20. Keeping the notation of the statement, using properties
(1.11) of left and right invariant vector fields, we have

(Xj)ako(z,y) = (X;m)(y 'a),
(Xj)ykola,y) = —(Xjr)(y~'a).
The statement now follows easily from Lemma 3.2.19. O

Often, the convolution kernel decays quickly enough at infinity and the main
singularity to deal with is about the origin. The next statement is an illustration
of this idea:

Corollary 3.2.21. Let G be a homogeneous Lie group and let T be a linear operator
which is bounded on L?(G) and invariant under left translations.

We assume that its distributional convolution kernel coincides on G\{0} with
a continuously differentiable function k which satisfies

/ |k(x)|de < A,
|| >1/2

sup |z|9k(z)] < A,
0<|z|<1
sup [z[®FUXjR(e)] < A, j=1,...,n,
0<|z|<1
for some constant A > 0 and a homogeneous quasi-norm | -|. Then T is bounded

on LP(G), p € (1,00), and is weak-type (1,1).

Proof. Let x € D(G) be [0,1]-valued function such that x = 0 on {|z| > 1}
and x = 1 on {|z| < 1/2}. As f‘z|>1/2 |k(z)|dz is finite, (1 — x)x is integrable
and the convolution operator with convolution kernel (1 — x)x is bounded on
LP(G) for p € [1,00]. Hence it suffices to prove that the kernel k, given via
ko(z,y) = (xr)(y~1z) is Calderén-Zygmund.

From the estimates satisfied by k, it is clear that the quantities

sup |z[?|(xk)(z)] and  sup |a|T@T)|X; (k) ()]
zeG\{0} z€G\{0}

are finite. As each X ; may be expressed as a combination of X}, with homogeneous
polynomial coefficients, see Section 3.1.5, we have for any (regular enough) function
f with compact support

sup |z 7@F)|X; f(2)| < C sup  [a| QTR X f ()]
zeG\{0} z€G\{0}

k=1,...,n
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Consequently, the quantities sup e 10} ||~ (@+v9)| X, (xk)(z)| are also bounded.
Applying Lemma 3.2.19 to k, defined above, one checks easily that it is a Calderén-
Zygmund kernel. Applying Proposition 3.2.17 concludes the proof of Corollary
3.2.21. 0

This closes our parenthesis about the Calderén-Zygmund theory in our con-
text, and we can go back to the study of left-invariant homogeneous operators,
this time of homogeneous degree 0.

3.2.4 Principal value distribution

As we will see in the sequel, many interesting operators for our analysis on a
homogeneous Lie group G will be given by convolution operators with (right con-
volution distributional) kernels homogeneous of degree v with Rev = —Q. In most
of the ‘interesting’ cases, the distribution x will be given by a locally integrable
function away from the origin; denoting by «, the restriction of £ to G\{0}, one
may wonder if there is a one-to-one correspondence between x and k,. As in the
Euclidean case, this leads to the notion of the principal value distribution and we
adapt the ideas here to fit the homogeneous context; in particular, the topological
(Euclidean) dimension is replaced by the homogeneous dimension Q.

So the question is: Considering a locally integrable function s, on G\{0}
which is homogeneous of degree v with Rev = —@Q, does there exist a distribution
k € D'(G@) on G, homogeneous of the same degree v on G, whose restriction to
G\{0} coincides with k,? that is,

(ki f) = /G o o @,

whenever f € D(G) and 0 & supp f. In other words, can the functional

D(R™\{0})> f+— Ko(x) f(x)dx
G\{0}

be extended to a continuous functional on D(R™)?

Remark 3.2.22. 1. We observe that if such an extension exists, it is not unique
in general. For v = —(Q), the reason is that the Dirac dy at the origin is
homogeneous of degree —@) (see Example 3.1.20), so that if s is a solution,
then k 4 c¢dy for any constant c¢ is another solution. (However, see Proposi-
tion 3.2.27.)

2. The second observation is that the answer is negative in general:

Ezample 3.2.23. Let |-| be some fixed homogeneous quasi-norm on G smooth away
from the origin. The function defined by ko (z) = |z|¥ with v = —Q +i7, 7 € R, is
homogeneous of degree v on G\{0} but can not be extended into a homogeneous
distribution x € D’(G) of homogeneous degree v.
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Proof of Example 3.2.23. Indeed, let us assume that such a distribution x exists
for this k,. Homogeneity of degree —(Q + i7 means that

(R, o Dy) =t " (k,9), t>0,ecDG).

Let Bs :={x € G : |z| < §} be the ball around 0 of radius 6. Let ¢ € D(G) be a
real-valued function supported on Dy (Bs)\Bs, such that

| 0() = s a0z £ 0.
We now define

Y(x) = |z]"T¢(x) and  f:=¢ =27 (Yo Dy), x € G\{0}.

Immediately we notice that

fla) =[] 77 (¢(x) — 6(22))

and, therefore, both ¢ and f are supported inside D4(Bs)\Bs and are smooth.
We compute

(00 ) = [ (9(a) = 6(20)) la| 2o £ 0
G
by the choice of ¢. On the other hand,

<H7f> = <K:,7v/}> - 2iT</‘57¢ OD2> =0.
We have obtained a contradiction. O

The next statement answers the question above under the assumption that
Ko is also continuous on G\{0}.

Proposition 3.2.24. Let G be a homogeneous Lie group and let k, be a continuous
homogeneous function on G\{0} of degree v with Rev = —Q).

Then k, extends to a homogeneous distribution in D'(G) if and only if its
average value, defined in Lemmata 3.1.43 and 3.1.45, is m,, = 0.

Proof. Let us fix a homogeneous quasi-norm | - |. We denote by o the measure on
the unit sphere & = {x : |z| = 1} which gives the polar change of coordinates
(see Proposition 3.1.42) and |o| its total mass.

By Lemma 3.1.41, there exists ¢ > 0 such that

|z] <1 = |z|g < c|z]. (3.51)

First let us assume m,, = 0. Therefore, for any a,b € [0, 00),

b b
/ Ko(x)dx = / / Ko(ra)do(z)r® tdr = m,, / r’r@Ydr =0,
a<|z|<b r=a J& r=a
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see Section 3.1.7. We claim that, for each f € D(G),
Flim Ko(z)f(x)dx < oco. (3.52)

Indeed, let us check the Cauchy condition for 0 < € < /. We see that

’/:c|>e Ro(m)f(x)dm_/ Ko(z) f(z)dx| =

|z|>e’

/€<|x|<6, Ko() f(z)d

L me@ ) = fo)ds

< [ @I SOl

The (Euclidean) mean value theorem and the estimate (3.51) imply
[f(@) = fO) < IVfllxlzle < |V flleoclz| if [z] < 1.

Since &, is v-homogeneous with Rev = —@Q), denoting by C, the maximum of |&,|
on the unit sphere {x : |z| =1}, we have

Vr € G\{0} ko()| < Cyla| =<,

Hence if ¢ < 1,

|/r|>e o) f(w)dz - / Ko() f(x)dx

|z|>e

< / IV f o cColz| '~ @ dx
e<|z|<e
= [[VflloocCo(€ —¢).

This implies the Cauchy condition. Therefore, Claim (3.52) is proved and we de-
note the limit by

(K, f) := lim ko(x)f(x)dx, [ € D(G). (3.53)

e—0 |I|>6

This clearly defines a linear functional. Moreover, this functional is continuous
since if f € D(G) is supported in a ball Bg = {z : |z| < R} for R large enough,
then, for e < 1,

’/ Ko(z) f(x)dx| < / Ko(x) f(x)dx| + / Ko(2) f(x)dx
|z|>e e<|z|<1 1<|z|
< [V flloccCo(1 —€) + Co |f(x)|dx
1<|z|<R
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For the converse, we proceed by contradiction: let us assume that x exists

and that m,, # 0. Then
My,

Ko |z[”

o]

is a continuous homogeneous distribution of G\{0} of degree v with mean average
/ (Ko(x) _ m”f)|x”) do(z) / Ko(x)do(z) — Mo / do(z)
& o] & lol Je

= My, — My, = 0.
Hence it admits an extension into a homogeneous distribution by the first part
of the proof. But this would imply that |z|” has such an extension and this is
impossible by Example 3.2.23. O

o

Remark 3.2.25. (i) In view of the proof above, the hypothesis of continuity in
Proposition 3.2.24 (and also in Proposition 3.2.27) can be relaxed into the
following condition: k, is locally integrable and locally bounded on G\{0}.

This ensures that all the computations make sense and, since the unit
sphere of a given homogeneous quasi-norm is compact, |k,| is bounded there.

We will not use this fact.

(ii) By Lemma 3.1.45 the condition m,, = 0 is independent of the homogeneous
quasi-norm. However, the distribution defined in (3.53) depends on the choice
of a particular homogeneous quasi-norm. For instance, one can show that the
function on R? given in polar coordinates by

. cos 46
Ko(re’?) = .

admits two different extensions « via the procedure (3.53) when considering
the Euclidean norm (z,y) +— (2 +»2)'/? and the ¢'-norm (x,y) — |z| + |y|.

Definition 3.2.26. The distribution given in (3.53) is called a principal value dis-
tribution denoted by
DU Ko(T).
The notation is ambiguous unless a homogeneous norm is specified.
The next proposition states that, modulo a Dirac distribution at the origin,
the only possible extension is the principal value distribution:

Proposition 3.2.27. Let k be a homogeneous distribution of degree v with Rev =
—@Q on a homogeneous Lie group G. We assume that the restriction of k to G\{0}
coincides with a continuous function k.

Then k, is homogeneous of degree v on G\{0} and m,, = 0. Moreover, after
the choice of a homogeneous norm,

k() = pv. Ko(x) + €0,

for some constant ¢ € C, with ¢ =0 if v # —Q.
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Proof. By Proposition 3.2.24, m,_ = 0. Then

K 1=K —pu. Ko

is also homogeneous of degree v and supported at the origin.

Let f € D(G) with f(0) = 0. Due to the compact support of &', [(«/, f)] is
controlled by some C* norm of f on a fixed small neighbourhood of the origin.
But, because of its homogeneity of degree v with Rev = —Q,

VE>0 (v, )l = (K, f o Dy)|.

Letting t tend to 0, the note that the C* norms of f o D, remain bounded. Let us
show that as ¢t — 0, we actually have (x', f o D;) — 0. We claim that f o D; — 0
in C*(U) for a neighbourhood U of 0. Indeed,

X*(foDy) =tlN(X“f)oD, 0 ast— 0,

provided that oo # 0. On the other hand, also (f o Dy)(z) = f(tx) — f(0) =0
as t — 0, and same for the L> norm over the set U. Thus, we have proved that
(<, f) =0 for any f € D(G) vanishing at 0.

We now fix a function x € D(G) with x(0) = 1. For any f € D(G),

(', f) = (6", f = FO)x) + f(0)(K, x) = f(O)(K, X),

since f — f(0)x € D(G) vanishes at 0. This shows ' = ¢dp where ¢ = (K, x). But
Jdo is homogeneous of degree —(Q, see Example 3.1.20, whereas «’ is homogeneous
of degree v. So c =0 if v # —Q.

Alternatively, we can also argue as follows. By Proposition 1.4.2 we must
have
K =k —pu. kg = Z ae 0“8

| <j

for some j and some constants a,. Now, we know by Example 3.1.20 that &y is
homogeneous of degree —@Q, and by Proposition 3.1.23 that 0“Jy is homogeneous
of degree —Q) —[a]. Since £’ is homogeneous of degree —Q), it follows that all a, =0
for —Q — [a] # v. The statement now follows since, if v # —@Q, we must have all
ao =0, and if v = —Q, we take ¢ = ayg. O

Using the vocabulary of kernels of type v, see Definition 3.2.9, Proposition
3.2.24 implies easily:

Corollary 3.2.28. Let G be a homogeneous Lie group and let k, be a smooth ho-
mogeneous function on G\{0} of degree v with Rev = —Q. Then k, extends to
a homogeneous distribution in D'(G) if and only if its average value, defined in
Lemmata 3.1.43 and 3.1.45, is my, = 0. In this case, the extension is a kernel of

type v.
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Remark 3.2.29. Remark 3.2.10 explained the correspondence between the kernels
of type v and their restriction to G\{0} in the case Rev € (0, Q).

With Corollary 3.2.28, we obtain the case Rev = 0: the restriction to G\{0}
yields a correspondence between

e the (v—@Q)-homogeneous functions in C*°(G\{0}) with vanishing mean value
e and the kernels of type v.

It is one-to-one if v # 0 but if v = 0, we have to consider the kernels of type v
modulo Cdy.

3.2.5 Operators of type v =0

We can now go back to our original motivation, that is, a condition on a left-
invariant homogeneous operator of degree 0 to obtain continuity on every L?(G).
Our condition here is that the operator is of type 0, or more generally of type v,
Rev =0.

Theorem 3.2.30. Let G be a homogeneous Lie group and let v € C with
Rev =0.

Any operator of type v on G is (—v)-homogeneous and extends to a bounded op-
erator on LP(G), p € (1,00).

The proof consists in showing that the operator is Calderén-Zygmund (in
the sense of Definition 3.2.15) and bounded on L?(G). Note that the cancellation
condition (see Remark 3.2.18), is provided by m,_ = 0, see Proposition 3.2.27.

Proof. Let € D'(G) be a kernel of type v, Rev = 0. We denote by k, its
smooth restriction to G\{0}. One checks easily that x, satisfies the hypotheses of
Corollary 3.2.20. Consequently, x, is a Calderén-Zygmund kernel in the sense of
Definition 3.2.15. By the Singular Integral Theorem, more precisely its form given
in Proposition 3.2.17, to prove the LP-boundedness for every p € (1, 00), it suffices
to prove the case p = 2.

Fixing a homogeneous norm | - | smooth away from the origin, by Proposi-
tion 3.2.27, we may assume that  is the principal value distribution of k, (see
Definition 3.2.26). We want to show that

= [*pu. Kk,

is bounded on L?(G). For this, we will apply the Cotlar-Stein lemma (see Theo-
rem A.5.2) to the operators

T‘jZf’—)f*}'{j7 jEZ,

where
Kj(x) = fo(x)12-i <j<a-i+1 (7).
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We claim that
max (|77 Tkl (r2e, 1T Th | 2 (r2y) < C27 1K (3.54)

Assuming this claim, by the Cotlar-Stein lemma, > ;T defines a bounded oper-

ator on L?(G) and its (right convolution) kernel is > ; Kj which coincides, as a
distribution, with p.v. kK, = k. This would conclude the proof.

Let us start to prove Claim (3.54). It is not difficult to see (see (3.47)) that
the adjoint of the operator T} on L?*(G) is the convolution operator with right
convolution kernel given by

K (x) = K;(a™"),

which is compactly supported. Therefore, the operators 17T}, and T;T} are con-
volution operators with kernels Ky x K7 and K} * K, respectively. We observe
that, by homogeneity of k,, for any j € N,

|Kj(x)| = 29| Ko(22)| andso Kl = 1Kol (-

By the Young convolution inequality (see Proposition 1.5.2), the operators Tj,
T;Ty, and T;T; are bounded on L*(G) with operator norms

ITillz2@y < 1Kl = [1Koll,
IT5 Tell 2y < 1k Kl < Kkl 1 = [1Koll3,
I Till 22y < G Kl < [ Kg 1Kl = [[KollT.
In order to prove Claim (3.54) we need to obtain a better decay for ||Kj * K71
and [| K7} * K;|[1 when j and k are ‘far apart’. Since || Ky * K [|1 = || K * K1 and
[ K5 * Kjlli = [| K} * Kgll1, we may assume k > j. Quantitatively we assume that

C1277F+1 < 1/2 where C; > 1 is the constant appearing in (3.26) for b= 1/2.
We observe that the cancellation condition m,, = 0 implies

/ Ky (z)dx = / Ko(x)dr =my, In2 =0,
G 2k <|z|<2—k+1

and so

Ky, *Kj*(xﬂ =

/ Kk<y>K;<ylx>dy‘ = | [ ) (5570 - B 0) dy
G G

IN

/G K(y)| | K (y™'2) — K2 ()| dy

IN

/ Colul™@ 65 (™) = K (2)] .
2=k <y| <2kt
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where C, is the maximum of |k,| on the unit sphere {|x| = 1}. Thus after the
change of variable z = 2Fy,

Ky« K3 (2)] < / Cole| @ | K3 (27%2) ') — K ()] d.

1<)z <2

We want to estimate the L!-norm with respect to = of the last expression. Hence
we now look at

/ ’K;((Q_kz)_lx) —K;(x)|dx :/ ‘Kj (xl 2_kz) — Kj(xl)‘ dzq,
G G

after the change of variable x = :cl_l. Using K; = 27V K( o D; and the change of
variable x4 = 272, we obtain

/ |KJ (xl 2_k2) - K](x1)| dxl :/ |K0 (1’2 2_k+j2) — K0($2)| dl‘g.
G G

Let Ag = {1 < |z| < 2} be the annulus with radii 1 and 2 around 0 and write
momentarily y~! = 27572 with z € Ay. We can write the last integral as

/ |K0(£Cy_1) — K()(x)|d$ :/ +/ +/ .
G AoN(Aoy) Ao\ (Aoy) (Aoy)\ Ao

For the last two integrals, we see with a change of variable x = 2’y ! that

[ = imlde= [ Ryl = [
Ao\ (Aoy) Ao\(Aoy) (Aoy)\ Ao (Aoy)\Ao

and
/ | Ko| < /T771‘>2 C°|$|7de+/m*1\<1 C,|z|~Qdz.
Ao\(aoy) Y I 1<)z <2
Thus
/ | Ko(zy™) — Ko(e)| de :/ Ko(ey™) — Ko(a)|da (3.55)
el AoN(Aoy)
-Q -Q
+2C, /my_1|>2 |x| =% dx + /zy‘1|<1 |z|”%dx
1<|z]<2 1<z <2
Since y~1 is relatively small, by (3.26) we get for the two integrals above

lwy 1>2 0 Jley 1< 2-Chlyl<lz|<2  J1<|z|<1+Cny|

1<lz[<2 7 1<]e|<2

=1 +1In(1+ Cilyl) < Clyl,

2
n_ -
2 - Chlyl
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(see Example 3.1.44), whereas by Proposition 3.1.40 we have for any x € Ay,
[Ko(zy ™) — Ko(x)] < Clyl [«[~97,

and so
[ IRy~ Ko@) < Clyl [ el < Ol
AoN(Aoy) 1<|z|<2

We have obtained that the expression (3.55) is up to a constant less than 27*+7
when €295+l < 1/2 (and y~! = 27%+Jz, 2 € Aj). This estimate gives

IN

| K+ K ||y c, |z|_Q/ |Ko(x 27k z) — Ko(z)| dz dz
G

zE€AQ

IN

c, |z| 7@t 027k 4z < C27FH,
zE€EAQ

With a very minor modification, we can show in the same way that || K} * K;[j; <
C2- ks,
This shows Claim (3.54) and concludes the proof of Theorem 3.2.30. O

Remark 3.2.31. In view of the proof, we can relax the smoothness condition in
the hypotheses of Theorem 3.2.30: it suffices to assume that x, € C1(G\{0}).

This ensures that we can apply Propositions 3.2.27 and 3.1.40 during the
proof.

3.2.6 Properties of kernels of type v, Rev € [0, Q)

The kernels and operators of type v have been defined in Definition 3.2.9. Sum-
marising results of the previous section, namely Corollary 3.2.11 for Rev € (0,Q),
and Theorem 3.2.30 for Rev = 0, we can unite them as

Corollary 3.2.32. Let G be a homogeneous Lie group and let v € C with
Rev € [0,Q).

Any operator of type v on G is (—v)-homogeneous and extends to a bounded op-
erator from LP(G) to LI(G) provided that

1 1 Rev
TS ="—"" 1<p<g< oo
P q Q

When considering kernels of type v, we have regularly used the following
property: if k is a kernel of type v then, fixing a homogeneous quasi-norm | - | on
G, k admits a maximum C}, on the unit sphere {|z| = 1}, and by homogeneity we

have
Vr € G\{0} k()| < Cpla|Rer=C, (3.56)
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In particular, it is locally integrable if Rerv > 0 and defines a distribution on the
whole group G in this case. In the case when Rev = 0, by Proposition 3.2.27,
also defines a distribution on G of the form

K = p.. k1 + cdg,

where k7 is of type v with vanishing average value and ¢ € C is a constant.
We can also deduce the type of a kernel from the following lemmas:

Lemma 3.2.33. Let x be a kernel of type v, with Rev, € (0,Q). Let T be a
homogeneous differential operator of homogeneous degree vy. If Rev,—vr € [0,Q)
then Tk defines a kernel of type v, — vp.

Proof. Clearly Tk is a (Q — v, + vr)-homogeneous distribution which coincides
with a smooth function away from 0. 0

Remark 3.2.34. We have obtained certain properties of convolution operators with
kernels of type v in Corollary 3.2.11 for Rev € (0,Q), and in Theorem 3.2.30 for
Rerv = 0. When composing two such types of operators, we have to deal with
the convolution of two kernels and this is a problematic question in general. In-
deed, the problems about convolving distributions on a non-compact Lie group
are essentially the same as in the case of the abelian convolution on R™. The con-
volution 71 * 72 of two distributions 71, 72 € D’(G) is well defined as a distribution
provided that at most one of them has compact support, see Section 1.5. How-
ever, additional assumptions must be imposed in order to define convolutions of
distributions with non-compact supports. Furthermore, the associative law

(11 % T2) * 73 = 71 * (T2 * T3), (3.57)

holds when at most one of the 7;’s has non-compact support, but not necessarily
when only one of the 7;’s has compact support even if each convolution in (3.57)
could have a meaning.

The following proposition establishes that there is no such pathology appear-
ing when considering convolution with kernel of type v with Rev € [0,Q). This
will be useful in the sequel.

Proposition 3.2.35. Let G be a homogeneous Lie group.
(i) Suppose v € C with 0 <Rev < Q,p>1,q¢>1, andr > 1 given by

1 1 1 Rev

rop q Q

If k is a kernel of type v, f € LP(G), and g € L1(G), then [ * (g *x k) and
(f * g) * k are well defined as elements of L"(G), and they are equal.
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(ii) Suppose k1 is a kernel of type v1 € C with Revy > 0 and ko is a kernel of
type v2 € C with Revy > 0. We assume Re (11 + 12) < Q. Then Ky * ka2 s
well defined as a kernel of type vy + vo. Moreover, if f € LP(G) where

1< p< Q/(Re (Vl + 1/2))
then (f * k1) * ko and f * (k1 * ko) belong to L1(G),

1 1 Re(n+w)

¢« p  Q
and they are equal.
Proof. Let us prove Part (i). By Corollary 3.2.11, Theorem 3.2.30 and Young’s
inequality (see Proposition 1.5.2), the mappings (f,g) — f * (¢ * k) and (f,g) —

(f % g) * k are continuous from LP(G) x LI(G) to L™(G). They coincide when they
have compact support, and hence in general.

Let us prove Part (ii). We fix a homogeneous quasi-norm | - | smooth away
from the origin. We will use the general properties of kernels of type v explained
at the beginning of this section, especially estimate (3.56).

Let « # 0 be given. We can find € > 0 such that the balls

B0.€):={y:lyl <c} and Bla,e):={y: |ey | < e},

do not intersect. We note that these balls are different from those in Definition
3.1.33 (that are used throughout this book) but in this proof only, it will be more
convenient for us to work with the balls defined as above.

If Revy, Revy > 0, then both k1 and ko are locally integrable and

[y|feva—Q for y € B(0,¢),
’/il(xy_l)/ig(yﬂ <Cpe{ |y tRen=0Q for y € B(x,¢),
O(Jy|Re(t2)=2@Q) ¢ B(0,€) U B(x, ).

Thus we can integrate k1 (xy~!)r2(y) against dy on B(0,¢€), B(z,€) and outside of
B(0,¢) U B(x,€) to obtain the sum of three integrals absolutely convergent:

/ +/ +/ yise | F1(@y ) m2(y)dy = k().
yeB(0,6)  JyeB(xe)

ley = [>e
This defines x(x) which is independent of ¢ small enough.

If Revy, = 0, by Proposition 3.2.27, we may assume that ko is the principal
value of a homogeneous distribution with mean average 0 (see also Definition 3.2.26
and (3.53)). In this case, by smoothness of x; away from 0 and Proposition 3.1.40,

|(k1(zy™") — k1(2)) k2 ()| < Coclyl =@ for y € B(0,¢),
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and we obtain again the sum of three integrals absolutely convergent:

[ ™) = ) malohdy +
y€B(0,¢)

" / +/ ly|>e ri(zy~ ra(y)dy =: K(x).
yEB(x,€)

oy~ >e

This defines x(x) which is independent of ¢ small enough.

In both cases, we have defined a function x on G\{0}. A simple change of
variables shows that x is homogeneous of degree 11 + vo — @ (this is left to the
reader interested in checking this fact).

Let us fix ¢1 € D(G) with ¢1 =1 on B(0,€/2) and ¢; = 0 on the complement
of B(0,¢). We fix again x # 0 and we set ¢o(y) = ¢1(zy~1). Then ¢; and ¢y have
disjoint supports and for Revy > 0 it is easy to check that for z € B(z,€/2) we
have k(z) = I + Iy + I3, where

L= /G 61 () (25 VYo () dy,

I

/ ba(y) s (25 Yrea(y)dy = / b2y~ ) () ra(y ™~ 2)dly,
G G

I = /G (1= 61(y) — o)) (25 o)y,

with a similar formula for Revs = 0. The integrands of Iy, I, and I3 depend
smoothly on z. Furthermore, one checks easily that their derivatives in z remains
integrable. This shows that & is smooth near each point = # 0. Since Re (11 +12) >
0, k is locally integrable on the whole group G. Hence the distribution x € D'(G)
is a kernel of type vy + vso.

We can check easily for ¢ € D(G),

(K, @) = (K1, d * Ra) = (K2, k1 * §).
So having (1.14) and (1.15) we define K1 * ko 1= K.
Let f € LP(G) where p > 1 and

1_1_R6(V1+l/2) >0

¢ p Q
We observe that (f % 1) * ke and f x k are in L(G) by Corollary 3.2.11, Theo-
rem 3.2.30, and Young’s inequality (see Proposition 1.5.2). To complete the proof,
it suffices to show that the distributions (f * k1) * ko and f * (k1 * k2) are equal.
For this purpose, we write k1 = £ + k5 with

0._ 0o . _
Ky =K1 ligi<r and KT =Ky L.
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If r = Q/(Q — Revy) then &) € L""¢(Q) and 3¢ € L"T¢(G) for any ¢ > 0. We
take € so small that »r —e > 1 and

p L4+ (r+e ' —Rern/Q—1>0.
By Part (i), (f * k9) % ko and f * (k9 * k) coincide as elements of L*(G) where
st=p 4+ (r—e ' —Rern/Q—1.
And (f * k$°) * kg and f * (k$° * ko) coincide as elements of L!(G) where
tt=p '+ (r+e ' —Rewn/Q—1.

Thus (f*k1)*ke and fx*k coincide as elements of L*(G) and L!(G). This concludes
the proof of Part (ii) and of Proposition 3.2.35. O

3.2.7 Fundamental solutions of homogeneous differential operators

On open sets or manifolds, general results about the existence of fundamental
kernels of operators hold, see e.g. [Tre67, Theorems 52.1 and 52.2]. On a Lie group,
we can study the case when the fundamental kernels are of the form x(x —y) in the
abelian case and s (y~'z) on a general Lie group, where x is a distribution, often
called a fundamental solution. It is sometimes possible and desirable to obtain
the existence of such fundamental solutions for left or right invariant differential
operators.

In this section, we first give a definition and two general statements valid
on any connected Lie group, and then analyse in more detail the situation on
homogeneous Lie groups.

Definition 3.2.36. Let L be a left-invariant differential operator on a connected
Lie group G. A distribution x in D'(G) is called a (global) fundamental solution
of L if

Lk = (50.

A distribution % on a neighbourhood €2 of 0 is called a local fundamental solution
of L (at 0) if Lk = §p on .

On (R™, +), global fundamental solutions are often called Green functions.

Ezample 3.2.37. Fundamental solutions for the Laplacian A = 3~ 97 on R™ are
well-known
=z + p(e) if n>3
G(r) =14 colnlz|+ p(z) if n=2
Pl (@) + pl) i m=1

where ¢, is a (known) constant of n, p is any polynomial of degree < 1, and | - |
the Euclidean norm on R".
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Example 3.2.37 shows that fundamental solutions are not unique, unless some
hypotheses, e.g. homogeneity (besides existence), are added.

Although, in practice, ‘computing’ fundamental solutions is usually difficult,
they are useful and important objects.

Lemma 3.2.38. Let L be a left-invariant differential operator with smooth coeffi-
cients on a connected Lie group G.

1. If L admits a fundamental solution k, then for every distribution u € D'(G)
with compact support, the convolution f = ux* k € D'(G) satisfies

Lf=u

on G.

2. An operator L admits a local fundamental solution if and only if it is locally
solvable at every point.

For the definition of locally solvability, see Definition A.1.4.
Proof. For the first statement,
L(u*n) =ux*x Lk =ux*dy = u.
For the second statement, if L is locally solvable, then at least at the origin,
one can solve L&k = 0 and this shows that L admits a local fundamental solution.

Conversely, let us assume that L admits a local fundamental solution & on
the open neighbourhood €2 of 0. We can always find a function x € D(Q2) such that
X = 1 on an open neighbourhood €y C Q of 0; we define k1 € D'(Q) by k1 := Xk
and view k1 also as a distribution with compact support. Then it is easy to check
that Lk, = dg on Q4 but that

Lry =g+ @,

where ® is a distribution whose support does not intersect 2.
Let ¢ be an open neighbourhood of 0 such that

Q' ={z""y : 2,y €V} SN
We can always find a function x1 € D(£2) which is equal to 1 on a neighbourhood
Qf € Qg of 0.
If now u € D'(G), then the convolution f = (yiu) * k1 is well defined and

Lf =xiu+ xiux P,

showing that Lf = xiu on Qo and hence Lf = u on §f. Hence L is locally solvable
at 0. By left-invariance, it is locally solvable at any point. O
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Because of the duality between hypoellipticity and solvability, local funda-
mental solutions exist under the following condition:

Proposition 3.2.39. Let L be a left-invariant hypoelliptic operator on a connected
Lie group G. Then L is also left-invariant and it has a local fundamental solution.

Proof. The first statement follows easily from the definition of L!, and the second
from the duality between solvability and hypoellipticity (cf. Theorem A.1.3) and
Lemma 3.2.38. 0

The next theorem describes some property of existence and uniqueness of
global fundamental solutions in the context of homogeneous Lie groups.

Theorem 3.2.40. Let L be a v-homogeneous left-invariant differential operator on
a homogeneous Lie group G. We assume that the operators L and Lt are hypoel-
liptic on a neighbourhood of 0. Then L admits a fundamental solution k € §'(G)
satisfying:

(a) if v < Q, the distribution k is homogeneous of degree v — @ and unique,
(b) ifv>Q, k=K, + p(x)In|z| where

(i) ko € S'(G) is a homogeneous distribution of degree v — Q, which is
smooth away from 0,

(i) p is a polynomial of degree v — Q) and,
(iii) |- | is any homogeneous quasi-norm, smooth away from the origin.
Necessarily  is smooth on G\{0}.

Remark 3.2.41. In case (a), the unique homogeneous fundamental solution is a
kernel of type v, with the uniqueness understood in the class of homogeneous
distributions of degree v — Q. For case (b), Example 3.2.37 shows that one can not
hope to always have a homogeneous fundamental solution.

The rest of this section is devoted to the proof of Theorem 3.2.40.
The proofs of Parts (a) and (b) as presented here mainly follow the original
proofs of these results due to Folland in [Fol75] and Geller in [Gel83], respectively.

Proof of Theorem 3.2.40 Part (a). Let L be as in the statement and let v < Q.
By Proposition 3.2.39, L admits a local fundamental solution at 0: there exist a
neighbourhood 2 of 0 and a distribution & € D’(Q2) such that L& = dp on Q. Note
that by the hypoellipticity of L, & as well as any fundamental solution coincide
with a smooth function away form 0. By shrinking € if necessary, we may assume
that after having fixed a homogeneous quasi-norm, 2 is a ball around 0. So if
xz € Qandr e (0,1] then rz € Q.

Folland observed that if k exists then the distribution h := & — k annihilates
L on , so it must be smooth on €2, while

k(x) = r9 VE(rz) — 19 h(rz)
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yields

_ Q—v~
k(x) ll_r%r R(rx)

and

h(z) = R(x) — }1_1% r@ R (ra).

Going back to our proof, Folland’s idea was to define h,. € D'(Q2) by
hy =k —r9YkoD, onQ\{0}, € (0,1],

which makes sense in view of the smoothness of & on Q\{0}. Since for any test
function ¢ € D(Q),

(L& (r)), 6) = (r2(LR)(r)), 6) = (L, o(r~ ) = 6(r~20) = (0),

we have Lh, = 6y — 69 = 0. So h, is in N1 (Q) C C*(£2) where the D’'(£2) and
C>(Q) topologies agree, see Theorem A.1.6. Let us show that

3lim b, € h € C(Q); (3.58)

for this it suffices to show that {h,} is a Cauchy family in D’(Q2).

We observe that if s < r, we have

he(x) — hp(z) = 19 VR(rz) — s9VR(sz)
Q-v g
— v (- _ (f) B2
; <n(r:r) : /{(Trx))
= 19hs(ra). (3.59)
In particular, setting s = 72 in (3.59) we obtain
hy> =19 h, o D, + h,.
This formula yields, first by substituting r by r2,
hpo = 129 oo Dye+ he
r2 @) (+97Vh,. 0 D, 0 D2 + hy 0 Dy2) + 797 hy 0 Dy + by
3@, 0 Dy + 129"k, 0 Do + 797 Vh, 0 D, + b
Continuing inductively, we obtain
21
h e = Z rHQ=p o D,x.
k=0
This implies

Vn € Ny sup  |h e (2)] < (1 — er”)*l sup  |h(z)],
z€(1—e)2 z€(1—e)2
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. 14
and, since any s < % can be expressed as s = r2 for some ¢ € Ny and some

r€ (i3],

1
Vs < = sup  |he(z)| < (1 =297 sup  |h.(x)].
2 z€(1—e)Q zE(1—€)2
rer<y

Now the Schwartz-Treves lemma (see Theorem A.1.6) implies that the topolo-
gies of D'(Q2) and C*°(2) on

NL(Q)={feD(Q) : Tf=0} CC>®Q)

coincide. Since r +— h,. is clearly continuous from (0, 1] to D'(Q2) NN (), {h,, r €

(1,11} and {h,, r € [3,1]} are compact in D(Q). Therefore, we have
sup |hs(z)] < sup |hs(z)[+ sup [hs(2)]
ze(1-e)Q ze(1-e)Q ze(l—e)Q
0<s<1 0<s<i $<s<1
<1 =297 sup ()] + sup  |hs(z)| = Ce < o0,
z€(1—€)2 z€(1—€)Q2
1<r<d 1<s<1

that is, the h,’s are uniformly bounded on (1 — €)2. But if s < r, (3.59) implies

sup  |hs(x) — hy(2)] <7977 sup |h:(r:£)| <Cr9r —.
z€(1—e)Q z€(1l—e)Q r—0

This shows that {h,},¢(0,1) is @ Cauchy family of C(K) for any compact subset
K of Q. Therefore, {h,},c(0,1] is a Cauchy family of D'(Q2) and Claim (3.58) is
proved. Let h € C°°(Q) be the limit of {h,}. Necessarily Lh = 0. We set

k:=kK—heD(Q).
Now, on one hand

Lk =Lk —Lh=14
and £ is smooth on Q\{0}, and on the other,

T Q-v=
k(z) = Th_}r%r R(rz),

so if s € (0, 1], then

N @—v
= lim r@Vi(srz) = i = R(r'a) = 57
K(sx) 71_1_>r%r R(srx) T/:hTrsn_m < S ) R(r'z) =s K(x).
By requiring that the formula x(sz) = s*~%r(z) holds for all s > 0 and x # 0, we
can extend k into a distribution defined on the whole space. The homogeneity of
L guarantees that the equation Lx = §y holds globally.

Finally, if k1 were another fundamental solution of L satisfying (a), then
k — k1 would be (v — @)-homogeneous with ¥ — @ < 0; kK — k1 would also be
smooth even at 0 since it annihilates L on G. Thus x — k1 = 0. O
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Proof of Theorem 3.2.40 Part (b). Let L be as in the statement and let v > Q.
Let also &, Q and h, be defined as in the proof of part (a).

Geller noticed that Folland’s idea could be adapted by taking higher order
derivatives. Indeed from (3.59), we have

Xhy(x) — XOhy(x) = r@7VTlOIX s (ra);

if « € Nj} is large so that Q — v + [a] > 0, we can proceed as for h, in the proof
of Part (a) and obtain that {X*h,},c(,1) is a Cauchy family of C'>°(€2).

If [a] < v — @, the C%(Q)-family {X*h, },¢(0,1) may not be Cauchy but by

Taylor’s theorem at the origin for homogeneous Lie groups, cf. Theorem 3.1.51,

(@) = Pl @ <Cu D Jaled sup |(X°R) (2)]
o <[M]+1 [zl o]
[a]>M

for any x such that z and n/™I+1z are in the ball Q. Choosing M = v — Q and
setting the polynomial p,(z) := Péfx'[) (z) and the ball Q' := 5~ (MI+1)Q this
shows that the C°°(QY')-family {h, — p; },e(0,1] is Cauchy. We set

C® Q)3 h:= lir%(hr —pr), ko =k—heD).
T
Note that Lp, = 0, since the polynomial p, is of degree v — @) and the differential

operator L is v-homogeneous. Therefore, Lk, = §p in ' and &, € C*(Q'\{0}).
Furthermore, if [a] > v — @ and = € Q'\{0} then

o\ o\
= — lim p@vtld [ ) &
<8x> Fo() lm <8m) Fra),
soif s € (0,1],

o\ o\
— 1 Q—v+[a] ~
(5‘x) Ko(sT) }13%)7“ (31’) R(rsz)

» Q-v+la] a\¢ . a\¢
B T r I — Q-] [ £
= Am ( s ) (895) Rr'z) = (ax) ().

One could describe this property as ((%)a Ko being homogeneous on '\{0}. We
conclude the proof by applying Lemma 3.2.42 below. O

In order to state Lemma 3.2.42, we first define the set W of all the possible
homogeneous degrees [a], a € Nj,

Wi={via1+...+vp0, : a1,...,a, € Ng}. (3.60)

In other words, W is the additive semi-group of R generated by 0 and Wjy.

For instance, in the abelian case (R™,+) or on the Heisenberg group H,,
with our conventions, W = Ny. This is also the case for a stratified Lie group or
for a graded Lie group with g; non-trivial.
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Lemma 3.2.42. Let B be an open ball around the origin of a homogeneous Lie
group G equipped with a smooth homogeneous quasi-norm | - |. We consider the
sets of functions K defined by

ifv e R\W K" :={feC>®(B\{0}) : f isv-homogeneous},
ifrvew K :={feC>®B\{0}) : f=/fi+p)n|z|,

where f1 is v-homogeneous and p is a v-homogeneous polynomial}

where W was defined in (3.60), and we say that a function f on B or B\{0} is
v-homogeneous when f o Dy = s"f on B for all s € (0,1).

For any v € R and f € C>*(B\{0}), if (%)af € Kv=led with [a] > v, then
there exists p € P<, such that f —p € K.

Recall (see Definition 3.1.26) that P s denotes the set of polynomials P on
G such that D°P < M. It is empty if M < 0.

Proof of Lemma 3.2.42. By induction it suffices to prove that for any v € R and
fec=(B\{0}),

O F — s
M € K™% with p; € Py, forall j=1,...,n
8xj 7
= f—p e K” for some p € P.,,. (3.61)
To prove (3.61), we start by showing that for any f € C*°(B\{0}),

af

E ek %forallj=1,...,n= f—ce K" for some c € C. (3.62)
Lj

By convention (see Definition 3.1.26), a homogeneous polynomial of homogeneous
degree which is not in W is 0. With this in mind we continue the proof of (3.62) in
a unified way. We consider f € C*°(B\{0}) satisfying the hypothesis of (3.62): for
eachj=1,...,n, d{ € K¥~% and there exists p; € P—,_,, such that f—p;In|-|

is a v-homogeneous function on \{0}. We define
Ar,z) == f(ra) —r"f(z), =x€ B, re(0,1].
We see that

0A(r,z) . Of L or
Ox; - O0x; (ra) —r ax]( @)

= () Infra| — rp; () Infa] = r¥p; () Inr.

Note that for any j, k we have

o e . 00 0 0
I since B, asch(T’ x) = A(r, x).
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Because of this observation we can adapt the proof of the Poincaré Lemma to
construct the polynomial

x):=c Z vpzkpr(T), (3.63)

which is v-homogeneous and satisfies

dq - ap pj
92, = chx +cvjpj —CZUSU +cv]p]()

= Catzl (p;(tx ))+0Ujpj( z) = c(v — j) i(z )+Cvjpj($)
pj(x)v

by choosing ¢ = v~! if v # 0; if v = 0, the polynomials p; and ¢ are zero. So we
have

0
(A(r,z) —q(z)r’Inr) =0 forall j=1,...,n
(91']
Therefore,
A(r,z) = q(z)r’ Inr 4+ a(r) for some a € C*°((0, 1]).
Replacing f by f — (r¥Inr) ¢ we may assume that ¢ = 0 in all the cases, so that
vre (0,1, z € B f(rz) —r"f(z) = a(r). (3.64)

Now if 0 < 7, s < 1, then using the formula just above twice, we get

a(rs) = f(rsz) = (rs)"f(x) = a(r) +r"f(sz) = (rs)" f(z)
= a(r) +r"(a(s) + 5" f(x)) = (rs)" f(2)
= a(r)+ra(s).

Solving this functional equation and setting
folz) := fz) —a(|z])  (z € G\{0}),
for a particular solution a, we check easily that f, is ¥~homogeneous:

e If v =0, then a satisfies the functional equation

a(rs) = a(r) + a(s)

and must, therefore, be of the form a(r) = C'ln(r) for some constant C' € C.
Using (3.64) we obtain

forz) = f(rz) —a(|rz|) = f(x) +a(r) —a([rz]) = f(z) = Clnfz| = fo(z).
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o If v £ 0, then a satisfies the functional equation
a(r) +r’a(s) = a(s) + s”a(r)
and must therefore be of the form a(r) = C'(1—r") for some constant C' € C.
Using (3.64) we obtain
folrx) = flra)—=C{l —|rz|")=r"f(z)+ C(A —r") - C(1 — |rz|")
= " (f(z) - CA—[z") =" fo(x).

Hence (3.62) is proved and we can now go back to showing the main claim, that
is, the one given in (3.61). Let f and p; be as in the hypotheses of (3.61).

First we see that if v < 0, then all the polynomials p; are zero and, inspired
by the construction of ¢ above, we check easily that

[ v of of
—— |V Uk | =5
0x; ( ; Oy, Ox;
thus f and v~ 1 >0, kak%fk must coincide so (3.61) is proved in this case.
Let us assume v > 0. We claim that

Opr. _ Op;

Vi, k=1,... — = .
J ) , 1 6]}]‘ axk

(3.65)

This is certainly true if ¥ — v; — v, < 0 since both are zero in this case. If instead
v —vj — v > 0 then the polynomial

Opw _Opj _ O (  _OF\_ 0 ( _ Of
8l‘j afﬂk o 6SCJ' Pk axk axk pj al’j ’
is in K¥7% 7% and thus must be zero. Indeed if a polynomial p is in some I then

either a ¢ W and then p =0, or @ € W and p(rz) is a polynomial in r of degree
< a with r~%p(rz) unbounded unless p = 0; in both cases, p = 0.

Therefore, we can construct g as above by (3.63) so that ;qu = p;. Then

of—q) _ Of —u, :
————=———p;e K" forall j=1,...,n,
oz, a1 D; orallj=1,...,n
so f—q € K¥ by (3.62).
This concludes the proof of Claim (3.61) and of Lemma 3.2.42. O

Remark 3.2.43. The class of functions ¥ defined in Lemma 3.2.42 is also used in
the definition of the calculus by Christ et al. [CGGP92].

As an application of Theorem 3.2.40, let us extend Liouville’s Theorem to
homogeneous Lie groups.
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3.2.8 Liouville’s theorem on homogeneous Lie groups
Let us consider the following statement and proof of Liouville’s Theorem in R™:

Theorem 3.2.44 (Liouville). Every harmonic tempered distribution is a polynomial.
This means that if f € S'(R™) and Af = 0 in the sense of distributions where
A is the canonical Laplacian, then f is a polynomial on R™.

Proof. Let f € S'(R™) with Af = 0. Then |§\2f: 0 where f is the Euclidean
Fourier transform of f € S'(R™) on R™. Hence the distribution fis supported at
the origin and must be a linear combination of derivatives of the Dirac distribution
at 0, see Proposition 1.4.2. Consequently f is a polynomial. O

Liouville’s Theorem and its proof given above are also valid for any homo-
geneous elliptic constant-coefficient differential operator on R™. We now show the
following generalisation for homogeneous Lie groups:

Theorem 3.2.45 (Liouville theorem on homogeneous Lie groups). Let L be a ho-
mogeneous left-invariant differential operator on a homogeneous Lie group G. We
assume that L and Lt are hypoelliptic on G. If the distribution f € 8'(G) satisfies
Lf =0 then f is a polynomial.

The rest of this section is devoted to the proof of Theorem 3.2.45. We follow

the proof given by Geller in [Gel83].
Let = denote the Euclidean Fourier transform on R™ (cf. (2.25)). In view of

the proof of Theorem 3.2.44, we want to show that the distribution f is supported
at 0. For this purpose, it suffices to show that any test function ¢ € S(G) whose

Euclidean Fourier transform is supported away from 0, that is, supp qAﬁ % 0, can be
written as L' for some 1 € S(G). Indeed, denoting momentarily ((x) = —x for
z € G identified with R", and by * the inverse Fourier transform on R", we have

b= d) o1, so that supp ¢ = supp ¢, and
(F.9) = (f,0) = (f,. L") = (Lf,9) = 0
The set of functions ¢ with 0 ¢ supp<$ is contained in

S,(R") := {¢> € S(R") : (;)a $(0) =0, Va € Ng} .

We observe that the space S,(R™) can be also described in terms of the group
structure using the identification of G with R™, as

S,(R™) = 8,(G) = {6 € S(G) /Gasagb(x)dx:O, Va € NI}

Indeed [, z*¢(x)dx = ca(%)agg(()) with ¢, a known non-zero constant. Here dx
denotes the Lebesgue measure on R™ and the Haar measure on G since these two
measures coincide via the identification of G with R"™.
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By Theorem 3.2.40, the operator L' has a fundamental solution x € S'(G)
satisfying Part (a) or (b) of the statement. Thus we need only showing that for
any ¢ € S,(Q@), the function ¢ := ¢ * k is not only smooth (cf. Lemma 3.1.55) but
also Schwartz. This is done in the following lemma:

Lemma 3.2.46. If ¢ € S,(G) is a Schwartz function and k € S'(G) is a homo-
geneous distribution smooth away from the origin or a distribution of the form
k = p(z) In |z| where p is a polynomial and |- | a homogeneous quasi-norm smooth
away from the origin, then ¢ x k € S(G).

The end of this section is devoted to the proof of Lemma 3.2.46; this relies
on consequences of the following versions of Hadamard’s Lemma for S(R™) and

So(R™):

Lemma 3.2.47 (Hadamard). Let f € S(R™) with [ f = 0. Then f can be written
as

-~ Of , } n
f—;a—% with  f; € S(R™)

In addition, if f € So(R™), each function f; can be also taken in S,(R™).

Proof of Lemma 8.2.47. We fix x, € D(R™) such that x,(§) = 1 if || < 1 and
Xo(§) = 0if || > 2. Since [ f =0 we have f(0) =0 and

~ ~

F(&) = Xof + (1= Xxo) f = (o) = (xoF)(0) + (1 = x0) -

We can write

(6eF)E) — (xo)(0) = / 0 (s (1)) Zsj / Xof)@g)

and
(1 - x0)f(€) = 2551 SO (here i - 252
We set
@ = [ 20D gu 46110 g

The first term is compactly supported (in the ball of radius 2), whereas the second
one is well defined and is identically 0 on the unit ball. Since both terms are
smooth, h; € S(R™). We have obtained f = }_,&;h;. We define f; € S(R") such

that fj = c;h; where the constant c; is such that 5] =¢;&;. Hence f =) 0/

J Oy "
Moreover, since
o\“ o\" 0 ~
(8;1:) hj(o)—<a$) 76§jf(0)’

we see that if f € S,(R"™) then f; € So(R™). O
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We will use the following consequence of Lemma 3.2.47 (in fact only the
second point):

Corollary 3.2.48. e If f € S,(R"™), then for any M € Ny,

f=> (3‘1) o o with fo€S,(R").

loe|=M

o If f € S,(G) where G is a homogeneous Lie groups, then for any M > 1, we
can write f as a finite sum

f=Y X

la]>M

with fa € So(G).

Proof of Corollary 3.2.48. Both points are obtained recursively, the first one from
Lemma 3.2.47 and the second from the following observation: if f € S,(G), there
exists g; € S,(G) such that f = Z?Zl X;g;. Indeed writing f as in Lemma 3.2.47
and using (3.17) with Remark 3.1.29 (1), we set

g =i+ Y Wik
1<k<n
v <Vk

and we see that g; € S,(G). O
We can now prove Lemma 3.2.46.

Proof of Lemma 3.2.46. Let k be a distribution as in the statement. We can always
decompose k as the sum of kg + koo, Where kg has compact support and ko is
smooth. Indeed, let x € D(G) be identically 1 on a neighbourhood of the origin
and define x by

<K0,¢>1::<“7X¢>
Then

Koo '= K — K

coincides with (1 — x)k,, where K, is a smooth function on G\{0} either homo-
geneous or of the form p(z)In |z|; we denote by v the homogeneous degree of the
function k, or of the polynomial p.

Let ¢ € S,(G). Since the distribution kg is compactly supported, we get, by
Lemma 3.1.55, that ¢ x kg € S(G). Since, by Corollary 3.2.48, we can write ¢ as
a (finite) linear combination of X*f with f € S,(G) and [a] as large as we want.
We observe that

(XOf) % hoo = f % XKoo
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and that for [«] larger that |[v| + N + 1 for N € Ny fixed, we have

X% koo(@)] < O (L4 J2]) V.

Thus
(XD rne (@) = | % Xho(a)] = \ RN
< / F@ICN L+ [y ) Ny
G
< ONCY(1+ [a)™™ /G PN+ [y N dy,
by (3.43). This shows that ¢ x ke € S(G). O

Hence Lemma 3.2.46 and Theorem 3.2.45 are proved.
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