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Improved Sobolev inequalities: the case p =1 and
generalizations to classical Lorentz spaces

Diego Chamorro? Anca-Nicoleta Marcoci! Liviu-Gabriel Marcocit

May 5, 2015

Abstract

We give a general treatment of refined Sobolev inequalities in the case p = 1 and when p > 1 we study these inequalities
using as base space classical Lorentz spaces associated to a weight from the Arino-Muckenhoupt class Bp. The arguments used
for the case p = 1 rely essentially on spectral theory while the ideas behind the case p > 1 are based on pointwise estimates and
on the boundedness of Hardy-Littlewood maximal function. As a by-product we will also consider Morrey-Sobolev inequalities.
This arguments can be generalized to many different frameworks, in particular the proofs are given in the setting of stratified
Lie groups.

Keywords: Improved Sobolev inequalities, Sobolev spaces, Besov spaces, Classical Lorentz spaces, Stratified
Lie groups.

1 Introduction and presentation of the results

The aim of this article is to provide a general proof for improved Sobolev inequalities in the particular case when the
parameter that defines the Sobolev space W*P in the right-hand side of the inequality satisfies p = 1 and to give some
generalizations to Lorentz-Sobolev spaces in the case p > 1. These inequalities are of the following general form

1 lvrera < CANG o 11 e (1)

where f : R" — R is a function such that f € WeP N B;oﬂ"’o. Here we write W*? for homogeneous Sobolev spaces
and B> for homogeneous Besov spaces (see Section Hl below for precise definitions).

The parameters s, s1,p,q and [ defining Sobolev and Besov spaces in the previous inequality are related by the
conditions 1 < p < ¢ < 400, 0 =p/q, s1 =0s— (1 —0)8 and —f < s1 < s, but they do not depend on the dimension
and in this sense these inequalities are more general than classical Sobolev inequalities; of course the inequalities above
are sharper than classical ones.

It is worth noting that even for classical Sobolev inequalities, there are two types of proofs following the value of
the index p of the L? norm defining the Sobolev space W*P in the right-hand side of (). Indeed, if 1 < p < +00, the
Sobolev space W1 can be defined by several and equivalent characterizations, but we do not have the same freedom
for the Sobolev space W11, See [35] for a discussion in the case of classical Sobolev inequalities.

This issue concerning Sobolev spaces remains when considering improved Sobolev inequalities and it is also nec-
essary to distinguish the case when p > 1 from the case when p = 1. Historically, the first proof of these inequalities
is due to P. Gérard, F. Oru and Y. Meyer [21] and is based on a Littlewood-Paley decomposition and interpolation
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results applied to dyadic blocks. The inequalities obtained are of the form of (Il) above, but it is very important to
stress that the value p = 1 is forbidden here as the L! space does not admit a characterization via the Littlewood-Paley
analysis. Another proof of these inequalities using maximal function and Hedberg’s inequality is given in [II], but
as maximal function is not bounded in L' it is not possible to apply this argument to the case of the Sobolev space Wil

A second method, studied by M. Ledoux in [25], use semi-group properties related to the Laplacian and it’s
associated heat kernel and allows us to treat the case p = 1. Indeed, if Vf € LP(R™) and f € BZ**°(R"), we have
1£llze < CUV ATl FI1" (2)

B;ﬁ,oc)

with 1 < p < ¢ < +00, § = p/q and § = 0/(1 — #). Here we can consider the Sobolev space Wb in the right-hand
side of the previous inequality, but is not possible to consider a Sobolev space W*-¢ in the left-hand side as the proof
relies in a cut-off argument which is not well suited for fractional Sobolev spaces. Another proof of this inequality
based on non-increasing rearrangements functions was given by J. Martin and M. Milman [28], but the important case
p =1 can not be treated by this method.

A different method was proposed by A. Cohen, W. Dahmen, I. Daubechies & R. De Vore in [16] where these
authors use a BV-norm weak estimation using wavelet coefficients and isoperimetric inequalities and they obtain the
following inequality for a function f such that f € BV(R") and f € BZ%>(R")

1 s < CUAIEEN AN Y%, (3)

where 1 < ¢ <2,0<s; <1/gand 8 = (1 —s19)/(g —1). When s; = 0, this last result implies @) with p = 1,
but is limited by the fact that 1 < ¢ < 2. Indeed, in order to obtain (@), it is necessary to consider a Besov space
of type B3"? in the left-hand side of the inequality (@) and since we have lelif{gq} C Wena ¢ lelz;g({2,q}7 by this
method it is not possible to treat the case when ¢ > 2. Furthermore, the geometric arguments such as isoperimetric
inequalities used in [16] considerably reduce the possibility to generalize this inequality to other settings. In particular,
for the general framework of stratified Lie groups that will be used here (which are very natural generalizations of the
Euclidean space R™), it is not possible to apply those arguments. Concerning some geometric issues of stratified Lie

groups see [20] or [37].

Finally, there is the following weak-type inequality given in [IT].
1F lirzr < CUV AL NI e (4)

where 1 < ¢ < 400,0<s<1/g<1,0=1/gand 8 = 1(;51‘1. The proof of this inequality relies in spectral theory and

it was given in the setting of stratified Lie groups, see also [12] for more general frameworks. However, even though
we can consider the Sobolev space WLl in the right-hand side of @) and we have a Sobolev space in the left-hand
side of the inequality and we do not have any restriction on the parameter g (here 1 < ¢ < +00), the inequality (@)
is of weak type (in the sense that the Sobolev space Wj(;q is based on the weak L7 space) and the proof given in [I1]
does not allow us to treat strong inequalities with usual Sobolev spaces.

To the best of our knowledge, a strong version of inequality (@) and a generalization of inequality (B]) to the case
q > 2 is an open point and in this article we will study these improved Sobolev inequalities in the case when p = 1.
Our first result is then a generalization of the inequalities ([2)), (B) and (@), and this generalization is twofold: first, it
is possible to consider global parameters (i.e. 1 < ¢ < 4+00) for (strong) Sobolev spaces W4 in the left-hand side of
inequalities and second, the proof exposed here can be easily applied to more general frameworks than the Euclidean
one as the tools used rely only on harmonic analysis arguments.

Here is our first theorem, which is stated for simplicity in R™, however the proof will be carried out in the setting
of stratified Lie groups.

Theorem 1 Let f : R" — R be a function such that Vf € LY(R™) and f € BZ?°°(R™). Then we have the following
inequality:
1 lvrea < CIVANLNFN 5 (5)

wherel<q<+oo,0§s<1/q,ﬂ:%and@z%.



This inequality implies () when s = 0 and @) when 1 < ¢ < 2. Moreover, since we have the space inclusion
LP C P>, we obtain immediately (d]). In Section [ we will also study a A;-weighted version of the previous result
with the Theorem

Let us mention now that in the case of Lorentz spaces LP*4(R™), H. Bahouri and A. Cohen [4] proved the inequality

_ 1 1 s
Ifllzne < CIANGENSN 20 e with = === 2. (6)
Remark that in this estimate, the index ¢ defining the Lorentz and the Besov spaces is related to the parameters p, s
and the dimension n. This inequality was generalized by D. Chamorro & P-G. Lemarié-Rieusset [I3] for other values
of the parameter ¢ using interpolation techniques and pointwise estimates. In a recent article, V.I. Kolyada and F.J.
Pérez Lézaro [24] gave an interesting proof for inequalities of type (), (@) and (@) based on the use of rearrangement
inequalities and the properties of the Gauss-Weierstrass kernel. However, inequalities with Sobolev spaces in the
left-hand side in the spirit of @) or @) seemed to be out of the range of this work.

Motivated by the use of Lorentz spaces in these previous works, in our second theorem we will provide a general-
ization of improved Sobolev inequalities of type () by considering weighted Lorentz-based Sobolev spaces defined as
the set of measurable functions f : R” — R such that the quantity ||(—A)2 f||ar(w) is bounded where for s > 0 the

fractional power of the Laplacian is defined in the Fourier level by (—A)z f(£) = c|§|sz(§), and for 1 < p < 400 the
space AP(w) denotes the classical Lorentz space of functions introduced in [26] and [27] defined as

AP(w) = {f Wi = +°° Frata) " +oo} ,

where w is a weight in Ry and f* denotes the nonincreasing rearrangement of f (see [5] for standard notations).
Many of the properties of these spaces depend on the weight w: in particular, if w = 1 we have AP(w) = L? and if
w(t) = /971 with 1 < ¢ < 400, we obtain AP(w) = L9P, where L are the usual Lorentz spaces. In this work we will
consider the weighted Lorentz space AP(w) such that the weight w satisfies the B, condition, the reason for this is given
by the fact that M. A. Arino and B. Muckenhoupt showed in [3] that this B, condition characterizes the boundedness
of the Hardy-Littlewood maximal operator on AP(w) and this particular property will be intensively used in our proofs.
See Section [l for definitions and [3], [8], [10] and [34] for more details and properties concerning these functional spaces.

In this direction of generalization, standard Sobolev inequalities have been studied by A. Cianchi [I5] in the context
of Orlicz-Sobolev spaces, but we think that inequalities of the general type (7)) presented in Theorem [ below are new.
Again, for the sake of simplicity, we state our result in the euclidean setting of R™ but the proof will be given in the
framework of stratified Lie groups.

Theorem 2 Let s > 0, w € B, be a weight and let f : R® — R be a function such that (—A)% f € AP(w)(R"™) and
f € BZP(R™). Then we have the following version of improved Sobolev inequalities:

1(=2) % fllas gy < CHA)E Ll o 1155 e (7)

where 1 <p < q<4o00,0=p/q, s1=0s—(1—=0)8 and —f < 1 < s.

The choice of the weights in the B, class is given by two important facts. First, these weights allow us to consider
general functional spaces, in particular we can easily recover standard Lorentz spaces. Second, these weights ensure
that maximal function is bounded in the spaces AP(w) for 1 < p < 400, and this feature is crucial as the proof of
Theorem 2 requires this property. Note in particular that inequality () is different from inequality (@) since Lorentz-
Sobolev spaces are not included in the scale of Besov spaces.

Finally, since our proof of Theorem [2] relies essentially on a pointwise inequality and on the boundedness of the
Hardy-Littlewood maximal operator, it is possible to give a related result replacing classical Lorentz spaces by Morrey
spaces MP%(R™) which are a useful generalization of Lebesgue spaces. Classical Hardy-Littlewood-Sobolev inequalities
were studied in this functional framework by D. Adams [I] and by F. Chiarenza & M. Frasca [14] and our next theorem
is an improvement of these inequalities.



Theorem 3 Let s > 0, 1 < p < +oo and 0 < a < n and let f be a function such that (—=A)3 f € MP%R"™) and
f € BZ>°(R™). Then we have

1(=2)7 fllpmae < CIH=2)% fllhpe £} 5 e (8)

where 1 <p < qg< 400,80 =p/q, s1=0s— (1 —0)8 and — < s1 < s.

The plan of this article is the following. In Section [2 we present our general framework which is given by stratified
Lie groups. These groups are quite natural generalization of R™ but they present some particularities that should
be taken into account in the computations. Section [3] is devoted to one of our most important tool: the spectral
decomposition of the Laplacian that will allow us to build new operators in a very simple way and whose associated
kernels will enjoy of useful properties. In Section [ we give the precise definition of all the functional spaces used in
the previous inequalities and in Section [{]- [l we present the proofs of Theorems[[land Theorem 2l respectively. Finally,
in Section [[ we give the proof of Theorem Bl and some variations of the previous results.

2 Stratified Lie groups: notation and basic properties

As said in the introduction, stratified Lie groups are natural generalizations of R™ when considering general dilation
structures. Although stratified Lie groups share common features with R™, there are some special points that must
be taken into account: for example these groups are no longer abelian and this fact requires to be carefull in some
computations, furthermore from the geometric point of view, the inner geometric structure of these groups can be
very different from the euclidean setting. It is then necessary to recall some basic facts about stratified Lie groups,
for further information see [I7], [I8], [39], [36] and the references given there in.

We start with the notion of homogeneous group G which is the data of R™ equipped with a structure of Lie group
and we will always suppose that the origin is the identity. We define a dilation structure by fixing integers (a;)1<i<n
such that 1 = a; < ... < a, and by writing:

5o :R* — R (9)

x > dulz] = (@™ xy, ..., at ).
We will often note ax instead of d,[z] and « will always indicate a strictly positive real number.

Of course, the Euclidean space R™ with its group structure and provided with its usual dilations (i.e. a; = 1, for
i=1,...,n) is a homogeneous group. Here is another example: if z = (1,22, 23) is an element of R?, we can fix a
dilation by writing 8, [z] = (ax1, a2, a®z3) for a > 0. Then, the well suited group law with respect to this dilation
is given by = -y = (x1,x2,23) - (y1,¥2,y3) = (T1 + y1, T2 + Y2, 23 + Y3 + %(ljyg — y122)). Remark in particular that
this group law is no longer abelian. The triplet (R3,-,§) corresponds to the Heisenberg group H! which is the first
non-trivial example of a homogeneous group.

The homogeneous dimension with respect to dilation structure (@) is given by N = Z a;. We observe that it is
1<i<n
always larger than the topological dimension n since each integer a; verifies a; > 1 for all ¢ = 1, ..., n. For instance, in
the Heisenberg group H' we have N = 4 and n = 3 while in the Euclidean case these two concepts coincide. Now we
will say that a function on G \ {0} is homogeneous of degree A € R if f(64[z]) = o f(x) for all @ > 0. In the same
way, we will say that a differential operator D is homogeneous of degree \ if

D(f(8alz])) = a*(Df)(8ala]),

for all f in operator’s domain. In particular, if f is homogeneous of degree \ and if D is a differential operator of
degree pu, then D f is homogeneous of degree A\ — p.

The presence of a dilation structure is one of most important features of stratified Lie groups and the homogeneity
with respect to these dilations will play a useful role in our computations.



From the point of view of measure theory, homogeneous groups behave in a traditional way since Lebesgue measure
dx is bi-invariant and coincides with the Haar measure, thus for any subset £ of G we will note its measure as |E|.
This fact also allows us to define Lebesgue spaces in a classical way (see also Section Hl below).

The convolution will be a very useful tool in our computations, and for two functions f and g on G it is defined by

fog(a) = /G F@gly™ - z)dy = /G -y gy, ze<G.

However, since the group law of a stratified Lie group is not necessarly commutative, we do not have in general the
identity f*g = g f and we need to take care of this fact. Nevertheless, we have at our disposal Young’s inequalities:

Lemma 2.1 If1 <p,q,r < +oo such that 1+ % ==+ % If f € LP(G) and g € L™(G), then fxg € LY(G) and

1
p
I+ gllea < I Fllzeliglzr-

A proof is given in [I8]. A weak version of Young’s inequalities will be stated in Section [l

For a homogeneous group G = (R"™,-,§) we consider now its Lie algebra g whose elements can be conceived in
two different ways: as left-invariant vector fields or as right-invariant vector fields. The left-invariant vectors fields
(Xj)1<j<n are determined by the formula

(X, £)(x) = %yy)

of Koy OF
y=0 896]- ; J a:L'k
where q;? (x) is a homogeneous polynomial of degree a — a; and f is a smooth function on G. By this formula one
deduces easily that these vectors fields are homogeneous of degree a; and we have X, (f(az)) = a% (X, f)(ax). We
will note (Y;)1<j<n the right invariant vector fields defined in a totally similar way:

of (y - x)

(Y;f)(z) = oy

y=0

A homogeneous group G is stratified if its Lie algebra g breaks up into a sum of linear subspaces g = @, - i<k Ej
such that E; generates the algebra g and [E1, Ej] = Ej41 for 1 < j < k and [E1, Ex] = {0} and Ei # {0}, but
E; = {0} if j > k. Here [E, Ej] indicates the subspace of g generated by the elements [U, V] = UV —VU with U € E;
and V € E;. The integer k is called the degree of stratification of g. For example, on Heisenberg group H', we have
k = 2 while in the Euclidean case k = 1.

We will suppose from now on that G is stratified. Within this framework, we will fix once and for all the family

of vectors fields
X ={X1,... X},

such that a; = as = ... = a;, = 1 (m < n), then the family X is a base of F; and generates the Lie algebra of g,
which is precisely the Hérmander’s condition (see [I8] and [39]) and this particular choice ensures several important
properties, in particular to the family X is associated the Carnot-Carathéodory distance d which is left-invariant and
compatible with the topology on G (see [39] for more details) and for any z € G we will denote by |z| = d(x,e) and
for r > 0 we form open balls by writing B(x,r) = {y € G : d(x,y) < r}. By simple homogeneity arguments we obtain
that stratified Lie groups have polynomial volume growth since we have |B(-,r)| = rV|B(-,1)|.

The main tools of this paper depend on the properties of the gradient, the Laplacian and the associated heat
kernel, but before introducing them, we make here some remarks on general vectors fields X; and Y;.

Let us fix some notation: for any multi-index I = (i1, ...,4,) € N", one defines X' by X! = Xfl .. Xt and Y! by
Y =Y/ ... Yin furthermore we denote by |I| =iy + ...+ i, the order of the derivation of the operators X’ or Y’
and d(I) = a1i1 + ... + ani, the homogeneous degree of these ones. Now, for ¢, € C5°(G) we have the equality

/w(z)(Xli/f)(x)dfc:(*l)'”/(Xlsﬁ)(z)w(z)dz-
G

G



The interaction of operators X! and Y/ with convolutions is clarified by the following identities:
X' (fxg)=f*(X"g), Y(fxg)=F"fxg, (X' f)xg=[x"g). (10)

Finally, one will say that a function f € C*°(G) belongs to the Schwartz class S(G) if the following semi-norms are
bounded for all £ € N and any multi-index I: Ny ;(f) = sup (1 + |z|)*| X f(z)].
z€G

Remark 2.1 To characterize the Schwartz class S(G) we can replace vector fields X7 in the semi-norms Ny ; above
by right-invariant vector fields Y'.

For a proof of these facts and for further details see [I8] and [19].

We define now the gradient on G from vectors fields of homogeneity degree equal to one (i.e. those composing the
family X) by fixing
V=(X1,., Xm).

This operator is of course left invariant and homogeneous of degree 1. The length of the gradient is given by the

formula [Vf| = (X1£)% + ... + (X £)2)"/?
(Id) we have the identity

. We also define the right invariant gradient V = (Y1, ...,Y,,), and using

(Vf)*g=[*(Vg).

We define now the Laplacian we are going to work with. Let us notice that in this setting there is not a single way to
build a Laplacian, see for example [19]. In this article we will use the Laplacian, denoted by 7, which is given from
the family X in the following way

J=V'v=- x2 (11)
j=1

This is a positive self-adjoint, hypo-elliptic operator (since the family X satisfies the Héormander’s condition), having
as domain of definition L?(G). Its associated heat operator on Gx]0,+oo] is given by 0; + J.

We recall now some well-known properties of the heat operator and its associated kernel.

Theorem 4 There exists a unique family of continuous linear operators (Hy)i>o defined on L' + L>(G) with the
semi-group property Heys = HiyHg for allt,s > 0 and Hy = Id, such that:

1) the Laplacian J is the infinitesimal generator of the semi-group Hy = e %7 ;
2) Hy is a contraction operator on LP(G) for 1 < p < +oo and for t > 0;
3) the semi-group Hy admits a convolution kernel Hyf = f * hy where hy(z) = h(z,t) € C>°(Gx]0, +00|) is the heat
kernel which satisfies the following points:
(a) (0 + T)ht =0 on Gx]0,+oc[, and h(x,t) = h(z~1,t), h(z,t) > 0 and /h(m,t)dx =1,
G
(b) hy has the semi-group property: hy * hy = hyrs for t,s >0 and we have h(d,[x],a?t) = a~Nh(x,t),
(c) For every t > 0, x + h(x,t) belong to the Schwartz class in G.
4) |Hef — fller = 04ft = 0 for f € LP(G) and 1 < p < +o0;
5) For ¢ € C*(G) and for t > 0 we have JH(f) = H:T(f).

For a detailed proof of these and other important facts concerning the heat semi-group see [18] and [32].
To close this section we recall the definition of the Laplacian’s fractional powers. If s > 0 we write

+oo
T f(x) = ﬁ/{) th= LT H, f (x)dt, (12)

for all f € C*°(G) with k an integer greater than s. This formula will be used in the sequel, but as we will see in the
next section, there is another way to define the fractional powers of the Laplacian.



3 Spectral tools

Since the Laplacian given by (IIl) is a positive self-adjoint operator, it admits a spectral decomposition of the following

form
+oo
J = / MNE.
0

This spectral decomposition allows us to define the fractional powers of the Laplacian by the expression
“+o0
J? :/ NdE)y, with s > 0.
0

This formula is very useful to deduce some properties for the fractional Laplacian like J51[J5%2f] = J51+52f for
$1,82 > 0 whenever these quantities are well defined. But it will also help us to build a family of operators m(J)
associated to a Borel function m. A classical example of this situation is given by the heat semi-group

+oo
Hy =e W = / e N dE, with m()\) = e™?,
0

and from these formulas we can see that we have the identity J°H; = H;J°. It is however possible to go one step
further, indeed, following [23] and [19] we have the next result which is the key of many of our computations.

Proposition 3.1 ([19], Proposition 6) Let k € N and m be a function of class C*(RY), we write

lmll ) = (1+ A m ).

sup
0<r<k
A>0

“+oo
We define the operator m(tJ) for t > 0 by the expression m(tJ) :/ m(tA\)dEyx. Then this operator admits a
0

convolution kernel My(x) = t~N/2M (t=/2x) and moreover, for a € R and I a multi-index, there exists C > 0 and
k € N such that:

1

N 1
[0+ DX M) < CE3 7T A VI llay with

By homogeneity, the conclusion of this proposition remains true if instead of left-invariant vector fields X! we consider
right-invariant vector fields Y'Z.

Corollary 3.1 Let m be the restriction on RT of a function in S(R). Then the kernel M of the operator m(J) is in
S(G).

4 Functional spaces

We give in this section the precise definition of all the functional spaces involved in Theorems [l and 2l In a general
way, given a norm || - || x, we will define the corresponding functional space X (G) by {f € S'(G) : || f|lx < +o0}. The
constant that appear in this paper such as C' may change from one occurrence to the next.

e Lebesgue spaces LP(G). For a measurable function f : G — R and for 1 < p < +oo we define Lebesgue space

1/p
by the norm || f||zr = </ |f(x)|pdx) , while for p = +0o we have || f||L~ = supess|f(x)|. Let us notice that
G z€G
we also have the following characterization using the distribution function:

+oo
1170 =p/0 o {2 € G |f(z)| > a}|da.



e weak-Lebesgue spaces LP*°(G). We define them as the set of all measurable functions f : G — R such that
1fllzree = sup{a: {z € G« |f(@)] > a}['7}

is finite.
We will need the following version of Young’s inequality where weak LP spaces are involved:

Lemma 4.1 Let p,q,r > 1. If f € LP*°(G) and if g € L"(G), then f*g € LY(G) with 1+ % = % + % and we
have the inequality
1S * glla < I fllLreellgllLr-

See a proof of this Lemma in [22], Theorem 1.4.24.
e Sobolev spaces W*?(G). If 1 <p < +00 and for s > 0 we have
1F e = 1T £l

while if p = s = 1 we will note
[f1lra = IV AL

e weak Sobolev spaces Wjép (G). These spaces are defined just as classical Sobolev spaces, but we replace the
LP norm by the weak LP one in the following manner:

I fllyirsr = 1752 f||ppe  with 1 < p < 400 and s > 0.

e Besov spaces Bf;q(([}). There are many different (and equivalent) ways to define these spaces in the setting of
stratified Lie groups. In this article we will mainly use the thermic definition given by

+o00 q 1/q
o (/ H(m—s/2)q ﬂ)
Bp’q 0 )

I t
for 1 < p,q < +00,s > 0 and m an integer such that m > s/2. For Besov spaces of indices (—/3, 00, 00) which
appear in all the improved Sobolev inequalities we have:

1£1l s = sup 72| Hy f || .
t>0

O H, f

171 ()

e Lorentz spaces AP(w)(G). Let f : G — R be a measurable function. We define f*, the nonincreasing
rearrangement of the function f, by the expression f*(t) = inf{a > 0:|{z € G: |f(x)] > a}| < t}. We will say
that a nonnegative locally integrable function w : Rt — R belongs to the Arifio-Muckenhoupt class B,, for
1 < p < +o0, if there exists C' > 0 such that

+oo rA\D r
/ (;) w(t)dt < C/ w(t)dt, for all 0 < r < +o0.
r 0

It is not difficult to see that if 0 < p < ¢ < +o00, then we have the inclusion of classes B, C B;. We define the
Lorentz spaces AP(w) with 1 < p < 400 by the formula

| fllar(w) = </O+Oo(f*(t))pw(t)dt>; .

As said in the introduction, the choice of the B, class is due to the fact that the Hardy-Littlewood maximal
operator M p, given for a measurable function f by

1
Mpf(x) = sup E/ |f(y)|dy, where B is an open ball, (13)
B

B>z

is bounded on the spaces AP(w) for 1 < p < +00: [|[MBpfllar(w) < Clfllarw), where C' is depending on the

quantity . )
o =z ([ 5500 () oo ) -

For more properties of these weights and the associated classical Lorentz spaces see [3], [8], [34] and [10].



e Lorentz-Sobolev spaces A*?(w)(G). Once we have fixed the base space AP(w), the homogeneous Lorentz-
Sobolev spaces are easy to define and are given for 1 < p < 400 and for s > 0 in the following way

1 ey = ( / - ((Jgf)*(t))pw(t)dt>; |

e weak Lorentz spaces AP (w)(G). Let w a weight in RT. For 0 < p < 400, the weak Lorentz space AP (w)
is the class of all measurable functions f : G — R such that

| f1| ap-o () = sup f*(t)Wl/p(t) < 400,
t>0
t

where W(t) = | w(s)ds. The weak Lorentz spaces were introduced in [8] and further investigated in [7], [6] and

0
[9). The problem of characterizing when the weak type Lorentz spaces AP**°(w), 0 < p < 400 are Banach spaces
was studied in [34].

e weak Lorentz-Sobolev spaces As’p’oo(w)(G). For 1 < p < 400 the homogeneous weak Lorentz-Sobolev spaces
are given by

. t 1/p
oy =sup( o) ([ wteras)

e Morrey spaces MP%(G). For 1 < p < 400 and 0 < a < N, we define Morrey spaces as the space of locally
integrable functions such that

1
1 P
[ fllpmpe = sup  sup <—/ |f(x)|de> < +00.
B(zo,r)

zo€R™ 0<r<4oo \ T

Morrey spaces are indeed a generalization of Lebesgue spaces since when a = 0 we have MP? ~ LP. The use of
Morrey and Morrey-Sobolev spaces in this article is due to the fact that the Hardy-Littlewood maximal operator
(@) is also bounded in such spaces. See more details in [I4] in the framework of R™ and [2] in the setting of
stratified Lie groups. See also [33] and the references given there in for other interesting generalizations.

e Morrey-Sobolev spaces Ms’p’“(G). For 0 < sand 1 < p < 400 with 0 < a < N we consider the homogeneous
Morrey-Sobolev spaces M*®P¢ by the quantity

£l om0 = 1T 2 Fll pwa

5 Proof of Theorem [

Theorem [ will be a consequence of the following result which is stated in the general setting of stratified Lie groups.

Theorem 5 Let f : G — R be a function such that Vf € LY(G) and f € Bgoﬂ’oo(G). Then we have the following
inequality:
1 lvrea < CIVANLNN 5 e (14)

where 1 < g <400, 0<s<1/q, 8= 1q__81q and 0 = %.

We assume for the time being that the quantity |72 f||z« is finite, we will see how to discard this extra hypothesis
with the Proposition

~ We start our proof by remarking that the operator J 2 carries out an isomorphism between the Besov spaces
BZ%°°(G) and BZ?~5°°(G) (see [32]) and thus we can rewrite inequality (4] in the following manner

1 lvea < CIVANLNT I e



By homogeneity of this inequality we can assume with no loss of generality that
||j%f||B;575,oc S 1, (15)
and with such an assumption we only have to prove the inequality

1£llyirea < CIVFlIZ1,s

where C' = C(q) is a positive constant independent from the function f.

Now, if we define ¢t > 0 by
2

to = @ Fts with a > 0, (16)

using the thermic definition of the Besov space BZ~% we have

Bts Bts
|

172 f e S1 = sup ta¥ [ Hey TE 1 <1 = [Hi, 5 fllpe < ta 2

= |H,, T flr= <a. (17)

a

To continue, we consider a smooth non-negative function 6y : Rt — R™ such that

Lif A € [0,1/2],
Oo(\) = and we define 61 (\) =1 — 0p(A). (18)
0if A € [1, o0,

Using the spectral resolution of the Laplacian, we can associate to these functions 6y and 67 two convolution operators
0o(J) and 01(J) with kernels ©p and ©; in the following manner:

00(T)(0) = ( / m eodeA) ()= 650 and 0,(T)() = ( / ” 91()\)dEA) (6) = 60,

where ¢ : G — R is any function such that these quantities make sense (¢ € LP(G) with 1 < p < +oco for example).
Observe that by construction we have the identity

¢ =¢*O0+ ¢x* 0O, (19)
and in particular, applying Proposition [3] to the operator’s kernel ©¢ and ©; we can obtain the inequalities

1©0]lzr <1 and 1O1]|zr < 1. (20)

Remark 5.1 We observe that since the function 0y is the restriction to RT of a smooth function, the kernel ©q
associated to the operator 0o(J) is also smooth and we have ||J2Oq||p1 < 400 for all 0 < s < 1. However, this is
not the case for the kernel ©1 which is only integrable : this particular fact will force us to divide our proof in several
steps in order to overcome this issue.

At this stage, we apply the identity (IJ) to the function J 2 f in order to obtain
Tif=TJ3f«Ou+T3f*0O,. (21)

Recalling the fact J3 f € Bgoﬁ —%° using the thermic definition of Besov spaces and the estimate (7)), we obtain the
following inequalities, where the integrability properties of the kernels ©y and ©; are used

[He T5f %00l < 1@ollpt | Heo T2 fllzee < [Heu T2 fllLe < a, (22)
and  [[Hy, T2f *O1l < [O1llp | Heo T2 fllze < [Heu T2 fllL <

10



Now, with all these preliminaries, we use the decomposition formula (ZI)) to compute the L? norm of J3 f in the
following way

1, e :
—ITE I, :q/o 01 {2 € G :|T% f(z)| > Ta}| da (23)
+oo
:q/ aq_ly{xeG:|j%f*®0(x)+j%f*®1($)|>7a}’da
0

+oo t+oo
Sq/ oﬂlexGG:|j%f*@0(:c)|>5a}‘doz+q/ ozqfl‘{xEG:|j§f*®1(z)|>2a}’da
0 0

We divide our study of these two quantities with the following propositions. The first of these integrals, treated in
Proposition 5.1}, is easier to study since, as it was pointed out in the Remark [5.1] the kernel ©g is a smooth function
and allows us to perform some computations that are not available anymore for the kernel ©;. The second integral in
the right-hand side of (23] is more technical and it will be treated with Proposition (521

Proposition 5.1 Under the hypotheses of Theorem [A and assuming that || T2 f|p« < +o00, we have for the first
integral of the right-hand side of the expression (23) the inequality

q 1

+oo
q/ ad™! Hx eG: |j%f*®0(x)| > Sa}‘da < Cqlog(M)||V £l + —
0 q— 1M1

172 F1Ias
where the constant M > 1 will be fized later on.

Proof. For the proof of this inequality it is possible to follow with slight modifications the arguments given in [25].
This fact is a consequence of the smoothness properties of the kernel ©g. We write then F = J3 f * ©g and we
introduce the following thresholding function:

o(—t) = =Va(),
0 if 0<t<
U, (t) = ! T & here, M is a parameter which depends on q.
t—a if a<t< Ma,
(M -1 if t> Ma,
This cut-off function enables us to define a new function F, = ¥, (F) and we write in the next lemma some significant
properties of this function Fy:

Lemma 5.1
1) The set defined by {x € G : |F(x)| > ba} is included in the set {x € G : |F,(x)| > 4a}.
2) On the set {x € G : |F(z)| < Ma} one has the estimate |F — F,| < a.
3) If F € CH(G), one has the equality VF, = (VE)Lia<|p|<Ma} almost everywhere.

For a proof see [25]. Thus, by the first point of the lemma above we have
—+o0

+oo
q/ "tz € G |F(2)] >5o¢}|do¢§q/ QI H{z € G: |Fy(x)| > 4a}| da. (24)
0 0
Now, by linearity of the heat semi-group H;_ we can write F, = F, — H; (F,) + Hy, (Fo — F) + H_ (F), and we have
Hx € G:|Fu(z)| >ba} < [z eG:|Fy(x)— Hi (Fo)x)|>at+{zeG:|H (F.— F)(x)| > 2a}|
+H{z e G: [H, (F)(2)] > a}f,

but |{z € G : |Hy;, (F)(x)| > a}| = 0 since, by the thermic definition of the Besov space BZ?> we have by (22) the
estimate ||Hy, (F)||Le~ < a. Thus returning to (24]), we obtain the following inequality

+o0 t+oo
q/ 2P {zr € G: |Fy(z)| > 4a}|da < q/ Q{2 € G: |Fo(x) — Hy, (Fo) ()] > a}| da
0 0

+oo
+q/0 a2z € G |Hy (Fy — F)(z)| > 2} dov. (25)

We will study and estimate these two integrals by the two following lemmas:

11



Lemma 5.2 For the first integral of (Z3) we have the inequality

+oo
(J/O o' {w € G : [Fa(w) — Hy, (Fa) ()| > o} da < Cqlog(M)||V ] 1.

Proof. Tchebytchev’s inequality implies

q/()+°°aq1|{xe@;| o) — Hi (Fa)(a >|>a}|da<q/+maq2</G|Fa<x>Hta<Fa><x>|dz>da

We use now the spectral theory to write

(/Om(l - et“A)dEA> Fo(z) = </O+OO ta(ta ) (1 — eta’\)/\dEA> Fy(x)

(/0+°° tam(ta)\))\dE,\) Fo(z) = toJ (Fa % M) (2),

Fo(z) — Hy, (Fo)(x)

where m(\) = A™(1 —e~*) defines the operator m(t,.J) which is given by convolution with a kernel M;_ and we have

q - a?™? |Fo(z) — Hy (Fo)(2)|dz ) da = ¢ o al™? ltaT (Fo* My, (2)|dz ) do
e Jao = af (]

¢ /0 T ey, ( /@ (VE, + 6Mta)(x)|dx) da
o[ et ([ VR ) 193, o

—1/2

IN

Now, by the properties of the function m(\) and applying Proposition Bl we have ||VM,5 lLr < Ctq '” and we obtain

Q/OJrooan (/G|Fa( — H, (F, ()|d:v) da < cq/+ ad™2l/? (/GWFa(xndx) da.

Remark that the choice of t,, fixed before in ([I6]) gives /2 = a9, then using Lemma [5.1] we have

q/0+oo 092 (/G \Fu(z) — Hy (Fa)(x |dx) do cq/m ! (AQ<F|<MQ}|VF(:E)|dx> da
Ca [ VPG (/'F a ) dz = Cqlog(M)|[VF| 1.

It follows then from the definition of I’ and from the smoothness properties of ©y:

IN

IN

—+o0
o o ([ 1R - i E)@lds ) da < CqlogMD]VS + TG0l
0 G
< Cqlog(M)|[V [T 26011 < Cqlog(M)||V [ L1,
and one obtains the estimation needed for the first integral. |

Lemma 5.3 For the second integral of (24) we have the following inequality:

9
1M‘11

“+o0
¢ oo € G, (Fa - F)e )| > 20}|da < 172 £ 1L
0

Proof. For the proof of this lemma, we write

|F' = Fo| = |F — Fol|lypi<pay + 1 = Fall{p>may

12



but, by Lemma [5.1] the distance between F' and F,, is lower than « on the set {z € G : |F(z)| < Ma} and we obtain
|F' = Fo| < a+ |F|L{pj>na}-
Now, applying the heat semi-group to both sides of this inequality we have
Hy, (|F = Fol) < a+ Hy, (IF|1{p1>pa))s

and then we can write
+o0 t+oo
q/ 0 {2 € G : |Hy (Fo— F)(x)| > 20}| da < q/ " {2 € G : Hy, (IF1Lyjponiap) (@) > a}| dov
0 0
Applying Tchebytchev’s inequality, ones has the estimate

+oo too
q/ 0L [{z € G : |Hy, (Fa — F)(2)] >2a}|da§q/
0 0

qu2</GHta (|F|]l{|p‘>Ma}) (m)dw) da,

then by Fubini’s theorem we have

+o0 +oo
q/ "'z € G: |Hy, (Fo = F)(x)| > 20}|da < q/ IF(w)|</ 11{F|>Ma}04q_2da)df”
0
[Pt
< / @l
q—1 Ma—1
< Ly,
To finish, we recall that F = J2 f *x Oy and we have
+o0 L q
_ ) g q
q/o a7 {x € G: |Hy (Fo — F)(2)] > 2a}|da < ﬁMq_lnjzf*@OHLq
q 1 s
< —1W”u72f”%QH®OH%1
9
< L.
and this concludes the proof of this lemma. |

We finish the proof of Proposition 5] by connecting together these two lemmas i.e.:

@ ITE I

+oo
q/ a1 ‘{:I: €G:|T2f*0(x)| > 504}’ da < Cq log(M)||V £l £ +
0
|
We continue the proof of Theorem [l with the following proposition that study the second integral of the right-hand

side of ([23). This is the most technical part of the proof since we need to deal with the kernel ©1, associated to the
function #; which does not have the same smoothness properties as the kernel O.

Proposition 5.2 Under the hypotheses of Theorem[d, for the second integral of the right-hand side of the expression

(23) we have
+oo
q/ aqfl‘{xeG:|j§f*@1($)|>20¢}’d0¢§CQva||L1.
0

13



Proof. By hypothesis we have Vf € L'(G) and we will assume that [|[Vf||z1 > 1. With this extra assumption we

o=1
—q

can divide our study in three parts. Indeed, for o > ¢ a fixed parameter and denoting by 7' = ||V f||7:* > 1, we have
+Oo s 1 e
q/ 'z €G:|T2fxO1(x)| > 2a}|da = q/ " '{z €G:|T fxO1(x)| > 20} do
0 0
T S
+q/ ad™! Hx EG:|T>fx01(x)] > 204}’ do
1

+oo
+q/ oﬂlezGG: | T2 f+0,(x)| >2a}‘da. (26)
T

The case when ||V f]L1 < 1 is simpler to deal with as we only need to consider the first and the last integral of the
right-hand side of the previous expression since, in this particular case, we would have 0 < T' < 1 and then we can
write

1

“+o00
CI/ o' {z €G:|Tf*O1(z)] >20}|da < ‘1/ ot {r €G:|T3f x O1(x) > 20}|da
0 0

+oo
+q/ o' {zreG: |72 f+01(z)| > 2a}| do,
T

thus, if we can control the first and the last term of (26]) we can also control the previous inequality. As we will see,
these two previous integrals will be estimate without the extra hypothesis ||V f|/51 > 1 which is actually only used to
study the second term of (20]).

Lemma 5.4 Under the hypotheses of Theorem [d, we have
1
q/ o' {z eG: |T2f*01(z)| > 20} | da < Cq||[Vf| 1.
0

Proof. Since, by [22)) we have ||H;, J % f * O1]|1~ < o we can write

1

1
q/ aq_l‘{xeG:|j%f*®1($)|>2a}’da§q/ aq_l‘{xEG:|j§f*®1($)—Htaj%f*®1(:E)|>a}’da,
0 0

and by Tchebychev’s inequality we obtain
1

1
q/ ot {z €G:|TEf*01(z)] > 2a}|da < q/ Q"2 || TEfxO1 = H, J? f %01, da.
0 0

We use again the spectral decomposition of the Laplacian to write

+oo
Jifx0,—H, Jif+x0, = (/ (1et“)A%01(A)dEA> (f). (27)
0

The function 6; does not vanish at infinity, so in order to perform our computations we need to construct the following

decomposition
“+oo

01(\) =D _v(277N), (28)

=0
where ¢ is a C§°(R™) function defined by ¥(\) = 0y(A/2) — 0o(A). Thus, applying this decomposition to ([21) we have

—+00
J2f*O1—-H, J>fx0; = Z / (1- eta)‘)1/1(2j/\)/\§dEA> (f)
j=0 \0
“+oo

14



where 1;()\) = % is a function that belongs to C5°(R™) and the associated kernel K belongs to S(G). We have

then that the operator /(2797) admits a kernel I?](z) = Qj%f?(2%1') and denoting by M, the kernel associated to
the operator m(t,J), where m()\) = (1 —e™?), we can write

400 +o00
Tifx0,—H, J2fx0; = ZQ—j(l—s/Q)j (f « K * Mta) _ ZQ—j(l—s/Q) (Vf « VE; * Mta) _

Jj=0 Jj=0

With this last identity at hand we can write

1 1 +oo
q/ ' {zeG: | T2 f %0y (z)| > 20} dor < q/ al™? 227]-(175/2) (Vf*%f(] *Mta) da
0 0

Jj=0 1

1 +oo
< Cq [ a2y 2O VTR, |, | rde
0 =
Here, we apply the Proposition Bl to obtain ||VE,||,1 < C23/2 and ||M;, ||+ < C, and thus since 0 < s < 1 we have

1 +oo
a?™? " 27109/2)91/%dq
=0

1 +oo
= CqHVfHLl/ aq72227j( ) da
0 =

1
q/ @' {2z € G |TEf01(x)] > 20} da < qu\Vf”Ll/
o 0

1
< Cql| VSl / T 2da < Cq|[V f| 11,
0
and the Lemma [5.4] is proven. [ |

It is worth noting that in the proof of this lemma, we do not need the extra assumption ||V f||z1 > 1, this hypothesis
will be useful in the following lemma which is the most technical part of the proof of Theorem

Lemma 5.5 Under the hypotheses of Theorem [A and assuming that ||V f||p1 > 1, we have for the second integral of
the right-hand side of (24) the following inequality

T
q/ ad™t Hz eG: |j%f*®1(x)| > 2a}|da < Cq|IVfllr:-
1
Proof. Since, by [22) we have |[H;, J2 f * O1||r~ < a we can write
T S T El El
q/ ' {z €G:|T?fxO1(x)| > 2a}|da < q/ {2z eG: T3 fxO1(x) — Hy, T? f xO1(z)| > a}|da,
1 1

and by Tchebychev’s inequality we obtain

T

q/lTaq_1 {zeG: | T2 f*0O1(x)] > 20} | dov < q/1 al™? Hj%f*(al —H, Jif * 01|, dov. (29)
We use again the spectral decomposition of the Laplacian to write
giproi-mgifeer = ([Ta-etninmis) o) (30)
0
Here we will need another decomposition and we can not simply repeat the decomposition used previously in (28]).

We start by writing & = (o) = a=2? with § > %. Remark that the integration over « in (29) runs between 1 and
T so we have that ¢ €]T2%,1]. Then we define a new auxiliary function ¢. by the expression

¢ (X) = 0p(27%eX) — Oo(N), (31)
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and this is a C§°(R™) function. Now, for j > 0 we define
n277eX) = (27 UFD2722)) — gy(277272e)),

and we obtain the following decomposition
400 _
01(X) = 6e(N) + D _n(277eN).
j=0

It is important to remark that this decomposition of the function #; contains two terms of different nature. Indeed,
the function 7 is in some sense homogeneous since by construction it has the same decay for lower or higher values of
A and the corresponding kernel will satisfy homogeneous properties as in Proposition [B.I], but this is not the case for
the term ¢, as for lowers values of A it has a different decay than for higher values of A (this is clear from the formula
(1)) and we can not apply directly the ideas behind the Proposition 3] to the kernel associated to the function ¢..
This particular feature will force us to treat in a separate way each of these terms.

Having in mind this remark, we apply this decomposition to [B0) and we have

—+o0

+o0 too
TEf+O1—Hy Jif 0 = ( / (1- emwe@ném) H+Y ( / (1- etmn(wan%da) ).
=0

then we obtain the following estimate for the right-hand side of ([29)):

T T +o0
q / Q|| TEf 01— H, T3+ 04|, da < ¢ / a2 < / <1etak>¢s<A>A%dEA> (A do (32)
1 1 0 Lt
T 400 +o0 )
o[ | ([Ta- e me i ) (] do
1 j=0 0 L1

As said in the lines above, we need to study separately each one of the terms in the right-hand side of the previous
inequality [32). For the first part of this formula we will prove the following inequality:

T
q / a?™?
1

o—1
Indeed, since we have 1 < T = ||V f||7;? < 400, there exists an integer Ny such that 7% < 27, We define thus a
new auxiliary function given by the expression

( /O +00(1 - e‘“)aae(A)A%dEA) (f)

da < Cq||V |- (33)
Ll

®(A) = 00(27"772N) — 0o(2)),
since by construction ® = 1 in the support of ¢, for all £ €]T~%9, 1], we obtain the identity

Pe ()‘) = ¢()\)¢E ()‘)a

and then, we have

( / - et%g(x)x%da) (f) = < / a- em)@(Am(A)A%dEA) ).

Here we will perform some computations at the spectral level

</O+Oo(1eta’\)¢€(/\)/\§dE,\> (f) = (/OJroota(ta)\)l(let“A)/\SQ)(A)(bE(A)AdE,\) (f)

([ tartaniove. s, ) (o)
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where we noted T(ta)\) = (taX)"1(1 — e~f*) and ®(\) = A3®()). If we consider now the associated operators to
these functions we have that I'(¢,.J), ®(J) and ¢.(J) admit a convolution kernel denoted respectively by II;, , K and
3c. Thus, we obtain the following expression

(/Jroo(l—e_t“)qba()\))\;dEA) (f) = ta T(f+I0, x Kx%.) =1, (Vf*%nta*l(*za).
0

At this point, in order to obtain formula (B3] we first take the L! norm of the previous expression to obtain

H </0+00(1 - et“mw%d&) (f)

Now, by the properties of the auxiliary functions and applying Proposition B.I]to these kernels we obtain the following

inequalities || VI, ||z < Cta ™, |K|z: < C and || S|z < C. Thus we can write

H </0+00(1 - et“mw;d&) (f)

< tall VA IV s I ][5 o

a |

L1

< Ct/2|V Sl

L1

It is important to remark here that due to the Proposition [3I] since the functions 1",&) and ¢. are bounded, the
constant C' depends only on the dimension and eventually on other parameters associated to the underlying group
structure but it is independent from the parameters € and T'.

Once we have this inequality, we integrate it with respect to « in order to obtain

T
q/ al™?
1

. __2 _2(¢—1)
Since t, = o~ s = a” “1-s | we have

+oo T
( / <1ef“>¢g<A>A3dEA) N da < caviL / 0211/ 2da,
0 1 1

L

T +oo T —1
of a|([Taseensan) ()| da < cavile [ et
1 0 1 1
T S
< CqIIVfHLl/ o@D -1,
1
<

CqllV e (1 _ T*W*l)(ﬁ)) 7

and since T > 1, we finally have

T
q / al™?
1

Now, we will study the second part of the right-hand side of the expression ([B2) and we will prove the following
inequality

( /0 +00(1 - e‘“)aae(A)A%dEA) (f)

da < Cq||V |- (34)
s

T +o0 [e'S)
g / a2 Z( /+ <1e-t“>n(2—jeA)A%dEA) ()| da < Cal| V.
1 0

Jj=0 L1

This inequality will be easier to obtain than the previous one given by (34)) since the function 7 satisfies suitable
homogeneous properties which was not the case for the function ¢.. Indeed, we observe that

where 77(\) = /\YE’\)/Q is a function that belongs to C5°(R™) and the kernel E associated to the operator 7(J) belongs to

S(G) and we have then that the operator 77(2~7¢.7) admits a kernel E; .(z) = (277¢)~* E((277¢)~2z). Furthermore,
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if we denote by M;_ the kernel associated to the operator m(t,J) where m()\) = (1 —e™?), we can write

—+o0 “+oo

o0 _
) ( | - et“A)n@jE/\)/\%dEA) (F) = ST (£ By ,)
§=0 j=0
“+o0
= Y (@7t (Vf * VEj. * Mta) :
j=0

With this last identity at hand we obtain

T +o00 “+o0 T +o00 o
q/ al™? Z (/ (1- eta)‘)n(st)\))\%dE,\) (Nl da< q/ ai™? Z(Qijs)lfs/Q (Vf * VE, ¢ * Mta) do
1 0 1

7=0 1 j=0 Lt

T +o00
<Cq [ ar? Y @Ol 9B M, rde.
1 =0

Now, we apply Proposition 3] to obtain that |[VE; .||, < C(277¢)~Y/2 and | M, |12 < C. Thus, as 0 < s < 1, we
have the following inequality

T +oo +oo T +o0o
q / a’”? Z( / <1—et@>n<2f‘sA>A5dEA) ()| da < CqllV S| / 'Y (277e) 2 (27e) T P da
1 0 1 =0

j=0 Lt

T 400 T
SOqIIVfHLl/ aq*QZrﬂ'(%ﬁk%dagcq|\Vf||L1/ P2 da,
! 3=0 1

but, since ¢ = e(a) = a~2® with § > ‘{;_i and since we assumed that T > 1, we have

T +oo 400 T
q/ al™? Z (/ (1- et“)‘)n(st)\))\ngA) (Nl da< Cq||VfHL1/ a? 2070079 4o
1 0 1

j=0 Lt

< Cql|Vflp (1-T-00==a=0)) < Cq|V £ 1.

Remark that the quantity in brackets above is always bounded by 1, thus the constant C is an universal constant
which is independent from the parameter 7'

Finally, with this inequality for the second part of the right-hand side of (32]) and with the previous inequality (34])
for the first part, we have that

T
q/ Al T2 f 01— He, T> [+ 01, da < Cql|Vfllp,
1

and this concludes the proof of the Lemma |

Lemma 5.6 Under the hypotheses of Theorem [3, we have for the last integral of the right-hand side of (26]) the
following inequality

+oo
[ e (e € G198 s > 20) o < €IS
T

Proof. If 0 > q, applying Tchebychev’s inequality we have

+oo Foo
q/ 0 {z €G:|TEf*01(x)| > 20} |da < q/ at™1 77| TEf % 01| do.
T T
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Now, by Young’s inequality in weak L7 spaces given in Lemma 1] we have
+oo t+oo
q/ 0 {z € G |TE % Ou(x)] > 20} da < g / T T | Foe €1 dov,
T T

where 1+1 = % + 1. Since by Proposition B we have [|[©1]|L- < C, using the weak Sobolev inequalities (@) we obtain
the following inequality

+o0 oo
0 e {reGiITi 0w > 2a)|da < CalT NG [ T oda < Calv AT I YO0
T T

But since we assumed that ||f||B s.0c <1 (up to a normalization constant since | f|| p—p.c =~ ~ |73 fllgzp-s00 < 1), by

the definition of 7' = ||V f|| 7 ¢ we finally obtain

+oo
q/ oﬂlezEG:|j%f*®1(z)|>2a}|da§0q||Vf||L1,
T
and the proof of the Lemma is finished. |

Now, with Lemmas [5.4] and [0.0] we can come back to (28] and we obtain the following inequality:
+m S 1 S
q/ ' {z eG:|T7fxO1(a)| > 20} da = q/ " '{z €G:|T>fxO1(z)] > 20} dov
0 0
T S
+q/ ' {z eG:|Tfx0O1(x)| > 20} | da
1

—+o0

+q/ oﬂlexGG:|j%f>k@1(:c)|>2a}‘da
T

CqllV £z,

IN

which is the conclusion of Proposition |

We have proven Proposition 5.1 and Proposition and we continue now the proof of Theorem B With these
inequalities at hand, we can return to the inequality (23) and we obtain

+oo +oo
||j i <gq / oﬂ71|{x€G:|j%f*@0(:c)|>5a}‘doz+q/ ozqfl‘{xEG:|j%f*®1(z)|>2a}|do¢
0

q
< Cqlog(M)|V fllzr + —— 3= 1||«7 Fie + CallV L

Now, if M is constant big enough, as we assumed ||j§f||Lq < 400 we can write

1 q 1 s
(7~ %53 ) 17441%, < Catog DV 1.

However, the proof of the Theorem [l is not complete since we worked with the extra condition that || 7% f||z« < +oc.
To overcome this issue we proceed as follows.

Proposition 5.3 It is possible to consider only the two assumptions Vf € LY(G) and f € B;Oﬁ*oo(([}) in order to
obtain the inequality

1 lvrea < CIVANLNN 5 e

wherel<q<+oo,0§s<1/q,ﬂ:%and@z%
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Proof. For the proof of this proposition we use again the spectral theory to build an approximation of f in the
following way

([ e e ae) () Gem.
0
where ¢ is a C>°(R™) function such that ¢ =1 on ]0,1/4[ and ¢ = 0 on [1, o0

Lemma 5.7 If ¢ > 1, if Vf € L(G) and if f € B%>®(G) then Vf; € LY(G), f; € B2?>°(G) and f; € L(G).

Proof. The fact that Vf; € L'(G) and f; € Bgoﬂ’oo(G) is an easy consequence of the definition of f;. To prove that
fj € LY(G) we will use the identity

fi= (/;OO m(2-*\) dEA) 277 7J(f),

where we noted _ _
2721)) — p(2%))
272\ '
Observe that the function m is in C* (RT), we obtain then the following identity where M; € S(G) is the kernel of
the operator m(27%17)

m(272)) = o

fi=278Tf % M =279V fx VM;.

Taking the L? norm in the preceding expression we have
1£ille = 1272V f % VM| Lo < 272 (| V£ ]| 2|V M| -
Finally, applying Proposition 3.1 to the norm H%M]H e we obtain:
1fillze < CPNETDIT 0 < oo
|

Thanks to this estimate, we can apply the previous computations made with the Propositions [5.1] and to the
functions f; whose L? norm is bounded, and we obtain the inequality

1fillze < CIV ANl
Now, since f € BO_OB’OO(G), we have f; — f in the sense of distributions. It follows

— 0 —0
1Fllze < Viminf[} ] e < CYVFII /] oo

We have restricted ourselves to the two initial assumptions, namely Vf € L'(G) and f € BZ%>(G). Theorem [l is
now completely proven.

6 Proof of Theorem

We will prove here, in the framework of stratified Lie groups, the inequality
1 Loy < CUF G 1155
where f : G — R is a function such that f € A%?(w)(G)NBL > (G) with 1 < p < ¢ < 400, 0 = p/q, 51 = 0s—(1—0)8

and —f < s1 < s. We will always assume here that w is a weight in the Arifo-Muckenhoupt class B,,. The reason for
this particular choice of weights relies on the fact that we will need the boundedness of the Hardy-Littlewood maximal
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operator on Lorentz AP(w) spaces and this is ensured by the condition w € B,,. See [3] and [10] for details.

By the definition of Lorentz-Sobolev spaces given in Section [4] this inequality can be rewritten in the following
way
2 s 06 1-0
1T fllasqwy < CIT = Fllar @yl 550

For the proof of this inequality, we will use a variant of Hedberg’s inequality. Indeed, since 0 < s; < s, we use the
characterization of the positive powers of the Laplacian given in (I2) and we have for k > s/2 > s1/2

J7flz) = ;/Jrootk_%l_lijf(m)dt
Lk —s1/2) J t

— 1 g k—3L—-1 7k oo k—3L -1 7k

where T' will be defined below. In particular we have

7% @) < e

(k —s1/2) T

T 400
( [t @ [ tlekHtf(zndt). (3)
0
For the first integral of the right-hand side of the previous formula we will use the following fact.

Lemma 6.1 Let f € S'(G) and ¢ € S(G). We denote by M (f) the mazimal function of f (with respect to @) which
is given by the expression

Mof@) = swp {If o}, with oi(e) = N2 2g).

If the function ¢ is such that |p(z)| < C(1+|z|)~N=¢ for some € > 0, then we have the following pointwise inequality
Mt,af('r) < CMBf('T)’
where Mp f(x) is the Hardy-Littlewood mazximal function defined by (I3).

For a proof of this lemma see [22] or [18]. With this lemma in mind, and since k > s/2, we remark that we have the
identity

T H f(x) = T 5he x T % f(2).
Now, by homogeneity we obtain J*~ % (h;)(z) =t **2 (7"~ 2 h,)(z) and if we denote ¢, by pi(z) = (T" 2 k) (z) we
have that ¢;(x) = t~N/2p(t=1/22), moreover, since the heat kernel h; is a smooth function, with the previous notation
we obtain |¢(z)| < C(1 4+ |z|)~™~¢. Then we can write

T H f () =t 200 T3 f (@),
and applying the Lemma [6.1] we have the following pointwise inequality for the first term of ([B3)):
| TEHf ()] = 7" 2 Mp (T2 f) ().

Now, for the second integral of the right-hand side of (B5) we simply use the fact that || J*f|| 5-s-2r.cc = || f]l 5-5.
and the thermic definition of Besov spaces to obtain

—B—2k
2

| T Hef(2)| = |H T " f(2)] < Ct 1T fll pp—re-

With these two inequalities at hand, we apply them in (B8] and one has

) ¢ T,k s OO s B2k
2 < _— 2 2 2 2 2 B _2k.co
|77 flz)] < RCEYYE) (/O t R E My (T3 1) (z)dtJr/T t t 1T* F 1| -2t
C s—

°1 s —B—s1
<m0 M (T3 @)+ TN ).
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We fix now the parameter 7" by the condition

(1M g\
Mg (T5f) (@) )~

and we obtain the following inequality

3 ¢ s 1= F kg FFe
7% 10 < M (T2 0) T @I e
Since Z22t =1 — 0 and using again the fact ||jkf||B g-2k0e 22 || fl| p=p.o we have
T @) £ g Ma (750) @1 (36)
N=Th—s/2)" =

Once we have obtained this pointwise inequality, we will use the following properties of the nonincreasing rearrangement
function.

Lemma 6.2 If f,g: G — R are two measurable functions, we have
(i) if lgl < |f] a.e. then g* < f,
(ii) if 0 <6, then (|f]%)* = (f*)°.

For a proof see Proposition 1.4.5 of [22]. Recalling that § = p/q and applying these facts to the inequality (B6) we
obtain

(T2 ®)" < (M (T2 0) 17152~ (37)

Multiplying the previous inequality by a weight w from the Arino-Muckenhoupt class B, and integrating with respect
to the variable ¢ we obtain

—+oo

oo 21 * a ) *
| (@) wa<c [ (s (750 0) w1152~
and then, by the definition of classical Lorentz spaces given in Section [] we have
177 Fllasquy < CIMB(T? ) 3 ) 1155

Now, since the weight w belongs to the class B, with 1 < p < +o00, we have that the Hardy-Littlewood maximal
operator is bounded on the space AP(w) and we obtain

[MB(T > Pllar) < NT2 Fllarw)

and finally we have the desired inequality for classical Lorentz spaces:

17 fllascuy < CIT 2 FllRnw P e

Now we will state in the following corollaries some interesting consequences of this previous theorem.

Corollary 6.1 Let w € B, be a weight and let f : G — R be a function such that f € AP (w)(G) N B><(G).
Then we have the following version of improved Sobolev inequalities of weak type:

1 ieracs ) < CUFIG ey 11

where 1 <p < qg< 400,00 =p/q, s1=0s— (1 —0)8 and —f < s1 < s.
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Proof. We start again with the pointwise inequality (B7)):

(T* 0 ®)" < (M (T2 0) 1F157

Now, we multiply both parts of this inequality by W (¢) and we take the supremum in the variable ¢:

IN

1T% F ey =sup W) (TFD70)" < Csup {(Mu(T 20 O) WO IS5 0

CIMB(TE e (i 11 e

IN

since it is known (see e.g. [34]) that for w € B, the Hardy-Littlewood maximal operator Mp is bounded on AP**°(w),
therefore we obtain that

1T 2 fllanes ) < CllT 2 Flo e ) 1 15 oe-
|

Now we will study other variations of the previous results by considering a different type of weights. To be more
precise, we will study two-weighted inequalities and in what follows, for v and w two weigths and for ¢ > 0, we will

t t
denote by V(t) and W (¢) the quantities V() = / v(s)ds and W(t) = / w(s)ds.
0 0
Our first two-weighted improved Lorentz-Sobolev inequality is given in the following corollary.

Corollary 6.2 Let 1 < p < g < 400 and let (v,w) be a pair of positive weights satisfying the following properties

0o 1/p t ! 1/p'
W (t)'/» (/+ w(s) ) / v(s)sP
su < 400 and su ds —ds < +00.
>0 V(TP AV AT o V(s

If f: G — R is a function such that f € As’p(v) N Bo’oﬁ’o" with s > 0, then we have a two-weighted version of
improved Sobolev inequalities

1 aer oy < CIAIRe o 1 15 50oe
where 1 <p < q<4o00,0=p/q, s1=0s—(1—0)8 and —f < 1 < s.
This inequality is interesting since it is possible, under some hypotheses, to consider different weights in the left-hand
side and in the right-hand side of the inequality.
Proof. Using the pointwise inequality [B1) and the fact that the Hardy-Littlewood maximal operator

Mp : AP(v) — AP(w)
is bounded for such weights (see [38] for details) we obtain the desired inequality. [

If we are allowed to change the weights that define the Lorentz spaces in the previous inequalities, it is then also
possible to change, with specific conditions on the weights, the parameters of these spaces. In the following corollary
we gather some results where we consider different Lorentz spaces in the right-hand side of the inequality. Indeed,
the first point is a generalization of the previous corollary and we will consider in the right-hand side Lorentz-Sobolev
spaces of type A®% (v) instead of A®P(v) where 1 < gy < p < +00. The second point allows us to study the case when
1 < p < qop < 400 and finally, the third point treats the case when 0 < gy < 1.

Corollary 6.3 Let 0 < o < 400, s >0, let f: G — R be a measurable function and let (v,w) be a pair of weights.
1) If 1 < qgo < p <400 and if (v,w) are satisfying the following conditions

W (t)/P
sup V7

>0 V(t)t/ <t (38)
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and

b an(s) ok tu(s)s%
su ——ds ~ | < +o0, 39
=0 </0 sP ) /0 V(s) )
then, if f € A%% (v)(G) N B;Oﬁ*oo(([}), we have the following inequality
1 N aera oy < CIFIRe a0 oy 1115

where 1 < p < g <400, 0 =p/q, s1=0s—(1—0)8 and —f < 51 < s.
2) If 1 < p < qo<+oo and (v,w) are satisfying
1/r

( /O+oo (Vg((;))r/qow(s)ds) .
[l () ) o

Then, if f € A>%(v)(G) N B>°(G), we have

and

where r is given by % — % _ %_

1 N ara oy < CIFRe a0 oy 115

where 1 < p < qg< 400, 0 =p/q, s1=0s—(1—0)8 and —f < 51 < s.
3) If0< go <1 and 1l < p<+oo and if (v,w) are satisfying BY) and

/P
t oo w(s) !
21;10) 7‘/( )1/% (/t " ds> < +o00,

then, assuming that f € A% (v)(G) N B>°(G), we obtain
£l aeray < CIFIG

AS qo(v)||f| B Booa
where 1 <p < q<4o0, 0 =p/q, s1=0s—(1—0)8 and - < 51 < s.
Proof. From the pointwise inequality (7)) we obtain that
1T Fllaacwy < CIMBTE %0 1 £ B e

Now, under all these hypotheses on the weights v and w, we have that the Hardy-Littlewood maximal operator
Mp : A®(v) — AP(w) is bounded (see [38] and [7]) and then we obtain

1oy < O ooy 17155
|
We have also the following two-weighted version of improved Sobolev inequalities of weak type:
Corollary 6.4 Let 1 < p < +00, 0 < gy < +00. Let (v,w) be a pair of weights such that
wW()/e [t
sup ®) / V= (5)ds < +o0, (40)
>0 t 0

and let f: G — R be a function such that f € A>%°()(G) N BZ#®(G). Then we have the following inequality
]

where 0 < o < +00, 1 <p<qg< 400,00 =p/q, s1=0s— (1 —0)8 and — < s1 < s.

hevae ) < O 1o oy 1 FI5
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Proof. It is enough to follow the same lines of the Corollary [6.] to obtain
21 s —
1% Fle gy < CIMBTE ey L1 e

since the pair of weights (v, w) satisfies the condition [#0) it implies that the operator Mp : A% (v) — AP*°(w) is
bounded (see [34]) and we obtain

21 El —
1772 FllRae ) < CNT 2 Fllgace ) 11525000

which is the desired inequality. |

7 Generalizations

In this section we give some generalizations of Theorems [[] and 2] and we prove Theorem Bl These generalizations are
made possible since the techniques developed in our proofs are based on general harmonic analysis arguments and
since many of the tools used in this article are available in other frameworks. Indeed, the spectral theory associated to
the Laplace operator, the boundedness of the Hardy-Littlewood maximal operator and the use of appropiate weights
in order to define well suited functional spaces are intensively studied and many interesting properties were generalized
to different settings.

7.1 A, Weighted Inequalities

In this section we consider weights belonging to the A, class with 1 < p < 400 and we will study a weighted ver-
sion of Theorem[Il B. Muckenhoupt introduced in [29] the A, class of weights which are also known as Muckenhoupt
weights. For the sake of simplicity, we present the tools and the framework in the general setting of stratified Lie groups.

Let us recall first that a weight w (a locally integrable function on G with values in ]0, +oco[) belongs to the A

class if
Mp w(z) <Cw(x) for all z € G,

where M p is the Hardy-Littlewood maximal function given in (I3).
For 1 < p < 400 we say that w € A, if it satisfies the condition

1 1 rt
sup (—/ w(x)dac) (—/ w(m)vlldac> < 400, where B is an open ball.
B \IB| /p 1Bl /5

It is known that if 1 < p < ¢ < +o0o we have the inclusion A, C A,. For general properties of A, weights and more
details see [18] and [22]. We define, for 1 < p < 400, the weighted Lebesgue spaces by the norm

1/p
I fllzew) = (/ |f(x)|pw(x)dx) , with w € A,. (41)
G
Let us notice that we also have a characterization in terms of the distribution function that is
+oo L
1flsy =7 [ o wlfe €6 1£(@)] > a})de.

We just point out here that one of the main features of A, weights is related to the boundedness of Hardy-Littlewood
maximal function:

/ Mpf(x)Pw(z)dr < C’/ |f(2)|Pw(x)dx, ferll(w)(G) withl<p< +oo.
G G
Weighted weak-LP spaces are given for 1 < p < 400 by

£l Lproe(w) = Supo){o w{z € G:|f(z)] >a})¥?},  withw e A,.
o>
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Once we have defined the weighted LP(w) spaces with the expression (&I), we can construct weighted Sobolev spaces
in the following manner, for w € A4, with 1 < p < 400, we write:

1 iy = 1T/ Fll Lo

and when p = s = 1 we have
1wy = IVl @)-

With all these definitions and preliminaries, and using the arguments developed in [I1] it is possible to adapt the proof
of Theorem [l in the following way.

Theorem 6 Let w be a weight in the Muckenhoupt class Ay, if f is a function such that Vf € LY (w)(G) and
f € BZ»>(G), then we have the inequality

11570y < CIVINLr @) 1155 e
(w) B

where 1 < g <400, 0<s<1/q, 8= 1q__81q and 0 = %.

7.2 Morrey spaces

We prove now Theorem [ in the setting of stratified Lie groups. Morrey spaces were studied in this framework by
many authors, see for example the articles [2], [31I] and the references there in.

As said in the introduction, once we have at our disposal the fact that the Hardy-Littlewood maximal operator is
bounded in the convenient functional framework, it is possible to improve Sobolev inequalities in the following way.
The starting point of our proof is the pointwise inequality (B0]):

Mg (75 5)" @)IIf11%

B;OB,OO'

s1 C
|jzf($)|§m

Since 6 = p/q we have for r > 0 and for 0 < a < N the inequalities

1 51 1 s —
- 7% f@)dr < c(—a [ Ma (sz)p<z>dz> L1950
B(zo,r) r B(zo,7) =

1 1/q
(—a / |ﬁf<x>|qdw>
r B(xo,r)

from which we derive the estimate

A

IN

1/q
1 s _
c (— /B o ME (T8 <x>dw> 1715

ra

51 s -0
|7 fllanae < CIMs (T2) [yame | £ 50
In order to conclude, we use the fact that the Hardy-Littlewood maximal operator is bounded in Morrey spaces and
we obtain

1T Fllates < CITE g 1£1 02

B;ﬂ,oo?
which is the desired inequality stated in Theorem [3
Remark 7.1 The boundedness of the Hardy-Littlewood mazimal operator was studied for generalized Morrey spaces
in [2], [30] and [33]. As long as this boundedness property is satisfied it should be possible to generalize Theorem

[ Indeed, from the pointwise inequality (30) it should be easy (taking into account the necessary precautions) to
reconstruct the corresponding norms in order to obtain an improved Sobolev-like inequality.
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7.3 Nilpotent Lie groups

We consider now a more general framework than the one given by stratified Lie groups. Indeed, going one step further
in the process of generalization, it is possible to consider nilpotent Lie groups since all the tools used in the proof of
Theorems [I] and 2] are available in these settings.

We recall for the sake of completness this framework. Let G be a connected unimodular Lie group endowed with
its Haar measure dz. Denote by g the Lie algebra of G and consider a family (that will be fixed from now on) of
left-invariant vector fields on G

X ={X1,...., Xk},

satisfying the Hérmander conditiol. We endow the group G with a metric structure by considering the Carnot-
Carathéodory metric associated with X. See [39] for details. We will denote ||z|| the distance between the origin e
and z and ||y~! - z| the distance between z and y. For r > 0 and = € G, denote by B(z,r) the open ball with respect

to the Carnot-Carathéodory metric centered in x and of radius r, and by V(r) = / dx the Haar measure of any
B(z,r)
ball of radius ». When 0 < r < 1, there exists d € N*, ¢; and C; > 0 such that, for all 0 < r < 1 we have

erd < Vir) < Cyre.

The integer d is the local dimension of (G,X). When r > 1, two situations may occur, independently of the choice
of the family X: either G has polynomial volume growth and there exist D € N*, ¢, and Cy, > 0 such that, for all
r > 1 we have

Coo”? <V (1) < Coor?,

or G has exponential volume growth, which means that there exist c., Ce, o, 8 > 0 such that, for all » > 1 we have
cee® <V(r) < C.elr.

When G has polynomial volume growth, the integer D is called the dimension at infinity of G. Recall that nilpotent
groups have polynomial volume growth and that a strict subclass of the nilpotent groups consists of stratified Lie
groups where d = D.

Once we have fixed the family X, we define the gradient on G by V = (X3, ..., X}) and we consider a Laplacian J
on G defined in the same way as in ()
k
T ==X
j=1

which is a positive self-adjoint, hypo-elliptic operator since X satisfies the Hérmander’s condition, see [39]. Its associ-
ated heat operator on |0, +00[xG is given by 9; + J and we will denote by (H;);so the semi-group obtained from the
Laplacian J. It is worth noting that many of the properties given in Theorem [] remain true for the heat semi-group
H; in this general setting. For more details concerning nilpotent Lie groups see the books [39], [I8], [36] and the
articles [19], [32], [I2] and the references there in.

Fractional powers of the Laplacian can be defined in a completely similar way using the expression (I2)) or using the
spectral theory associated to this Laplacian 7 just as in SectionBl It is then possible to define all the functional spaces
given in Section M in the framework of nilpotent Lie groups. Moreover, the Proposition [3] is completely available in
this general setting.

With all these preliminaries, we see that we have at our disposal all the ingredients needed in order to perform
the computations done in Sections [l and [, and thus Theorem [l and Theorem 2] can be generalized to the setting of
nilpotent Lie groups.
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Iwhich means that the Lie algebra generated by the family X is g.
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