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SOBOLEV SPACES ON GRADED LIE GROUPS

by Veronique FISCHER & Michael RUZHANSKY (*)

ABSTRACT. — In this article, we study the LP-properties of powers of posi-
tive Rockland operators and define Sobolev spaces on general graded Lie groups.
We establish that the defined Sobolev spaces are independent of the choice of a
positive Rockland operator, and that they are interpolation spaces. Although this
generalises the case of sub-Laplacians on stratified groups studied by G. Folland
in [12], many arguments have to be different since Rockland operators are usually
of higher degree than two. We also prove results regarding duality and Sobolev
embeddings, together with inequalities of Hardy—Littlewood—Sobolev type and of
Gagliardo—Nirenberg type.

RESUME. — Dans cet article, nous étudions les propriétés LP des puissances des
opérateurs de Rockland positifs et nous définissons les espaces de Sobolev sur tous
les groupes de Lie nilpotents gradués. Nous montrons que les espaces de Sobolev
ainsi définis sont indépendants du choix de "opérateur de Rockland positif et qu’ils
sont des espaces d’interpolation. Quoique cela généralise le cas des sous-laplaciens
sur les groupes stratifiés étudiés par G. Folland dans [12], plusieurs arguments sont
différents car les opérateurs de Rockland sont souvent de degrée plus haut que
deux. Nous montrons aussi des résultats concernant la dualité et les injections de
Sobolev, ainsi que des inégalités de type Littlewood—Sobolev et de type Gagliardo—
Nirenberg.

1. Introduction

Sobolev spaces on R™ may be defined in various equivalent ways, e.g.,
from the elementary definition in the L? case which relies on the Euclidean
Fourier transform to the Bessel potential L” spaces using the properties
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of the Laplace operator or via Littlewood—Paley decomposition. It is quite
natural to try and generalise these spaces to a non-Euclidean setting, for
instance on Lie groups. The development of analysis on nilpotent Lie groups
was initiated by G. Folland and E. Stein in [13], and G. Folland was the first
to define and study Sobolev spaces on stratified (nilpotent Lie) groups [12],
see also [23]. Using Littlewood—Paley decompositions as well as heat kernel
estimates for sub-Laplacians [1, 25], this was generalised to Besov space
on Lie groups of polynomial growth, see e.g. [15, 16]. Other properties of
Sobolev spaces defined via sub-Laplacians on Lie groups have also been
studied, see e.g. [7].

Our main purpose here is to define Sobolev spaces adapted to graded
(nilpotent Lie) groups. These groups form a class containing the class of
stratified groups, they are also endowed with a homogeneous structure and
have polynomial growth of the volume. Although our analysis is closely re-
lated to Folland’s [12], our results do not follow from consequences or direct
adaptations of techniques in the cases of sub-Laplacians on stratified Lie
groups or on Lie groups of polynomial volume growth [1, 7, 12, 15, 16, 25].
Indeed, on the one hand, our main object is not a sub-Laplacian but a
positive Rockland operators R, which is the natural sub-elliptic operators
appearing on graded Lie groups. As in [12] (see also [7]), the Sobolev spaces
are defined via the powers of I+ R using the theory of fractional operators
mainly due to Komatsu and Balakrishnan (here we will use its exposition
given in [21]), and the properties of the heat semigroup generated by R.
On the other hand, the operators R may be of high degree in contrast with
the case of sub-Laplacians which are of degree two. This fact requires for
example to give a different proof of the continuity of homogeneous left-
invariant differential operators on the Sobolev spaces than in the stratified
case, see Remark 4.15. The degree being possibly larger than two has also
deeper implications: the operator may not have a unique homogeneous fun-
damental solution, see Remarks 3.5, 3.12 and 4.19, although it is already
known that a parametrix can be constructed, see [5], and that the operator
is injective on the tempered distributions modulo polynomials, see Corol-
lary 2.11. Furthermore the corresponding heat semigroup may neither be
a contraction on LP-spaces nor preserve positivity, see Remarks 2.9, 3.5
and 3.10; this shows that the heat semi-group of R is not sub-markovian
and, as suggested above, this rules out many of the techniques used in the
case of sub-Laplacians.

These difficulties are part of the motivation to study Rockland operators
on a deeper level. In fact the analysis of sub-Laplacians on stratified groups
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such as in [1, 12, 25] may be considered as born out of studying operators
based on sums of squares of vector fields on manifolds, while the present
analysis might help understanding the case of more general operators of
higher order.

Naturally, when we consider a graded Lie group which is stratified, we re-
cover the Sobolev spaces defined by Folland in [12] which then coincide with
the Sobolev spaces obtained in [15] on any Lie group of polynomial growth.
However, for a general graded (non-stratified) Lie group, our Sobolev spaces
may differ from the ones in [15] built out of sub-Laplacians on Lie group of
polynomial growth, see Section 4.8 in this paper. They are also slightly dif-
ferent from the Goodman—Sobolev spaces defined by Goodman on graded
Lie groups for integer exponents only in [18, Section IIL.5.4], see again
Section 4.8. Note that the Goodman—Sobolev spaces are not interpolation
spaces while our spaces are.

Sobolev spaces associated with positive Rockland operators on graded
Lie groups are also considered in [3] with the aim of obtaining Gagliardo—
Nirenberg, refined Sobolev and Hardy inequalities in this context; the
proofs are sketched by indicating modifications of the case studied in [4] of
the canonical sub-Laplacian on the Heisenberg group. In our view, the def-
inition and properties of Sobolev spaces used in [3] need the justifications
which constitute one purpose for this article. We think that these justifica-
tions go beyond the addition of some (natural but non-trivial) properties
of the fractional powers of positive Rockland operators and that, together
with the other results of this paper, they shed light on this part of analy-
sis. Beside obtaining the Sobolev embeddings and the Gagliardo—Nirenberg
inequalities with a proof different from [3], we show for instance that the
Sobolev spaces are independent of the positive Rockland operators consid-
ered to build the Sobolev spaces.

Our main tool is the heat semigroup associated with a positive Rockland
operator. In order to make the paper as clear and self-contained as possi-
ble, we choose to rely only on the fundamental result due to Folland and
Stein that their associated heat kernels are Schwartz functions together
with its proof in [14, Chapter 4.B], and not on other properties of positive
Rockland operators. Naturally we also use other general results in anal-
ysis on homogeneous Lie groups and in functional analysis, see e.g. [11].
We make no use of, for instance, the more precise Gaussian estimates for
these heat kernels obtained later in [8, 9] and [2]; note that the proofs for
sub-Laplacians [1, 12, 15, 25] also do not make use of those more precise
estimates. We prefer to recover using classical methods the fact that the
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1674 Veronique FISCHER & Michael RUZHANSKY

heat semigroup of a positive Rockland operator R is continuous on LP-
spaces, although this fact is a particular consequence of the more general
(but more involved) result proved in [2]. This approach makes the paper as
complete and accessible as possible, and has also the advantage of showing
almost simultaneously other properties of the heat semigroup.

Our study of the heat semigroup enables us to apply the general theory of
fractional powers of a generator of a semigroup and shows that the powers
of R and of I + R make sense as unbounded operators on LP-spaces. This
allows us to define the spaces L?(G) and L?(G) on a graded Lie group G as
the closure of the domains Dom(I + R,)> and Dom(RE ) for the Sobolev
norms

/]

vz = 1l = 1T+ Ry)* £
and

1712 =1/ 22ce) = |[RE 7], o, -

respectively. Here v is the homogeneous degree of R. The most important
properties proved in this paper are summarised in the following theorem.
In view of these properties, we call the L2(G) spaces the (inhomogeneous)
Sobolev spaces on G and LP(G) the homogeneous Sobolev spaces on G.
The notions used in Theorem 1.1 below, e.g. homogeneity, the notation for
X2, [a], etc... are explained in Section 2.

THEOREM 1.1. — Let G be a graded Lie group.

(1) For any p € (1,00) and a € R, the spaces L2(G) and L?(G) are
Banach spaces independent of the positive Rockland operators used
to define them. Different choices of positive Rockland operators
yield equivalent (inhomogeneous or homogeneous) Sobolev norms.

The Schwartz space S(G) is dense in LE(G) for any p € (1,00)
and a € R, and in L2(G) for any p € (1,00) and a > 0.
(2) We have the continuous inclusions for any a,b € R, a > b, and

p,q € (1,00)
S(G) Cc Lr(G) c LY (G) C S'(G)
(1.1) Li(G) C C(G), a>Q/p,
. . b—a 1 1
1.2 LY c LY and LY C LY, =—-—-.
( ) b b Q P q

In particular, for Q(% -1 <s< %, the members of L? and LP are
locally integrable.

(3) Let a,b,c € R with ¢ € (a,b). We define § € (0,1) via ¢ = 6b +
(1 —0)a. For any p € (1, 00), there exists a constant C' = Cy pcp > 0
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SOBOLEV SPACES ON GRADED LIE GROUPS 1675

such that for any f € LE(G)NLE(G) or f € LE(G)NLY(G) we have,
respectively,

1-6 0 1-6 0
e < CUFle" Wl o [fllze < ClAz 11z -

(4) Ifq,r € (1,00) and 0 < o < s then there exists C > 0 such that we
have

VLG NLUG) Il < CUAZ AL

where 6 := 1 — < and p € (1,00) is given via % = g + 1;9.
(5) If p € (1,00) and a > 0, then LP(G) = LP(G) N LP(G) and, af-

ter a choice of positive Rockland operators to realise the Sobolev

norms, the Sobolev norm | - || 1» ) is equivalent to the norm given
by || - HLp(G) +1- ||L§(G)'

(6) If s = v with ¢ € Ny, v being the homogeneous degree of a positive
Rockland operator, and if p € (1,00), then the space L? ,(G) is the
collection of functions f € LP(G) such that X*f € LP(G) for any
a € Ny with [o] = vl, and the map || - ||, + 3= X -, s a
norm on L ,(G) which is equivalent to the Sobolev norm.

With the same hypotheses, the space Lﬁe(G) coincides with the
completion of S(G) for the map > 1,1, [ X,
norm equivalent to the homogeneous Sobolev norm.

which yields a

(7) If T is any homogeneous left-invariant differential operator on G of
homogeneous degree d, then T maps continuously L?(G) to L?_,(G)
and L2(G) to LP_,(G), for any s € R and p € (1,00).

(8) If R be a positive Rockland operator of homogeneous degree v,
then, for any a,s € R and p € (1,00), the operator (I + R)¥ maps
continuously LP(G) to L¥_,(G) and the operator R¥ maps contin-
uously LP(G) to LP_,(G).

(9) For any s € R and p € (1,00), the Banach spaces Lljs,(G) and
Uils(G) are the duals of L?(G) and L?(G) respectively.

(10) The inhomogeneous and homogeneous Sobolev spaces satisty the
properties of interpolation in the sense of Theorem 4.8 and Propo-
sition 4.13 respectively.

In Part (9) as in the rest of the paper, if p € (1,00) then p’ € (1,00) is
its conjugate exponent given via
11
p P
The inclusion in (1.1) may be viewed as a Sobolev embedding, C(G)
denoting the Banach space of continuous bounded functions on G. The
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inclusions in (1.2) yield the Hardy—Littlewood—Sobolev inequality in this
context. The inequality in Part (4) may be called the Gagliardo—Nirenberg
inequality.

Our analysis also yields other results. For instance, the case p = 2 yields
Hilbert spaces, see Section 4.7. Also the limiting case p = 1 may be included
in the homogeneous inclusion in (1.2) with b = 0 and in Part (4) above if
one replaces L' (G) with the weak-L! space L1>°(G). However, for the sake
of clarity, we present mainly the case LP, p € (1,00) in order to present
unified results.

This paper is organised as follows. After some preliminaries about graded
Lie groups and their homogeneous structure in Section 2, we first define the
fractional powers of a positive Rockland operator in Section 3, as well as its
Riesz and Bessel potentials. This enables us to define our (inhomogeneous
and homogeneous) Sobolev spaces in Section 4, where we also show that
they satisfy the properties expected from Sobolev spaces.

2. Preliminaries

In this section, after defining graded Lie groups, we recall their homo-
geneous structure as well as the definition and some properties of their
Rockland operators.

2.1. Graded and homogeneous Lie groups

Here we recall briefly the definition of graded nilpotent Lie groups and
their natural homogeneous structure. A complete description of the notions
of graded and homogeneous nilpotent Lie groups may be found in [11] or [14,
Chapter 1], see also [12].

We will be concerned with graded Lie groups G which means that G is a
connected and simply connected Lie group whose Lie algebra g admits an
N-gradation g = ®72, g, where the g¢, £ =1,2,..., are vector subspaces of
g, almost all equal to {0}, and satisfying [ge, go] C geye for any £,¢' € N.
This implies that the group G is nilpotent. Examples of such groups are
the Heisenberg group and, more generally, all stratified groups (which by
definition correspond to the case g; generating the full Lie algebra g).

We construct a basis X1, ..., X, of g adapted to the gradation, by choos-
ing a basis {X1,...Xp, } of g1 (this basis is possibly reduced to @), then
{ X415+, Xn,+no } & basis of ga (possibly {0} as well as the others) and
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SOBOLEV SPACES ON GRADED LIE GROUPS 1677

so on. Via the exponential mapping exps : g — G, we identify the points
(1,...,2n) € R™ with the points * = expa(x1 X1 + -+ + 2, X,,) in G.
Consequently we allow ourselves to denote by C(G), D(G) and S(G) etc,
the spaces of continuous functions, of smooth and compactly supported
functions or of Schwartz functions on G identified with R™, and similarly
for distributions with the duality notation (-, -).

This basis also leads to a corresponding Lebesgue measure on g and
the Haar measure dz on the group G, hence LP(G) = LP(R™). The group
convolution of two functions f and g, for instance integrable, is defined via

(f*g)(z /f gy~ 'z) dy.

The convolution is not commutative: in general, f x g # g x f. However,
apart from the lack of commutativity, group convolution and the usual
convolution on R™ share many properties. For example, we have

(2.1) (f*g.h) = (f,h*g), with g(z)=g(z™").
And the Young convolutions inequalities hold: if f; € LP(G) and fy €
L9(G) with 1 < p,q,r < o0 and 1 + - == + 1, then fi x f» € L"(G) and
(2.2) ||f1*f2||r < Hflllp 1f2l, -

The coordinate function z = (x1,...,2,) € G — x; € R is denoted
by x;. More generally we define for every multi-index o« € Njj, z¢ :=
x7txg? ... x2, as a function on G. Similarly we set X = X" X5?--- Xn

in the universal enveloping Lie algebra U(g) of g.

For any r > 0, we define the linear mapping D, : g — g by D, X = r‘X
for every X € gy, £ € N. Then the Lie algebra g is endowed with the
family of dilations {D,,r > 0} and becomes a homogeneous Lie algebra
in the sense of [14]. We re-write the set of integers ¢ € N such that g, #
{0} into the increasing sequence of positive integers vy,...,v, counted
with multiplicity, the multiplicity of g, being its dimension. In this way,
the integers vy, ...,v, become the weights of the dilations and we have
D, X; = r%X;, j =1,...,n, on the chosen basis of g. The associated
group dilations are defined by

Dy(z) =r- -z := 1"z, r%zs,...,7""xy), x=(21,...,2,) €EG, 7>0.

In a canonical way this leads to the notions of homogeneity for functions and
operators. For instance the degree of homogeneity of % and X<, viewed
respectively as a function and a differential operator on G, is

= E V0.
J
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1678 Veronique FISCHER & Michael RUZHANSKY

Indeed, let us recall that a vector of g defines a left-invariant vector field
on G and, more generally, that the universal enveloping Lie algebra of g is
isomorphic with the left-invariant differential operators; we keep the same
notation for the vectors and the corresponding operators.

Recall that a homogeneous quasi-norm on G is a continuous function
|-]: G — [0,+00) homogeneous of degree 1 on G which vanishes only at
0. This often replaces the Euclidean norm in the analysis on homogeneous
Lie groups:

PROPOSITION 2.1.

(1) Any homogeneous quasi-norm |-| on G satisfies a triangle inequality
up to a constant:

3C21 Va,ye G |xyl <C(lz| + [yl).

It partially satisfies the reverse triangle inequality:

(23) Vbe(0,1) 3C=Cr>21 Va,yel
lyl < blz| = [lay| - |z[| < Clyl.

(2) Any two homogeneous quasi-norms | - |1 and | - |2 are equivalent in

the sense that

3C>0 VazelG C Yzl < |z < Clzls.
(3) A concrete example of a homogeneous quasi-norm is given via
2]y, = (z":xjuo/vj)l/zyo7
j=1
with v, a common multiple to the weights vy, ..., vU,.

Various aspects of analysis on G can be developed in a comparable way
with the Euclidean setting sometimes replacing the topological dimension
n =73 ,o,dimg, of the group G by its homogeneous dimension

oo
Q:= Zfdimgg =v+vy+ ...+,
=1
For example, there is an analogue of polar coordinates on homogeneous
groups with @ replacing n:
PROPOSITION 2.2. — Let | - | be a fixed homogeneous quasi-norm on

G. Then there is a (unique) positive Borel measure o on the unit sphere
& :={z € G : |z| =1}, such that for all f € L'(G), we have

(2.4) /G F) dz = /0 h /6 Fry)r@ do(y) dr.

ANNALES DE L’INSTITUT FOURIER
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Another example is the following property regarding kernels or operators
of type v (see [12] and [14, Chapter 6A]):

DEFINITION 2.3. — A distribution k € D'(G) which is smooth away
from the origin and homogeneous of degree v — @ is called a kernel of type
v € C on G. The corresponding convolution operator f € D(G) — f x K is
called an operator of type v.

The next statement summarise the properties of the operators of type v
used in the paper:
PRrROPOSITION 2.4. — Let G be a graded group.

(1) An operator of type v with v € [0,Q) is (—v)-homogeneous and
extends to a bounded operator from LP(G) to L1(G) whenever p, q €

(1, 00) satisfy % — % = %.
(2) Let k be a smooth function away from the origin homogeneous
of degree v with v = —@Q. Then k is a kernel of type v, that

is, k coincides on G\{0} with the restriction of a distribution in
D'(G) by definition, if and only if its mean value is zero, that is,
when fG k do = 0 where o is the measure on the unit sphere of a
homogeneous quasi-norm given by the polar change of coordinates,
see Proposition 2.2. (This condition is independent of the choice of
a homogeneous quasi-norm.)

(3) Let  be a kernel of type s € [0,Q). Let T be a homogeneous left
differential operator of degree vy. If s — vr € [0,Q), then Tk is a
kernel of type s — vp.

(4) Suppose k1 is a kernel of type v; € C with Rv; > 0 and ks is a
kernel of type vy € C with Rvy > 0. We assume R(v1 + 12) < Q.
Then k1 * ko is well defined as a kernel of type v1 + vo. Moreover
if f € LP(G) where 1 < p < Q/(R(v1 + v2)) then (f * k1) * ke and
f* (k1% rK2) belong to L1(G), % = % — w, and they are equal.

We will also need the following theorem which is a classical consequence
of the theorem of singular integrals in the context of spaces of homogeneous
type [6, Chapter III]:

THEOREM 2.5. — Let T be an operator bounded on L?(G) and invariant
under left translation. Let x € S8'(G) be its right convolution kernel, that
is, T¢ = ¢ x k for any ¢ € S(G).

We assume that k coincides with a continuously differentiable function
on G\{0} and that for one (then any) choice of quasi-norm |- | on G, the

TOME 67 (2017), FASCICULE 4



1680 Veronique FISCHER & Michael RUZHANSKY

following quantities

[ k@lde sp @2k =1,
lz|>1 0<]z|<1

and

sup |a|?|r(x)],
0<|z|<1

are finite. Then T is bounded on LP(G) for any p > 2.

The approximations of the identity may be constructed on G as on their
Euclidean counterpart, replacing the topological dimension and the abelian
convolution with the homogeneous dimension and the group convolution:

LEMMA 2.6. — Let ¢ € L'(G). Then the functions ¢, t > 0, defined
via ¢y(z) = t~Q¢(t~'z), are integrable and [ ¢, = [ ¢ is independent of t.
Furthermore, for any f in LP(G), C,(G), S(G) or 8'(G), the sequence of
functions f x ¢, and ¢y = f, t > 0, converges towards ([ ¢) f ast — 0 in
LP(@), Cyo(G), S(G) and S'(G) respectively.

In Lemma 2.6 and in the whole paper, C,(G) denotes the space of con-
tinuous functions on G which vanish at infinity. This means that f € C,(G)
when for every e > 0 there exists a compact set K outside which we have
|f| < e. Endowed with the supremum norm |- [, = |- [|p (g, it is a
Banach space.

Recall that D(G), the space of smooth and compactly supported func-
tions, is dense in LP(G) for p € [1,00) and in C,(G) (in which case we set
p = 00).

In Theorem 2.8, we will see that the heat semi-group associated to a
positive Rockland operator gives an approximation of the identity which is
commutative.

2.2. Rockland operators

Here we recall the definition of Rockland operators and their main prop-
erties.

The definition of a Rockland operator uses the representations of the
group. Here we consider only continuous unitary representations of G. We
will often denote by 7 such a representation, by H, its Hilbert space and by
H° the subspace of smooth vectors. The corresponding infinitesimal repre-
sentation on the Lie algebra g and its extension to the universal enveloping
Lie algebra il(g) are also denoted by mw. We recall that g and $i(g) are

ANNALES DE L’INSTITUT FOURIER



SOBOLEV SPACES ON GRADED LIE GROUPS 1681

identified with the spaces of left-invariant vector fields and of left-invariant
differential operators on G respectively.

DEFINITION 2.7. — A Rockland operator on G is a left-invariant differ-
ential operator R which is homogeneous of positive degree and satisfies the
Rockland condition:

(R) for each unitary irreducible representation m on G, except for the
trivial representation, the operator m(R) is injective on H3°, that is,

VoveHT T(R)v=0 = v=0.

Although the definition of a Rockland operator would make sense on
a homogeneous Lie group (in the sense of [14]), it turns out (see [22],
see also [10, Lemma 2.2]) that the existence of a (differential) Rockland
operator on a homogeneous group implies that the homogeneous group
may be assumed to be graded.

Some authors may have different conventions than ours regarding Rock-
land operators: for instance some choose to consider right-invariant opera-
tors and some definitions of a Rockland operator involves only the principal
part. The analysis however would be exactly the same.

In 1979, Helffer and Nourrigat proved in [19] that the property in (R)
is equivalent to the hypoellipticity of the operator. Rockland operators
may be viewed as an analogue of elliptic operators (with a high degree of
homogeneity) in a non-abelian subelliptic context. In the stratified case,
one can check easily that any (left-invariant negative) sub-Laplacian, that
is

(2.5) L=Z}+...+2Z

with Z1,...,Z, forming any basis of the first stratum g;, is a Rockland
operator. More generally it is not difficult to see that the operator

n Vo

(2.6) S-DTeX, 7 with ¢ >0,
j=1

is a Rockland operator of homogeneous degree 2v, if v, is any common
multiple of vy, . .., v,. Hence Rockland operators do exist on any graded Lie
group (not necessarily stratified). Furthermore, if R is a Rockland operator,
then one can show easily that its powers RF, k € N, and its complex
conjugate R are also Rockland operators.

If a Rockland operator R which is formally self-adjoint, that is, R* =R
as elements of the universal enveloping algebra ${(g), is fixed, then it admits

TOME 67 (2017), FASCICULE 4



1682 Veronique FISCHER & Michael RUZHANSKY

a self-adjoint extension on L?(G) [14, p. 131]. In this case we will denote
by Ro the self-adjoint extension and by E its spectral measure:

(2.7) Ry = /R AdE(N).

2.3. Positive Rockland operators and their heat kernels

In this section we summarise properties of positive Rockland operators
that are important for our analysis.

A Rockland operator R is positive when R is formally self-adjoint, that
is, R* = R in Y(g), and satisfies

Y f € D(G) /C:Rf(:r)m dz > 0.

Note that if G is stratified and £ is a (left-invariant negative) sub-Laplacian,
then —L is a positive Rockland operator. The example in (2.6) is a positive
Rockland operator. Hence positive Rockland operators always exist on any
graded Lie group. Moreover if R is a positive Rockland operator, then its
powers RF, k € N, and its complex conjugate R are also positive Rockland
operators.

Let us fix a positive Rockland operator R on G. By functional calculus
(see (2.7)), we can define the spectral multipliers

e IR2 ::/ eTNAE(N), t>0,
0

which form the heat semigroup of R. The operators e~**2 are invariant
under left-translations and are bounded on L?(G). Therefore the Schwartz
kernel theorem implies that each operator e~®*2 admits a unique distribu-
tion hy € §'(G) as its convolution kernel:

e Ref = fuxhy, t>0, feSQ).

The distributions hy, t > 0, are called the heat kernels of R. We summarise
their main properties in the following theorem:

THEOREM 2.8. — Let R be a positive Rockland operator on G which is
homogeneous of degree v € N. Then each distribution h; is Schwartz and
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we have:
(28) VS,t> 0 ht*hs = ht+S7
(2.9) VezeG, t,r>0 hypwi(rz) = r=9hy(x),
(2.10) VeeG hi(x) = hy(z=1),
(2.11) / hi(xz)dz = 1.

G

The function h : G x R — C defined by

hi(z) ift>0andzx € G,
h(z,t) :=
0 ift<0and x € G,
is smooth on (G x R)\{(0,0)} and satisfies (R + 0;)h = do,0 where g

is the delta-distribution at (0,0) € G x R. Having fixed a homogeneous
quasi-norm | - | on G, we have for any N € Ny, o € N} and ¢ € Ny:

(2.12) 3C=Cany>0 Vte(0,1] sup [0fXh(x)| < Cont™.

|z|=1
Consequently
(2.13) Ve eG, t>0  hx) =t vhi(t ),
and for v € G\{0} fixed,

Ot~ Qt[a]) ast — oo,

O(tV) for all N € Ny as t — 0.

(2.14) XOh(z,t) = {

Inequalities (2.14) are also valid for any x in a fixed compact subset of
G\{0}.
Theorem 2.8 was proved by Folland and Stein in [14, Chapter 4.B].

Remark 2.9. — If the group is stratified and R = —L where L is a
(negative) sub-Laplacian, then R is of order two and the proof relies on
Hunt’s theorem [20]. The heat kernel is not only real-valued but also non-
negative. Furthermore the heat semigroup is positivity preserving and is
a contraction not only on L? but on each LP-space. Cf. [12, Theorem 3.1]
and [14, Chapter 1.G].

More precise estimates of heat kernels of general positive Rockland op-
erators were obtained in [8, 9] and [2] but we will not use them in this

paper.

In the proof by Folland and Stein in [14, Chapter 4.B], the following
technical property, which we will use later on, is also shown:
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LEMMA 2.10. — Let R be a positive Rockland operator of a graded Lie
group G ~ R"™ with homogeneous degree v. If m is a positive integer such
that mv > %, then the functions in the domain of R™ are continuous on 2
and for any compact subset () of G, there exists a constant C' = Cq r.q,m
such that

v ¢ €Dom(R™)  sup|(y)l < C(9]l2 +[R™]l.).

This is a weak form of Sobolev embeddings. We will later on obtain
stronger results of this kind in Theorem 4.24.
We end this section with the following result of Liouville’s type:

THEOREM 2.11. — IfR is a positive Rockland operator and f € §'(G)
a distribution satisfying Rf = 0 then f is a polynomial.

Proof. — As R is a positive Rockland operator, R = R is also Rockland
and they are both hypoelliptic, see [19]. The conclusion follows by applying
the Liouville theorem for homogeneous Lie groups proved by Geller in [17].

|

3. Fractional powers of positive Rockland operators

This section is devoted to the fractional powers of positive Rockland
operators. We will carry out the construction on the scale of LP-spaces for
1 < p < o0, with L*®(G) substituted by the space C,(G) of continuous
functions vanishing at infinity. Then we discuss the essential properties of
such an extension. Eventually we define its complex powers - in particular
purely imaginary - and the associated Riesz and Bessel potentials.

3.1. Positive Rockland operators on LP

Here we define and study the analogue R, of the operator R on L”(G)
or C,(G). This analogue will be defined as the infinitesimal generator of
the heat convolution semigroup. Hence we start by proving the following
properties:

PROPOSITION 3.1. — The operators f +— f x hy, t > 0, form a strongly
continuous semi-group on LP(G) for any p € [1,00) and on C,(G) if p = oo.
This semi-group is also equibounded:

Vi>0,Vfell(G)orCo(G)  |fxhll, <Ihally [[fI],-
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Furthermore for any p € [1,00] (finite or infinite) and any f € D(G),

(3.1) lim %(f*ht—f)—Rf

t—0

=0.
P

Proof of Proposition 3.1. — If f € D(G), then f € Dom(R) C Dom(Rz)
and for any s,t > 0, by functional calculus,

[rhppg = e HIRef = o= R2e™Raf = (fahy) x by

and, by the Young convolution inequalities for p € [1, 0] (see (2.2)),

I1f o Rell,, < [lhelly (111,

with ||h]|; = ||h1]l; < oo by Theorem 2.8. By density of D(G) in LP(G) for
p € [1,00) and C,(G) for p = oo, this implies that the operators f +— fxhy,
t > 0, form a strongly continuous equibounded semi-group on LP(G) for
any p € [1,00) and on C,(G).

Let us prove the convergence in (3.1) for p = oo for a function f € D(G).
First let us prove that for any compact subset 2 C G, we have

(32) sup 7 (F e = f) = Rf| —0 0

Since D(G) C Dom(R) and e *R2f = f x h;, we have for any integer
m € Np:

SR (e - )~ R = LRY (e f ) Ry

= (e Ry R ) - RE

= (R e bR F) ~ R,
and this tends to 0 in L?(G) as t — 0. Now (3.2) follows from this L>-
convergence and applying Lemma 2.10, to ¢ = % (fxhe—f)—Rf.

We fix a homogeneous quasi-norm | -| on G, for example the one in
Part (3) of Proposition 2.1. Denoting B := {z € G, |z| < R} the closed
ball about 0 of radius R, we choose R > 1 such that BR contains the
support of f. Let C, = C} be the constant in the reverse triangle inequality,
see (2.3), for b = 1. We choose Q = Bsc, g the closed ball about 0 and with
radius 2C,R. If = € Q, then since f is supported in Br C €,

1 1 1 _
(FUsm=n-rr) 0= jren = [ st na
hence

Lol g Wl o
R e e N e T R
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as h; satisfies (2.13). Simple manipulations, more precisely the reverse tri-
angle inequality in (2.3) and the polar change of variable in Proposition 2.2,
yield

/; |h1(z)\dz</ , m(2)]dz
lztv z—1|<R |z|>t" v R/2

<192 m| / | fdz <o,
|z|>t" v R/2

as h; € S(G). Consequently taking the supremum in the complementary
on €

sup
Qe

1 !
t(f*htf)Rf‘<CtHH00.

This shows the convergence in (3.1) for p = oo.
We now proceed in a similar way to prove the convergence in (3.1) for p
finite. As above we fix f € D(G) supported in Bg. We decompose

|30 en=n-rs

<[jurem-n-rs
p

L?(Bzc,R)

o IR

LP(B5c,r)

For the first term,

— 1
i < [Bac,rl?
Lr(Bzc,R)

3=~

1
S b= ) —RfHOO 0.

as we have already proved the convergence in (3.1) for p = oo. For the
second term, we adapt the argument given for p = oo, that is, first we
observe that

| 1
Ht(f #hi=f)=Rf = I ellpoag, )

Lp(Bzc»coR)

1l Y Y
< —== h d d ,
S t </|:v>2COR </y|<R| t(y x)| y) x)

and then, using simple manipulations and the properties of the heat kernels
(see Theorem 2.8), we have

p
/ ( / |ht(y_1a:)|dy> dr < Cr, / he(2)|P dz < Cly 12,
|z|>2C R ly|<R [2|>R/2

This yields the convergence in (3.1) for p finite. O
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DEFINITION 3.2. — Let R be a positive Rockland operator on G.

For p € [1,00), we denote by R, the operator such that —R, is the
infinitesimal generator of the semi-group of operators f — fxhy, t > 0, on
the Banach space LP(G).

We also denote by R, the operator such that — R« is the infinitesimal
generator of the semi-group of operators f +— f % hy, t > 0, on the Banach
space Co(G).

For the moment it seems that Ro denotes the self-adjoint extension of
R on L?(G) and minus the generator of f — f * hy, t > 0, on L*(G). In
the sequel, in fact in Theorem 3.3 below, we show that the two operators
coincide and there is no conflict of notation.

THEOREM 3.3. — Let R be a positive Rockland operator on G and
p € [1,00) U{oo,}.

(1) The operator R, is closed. The domain of R, contains D(G), and
for f € D(G) we have R,f = Rf.

(2) The positive Rockland operator R,, is the infinitesimal generator of
the strongly continuous semi-group {f — f * hy}4>0 on LP(G) for
p € [1,00) and on C,(G) for p = 00,.

(3) Ifp € (1,00) then the dual of R, is R,y. The dual of R, restricted
to L'(G) is Ry. The dual of Ry restricted to Co(G) C L>®(G) is
Reo..

(4) If p € [1,00), the operator R, is the maximal restriction of R
to LP(G), that is, the domain of R, consists of all the functions
f € LP(G) such that the distributional derivative Rf is in L*(Q)
and R, f = Rf. In particular, the operator Ro obtained from Def-
inition 3.2 coincides with the self-adjoint extension of R on L?(G).

The operator R, is the maximal restriction of R to C,(G), that
is, the domain of R, consists of all the function f € C,(G) such
that the distributional derivative Rf is in C,(G) and R,f = Rf.

(5) If p € [1,00), the operator R, is the smallest closed extension of
Rlpa) on LP(G). For p = 2, Ry is the self-adjoint extension of R
on L?(G).

Proof. — Part (1) is a consequence of Proposition 3.1. Intertwining with
the complex conjugate, this implies that {f — f * k¢ }4~0 is also a strongly
continuous semi-group on LP(G) whose infinitesimal operator coincides
with R = R! on D(G). This shows Part (2).

For Part (3), we observe that using (2.1) and (2.10), we have

(3.3) Vfi,f2€D(G)  (fixhe, f2) = (f1, fo * ha).
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Thus we have for any f,g € D(G) and p € [1,00) U {00, }

(30— 1)) = fehi—f.g) = 1+ (f g —g) = 3(f.e™ R g—g).

Here the brackets refer to the duality in the sense of distribution. Taking
the limit as ¢ — 0 of the first and last expressions proves Part (3).

We now prove Part (4) for any p € [1,00)U{oo,}. Let f € Dom(R,) and
¢ € D(G). Since R is formally self-adjoint, we know that R = R, and by
Part (1), we have Rq¢ = R¢ for any ¢ € [1,00) U {00, }. Thus by Part (3)

we have
<Rpf7 ¢> = <f77ép/¢> = <f7Rt¢> = <Rf7 ¢>a
and R, f = Rf in the sense of distributions. Thus
Dom(R,) C {f € LP(G) : Rf € LP(G)}.

We now prove the reverse inclusion. Let f € LP(G) such that Rf €
LP(@). Let also ¢ € D(G). The following computations are justified by the
properties of R and h; (see Theorem 2.8), Fubini’s Theorem, and (3.3):

<f*ht—f,<b>=<f,¢*ﬁt—¢>=<f7/0 04(6 % ) ds)
=<f,/0 —R(¢*hs)d8>=—<f,R/0 (6% ) ds)
== (RS, [ oxhids) == [ (RE0xT)as

:_/O<(Rf)*hs,¢>ds=—</0 (Rf) * hsds, ®).

Therefore,

1 1/t
;(f*ht—f):—g/o(’Rf)*hsds.

This converges towards —R f in LP(G) as t — 0 by the general properties of
averages of strongly continuous semigroups on a Banach space. This shows
f € Dom(R,) and concludes the proof of (iv).

Part (5) follows from (4). This also shows that the self-adjoint extension
of R coincides with Rs as defined in Definition 3.2 and concludes the proof
of Theorem 3.3. ]

Theorem 3.3 has the following consequences which will enable us to define
the fractional powers of R,.
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COROLLARY 3.4. — We keep the same setting and notation as in The-
orem 3.3.

(1) The operator R, is injective on LP(G) for p € [1,00) and R, IS
injective on C,(G), namely,

for p € [1,00) U {o0,} : V f € Dom(R,) Rpf =0= f=0.

(2) If p € (1,00) then the operator R, has dense range in LP(G). The
operator Reo, has dense range in C,(G). The closure of the range
of Ry is the closed subspace {¢p € L*(G) : [, ¢ =0} of L*(G).

(3) For p € [1,00) U {00}, and any p > 0, the operator ul + R, is
invertible on LP(G), p € [1,0), and on C,(Q) for p = o0,, and the
operator norm of (ul +R,) ™! is

(3.4) ||(.UI+R 1||5(Lp @) ”hl”,u )
or
[ (11 + Roo,) 1”3(0 @) S < haf gt

Remark 3.5. — Note that the properties (1) and (2) above were proved
in the stratified case using the existence of a unique homogeneous funda-
mental solution of the sub-Laplacian, cf. [12, Propositions 2.19 and 3.9].
In our proof below, we replace the use of this fundamental solution (which
does not necessarily exist for Rockland operators) with the Liouville type
property given in Theorem 2.11.

In the stratified case, property (3) follows from the Hille-Yosida theorem
and the heat semigroup being a contraction on each LP space, see the proof
of [12, Theorem 3.15].

Proof of Corollary 3.4. — Let f € Dom(R,) be such that R,f = 0 for
p € [1,00) U {00, }. By Theorem 3.3(4), f € §'(G) and Rf = 0. Conse-
quently by Liouville’s theorem, see Theorem 2.11, f is a polynomial. Since
fis also in LP(G) for p € [1,00) or in C\(G) for p = o0,, f must be
identically zero. This proves (1).

For (2), let U be a bounded linear functional on LP(G) if p € [1,00)
or on C,(G) if p = 00, such that ¥ vanishes identically on Range(R,).
Then ¥ can be realised as the integration against a function f € L? (G) if
p € [1,00) or a measure also denoted by f € M(G) if p = 00,. Using the
distributional notation, we have

U(g)=(f,0) VoeL(G) or V¢el(G)
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Then for any ¢ € D(G), we know that ¢ € Dom(R,) and R,¢ = R¢ by
Theorem 3.3(1) thus

0="P(R,y(¢)) = (f, R(¢)) = (Rf, 9),

since R* = R. Hence Rf = 0. By Liouville’s theorem, see Theorem 2.11,
this time applied to the positive Rockland operator R, we see that f is a
polynomial. This implies that f = 0, since f is also a function in L?' (@) in
the case p € (1,00), whereas for p = c0,, f is in M(G) thus an integrable
polynomial on G. For p = 1, f being a measurable bounded function and
a polynomial, f must be constant, i.e. f = ¢ for some ¢ € C. This shows
that if p € (1,00) U {00, } then ¥ = 0 and Range(R,) is dense in LP(G) or
Co(@), whereas if p = 1 then ¥ : L'(G) 3 ¢ +— ¢ [, ¢. This shows (2) for
p € (1,00) U{o0,}.
Let us study more precisely the case p = 1. It is easy to see that

/ Xo(z)dz = —/ 6(x) (X1)(z)dz = 0
G G

holds for any ¢ € L'(G) such that X¢ € L'(G). Consequently, for any
¢ € Dom(Ry), we know that ¢ and R¢ are in L'(G) thus [, R1¢ = 0. So
the range of R is included in

S:={pecL'(Q) : /GQS:O}DRange(Rl).

Moreover, if ¥; a bounded linear functional on S such that ¥y is identi-
cally 0 on Range(R1), by the Hahn-Banach Theorem, it can be extended
into a bounded linear function ¥ on L'(G). As ¥ vanishes identically on
Range(R1) C S, we have already proven that ¥ must be of the form
U : LYG) 3 ¢ — c [, ¢ for some constant ¢ € C and its restriction to
S is ¥y = 0. This concludes the proof of Part (2).

Let us prove Part (3). Integrating the formula

(n+N71 :/ et gy
0

against the spectral measure dE()\) of Ro, we have formally

o
(3.5) (I +Ry) ™! :/ e HHIHR) gy,
0

and the convolution kernel of the operator on the right-hand side is (still
formally) given by

k() = /0 " ety () dt.
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From the properties of the heat kernel h; (see Theorem 2.8), we see that
Kk, is continuous on G and that

L A A L

Therefore x,, € L*(G), the operator [;° e *(#+R2) d¢ is bounded on L*(G).
Furthermore Formula (3.5) holds (it suffices to consider integration over
[0, N] with N — o0).

For any ¢ € D(G) and p € [1,00) U {00, }, Theorem 3.3 (4) implies

(L +Rp)¢ = (ul + R)d = (ul + R2)¢ € D(G),
thus
# (I +Rp)@) = kp * (1 + R2)9) = ¢
This yields that the operator (ul+R,)~! : ¢ — ¢ * r,, bounded on LF(G)

if p € [1,00) and on C,(G) if p = 00,. Furthermore its operator norm is
< lsully < Ml p=t 0

2. Fractional powers of operators R,

In this section we study the fractional powers of the operators R, and
I+R,. As explained in the proof of the following theorem, these fractional
powers are defined as the powers of a Komatsu-non-negative operator. In
the special case of p = 2, it coincides with the powers defined by functional
calculus.

THEOREM 3.6. — Let R be a positive Rockland operator on a graded
Lie group G. We consider the operators R, defined in Definition 3.2. Let
p € [1,00) U{o0,}.

(1) Let A denote either R or I+ R.

(a) For every a € C, the operator Aj is closed and injective with
(A2)~t = AJ®. We have A = 1, and for any N € N, AY
coincides with the usual powers of differential operators on
S(G). Furthermore, the operator Af is invariant under left
translations.

(b) For any a,b € C, in the sense of operator graph, we have
AsAb C A2t If Range(A,) is dense then the closure of A%Ab
is A2*®. Moreover for any N € N, Dom(A") N Range(AY) is
dense in Range(A,).
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(¢) Let a, € Cy.

e If ¢ € Range(Aj) then ¢ € Dom(A}) for all a € C
with 0 < —Ra < Ra, and the function a — Aj¢ is
holomorphic in {a € C: —Ra, < Ra < 0}.

o If ¢ € Dom(Aj°) then ¢ € Dom(Aj) for all a € C with
0 < Ra < Ra, and the function a — Aj ¢ is holomorphic
in{a€eC:0<RNa< Rao}.

(d) If p € (1,00) then the dual of A, is Ay,. The dual of As,
restricted to L'(G) is A;. The dual of A restricted to C,(G) C
L®(G) is A,

(e) Ifa,be Cy with Rb > Ra, then

Ra

3C=Cap>0 Y¢eDom(A) |l A% <Ol # || AL ™ .

(f) For any a € C,, Dom(A5) contains S(G).
(g) If f € Dom(Aj5) N LY(G) for some q € [1,00) U {00,}, then
f € Dom(AY) if and only if A} f € L9(G), in which case Ay f =

ASf.

q

(2) For each a € C4, the operators (I + R,)* and Rj, are unbounded
and their domains satisfy Dom[(I+7R,)?] = Dom(Rj;) =

Dom [(R, + €)?] for all € > 0,
(3) If0 < Ra < 1 and ¢ € Range(R,) then

1 o0
R-h = ta_l —tRp dt
5= 7 /0 e Rrgdt,

in the sense that limpy_, o fON converges in the norm of LP(G) or
Co(@Q).

(4) If a € C, then the operator (I + R,)~* is bounded and for any
¢ € X with X = LP(G) or C,(G), we have

1 oo
) / tafleft(IJer)qs dt,
0

(I + Rp)iaéb = m

in the sense of absolute convergence: [~ t*~! |l R)g|| , dt <
00.

(5) For any a,b € C, the two (possibly unbounded) operators R and
(I+R,)" commute.

(6) For any a € C, the operator R; is homogeneous of degree va.

Here we say that two (possibly unbounded) operators A and B commute
when

x € Dom(AB) NDom(BA) = ABxz = BAx.
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Let us recall that the domain of the product AB of two (possibly un-
bounded) operators A and B on the same Banach space X is formed by
the elements x € X such that € Dom(B) and Bx € Dom(A).

In Theorem 3.6, I' denotes the usual Gamma function, that is, the
meromorphic extension of the function defined via z — [ t*"te~*dt on

{Rz > 0}.

Proof of Theorem 3.6. — In the case p = 2, the statement follows by
functional calculus and Part (4) of Theorem 3.3. We may therefore assume
p # 2. By Theorem 3.3(1), the operator R, is closed and densely defined.
By Corollary 3.4, it is injective and Komatsu-non-negative in the sense
that (—o0,0) is included in its resolvant set and it satisfies Property (3.4).
Necessarily I+ R, also satisfies these properties. Furthermore —(I + R,)
generates an exponentially stable semigroup:

Heft(H*'Rp)

—t 7tRp —t
2(Lr(G)) <e e Hg(m(c)) <e " hally,

and similarly for C,(G).

Most of the statements then follow from the general properties of frac-
tional powers constructed via the Balakrishnan formulae, see [21]. More
precisely, from the Balakrishnan formula, [21, Section 3.1], for any N € N,
Al coincides with the usual powers of differential operators on §(G). Then
Part (1a) follows from the general properties of the construction, see [21,
Section 7]. Parts (5) and (6) are true for the operator given via the Bal-
akrishnan formula, therefore they hold for our fractional powers. Part (1d)
is obtained in the same way together with the properties of duality.

For Part (1b), see [21, Proposition 1.1.3(iii) and Section 7]. For Part (1c),
see Corollary 5.1.13 together with Proposition 7.1.5 and its proof both
in [21]. For Part (le), see [21, Corollary 5.1.13]. Part (1f) follows from
Parts (1a) and (1c). Part (1g) is certainly true for any f € S(G) and Ra > 0
via the Balakrishnan formulae. By analyticity (see Part (1c)) it is true for
any a € C. The density of D(G) in LP(G) (or Co(G) if p = o0,) together
with the maximality of .Aj and the uniqueness of distributional convergence
imply the result. For Part (2), see [21, Theorem 5.1.7]. For Parts (3) and (4),
see [21, Lemma 6.1.5]. This concludes the proof of Theorem 3.6. g

3.3. Imaginary powers of R, and I + R,

In this section, we prove that imaginary powers of a positive Rockland
operator R as well as I + R are bounded operators on LP(G), p € (1,00)
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by applying the consequence of the theorem of singular integrals stated
in Theorem 2.5. The operator bounds will follow as a general semi-group

property.
Let us show that if R is a positive Rocklamd operator, then the imaginary
powers of I + R, are bounded on LP(G):

PRrROPOSITION 3.7. — Let R be a positive Rocklamd operator. For any
7 € R and p € (1,00), the operator (1 + R,,)"" is bounded on LP(G). For
any p € (1,00), there exists C = Cp g > 0 and 6 € [0, 7] such that

VrelR HI—l—R ” < ol

HE(LP(G)

For any p € (1,00) and a € C, Dom((I+ R,)*) = Dom((I + R,)%4).

In the proof of Proposition 3.7, we will need the following estimates for
integral of the heat kernel h; of a positive Rockland operator R:

LEMMA 3.8.

(1) For any homogeneous quasi-norm | - |, any multi-index o € NjJ, and
any real number a with 0 < a < Q%M, there exists a constant
C > 0 such that

/ t“_1|Xaht(x)|dt < C|1"_Q_[O‘]+UG.
0

For any homogeneous quasi-norm | - |, any multi-index o € Nf,
there exists a constant C' > 0 such that

/ X he(x)]e™" dt < Ol =971,
0

2) For any homogeneous quasi-norm |- |, any multi-index o« € NI, and
y g q ) y 0>
any t > 0, we have

ET
/| el <

(3) For any homogeneous quasi-norm | - |, any multi-index o € NjJ, any
N € N and any t € (0,1), there exists a constant C' > 0 such that

/ | X (2)| dx < CtV,
lz|>=1/2

Proof of Lemma 3.8. — Let us prove Part (1). We write
|
/ t* X hy ()| dt = / /
0 Eid
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For the second integral, we use the property of homogeneity of h; (see (2.9)

or (2.13))
[.< (M —a)l 1 o (o= 252,

x|V 1%

As hy € S(G), || X*h]|, is finite. For the first integral, we use again (2.9)

to obtain
|]”  Qtlal
[ < a2,
0

where C1 = supj, =1 o<ty <1 [ X @I, (y)| is finite by (2.12). Combining the
two estimates above shows the estimates for the first integral in Part (1).
We proceed in the same way for the second one:

[ |z|” S
/ |X°‘ht(m)|e*tdt:/ +/ .
0 0 |z|¥

We have (with C; as above)

/

We conclude in the same way as above and Part (1) is proved.

‘ v

_Q+lo] oo
< C1|x‘l’(a v )7 whereas / < ||Xah1HOO |x|—(Q+[a]).

z]”

Let us prove Part (2). The property of homogeneity of h; (see (2.13))
together with h; € S(G) imply

/ | X%h(2)| da = t= 5 | X%y ()| da’ < f¥/ X%,
lz|>1/2 G

¥ | >1/2
having used the change of variable #’ = ¢~ v . This shows Part (2).

Let us prove Part (3). The properties of the heat kernel, especially (2.9)
and (2.12), imply

/ | X% he(z)] da < CtN/ FRGRCEZE
|z|>1/2 |2|>1/2

where C' = sup|,/|=1 0<t/<1 "N X*hy (2')| < oo. This shows Part (3) and
concludes the proof of Lemma 3.8. ]

Proof of Proposition 3.7. — Let us fix 7 € R\{0}. By functional calculus,
(I+R2)" is bounded on L?(G). The formula

. by o
YA>0 AT = 7/ e A L.
Ll —ir) Jy

and the functional calculus of Ro implies that the right convolution kernel
of (I+7R2)* is the tempered distribution x which coincides with the smooth
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function away from 0 given via

! )/Ooot_”(I+R)ht(a:)e_tdt, 240,

S )

because of Part (1) of Lemma 3.8. The rest of Lemma 3.8 imply easily
that the hypotheses of Theorem 2.5 are satisfied. This together with The-
orem 3.6 (1f) and (1g) show that for each 7 € R, (I+R,)"" is bounded for
p > 2. By duality, it is bounded for any p € (1,00). The properties of the
semi-group [21, Corollary 7.1.2 and Proposition 8.1.1] imply the rest of the
statement in Proposition 3.7. O

Let us now prove the homogeneous case, that is, that the imaginary
powers of a positive Rockland operator are bounded on L?(G):

PROPOSITION 3.9. — For any 7 € R and p € (1,00), the operator R;T
is bounded on LP(G). For any p € (1,00), there exists C = C, g > 0 and
0 € [0, 7] such that

VTER IR 4pnay < O

For any p € (1,00) and a € C, Dom(Rj) = Dom(Rf“),

Proof of Proposition 3.9. — Let p € (1,00) and 7 € R. Let us denote
by Rp.ir the (possibly unbounded) operator given as the strong limit in
LP(G) of (e+Rp)¢ as € — 0, for ¢ € Dom((e + R,)*") for any € € (0, )
for some small ¢y > 0 and such that this strong limit exists. The domain
of R,,ir is naturally the subspace of all those functions ¢. Note that the
homogeneity of R implies

(e4+Rp) "o =T+ R,)"¢p=(1+R,) " {p(e ")} (V"),

for any € > 0 and any ¢ € LP(G) such that ¢(e*/¥-) € Dom((I+ R,)'").
By Proposition 3.7, Dom((I+ R,)") = LP(G) and the operator (I+7R,)""
is bounded. Therefore we have for all ¢ € LP(G) and € > 0,

¢ € Dom((e +R,)")
and H(E + Rp)iT¢HLp(G) < H(I + Rp)wuz(m(g)) ||¢H .

Consequently, R, ;- extends to a bounded operator on LP(G). This im-
plies [21, Theorem 7.4.6] that R;f is also a bounded operator on LP(G).
As in the inhomogeneous case, the properties of the semi-group [21, Corol-
lary 7.1.2 and Proposition 8.1.1] imply the rest of the statement in Propo-
sition 3.9. ]
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Remark 3.10. — In the stratified case, the LP-boundedness of imagi-
nary powers of the sub-Laplacian —£ and I+ (—L£) follows from general
properties of semigroups preserving positivity together with the Laplace
transform, see [12, Proposition 3.14 and Lemma 3.13]. More precisely, the
boundedness follows from Littlewood—Paley theory and the study of square
functions associated with the semi-group.

Note that in the case of a sub-Laplacian, the proof in [12] yields a bound
of the operator norm by |I'(1 —i7)| ™!, up to a constant of p.

In our case, we applied a consequence of the theorem of Singular In-
tegrals via Theorem 2.5 to obtain the LP-boundedness. We can follow
the constants in the proof of this theorem as well as in our application:
H(I—i—Rg)”Hg(LZ(G» < 1 and the constants Cy,C1,...C, in the state-
ment of Theorem 2.5 in our context are bounded by (1 + ¢) where ¢ :=
IT(1—47)|~*. Thus one can show that ||(I+R,)"" is bounded up

213-41.

Z(L? (@)
to a constant of p, by (1 + ¢)

However, we do not need these precise bounds as the bounds obtained
from the general theory of semigroups as stated in Proposition 3.7 will
be sufficient for our purpose in the proofs of interpolation properties in
Theorem 4.8 and Proposition 4.13.

3.4. Riesz and Bessel potentials

Mimicking the usual terminology in the Euclidean setting, we call the
operators R~%" for {a € C, 0 < Ra < Q} and (I+R)~%/" for a € C, the
Riesz potential and the Bessel potential, respectively. In the sequel we will
denote their kernels by Z, and B,, respectively, as defined in the following:

COROLLARY 3.11. — We keep the setting and notation of Theorem 3.3.
(1) Let a € C with 0 < Ra < Q. The integral

T,(2) = ﬁ /0 Ty (@) dt,

a/v
converges absolutely for every x # 0. This defines a distribution Z,
which is a kernel of type a, that is, smooth away from the origin
and (a — Q)-homogeneous.
For any p € (1,00), if ¢ € S(G) or, more generally, if $ € L1(G)N
11

LP(G) where q € [1,00) is given by ¢ — o = %, then

¢ €Dom(R,”) and R, "¢ =¢*T, € LP(G).
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(2) Let a € C4. The integral

Bo(z) := % /oo tv e thy(z) dt,

0
converges absolutely for every x # 0. The function B, is always
smooth away from 0 and integrable on G. If ®a > Q/2, then B, €
L*(@). For each a € C, the operator (I+ R,)~%" is a bounded
convolution operator on LP(G) for p € [1,00) or C,(G) for p = 0o
with the same (right convolution) kernel B,. If a,b € C,, then as
integrable functions, we have B, x By, = By tp.

Remark 3.12. — If the homogeneous degree of the Rockland operator
R is ¥ < @ then R admits a unique homogeneous fundamental solution
(see [12, Theorem 2.1]). Part (1) above shows that Z, is this fundamental
solution. This is the case for instance for sub-Laplacians and the existence of
such a unique homogeneous fundamental solution is used extensively in [12].
However one can find Rockland operators of degree v > @ (see (2.6)). More-
over one can construct a graded group such that all its Rockland operators
will have this property: it suffices to consider the abelian group (R™,+)
with well chosen anisotropic dilations or the three dimensional Heisenberg
group H; with a graded non-stratified structure defined in Section 4.8.

Proof of Corollary 3.11. — The absolute convergence and the smooth-
ness of Z, and B, follow from the estimates in (2.14) while the homogeneity
of Z,, follows from the properties of the heat kernel (especially (2.9)) and a
the change of variable. By Proposition 2.4, the operator S(G) 3 ¢ — ¢*Z,
is homogeneous of degree —a, and admits a bounded extension LI(G) —
L?(G) when % -1= % The rest of Part (1) follows from Theorem 3.6.

q
By Theorem 2.8, we have [, |h¢| = ||hy]|;1 < oo for all £ > 0, so

[ 1Bu@lde < e [ e [ o)l aea = FCY 1l
B T Jy OO

and B, is integrable. By Theorem 3.6 Part (4), the integrable function B,
is the convolution kernel of (14 R,)~/".

Let us show the square integrability of B,. We assume Ra > 0. We
compute for any R > 0:

2dz = z)B,(z) dx
/|I|<R| (@) d /|m.<RB”B”d

|2/ / / £-165 1=+ (), () dar it ds.
|lz|<R
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From the properties of the heat kernel (see (2.10) and (2.8)) we see that

/|x|<Rht<x>hs($>dx= [ m@h s

|z|<R
— hy % hg(0) = g s (0) = (t + 8)~ % hy(0).

R— o

Therefore,

3.7 /'B ) de \Fa/l/|2/ / (1) ~te~ ) (1 4 5)~% drds

= 1 (0) ' —_ L g e~ 2(Be-1-2+41 g,
88 = e f, (0T /u:o du,

after the change of variables u = s + ¢ and s’ = s/u. The integrals over s’
and u converge when Ra > Q/2. Thus B, is square integrable under this
condition. The rest of the proof of Corollary 3.11 follows easily from the
properties of the fractional powers of I + R. ]

COROLLARY 3.13. — We keep the notation of Corollary 3.11. Then for
any p € [1,00), if a > Q/p’ then B, € LP.

Proof of Corollary 3.13. — For p € [1, 2], thanks to the estimates in (3.6)
(together with Stirling’s estimates) and (3.7), the map f +— (f, B,) satisfies
the hypotheses of the complex interpolation (as stated in [24, Chapter V
§4], the image space being a singleton). This yields the result for p € [1,2].
For p > 2, we write a = a; + ag with a3 > @/2 and apply Young’s
inequalities (see (2.2)) to B, = B, * B, with space LP, L? L4. This shows
that B, € LP when a > Q/2+ Q/q¢ = Q/p’. O

We now state the following technical lemma which will be useful in the
sequel.

LEMMA 3.14. — We keep the notation of Corollary 3.11.
(1) For any ¢ € S(G) and a € C, the function ¢ * B, is Schwartz.
(2) Let a € C and ¢ € S(G). Then (I + R,)*¢ does not depend on
p € [1,00)U{oos}. Ifa € N, (I+R,)% coincides with (I+ R)%¢.
If a € C,, we have
(3.9) (I+Rp)*(p*xBuy) =(T+Rp)*®) xBo = ¢ (p € [1,00) U{00,}).
(3) For any N € N, (I+R)N(S(GQ)) = S(G).
Proof. — Let | - | be a homogeneous quasi-norm on G and N € N. We
see that

el an < |/ et [ ol o)l dz
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and using the homogeneity of the heat kernel (see (2.13)) and the change
of variables y = t’%x, we get

1 N
/G|m|N|ht<x>|dx=/G|t~y\N\h1<y>|dy=cNtv,

where ¢y = H\y|Nh1(y)||L1(dy) is a finite constant since hy € S(G). Thus,

[l Bl < (25 [T teta <o
. T o

and x + |z|N B, () is integrable.
Let C, > 1 denote the constant in the triangle inequality for |- | (see
Proposition 2.1). Let also ¢ € S(G). We have for any N € N and o € Njj:

(L+ 2N [X [@* Ba] ()] < (1 + |2 [ X o] *Ba| (2)
CX A+ 1DV X * |[(L+]-)VBal (2)

<
SC A+ DVXS] M@+ T DYBall g -

This shows that that ¢*B, € S(G) (for a description of the Schwartz class,
see [14, Chapter 1D] and Part (1) is proved.

Part (2) follows easily from Theorem 3.6 and Corollary 3.11.

Let us prove Part (3). By Theorem 3.3(4), we have the inclusion (I +
R)N(S(GQ)) € S(G). The reverse inclusion S(G) C (I+R)N(S(G)) follows
from (3.9) and Theorem 3.3(4). So for any N € N, §(G) is included in
Dom [(I+R,)N] N Range [(I+ R,)"] and we can apply the analyticity
results of Theorem 3.6: the function a — (I + R,)%¢ is holomorphic in
{a € C: =N < Ra < N}. We observe that by Corollary 3.11(2), if
—N < Ra < 0, all the functions (I+ R,)*¢ coincide with ¢ * B,, for any
p € [1,00) U{00,}. This shows that for each a € C fixed, (I + R,)*¢ is
independent of p. This concludes the proof of Lemma 3.14. 0

4. Sobolev spaces on graded Lie groups

In this section we define the Sobolev spaces associated to a positive
Rockland operator R and show that they satisfy similar properties to the
Euclidean Sobolev spaces. We will show that the constructed spaces are
actually independent of the choice of a positive Rockland operator R on a
graded Lie group with which we start our construction.

ANNALES DE L’INSTITUT FOURIER



SOBOLEV SPACES ON GRADED LIE GROUPS 1701
4.1. Definition and first properties of Sobolev spaces

We first need the following lemma:

LEMMA 4.1. — We keep the notation of Theorem 3.6. For any s € R
and p € [1,00) U {o0,}, the domain of the operator (I + R,)¥ contains
S(G), and the map

fr= @+ RP)%fHLP(G)

defines a norm on S(G). We denote it by
T+ R | 1y -

Moreover, any sequence in §(G) which is Cauchy for || - || ,» ¢y is convergent
in §'(G).

We have allowed ourselves to write || - || e () = [ - [| oo () for the supre-
mum norm. We may also write || - || or || - ||

Proof. — The domain of (I + R,)> contains S(G): by Theorem 3.6
Part (2) for s > 0, by Corollary 3.11(2) for s < 0 and, trivially for s = 0
since (I + R,)¥ = L Since the operator (I + R,)¥ is linear and injec-
tive (by Theorem 3.6(1)), the map [|(I+ R,) HLP @
S(G). Clearly || - HLg(G) = ||, so the case of s = 0 is trivial. Let us
assume s > 0. By Corollary 3.11(2), the operator (I +R,)~ ¥ is bounded
on LP(G). Hence we have | - ||,y < C - [ 1r(q) on S(G). Consequently

defines a norm on

a || || Lr(g)-Cauchy sequence of Schwartz functions converge in LP-norm
thus in §'(G). Now let us assume s < 0. Let {f/}sen be a sequence of
Schwartz functions which is Cauchy for the norm || - || ;»(g). By (3.9) we
have f; = ((I+ Rp)> fe) * Bs. Furthermore, if ¢ € S(G) then using (2.1)
and (2.10), we have

(4.1) / Fol@)b(z) do = /G (14 Ry f2) (2) (6 B) (x) da.

By assumption the sequence {(I + R,)" fo}een is || - | 1.»(c)-Cauchy thus
convergent in LP(G). By Lemma 3.14, ¢ * Bs € S(G). Therefore, the right
hand-side of (4.1) is convergent as £ — oco. Hence the scalar sequence {f¢, @)
converges for any ¢ € S(G). This shows that the sequence {f,} converges
in §'(QG). O
Lemma 4.1 allows us to define the Sobolev spaces:
DEFINITION 4.2. — Let R be a positive Rockland operator on G. We

consider its LP-analogue R, and the powers of (I + R,)*
Theorems 3.3 and 3.6. Let s € R.

as defined in
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If p € [1,00), the Sobolev space L% 5 (G) is the subspace of S'(G) ob-
tained by completion of S(G) with respect to the Sobolev norm

1l iy = 1T+ R Pl ey £ €S(E).

If p = o0, the Sobolev space L:%%(G) is the subspace of 8'(G) obtained
by completion of S(G) with respect to the Sobolev norm

When the Rockland operator R is fixed, we may allow ourselves to drop
the index R in L% 5 (G) = L(G) to simplify the notation.

We will see later that the Sobolev spaces do not depend on the Rockland
operator R, see Theorem 4.20.

By construction the Sobolev space LE(G) endowed with the Sobolev
norm is a Banach space which contains S(G) as a dense subspace and is
included in 8’(G). The Sobolev spaces share many properties with their
Euclidean counterparts.

THEOREM 4.3. — Let R be a positive Rockland operator on G. We
consider the associated Sobolev spaces L?(G) for p € [1,00) U {o0,} and
s e R.

(1) If s = 0, then L{(G) = LP(G) for p € [1,00) with | - ”L’;(G) =
Il oy, and Lg™(G) = Co(G) with || || <oy = | | oo @)
(2) If s > 0, then for any a € C with Ra = s, we have

o
v

LP(G) = Dom [(I+R,)*] = Dom(R}) C LP(G),

and the following norms are equivalent to || - || »():

£ = W lLeoioy + N0+ R Pl oy = Il + [RE £, -

(3) Let s € R and f € §'(G).

e Ifpe (1,00) and f € LE(G) then (I1+R,)*"f € LP(G) in the
sense that the linear mapping S(G) > ¢ + (f, (1 + Ry)*/¥¢)
extends to a bounded functional on Lp,(G), The converse is
also true.

o If f € LI(G) then (1+R,)*/Vf € L'(G) in the sense that the
linear mapping S(G) > ¢ = (f, (I + Ruo,)*/V¢) extends to a
bounded functional on C,(G) which is realised as a measure
given by an integrable function. The converse is also true.

o Let p=o00,. If f € L (G) then (I+ Reoo,)*’" f € Co(G) and
the linear mapping S(G) > ¢ = (f, (I+R1)*/?¢) extends to a
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bounded functional on L*(G). If s > 0 this linear mapping is
realised as integration against a funcmon in C,(G). Conversely,
for any s, if the linear mapping S(G) 3 ¢ — (f, (14 R1)*/"¢)
extends to a bounded functional on L*(G) and if this bounded
extension is realised as integration against function in C,(Q)
then f € L (G).

(4) Ifa,b € R with a < b and p € [1,00), then the following continuous

strict inclusions hold

S(G) € Ly(G) € Ly(G) < S'(G),

and an equivalent norm for LY (G) is

L3(6) > £+ Iflze + [RFS]
If p = c0,, the same properties hold for a,b >

Furthermore if ¢ € (a,b), then there exists a positive constant
C = Cy,c such that we have for any f € L}

Il < CUFIZ ANy where 6 := (c = a)/(b - a).

In Part (3) above, for the case p = 0o,, the bounded functional can be
identified with a function in L*°(G) and not (in general) with a function
in Lg*(G) = Co(G) if s < 0. The converse does not hold in this case.

From now on, we will often use the notation L}j(G) since this allows us
not to distinguish between the cases Lf(G) = LP(G) when p € [1,00) and
LB (G) = C,(G) when p = oc,.

We can now prove Theorem 4.3.

Proof of Theorem 4.3, Part (1). — This is true since (I+R,)

Proof of Theorem 4.3, Part (2). — Let s > 0. Clearly (G
cides with the domain of the unbounded operator (I 4+ R,)> (see The-
orem 3.6(2)) hence it is a proper subspace of LP(G). As the operator
(I + R,)" v is bounded on LP(G), we have || - ey < Cll-llzee on
LE(G). So || lpo(qy + I - [ 2 () 18 @ norm on LE(G) which is equivalent to
the Sobolev norm. By Theorem 3.6, the operators RE and (I+7R,)" share
the same domain. Hence Part (2) follows from general functional analysis,
especially the closed graph theorem. 0

Proof of Theorem 4.3,Part (3). — This follows from Part (2) in the case
s = 0. We now consider the case s < 0. By Lemma 3.14 and Corollary 3.11,
the mapping

Top.s:S(G) 26— (f,(1+Ry)*/"¢) = (f, 0+ B_s)

LE(G)

)
v

= O

) coin-
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is well defined for any f € S’(G). If T ,» ; admits a bounded extension to
a functional on L} (G), then we denote this extension T,/  and we have
||T57p/7f|’$([,71’) = ||fHL1;(G). This is certainly so if f € S(G). The proof
of Part (3). follows from the following observation: a sequence {f;}een of
Schwartz functions is convergent for the Sobolev norm || - [ .» ¢y if and only

if {T, . s,} is convergent in Lg/(G). O

Note that the proof of Part (3) of Theorem 4.3 implies easily

LEMMA 4.4. — Let R be a positive Rockland operator on a graded
Lie group G. We consider the associated Sobolev spaces L’;R(G) for p €
[1,00) U{o0,} and s € R.

For any s € R and p € [1,00), the dual space of LY, ,(G) is isomorphic to

in/ . 7é(G) via the distributional duality, where p’ is the conjugate exponent
of pifpe (1,00), and p' = oo, if p=1.
For any s < 0 and p = oo, the dual space of L:%%(G) is isomorphic to

L' ~(G) via the distributional duality.

Lemma 4.4 will be improved in Proposition 4.22 once we show (see The-
orem 4.20) that Sobolev spaces are indeed independent of the considered
Rockland operator.

Proof of Theorem 4.3, Part (4). — If 0 < a < b, then by Parts (1)
and (2), which are already proven, and Theorem 3.6 on fractional powers,
there is a constant C' = C, ; > 0 such that

1—a

VIELG) Iz < ClInds 11 < oo

and we have the inclusions Lf(G) C LE(G) C LP(G) for any p € [1,00) U
{o0s}. These inclusions are strict since the operator (I + Rp)anb is un-
bounded, see Theorem 3.6 (2).

We can now use the duality results given in Lemma 4.4 since its proof
relies on Part (3) shown above. Together with the duality result in Theo-
rem 3.6, this yields the reverse inclusions for b < a < 0 if p # oc0,. Since
LP(G) = LE(G), we have obtained the inclusion of Part (4) for any a,b € R
with a < b.

Let f € LY(G) with a < b and p € [1,00) U {o0,} with the additional
property that a,b > 0 if p = c0,. So f € LE(G) and one obtains easily by
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Theorem 3.6 (1) and Part (2) above
||f||L§(G) = H(I+RP);.}C||L§7Q(G)

a
v

a b—a
= H(I+Rp):f||Lp(G) + HRPV (I+Rpy)¥ f

L?(G)

a
v

b—a
By Theorem 3.6 (5), we can commute the operators R,” and (I+ Rp)
in this last expression. Consequently, for any f € L} (G), we obtain

b—a
Hf||L§(G) = ||fHL5(G) | Re” S

LE(G)
The end of Part (4) follows from Theorem 3.6 (1). O

This concludes the proof of Theorem 4.3 which yields the two following
corollaries:

COROLLARY 4.5. — We keep the setting and notation of Theorem 4.3.
Let s <0 and p € [1,00) U{o0,}. Let f € S'(G).

The tempered distribution f is in LP(G) if and only if the mapping
¢ € S(G) = (f, ¢ B_,) extends to a bounded linear functional on Lg/(G)
with the additional property that for p = 1 this functional on C,(G) is
realised as a measure given by an integrable function, and if p = oo, this
functional on L'(G) is realised by integration against a function in C,(G).

COROLLARY 4.6. — We keep the setting and notation of Theorem 4.3.
Let s € R and p € [1,00) U {00,}. Then D(G) is dense in LE(G).

Proof of Corollary 4.6. — This is certainly true for s > 0 (see the proof
of Parts (1) and (2) of Theorem 4.3). For s < 0, it suffices to proceed
as in the last part of the proof of Part (3) with a sequence of functions
fo € D(G). O

In the next statement, we show how to produce functions and converging
sequences in Sobolev spaces using the convolution:

PROPOSITION 4.7. — We keep the setting and notation of Theorem 4.3.
Here a € R and p € [1,00) U {00, }.
(1) If f € LE(G) and ¢ € S(G), then f * ¢ € LE for any a and p.
(2) If f € L2(G) and ¢ € S(G), then
(4.2) I+Rp) (W x f) = x (I+Ry)¥ f),

and ¢« f € Ly(G) with [+ fll1p ) < 10l 1/l Lz (g Fur-
thermore, assuming [ = 1 and writing ¥(z) = e Qy(e 1) for

each € > 0, then {1, x f} converges to f in LE(G) as e — 0.
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Proof of Proposition 4.7. — Let us prove Part (1). Here f € L(G). By
density of S(G@) in LE(G), we can find a sequence of Schwartz functions
{fe} converging to f in L{-norm. Then f; * ¢ € S(G) and for any N € N,

RY¥(fex¢) = foxRYG — [+RN¢ i LE(G),
thus RY (f x ¢) = f * RN¢ € LP(G) and
1F * @llp ey + 1Ry (F # D] 1oy < 00

By Theorem 4.3 (4), this shows that f * ¢ is in L, for any N € N, hence
in any p-Sobolev spaces. This proves (1).

Let us prove Part (2). We observe that both sides of Formula (4.2) al-
ways make sense as convolutions of a Schwartz function with a tempered
distribution. Formula (4.2) is clearly true if a < 0 by Corollary 3.11(2)
since then the (I + R,)¥ is a convolution operator. Consequently (4.2) is
true also for any f,¢ € S(G) and a € R by the analyticity result of The-
orem 3.6 and Lemma 3.14. Using this result for Schwartz functions yields
that Equality (4.2) holds as distributions for any f € LE(G), ¢ € S(G),
and a € R, since we have

(T+Rp)? (W5 £),0) = (5 [, (14 Ry) ¥ 0) = (. + 1+ Ryy) )
= (f,(I+Ry)* (% 9)) = (I+Ry)" 4 * 9).
Taking the LP-norm on both sides of Equality (4.2) yields
0 Ry 6 )], = 10+ (0 Rp)2 D)1, < ol 0+ Ry 2]

Hence ¢ * f € LE(G) with LE-norm < [|¥|[y [|f|[.z(q)- Moreover, by Lem-
ma 2.6,

e f = Fllpy = A+ Rp)¥ (e x f = f],
= [ * (T+Rp)7 f) = (IJFRP)%pr —re—0 0,
that is, {t. * f} converges to f in LE(G) as € — 0. This proves (2). O

4.2. Interpolation between Sobolev spaces

In this section, we prove that interpolation between Sobolev spaces L2 (G)
works in the same way as its Euclidean counterpart.

THEOREM 4.8. — Let R and Q be two positive Rockland operators
on two graded Lie groups G and F. We consider their associated Sobolev
spaces LP(G) and L} (F'). Let po, p1, qo, ¢1 € [1, 00)U{o0, } and ag, a1, by, b1 €
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R. We also consider a linear mapping T from LL(G) + Lb* (G) to locally
integrable functions on F. We assume that T maps LL(G) and L7 (G)
boundedly into L (F) and Ly (F), respectively.

Then T extends uniquely to a bounded mapping from L% (G) to Ly (F)
for t € [0,1] where ay, by, pt, q; are defined by

1 1 1 1 1 1
<atvbt77) =t <a07b077> + (]- _t) <a17b17 )y ) .
Pt qi Po Qo P1 @1

Proof of Theorem 4.8. — By duality (see Lemma 4.4 and the duality
property in Theorem 3.6), it suffices to prove Theorem 4.8 in the case
ai, by, ag,bp = 0. Furthermore, up to a change of notation, we may assume
b1 = bg.

The idea of the proof is similar to the one of the Fuclidean or stratified
cases (see [12, Theorem 4.7]): we interpolate between the operators formally
given by T, = (I 4+ Q)%/¥eT(I + R)~*/“® where v and vg denote the
degrees of homogeneity of R and Q respectively and the complex numbers
a, and b, are defined by (a.,b,) := 2z (ap,bo) + (1 — 2) (a1,b1) for zin S :=
{z € C: Rz € [0,1]}. More precisely, by Theorem 3.6(1), we may assume
that the fractional powers may not depend on the varying LP-spaces which
they are acting upon and we set for any ¢ € S(G) and z € S,

b as
U.p = (1+ Qy) e T(I+R) 7= ¢.
Necessarily U,¢ € LI'(F) and we can define its convolution with the in-
tegrable Bessel potential B, corresponding to Q, Ra > 0, or apply the
bounded operator (I+ Q,, )%, Ra = 0:
T {(Uqu) * Bbl—bz if %(b] — bz) > 0,

b b

(1+Qy) 7= (U) if (b1 —b2) =0.
Clearly for any ¢ € S(F), we have

z(bg—b1)

(4.3) (T2, 9) = (Uz9, (14+ Q) "2 ¢),

and this expression is analytic on S by Lemma 3.14 and its proof.
Inside the strip S, Corollary 3.11(2) and its proof, together with the
bound of [|B,[|; in (3.6) with Sterling’s estimates easily yield:

Vz=z+iyesS  In|[(T:¢,¢) <Infy/2ly[ + O(nly|))

with the constant from the notation O depending on ¢,, a1, ag, by, bo.
Similarly (using also Proposition 3.7 for the case fta = 0) one shows that
for 7 = 0,1 we have

VyeR e 1Ty tiyll s posy < My,
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for some finite positive constants My and M7 independent of y. The end of
the proof is now similar to the stratified case, see the proof of Theorem 4.7
in [12]. O

4.3. Homogeneous Sobolev spaces

Here we define and study the homogeneous version of our Sobolev spaces.

DEFINITION 4.9. — Let R be a positive Rockland operator of homoge-
neous degree v on a graded Lie group G, and let p € (1,00). We denote by
L? (G) the completion of the Schwartz space for the norm

1Fllz26) = |[RF ]| - f € Dom(Ry™)

As in the inhomogeneous case, we may write L?(G) and omit the refer-
ence to the Rockland operator R when it is not useful.

Note that if s > 0 then S(G) C Dom(Rg/V) by Theorem 3.6 (1f). How-
ever, even in the Euclidean case, we have S(R™) ¢ L2, for s > n/2. Indeed
one can construct a Schwartz function ¢ € S(R™) such that A=%/2¢ & L?
by choosing ¢ such that its Fourier transform is identically one on a neigh-
bourhood of 0 and compactly supported. And one can construct elements
of Li, again for s > n/2, which are not tempered distributions.

We realise the elements of LY  (G) as follows:

PROPOSITION 4.10. — We continue with the notation of Definition 4.9.
We realise an element f of LY (G) as a linear functional on Dom(R,,")
satisfying

(4.4) 3C>0 Voe Dom(Rp,%) If(#)| < C Hﬁ;;(b

p/
In the case of s < 0, f can also be viewed as a tempered distribition in

L?(G).

Proof. — If (fe)een, is a | - || jr(q)-Cauchy sequence in Dom(Rf,/”), then
one checks easily that ¢ — limy_,o(f¢, ®) define a linear functional f sat-
isfying (4.4) with C' = liminf || f[[» ). This shows that two equivalent
Cauchy sequences yields the same functional.

Let f be a linear functional satisfying (4.4). Then the linear functional
o — f(f%j,(/)) is defined on Dom(ﬁf,) which is a dense subset of L? by
Theorem 3.6 (1) and Corollary 3.4. Hence it extends continuously to L*" and
can be identified with an element of LP(G), which we denote by R ¥ f. We fix
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¥ € S(G) with [, =1, and set 1. (z) = e (e ') for e > 0. We have
(R+ f)*1. € Dom(RYN) for any N € N, see the proof of Proposition 4.7 (1).
Let us assume s < 0. By Theorem 3.6 (1), (R¥ f) * 1b. € Dom(R,*/") and
we set

foi= Ry ((R¥ f) % 1) € Dom(R}).

By Lemma 2.6, we have
i, - v, —scno

From this, we deduce that (f.) is a Cauchy sequence in Dom(Ry z ), converg-
ing to f for || - ||;» in the case s < 0. Note that still in the case s < 0, by
adding ||¢l[, to the right-hand side of the estimate (4.4) and using Theo-
rem 4.3 (2), f extends into a continuous linear mapping on L’:' R Therefore
f may be viewed as an element of L’;R by Lemma 4.4. 7

In the case s > 0, we need to choose ¥ in RY(S(G)) for some integer
N > s, which is always possible: we fix IV to be the smallest integer strictly
greater than s and choosing first ¢ € S(G) with & := fG RNop(z)dz # 0,
we set ¢ := ¢ "RN. Proceeding as above, this ensures that (R7 f) * . is

in the range of R”, hence in the domain of R, IV As above, we deduce
that (fe) is a Cauchy sequence in Dom(Rj ), converging to f for |- ||;»
and this proves the case s > 0. (]

We can now obtain the following properties of homogeneous Sobolev
spaces:

PRrROPOSITION 4.11. — Let R be a positive Rockland operator of homo-
geneous degree v on G. Let s € R and p € (1,00). We denote by p’ its
conjugate exponent: % + i =1.

(1) If s = 0, then L(G) = LP(G) for p € (1,00) with || - iz =
I 1o (-

(2) If f € L?(G) then Rf/”f € L?(QG) in the sense that the linear func-
tional ¢ — f(R:/ o ) extends continuously from the dense subspace
Dom(R5/") to 17 (G).

Conversely, if g € LP(G) then Rp_s/yg € L?(G) in the sense that
the linear functional ¢ — (g, ﬁ;ggﬁ) satisfies (4.4).
More generally, for any s, € R, Rf,l/ ¥ maps L? bijectively onto

P
Ls+31
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(3) If s > 0, then S(G) C Dom(RS") C LP(G) and we have LP(G) =
L?(G) N LP(G); the Sobolev norm is equivalent to

I Nzeey =1l + 11 iz -

(4) For p € (0,1) and any a,b,c € R with a < ¢ < b, there exists a
positive constant C = Cy, . such that we have for any f € L

1fllze < CIAIE 171G, where 6:= (c— a)/(b—a).

Proof. — Part (1) is trivial. Part (2) follows from the proof of Propo-
sition 4.10 and easy verifications. Part (3) follows from Part (2) of Theo-
rem 4.3 and the density of S(G). Part (4) follows from Theorem 3.6 (1e)
and Part (2) proved above. O

From Proposition 4.10 and Part (2) of Proposition 4.11, we also obtain
the following duality result, which will be improved in Proposition 4.22:

LEMMA 4.12. — Let R be a positive Rockland operator of homogeneous
degree v on G. Let s € R and p € (1,00). We denote by p’ its conjugate
exponent: % + i =1.

The dual space of I'JZR(G) is isomorphic to Z'Lfi/ s,ﬁ(G) via the duality:

(4’5) <fa g>L§,R(G)XLZi/S"[€(G) = <Rg f7 Rp/;g>Lp(G)><LP’(G)‘

The proof of Lemma 4.12 is left to the reader.
The following interpolation property can be proved after a careful mod-
ification of the inhomogeneous proof:

PROPOSITION 4.13. — Let R and Q be two positive Rockland operators
on two graded Lie groups G and F' respectively. We consider their asso-
ciated homogeneous Sobolev spaces LZ(G) and LZ(F). Let po,p1,q0,q1 €
(1, OO) and ap, ay, bo, bl eR.

We also consider a linear mapping T from ng (G) + Lg; (G) to locally
integrable functions on F. We assume that T maps ng(G) and Lg; (@)
boundedly into LZ;’ (F) and Lgi (F), respectively.

Then T extends uniquely to a bounded mapping from Lgt (G) to Lgt (F)
for t € [0, 1], where ay, by, pt, q; are defined by

1 1 1 1 1 1
<at7bt77) :(1_t) <a07b077> +t(a17b17a> .
Pt qt Po qo P11 q1

Sketch of the proof of Proposition 4.13. — By duality (see Lemma 4.12)
and up to a change of notation, it suffices to prove the case a; > ag and
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b1 < bo. The idea is to interpolate between the operators formally on S(G)
given by

(4.6) T, = Q*i=bo)/ve ghopR-aoR=(a0an/vr = 5 ¢ G,

with the same notation for vg, vg, a,, b, and S as in the proof of The-
orem 4.8. In (4.6), we have abused the notation regarding the fractional
powers of R, and Q, and removed p and ¢ thanks to by Theorem 3.6 (1).
Moreover, Theorem 3.6 implies that on S(G), each operator T, z € S,
coincides with

Tz —_ Q(lfz)(blfbo)/llg leTR*alR(lfz)(a[)*al)/VR’

and that for any ¢ € S(G) and ¢ € S(F), z — (T.¢,1) is analytic on S.
We also have

bszl

ugw

z+1

(T < TN iy o R0,

’
L%

We have R(—a, + a1) = (1 — Rz)(a1 — ag) € [0,a1 — ag] and R(b, — by) =
(1 — %Z)(bl — bo) S [bl — bo,O}. If §R(—az + al) S (O,al — ao), then Theo-
rem 3.6 (1) implies

Pl) ’

whereas if R(—a,+a1) =0 or a; —ag, that is, —a, +a; =iy or —a,+a; =
a1 — ag + 1y, then by Proposition 3.9

H az+a1

o, < (1, + R

az+ aj

HR ng < cellvl loll,, —or Ceflvl HR R d) respectively.

_bz—by
We have similar bounds for ||Q *e || and all these estimates imply that

’

q

e S I (T, ¢, 9)|

is bounded uniformly with respect to z € S by a constant depending on
¢, a1, a9,b1,bg. We proceed in a similar way to show

sup e 1'n HTj—&-ing(Ll’j,Lq]‘) <oo, j=0,L
yeR

We conclude the proof in the same way as for Theorem 4.8. O
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4.4. Differential operators acting on Sobolev spaces

In this section we show that left-invariant differential operators map
Sobolev spaces to Sobolev spaces in the following way:

THEOREM 4.14. — If T is a left-invariant differential operator of homo-
geneous degree vy > 0 (at most), then, for every s € R and p € (1,00), T
maps linearly boundedly L., (G) to L?(G), and L?,, (G) to LP(G).

s+vr s+vr

Remark 4.15. — The proof of the stratified case (see [12, p. 190]) uses
at several stages the fact that the sub-Laplacian is of degree 2, and thus is
not adaptable here.

The proof of Theorem 4.14 relies on the following property:

LEMMA 4.16. — Let R be a positive Rockland operator of homogeneous
degree v.

If T is an operator of type 0, then, for each N € Ny, the operator
RNTR,YN is of type 0.

For each j = 1,...,n and N € Ny, the operator RNXjR;Nf’i’] is of
type 0.

Proof of Lemma 4.16. — Let Z; be the kernel of the Riesz operator
of R as in Corollary 3.11. For each j = 1,...,n, by Corollary 3.11(1),
7., is a kernel of type v; € (0,Q), so X,Z,, is a kernel of type 0 by
Proposition 2.4(3). More generally if x is a kernel of type 0, then x * 7,
is a kernel of type v; by Proposition 2.4(4) and X(x *Z,,) is a kernel of
type 0 by Proposition 2.4(3). Proceeding recursively shows that

(4.7 X (kT30 % ..« I5)

is a kernel of type 0 for any a € N.

Let T be an operator of type 0. Denoting by x € §'(G) its kernel, the
kernel of the operator RYTR; " can be written as a linear combination of
kernels of type 0 as in (4.7) with [a] = vN. Thus RNTR; " is an operator
of type 0.

v

We can apply this to the operator X;R, * which is of type 0 since its
kernel is X;Z,,,. O

Proof of Theorem 4.14. — It suffices to show Theorem 4.14 for any
left-invariant differential operator 7" which is homogeneous of degree vr.
By Lemma 4.16, for any N € Ny and p € (1,00), the operator

_rr _ vy
RNTR, ™ N extends to an L?(G)-bounded operator. Since Rf,v MR

ANNALES DE L’INSTITUT FOURIER



SOBOLEV SPACES ON GRADED LIE GROUPS 1713

injective, we obtain

Vo ESG)  IRVTY] e < O [Re Y|

Lr(G)

This shows that T maps Lé’v +up sy 10 LR boundedly. By duality and interpo-
T/v

lation, this implies the boundedness of every vp-homogeneous left-invariant

differential operator 7' from L” 1, (G) to LP(Q) for every s € R.

We also have

Tl + [R¥Tw], < Col|Ry | +Cw||[RYR, v

P

By Theorem 4.3, the left-hand side is equivalent to the Sobolev norm of Ty
in L? \,(G) whereas the right-hand side is equivalent to the Sobolev norm of
¢ in LY . ~(G). Therefore T is continuous from LY., (G) to LY\ (G).
By duality and interpolation, this implies the boundedness of every vp-
homogeneous left-invariant differential operator T from LY, , (G) to LE(G)

S

for every s € R. O

We observe that we can modify the proof above to show:

PrOPOSITION 4.17. — If T is an operator of type vy with Rvp = 0,
then, for every s € R and p € (1,00), T is bounded on L?(G) and on
LE(G).

Proof of Proposition 4.17. — Let k € §'(G) be the kernel of T'. Proceed-
ing as in Lemma 4.16, we see that X;(k+Z,, ) is a kernel of type v by Propo-
sition 2.4. Proceeding recursively shows that X (I{ A I{jlal) isa
kernel of type v for any a € Njj. Consequently, the kernel of the operator
RNTRS N can be written as a linear combination of kernels of type 7 and
RN TRy Nis an operator of type vr. This implies that 7' is bounded on
Li y forany N € Ny, and subsequently using duality and interpolation and
Theorem 4.3 that T is bounded on every homogeneous and inhomogeneous
Sobolev space. O

4.5. Independence with respect to Rockland operators

In this Section, we show that the Sobolev spaces do not depend on a par-
ticular choice of a Rockland operator. Consequently Theorems 4.3 and 4.8,
Corollary 4.6, and Proposition 4.7 hold independently of any chosen Rock-
land operator R.

We will need the following property:
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LEMMA 4.18. — Let R be a Rockland operator on G of homogeneous
degree v and let £ € Ny.

(1) The map ¢ — 31,1, X9, is a norm on LP,(G) equivalent
to the Sobolev norm. The space L”,(G) is the completion of the
Schwartz space S(G) for this norm.

(2) The space LY ,(G) is the collection of functions f € LP(G) such
that X*f € LP(G) for any oo € Njj with [o] = v{. Moreover the
map ¢ = |9l + >4 [ X ¢, is @ norm on LY (G) which is
equivalent to the Sobolev norm.

Remark 4.19. — Note that in the stratified case, it is proved that the
Sobolev LY (G) space consists of the function f € LP(G) such that X f €
LP(G) for X; a basis of the first stratum. And this property is proved
using the existence of a unique homogeneous fundamental solution of the
sub-Laplacian, cf. Theorem 4.10 and the lemmata below entering its proof
in [12].

Our lemma requires that the integers have to be multiple of the homo-
geneous degree of a positive Rockland operator. In our proof, we replace
the use of this fundamental solution (which does not necessarily exist for
Rockland operators) with Theorem 4.14.

Proof of Lemma, 4.18. — Writing R = E[a]:&, Ca 0 X* we have on one
hand,

5050 V6esSE) R, <maxleal 32 IX%6l,.
[a]=0v

On the other hand, by Theorem 4.14, X“ maps continuously Lfa](G) to
LP(@). This implies that the maps
o [RO| = l6llzn, ) and o= D X9,
[a]=ve

are two equivalent norms on S(G). This proves Part (1).
Adding ||¢||;, on both sides of the inequality above implies by Theo-
rem 4.3, part (2), that the maps

ool @ and @ el + 3 IX76,
[a]=ve
are two equivalent norms on S(G). This proves Part (2). O

One may wonder whether Lemma 4.18 would be true not only for integer
exponents of the form s = v¢ but for any integer s. The answer is no, and
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this will be explained in Section 4.8 together with the construction of a
different type of Sobolev spaces on a graded Lie group due to Goodman.

We can now show the main result of this section, that is, that the Sobolev
spaces on graded Lie groups are independent of the chosen positive Rock-
land operators.

THEOREM 4.20. — For each p € (1,00), the homogeneous (resp.
inhomogeneous) LP-Sobolev spaces on G associated with any positive
Rockland operators coincide. Moreover the homogeneous (resp. inhomo-
geneous) Sobolev norms associated to two positive Rockland operators are
equivalent.

Proof of Theorem 4.20. — Let R (1) and R 2) be two positive Rockland
operators on G of homogeneous degree v and vs, respectively. Then R’('f)
and R'(’é) are two positive Rockland operators with the same homogeneous
degree v = v1v5. Their associated Sobolev spaces of exponent vl = vyl
for any ¢ € Ny coincide and have equivalent homogeneous (resp. inhomoge-
neous) Sobolev norms by Lemma 4.18. By duality and interpolation, this
is true for any Sobolev spaces. g

COROLLARY 4.21. — Let Ry and Rz) be two positive Rockland op-
erators on G with degrees of homogeneity v1 and vy. Then for any s € R
and p € (1, o0), the operators

’R(l)ﬁ’R@)*% and (I—FR(l))ﬁ(I—FR(g))i%
extends boundedly on LP(G).

Proof of Corollary 4.21. — For the inhomogeneous case, we view the
operator (I+(R2))p) *2 as a bounded operator from LP(G) to L% (G) and
use the norm f — H(I + (R(l))p)%fH on LP(G). We proceed similarly in

P
the homogeneous case. 0

Thanks to Theorem 4.20, we can now improve our duality result given
in Lemmata 4.4 and 4.12:

PROPOSITION 4.22.

(1) Foranys € Randp € (1,00), the dual space ofI'ﬂ;’(G) is isomorphic
to L* (@) via the duality in (4.5) where p’ is the conjugate exponent
of pifpe (1,0), ie. %—i— i =1.

(2) For any s € R andp € [1,00), the dual space of L¥(QG) is isomorphic
to LY .(G) via the distributional duality, where p’ is the conjugate

exponent of p if p € (1,00), and p’ = o0, if p = 1.
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For any s < 0 and p = 00, the dual space of L (G) is isomor-
phic to L (G) via the distributional duality.

If p € (1,00) then the Banach space LY(QG) is reflexive. It is also
the case for s < 0 and p = o0,, and for s > 0 and p = 1.

We can also show that multiplication by a bump function is continuous
on Sobolev spaces:

PROPOSITION 4.23. — For any ¢ € D(G), p € (1,00) and s € R, the
operator f — f¢ defined for f € S(G) extends continuously into a bounded
map from LE(QG) to itself.

Proof. — The Leibniz’ rule for the X;’s and the continuous inclusions
in Theorem 4.3 (4) imply easily that for any fixed o € Njj there exist a
constant C' = Cy 4 > 0 and a constant C" = CY, , > 0 such that

vfeD@) X (fol,<C Y IXPS, < ClIflly o
(BI<[e]
Lemma 4.18 yields the existence of a constant C” = C}] ; > 0 such that

VIeDG) U @ <C" Il @

for any integer ¢/ € Ny and any degree of homogeneity v of a Rockland
operator.

This shows the statement for the case s = v¢. The case s > 0 follows
by interpolation (see Theorem 4.8), and the case s < 0 by duality (see
Proposition 4.22). O

4.6. Sobolev embeddings

In this section, we show the analogue of the classical fractional integration
theorems of Hardy-Littlewood and Sobolev. The main difference is that
the topological dimension n of G ~ R"™ is replaced by the homogeneous
dimension (. The stratified case was proved by Folland in [12] (mainly
Theorem 4.17 therein).

THEOREM 4.24.
(1) If1<p<qg< oo anda,beR with b—a:Q(%—%) then we have
the following continuous inclusion Lf C LY, that is, for every f €
LY, we have f € L% and there exists a constant C' = Cqpp,q.c > 0

independent of f such that
1£lis <ClFlz -
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(2) If 1 <p< qg< oo anda,beR with b—azQ(%—%) then we have
the following continuous inclusion Lj C L%, that is, for every f €
LY, we have f € L% and there exists a constant C = Cqpp g, > 0
independent of f such that

1l < Cll Al -

(3) If p € (1,00) and s > Q/p then we have the following continuous
inclusion L2 C C(G) in the sense that any function f € LP(G)
admits a bounded continuous representative (still denoted by f).
Furthermore there exists a constant C' = Cs ;, ¢ > 0 independent of
f such that

[flle <CUIllec) -

Proof. — Let us prove Part (1). We fix a positive Rockland operator R of
homogeneous degree v and we assume that b,a > 0 and p, ¢ € (1, 00) satisfy
b—a=Q( —1). By Corollary 3.11(1), Z,_, is a kernel of type b — a and

P 4
b-a b-a
for any p1 € (1,00) and ¢ € S(G), Ry, ¢ € LV and ¢ = (Rp! @) * Ly—q.
By Proposition 2.4 (1), this implies with p; = p,

b—a
160 < c\w s

Lp

a b
For the same reason we also have R ¢ = Ry *Ip_o¢ and
a b
[Riel,, <cl=ée]..

This shows Part (1).
For Part (2), we add the two estimates above to obtain:

b
IRl
By Theorem 4.3 (4), and density of S(G) in the Sobolev spaces, this shows
Part (2) for b > a > 0. The result for any a,b follows by duality and
interpolation (see Proposition 4.22 and Theorem 4.8). The proof of Part (2)
is now complete.

Let us prove Part (3). Let p € (1,00) and s > @/p. For any f € L2(G),
setting fs := (I+R,)v f, we have f = f, * Bs by Corollary 3.11(2). The
conclusion now follows from [|Bs||,, < oo (see Corollary 3.13). O

From the Sobolev embedding theorem (Theorem 4.24(2)) and the de-
scription of Sobolev spaces with integer exponent (Lemma 4.18) follows
easily the following property:

Joll, + R o], < (|=e"0
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COROLLARY 4.25. — Let G be a graded Lie group, p € (1,00) and
s € N. We assume that s is proportional to the homogeneous degree v of a
positive Rockland operator, that is, > € N, and that s > Q/p.

Then if f is a distribution on G such that f € LP(G) and X*f € L*(Q)
when a € Nj satisfies [a] = s, then f admits a bounded continuous
representative (still denoted by f). Furthermore there exists a constant
C = Cs p,¢ > 0 independent of f such that

Il <C LA, + Do 1X 1,

[a]=s

4.7. Properties of L%(G)

The case L%(G) has some special features, such as being a Hilbert space,
that we will discuss here.

Many of the proofs in this paper could be simplified if we had just con-
sidered the case LP with p = 2. For instance, let us consider a positive
Rockland operator R and its self-adjoint extension Ry on L?(G). One can
define the fractional powers of Ro and I+ Ro by functional calculus. Then
one can obtain the properties of the kernels of the Riesz and Bessel poten-
tials with similar methods as in Corollary 3.11.

The proof of the properties of the associated Sobolev spaces L2 (G) would
be the same in this particular case, maybe slightly helped occasionally by
the Holder inequality being replaced by the Cauchy—Schwartz inequality.
A noticeable exception is that Lemma 4.18 can be obtained directly in the
case LP, p = 2, from the estimates due to Helffer and Nourrigat in [19].

The main difference between L? and LP Sobolev spaces is the structure
of Hilbert spaces of L?(G) whereas the other Sobolev spaces LE(G) are
“only” Banach spaces:

PROPOSITION 4.26 (Hilbert space L?). — Let G be a graded Lie group.

(1) For any s € R, the homogeneous Sobolev space L2(G) is a Hilbert
space with inner product given by

(f.9) 9)iz(@) _/RQ R29( ) dz,

where R is a positive Rockland operator of homogeneous degree v.
If s > 0, an equivalent inner product is

(f.9) 9iza) /f g(x) dz + /R2 ()dx.
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If s = vl with ¢ € Ny, an equivalent inner product is

(f» g) = Z (Xafv Xag)LQ(G)'
[a]=ve
(2) For any s € R, the inhomogeneous Sobolev space L%(G) is a Hilbert
space with inner product given by

(ﬂghy@:=[¥L+Rﬂfﬂ)(L+Rﬂ5()d%

where R is a positive Rockland operator of homogeneous degree v.
If s > 0, an equivalent inner product is

(F9)eze = [ J@ 3@ e + [ R fe) Rigle)
If s = vl with { € Ny, an equivalent inner product is

(f,9) = (f,9) L2 + Z (Xf, X"9) 12

[a]=ve

Proposition 4.26 is easily checked, using the structure of Hilbert space of
L*(@).

4.8. Comparison with other definitions of Sobolev spaces

If the group G is stratified, then we can choose as positive Rockland
operator R = —L with £ a (negative) sub-Laplacian. The corresponding
Sobolev spaces have been developed by Folland in [12] for stratified groups,
see also [23]. Folland showed that his Sobolev spaces do not depend on a
particular choice of a sub-Laplacian [12, Corollary 4.14], and we have shown
the same for our Sobolev spaces and Rockland operators in Theorem 4.20.
Therefore, our Sobolev spaces coincide with Folland’s in the stratified case,
and gives new descriptions of Folland’s Sobolev spaces.

For instance, let us consider the “simplest” case after the abelian case,
that is, the three dimensional Heisenberg group Hjy, with Lie algebra h; =
RX @ RY @ RT and canonical commutation relations [X,Y] = T. This
is naturally a stratified group, with canonical (negative) sub-Laplacian
Ly, := X?+Y?2. We have obtained that the Sobolev spaces (in our sense or
equivalently Folland’s) may be defined using any of the positive Rockland
operators

—Ly,, orLg, or Ly —T>

To compare our Sobolev spaces L?(G) with their Euclidean counterparts

L2(R™), that is, for the abelian group (R™,+), we can proceed as in [12],
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especially Theorem 4.16 therein. First there can be only local relations
between our Sobolev Spaces and the Euclidean Sobolev spaces, since the
coefficients of X;’s with respect to the abelian derivatives 0., are poly-
nomials in the coordinate functions x,’s, and conversely, the coefficients
of 0,,’s with respect to the abelian derivatives X} are polynomials in the
coordinate functions x,’s. Hence we are led to define the following local
Sobolev spaces for s € R and p € (1,00):

48)  IL?

s,loc

(G):={feD(G):¢f € LX(G) forall ¢ € D(G)}.

By Proposition 4.23, L? , (G) contains L?(G). We can compare locally the

s,loc
Sobolev spaces on graded Lie groups and on their abelian counterpart:

THEOREM 4.27. — For any p € (1,00) and s € R,

LP

s/v1,loc

(R c L?, (G)cL?

s,loc $/Un,loc

(®").

Above, L? | .(R") denotes the usual local Sobolev spaces, or equivalently
the spaces defined by (4.8) in the case of the abelian (graded) Lie group
(R™, +). Recall that v; and v,, are respectively the smallest and the largest
weights of the dilations. In particular, in the stratified case, v; = 1 and
v, coincides with the number of steps in the stratification, and with the
step of the nilpotent Lie group G. Hence in the stratified case we recover

Theorem 4.16 in [12].

Proof of Theorem 4.27. — 1t suffices to show that the mapping f — f¢
defined on D(G) extends boundedly from L’;/Ul (R™) to L?(G) and from
L2(@) to Lg/vmloc
and Proposition 4.22), it suffices to show this for a sequence of increasing

(R™). By duality and interpolation (see Theorem 4.8

positive integers s.

For the L Jon (R™) — LE(G) case, we assume that s is divisible by
the homogeneous degree of a positive Rockland operator. Then we use
Lemma 4.18, the fact that the X may be written as a combination of the
0P with polynomial coefficients in the z,’s and that maxg <, 3| = s/v1.

For the case of L2(G) — L’S’/Umloc(R”), we use the fact that the abelian
derivative 9%, |a| < s, may be written as a combination over the X~
|3] < s, with polynomial coefficients in the x,’s, that X” maps LP — Lf’ﬁ]
boundedly together with maxg<s[3] = svy,. a
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Proceeding as in [12, p. 192], one can convince oneself that Theorem 4.27
can not be improved.

In another direction, Sobolev spaces, and more generally Besov spaces,
have been defined on any group of polynomial growth in [15] using left-
invariant sub-Laplacians and an associated Littlewood—Paley decomposi-
tion. Considering stratified groups and homogeneous left-invariant sub-
Laplacians (as in (2.5)), this gives another description of the Sobolev spaces
in the stratified case which is equivalent to Folland’s and to ours. However,
for a general graded non-stratified Lie group, our Sobolev spaces may differ
from the ones in [15] on any Lie group of polynomial growth. For instance,
if we consider the three dimensional Heisenberg group endowed with the
dilations

(4.9) r-(z,y,t) = (r3x, r5y,r8t).

We denote this group Hj, it is graded but not stratified. The sub-Laplacian
Ly, is not homogeneous and is of degree 10. One can check that that Ly,
maps L3,(H;) — L?(H,) and L3(H;) — L?(H;) boundedly and this can
not be improved. Hence our Sobolev spaces on H; differ from the Sobolev
spaces based on the sub-Laplacian in [12] or equivalently in [15].

Sobolev spaces of integer exponents on graded Lie groups have already
been defined by Goodman in [18, Section I11.5.4]: the LP Goodman—Sobolev
spaces of order s € Ny is the space of function ¢ € LP such that X*¢ € LP
for any [a] < s. Goodman’s definition does not use Rockland operators but
makes sense only for integer exponents. Adapting the proof of Lemma 4.18,
one could show easily that the LP Goodman—Sobolev space of order s € Ny
always contains our Sobolev space L?(G), and in fact coincides with it if s is
proportional to the homogeneous degree v of a positive Rockland operator
or for any s if the group is stratified.

However, this equality between Goodman—Sobolev spaces and our
Sobolev spaces is not true on any general graded Lie group. For instance
this does not hold on graded Lie groups whose weights are all strictly
greater than 1. Indeed, the LP Goodman—Sobolev space of order s = 1 is
LP(G) which contains LY (G) stricly (see Theorem 4.3(4)). An example of
such a graded Lie group is the three dimensional Heisenberg group H; with
weights given by (4.9).

Again, one consequence of these strict inclusions together with our results
is that the Goodman—Sobolev spaces do not satisfy interpolation properties
in general.
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