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Abstract In this paper, we will establish Poincaré inequalities in variable exponent non-isotropic
Sobolev spaces. The crucial part is that we prove the boundedness of the fractional integral operator on
variable exponent Lebesgue spaces on spaces of homogeneous type. We obtain the first order Poincaré
inequalities for vector fields satisfying Hormander’s condition in variable non-isotropic Sobolev spaces.
We also set up the higher order Poincaré inequalities with variable exponents on stratified Lie groups.
Moreover, we get the Sobolev inequalities in variable exponent Sobolev spaces on whole stratified Lie
groups. These inequalities are important and basic tools in studying nonlinear subelliptic PDEs with
variable exponents such as the p(z)-subLaplacian. Our results are only stated and proved for vector
fields satisfying Hérmander’s condition, but they also hold for Grushin vector fields as well with obvious
modifications.
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1 Introduction

Poincaré type inequalities for vector fields satisfying Héormander’s condition have been exten-
sively studied for the past two decades (see [2, 12, 17-19, 25] etc.). Such a Poincaré inequality

Received August 21, 2014, accepted January 5, 2015
The first and third authors are partly supported by NSFC (Grant No. 11371056 ) and the second author is

partly supported by a US NSF grant
1) Corresponding author



1068 Li X., et al.

is of the following form:

(;/Blf(x)—fglquy Scr(B/ (Z|XJ,Vf |> )‘1” (1.1)

in Euclidean space RY for 1 < p < oo and certain values ¢ > p, where {X,} is a collection
of smooth vector fields which satisfy the Héormander condition (see [16]). Here, B denotes any
suitably restricted ball of radius r relative to a metric p which is naturally associated with the
vector fields { X} as, e.g., in [7, 26], fp = |B|™" [ f(2)dz, V[ is the usual gradient of f and ¢
is a constant independent of f and B. One can show similar results also hold for more general
domains as well, such as Bomain chain domains.

Inequality (1.1) was first established by Jerison in [17] for ¢ = p and 1 < p < oo, and this
result was improved by Lu in the case p > 1 in [18, 19] by showing that the estimate holds
for 1 < p < @Qandqg= Qp?p, where Q (> N) denotes the homogeneous dimension of RY
associated with the vector fields {X,} (see [12, §2] for the definition). Sharpened results hold
foralll1 <p < Q with ¢ = é’f)p, and this was proved by Franchi et al. [12] through establishing
a stronger representation formula than that in [18] and using a truncation argument (see also
the work by Maheux and Saloff-Coste through a self-improving argument [25]). Two-weighted
Poincaré inequalities were also established in [12] when two weights satisfy a certain balance
condition as introduced in Chanillo and Wheeden [3]. It was further proved in [13] that such
a representation formula proved in [12] is actually equivalent to L' — L' Poincaré’s inequality
in spaces of homogeneous type.

The results of Poincaré type in [12] are based on a new representation formula for a function
in terms of the vector fields {X;}. One form of the representation formula states that if p denotes

the metric corresponding to the vector fields {X,}, then

@ = pol<c [ xsl Y d s B (1.2

where B is any suitably small p-ball. Here, C > 0 and ¢ > 1 are appropriate constants,
X fI? =32, (X5, V)I?, fp is the Lebesgue average |B|~" [, fdy, B(z,r) is the metric ball
with center z and radius r, and ¢B denotes B(z,cr) if B = B(x,r).

Inequality (1.2) was shown to be true on graded nilpotent Lie groups for the left invari-
ant vector fields by Lu in [18] (see Lemma 3.1 there). For general Hormander vector fields,
(1.2) improves significantly an analogous (but weaker) fractional integral estimate in [18] (see
Lemma 3.2 there) for their “lifted” versions {X,} and j as defined in Rothschild and Stein [27].
A subsequent point wise estimate was also given in [2]. It was further proved in [22] that the
constant ¢ in the integral domain in (1.2) can be taken as 1.

Though extensive investigation for Poincaré inequalities for vector fields satisfying Hérman-
der’s condition has been made in LP Lebesgue spaces, none has been done in the variable
exponent LP(*) spaces. This is the main motivation of our paper.

In order to state our results more precisely, we now introduce some additional notation.
Let © be an open, connected set in RY. Let X1,..., X,, be real C* vector fields which satisfy
Hormander’s condition, i.e., the rank of the Lie algebra generated by X, ..., X, equals N at

each point of a neighborhood €y of Q. As is well known, it is possible to naturally associate



Poincaré and Sobolev Inequalities in Variable Exponent Sobolev Spaces 1069

with {X;} a metric p(x,y) for z,y € Q. The geometry of the metric space (€2, p) is described
in Fefferman, Phong [7] and Nagel et al. [26], Sanchez-Calle [28]. In particular, the p-topology
and the Euclidean topology are equivalent in €2, each metric ball

B(z,r)={yeQ:pz,y) <r}, €, r>0,

contains some Euclidean ball with center x, and if K is a compact subset of 2 and rg > 0, there

is a constant C'p such that
|B(z,2r)| < Cp|B(z,7)], z€K, 0<r<ro, (1.3)

where |FE| denotes the Lebesgue measure of a measurable set E. This doubling property of
Lebesgue measure is crucial for our results. With this doubling property, the space (€, p,| - |)
becomes a homogenous space in the sense of Coifman and Weiss [5] (see Section 2 for more
details).

If B = B(x,r), we will use the notation r(B) for the radius r of B.

By [26], given a ball B = B(x,r), ¢ € K, r < rg, there exist positive constants v and ¢,

N~
=e(T5) (1.4

for all balls I, J with I C J C B. We will call y the (local) doubling order of Lebesgue measure

for B. In fact, by [26], N~ lies somewhere in the range N < Ny < @, where Q = log, Cp is
the homogeneous dimension (Cp is the constant in (1.3)). We can always choose Ny = @, but

depending on B, such that

smaller values may arise for particular vector fields, and these values may vary with B(z,r)
and will give sharper results for the Poincaré inequalities.

Given any real-valued function f € Lip(Q2), we denote

Xjf(@) =(X;(),V[f(z)), j=1,...,m,
and

XF@)* =Y 1Xf @),

where V£ is the usual gradient of f and (-,-) is the usual inner product on RV.

We now recall the Poincaré estimate proved in the unweighted case in [12].
Theorem 1.1 Let K be a compact subset of . There exists rq depending on K, Q and
{X;} such that if B = B(z,r) is a ball with z € K and 0 < r <1y, and if 1 <p < Nv and
1/q=1/p—1/(N~), where v is defined by (1.4) for B, then

(/. |f<ac>—fB|qda:)é <er(ip [ IXf(x)I”dm>;

for any f € Lip(B). The constant ¢ depends on K, Q, {X;}, and the constants ¢ and v in (1.4).
Also, fg may be taken to be the Lebesque average of f, i.e., fg = |B| ™! fB flx)dx.

As mentioned earlier, we may always choose Ny = @, and then with p > 1, we obtain the
principal result of [19].
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As the proof of Theorem 1.1 shows (see [12]), if the conclusion is weakened by replacing
the integration over B on the right by integration over an appropriate larger ball ¢B for some

¢ > 1, then (1.4) may be replaced by the condition

m=e ()

for all balls I with center in ¢B and r(I) < r(B).

Some weighted versions of Poincaré inequality for Hérmander vector fields are proved in
12, 18].

A weight function w(z) on € is a nonnegative function on  which is locally integrable with
respect to Lebesgue measure. We say that a weight w € 4, (= A,(Q, p,dz)), 1 <p < oo, if

-1

1 1 r
<|B| / w das) (|B| / wl/(pl)dx> <C whenl<p< oo,
B B

1
|B|/wdx<CE>ess infw whenp=1
B

for all metric balls B C §2. The fact that Lebesgue measure satisfies the doubling condition (1.3)
allows us to develop the usual theory of such weight classes as in [1], at least for balls B = B(x, r)
with 0 < r < rg and x belonging to a compact subset of Q. It follows easily from the definition
and (1.3) that if w € A,, then

w(B(z,2r)) < Cw(B(z,r))

if0<r<rogand z € K C Q, K compact, with C = C(rp, K), where we use the standard
notation w(E) = [ pwdr. We say that any such weight is doubling. All the weights we shall
consider will be doubling weights.

Given two weight functions wq, ws on Q2 and 1 < p < ¢ < oo, we will assume that the

following local balance condition holds for w;, we and a ball B with center in K and r(B) < ro:

I N\ N\~
D) (1) o (90) (15)
r(J) \wa(J) wi(J)
for all metric balls I, J with I C J C B. Note that in the case of Lebesgue measure (w; =
wg = 1), (1.5) reduces to (1.4) when 1/qg =1/p —1/(N~).
Then the weighted Poincaré inequalities proved in [12] read as follows:

Theorem 1.2 Let K be a compact subset of Q). Then there exists ro depending on K, Q and
{X;} such that if B = B(z,r) is a ball withx € K and 0 <1 < 1o, and if 1 <p < ¢ < 0o and
wi, we are weights satisfying the balance condition (1.5) for B, with w1 € Ap(, p,dz) and wo
doubling, then

(w;B) /B ‘f(x) - quwQ(x)dx) 4 <cr (wliB) L |Xf($)pw1($)dx> P
for any f € Lip (B), with fp = wa(B)~* [ f(@)wa(z)dz. The constant ¢ depends only on K,

Q, {X,} and the constants in the conditions imposed on wy and ws.

This result includes Theorem 1.1 and the weighted results in [18].
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Remark 1.3 As pointed out in [12], Theorem 1.2 has an analogue in case ¢ =p and 1 < p <
co. In fact, the theorem remains true as stated if 1 < p < oo and ¢ = p provided w; € 4, and
there exists s > 1 such that wj is a doubling weight and the balance condition (1.5) is replaced
by the condition
(r([) )p Ag(I,ws) < cwl(I)
r(J))  wa(J) T wn(J)

for all balls I, J with I C J C B, where

1 s
AL w9) = |1 (III /Idea:) .

Note that wa(I) < A (I, wz) for s > 1 by Hoélder’s inequality, and, as is well known, wo(I) and
Ag(I,wsy) are equivalent if wy belongs to some A, class and s is sufficiently close to 1.
Poincaré estimates on domains other than balls were also obtained in [12, 19]. In particular,
this can be done for domains which satisfy the Boman chain condition, see [12, 19, 23].
The validity of global Poincaré inequalities of higher order on the nilpotent stratified Lie
groups has also been discussed (see [20, 21, 23, 24], etc.). Now we recall some preliminaries

concerning stratified Lie groups (or so-called Carnot groups) (see [8]). Assume

=P
i=1

with [V;, V;] C Viyj fori+j < sand [V;, V;] =0 for i+ j > s. Let Xy,..., X; be the basis
for V1 and suppose that Xi,..., X; generate g as a Lie algebra. Then for 2 < j < s, we can
choose a basis {X;;}, 1 <i < kj, for V; consisting of commutators of length j. We set k; =1
and X; = X;,i=1,..., [, and we call X;; a commutator of length 1.

If G is the simply connected Lie group associated with g, then the exponential mapping is a
global diffeomorphism from g to G. Thus, for each g € G, there is z = (z;;) € RN, 1 <i < kj,
1<j<s N= ijl k; such that

g = exp (Z :vinij).
The higher order Poincaré inequalities on the nilpotent stratified Lie groups were established
by Lu [20, 21], Lu and Wheeden [23, 24] and Cohn et al. [4]. We state a theorem from [4].
Theorem 1.4 Let m be a positive integer, p > 1, f € W, "P(G) and X™f € LP(G). Then

loc

there exists a unique polynomial P € P, such that, for any integer j with 0 < j < m,

( / Xj(f—P)de) §C< / |me<x>|pdx)p (1.6)
foralll < p < mcij and Gm; = Q_(I;r?_j)p,

polynomials of homogeneous degree less than m for each positive integer m and

X7 | = ( T Xff2) g

I:d(I)=m

where C' is independent of f, P, denotes the

More details, see [4] or Section 5 in this paper.



1072 Li X., et al.

As for the variable exponent version, the Poincaré inequalities on bounded John domain
were proved in variable Sobolev spaces (the definition of variable Sobolev spaces can be found
in [6]) by Harjulehto and Héasté [14] with some assumptions on the exponents, i.e., p(:) is
continuous on . They also gave an example that p(-) ordinarily needs some regularity and

proved a version when p(-) has no regularity but has limited oscillation, i.e., (p_)* > p4.

Theorem 1.5 ([14]) Let D C R™ be a bounded John domain, with constant \. If pf, < (pp)*
orpp > n and pJDr < 00, then there exists a constant C = C(n, pp, pE, A) such that, for every
f c WLP(')(D)}

1

-t
If = folletypy < C(1+|D)?|D|” *b *p IV fllro () (1.7)

here, p}, == esssup,cp p(x), pp = essinfyep p(x).
The result also holds for stronger hypotheses on the exponent p(-), a suitable boundedness

for the Hardy—Littlewood maximal function on the variable exponent Lebesgue spaces.

Theorem 1.6 ([6]) Given a bounded convex set Q C R™ with diameter D, let p(-) : @ —
[1,400] be such that p; < oo and the mazimal operator M is bounded on LV )(Q). Then for
all f € Whr)(Q),

1f = fallLror @) < CIV e @) (1.8)

here, C' is only dependent on n, p(-) and D, ||M||Lp/<.>(m and the measure of Q.

In this paper, we consider the Poincaré inequalities in variable exponent non-isotropic
Sobolev spaces. First, we set up the first order Poincaré inequalities for vector fields satis-
fying Hormander’s condition. To this end, we introduce the notion of Boman chair domains in

a metric space of homogeneous type (X, p, ) (see Section 2 for more details).

Definition 1.7 A domain (i.e., an open connected set) Q in X is said to satisfy the weak
Boman chain condition of type o, A, or to be a member of F(o,A), if there exist constants
oc=1, A >0, and a family F of metric balls B C Q such that

(i = UBe]—' B;

(il) Y per Xon(x) < Axa(x) for all x € G;

(iii) there is a “central ball” By € F such that, for each ball of B € F, there is a positive
integer k = k(B) and a chain {B;}%_, for balls for which B, = B and each B; N Bj,1 contains
a ball D; with B; U Bj 1 C ADj;

(iv) BC ABj forall j=0,..., k(B).

Our first theorem is concerning the first order Poincaré inequality on variable exponent
non-isotropic Sobolev spaces associated with the vector fields satisfying Hormander’s condition
on domains (2 satisfying the Boman chain condition (with respect to the metric associated with

the vector fields satisfying Hérmander’s condition).

Theorem 1.8 Given a weak Boman chain domain Q and p(-) € P(Q) such that 1 < p_ <
P+ < Q, suppose that the maximal operator M is bounded on L(p*(')/Q/)/(Q). Then, for every
f € Lip(Q),

1f = fallLer o) < CIX fllror @)

Here, p*(z) = Q@) 4nd Q is the homogeneous dimension.

T Q-p(x)



Poincaré and Sobolev Inequalities in Variable Exponent Sobolev Spaces 1073

As is well known, the metric balls associated with the vector fields satisfying Hormander’s
condition are Boman chain domains, the above theorem holds for balls as well.

Next, we set up the higher order Poincaré inequalities on variable exponent Sobolev space
on stratified Lie groups G. LH(Q) means the class of log-Holder continuous functions (see
Section 2 for definitions).

Theorem 1.9 Let m be an integer and let p(-) satisfy 1 < p_ < py < Q/m and p(-) € LH(Q).
Assume Q is a weak Boman chain domain in a stratified group G with a central ball B, and
f e WmPL)(Q). Then there exists a unique polynomial p € P, such that

If - PHLan(')(Q) < CHmeHLP(‘)(Q)v (1.9)
Qp(z)

with pk,(x) = Q-mp(z) Here, P, is the polynomials of homogeneous degree less than m for

each positive integer m.

Finally, we establish the Sobolev inequalities in variable Sobolev spaces on whole stratified
Lie groups.
Theorem 1.10 Suppose that m is a positive integer and let p(-) satisfy 1 <p_ <p, <Q/m
and p(-) € LH(G), f € W™P()(G). Then

11l w6y < CUX™ Flloor - (1.10)

with pt, (z) = Q;ng(;()x)'

We end this introduction with the following remark. The Poincaré inequalities for Grushin
type vector fields on variable exponent spaces can be established using the same method em-
ployed in this paper. The representation formula for Grushin vector fields were established by
Franchi et al. (see [9-11]).

The organization of this paper is as follows. In Section 2, we will give some preliminaries.
Then, we will establish the boundedness of the fractional integral operator in variable Lebesgue
spaces in Section 3. In Section 4, we will prove Theorem 1.8. Then we will prove the high order
Poincaré inequalities on stratified Lie groups (Theorem 1.9) in Section 5. Finally, we obtain
the Sobolev inequalities in variable exponent Lebesgue spaces on whole stratified Lie groups
(Theorem 1.10) in Section 6.

2 Preliminaries
2.1 Variable Exponent Non-isotropic Sobolev Spaces
Here, we first give the definition of homogeneous spaces. We say X is the quasi-metric space
with the quasi-metric d, if the function d: X x X — [0, co) satisfies:

(i) d(z,y) = 0if and only if z = y;

(i) d(z, y) = d(y, z);

(iii) d(z,y) < Kld(z, z) + d(z,y)] for some constant K > 1.

A positive measure p is a doubling measure on X if for some positive C,

w(B(x,2r)) < Cu(B(z,r)), ze€X,r>0,

where B(z,r) = {y € X : d(z,y) < r} is the ball of radius r and centered in 2. Then, the quasi-
metric space X matched with a doubling measure p on it is extended to general homogeneous

spaces, and we denote it by (X, p).
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The Hardy-Littlewood maximal operator and the fractional integral operator of order o on
homogeneous spaces are defined respectively by

Mf(z) = sup / £ )ty

zEB /’6

)
/ ) (B, d(x y))) )

Next, we define the A, weight on homogeneous spaces (X, p).
We say w € A,, 1 <p < oo, if

[/Bw(x)du(x)} {/Bw(gc)—l/(p—l)du(x)]p_l < Cu(B)

for all balls B C 2. And we say w € Ay, if

/ w(z)dp(zr) < Cuu(B)essinf w(z)
B z€B
for all balls B.

The following basic properties for w € A,, 1 < p < 0o, are well known and can be verified
easily.
Lemma 2.1 Suppose w € Ay, 1 < p < oco. Then

(1) if p1 < p2, 1 < p1 < pa, then Ay, G Ap,;

(2)ifweAd,(1<p<o),0<ac<l, then,

W € Ay, w® € Aapri—a;

(3) we A, if and only if w™ € Ay

(4) if w € Ap, then wdp satisfies the doubling measure condition.

We are ready to give the definition of the variable exponent non-isotropic Sobolev spaces
associated with the vector fields satisfying the Horemainder condition. First, we define the

variable Lebesgue space on homogeneous spaces.

Definition 2.2 Given a homogeneous space (X, p), an open set Q C X and a p-measurab-
le function p(-) : Q — [1,00], let LPC)(Q) denote the Banach function space of p-measurable f
on 1 such that

/ @) PP du(z) < oo,
Q

|f||Lp(_)(Q)_inf{A>0: /Q<|f()\)|>p<x dumgl}

If there is no ambiguity over the domain Q, we will often write || f||,(.) instead of || f|lLrc)(q)-

with norm

For brevity, hereafter let
P(2) ={p(-) : Q@ — [1,00] is a y-measurable function}.
p—(F):= eiseiélfp(x) and py(F):= esxsesgp p(x).
If the domain is clear, we will simply write p_ = p_(FE), p+ = p+(E). Given p(-), we define the
conjugate exponent function p'(-) by
1 1

+ =1, z€qQ,
p(z)  p'(x)
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with the convention that 1/00 = 0.

In classical LP space, the Hardy-Littlewood maximal operator M is bounded in LP (p > 1).
However, the boundedness of M on variable Lebesgue space LP() is not trivial. In particular,
in spaces of homogeneous type, there are many conditions that guarantee M is bounded on
variable Lebesgue space LP() see [15]. Here we give the common condition known as log-
Holder continuity condition as follows:

Definition 2.3 Given a set Q C X and a function p(-) € P(Q), we say that p(-) € LH(Q), if
there exists a constant Cy such that for all x, y € Q, |d(z,y)| < 1/2,
Co
Ip(z) —p(y)| < :
- log(d(x, y))

Now, we can define variable non-isotropic Sobolev spaces for vector fields satisfying Hérman-
der’s condition.

Definition 2.4 Let Q be open, connected set in RN, and X1, Xs, ..., X,, be real C> vector

fields which satisfy Hormander’s condition. Given p(-) € P()), we define the Sobolev space
Wtr()(Q) for p, (Q) < oo as follows:

WPt (Q) = {f e LPV(Q),|X f| € LPO(Q) : / |f(@)[P@ + | X f(2) PP da < oo},
Q
equipped with the norm

I fllwreer ) = 1l @) + 1X Fllee @)
If there is no ambiguity about the domain, we often write || f||1,,(.) instead of || f|ly1.¢)(q)-

2.2 Some Important Lemmas for the Proof of Our Main Theorem

In this subsection, we state some lemmas which will be used in the proof of our main theorem.
First, we state an extrapolation lemma which will be very useful. The following lemma in
Euclidean spaces was proved in [6, Theorem 5.28]. Our proof here is an adaptation to the
homogeneous spaces for the sake of completeness.

Lemma 2.5 Given Q2 C X, suppose that for some pg, qo, 1 < pg < qo, the family F is such
that, for all w € A,

1/po

(f F<x>q°w<w>du<x>)1/q°<co ([ cwre@rmae) . moer @

Given p(-) € P(Q) such that po < p_ < pp < PP " define q(-) by

q0—Po
1 1 1 1
- = - . (2.2)
p(z) a(x) po
If the Hardy-Littlewood mazximal operator M is bounded on L(q(')/qU)I(Q), then
1 gy < CoIGllpey - for (F, G) € F. (2.3)

Proof Fix p(-),q(-) : Q@ — [1,00) as in the hypotheses, and let

p(x) = p(x)/po, q(x) = q(x)/qo.
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By the assumption, the Hardy-Littlewood maximal operator is bounded on Lq/(')(Q). Define
an iteration algorithm R on L4 ()(Q) by

o~ MFh(z)
RI’L(.I) = ’
Z 2k||MHLq /(- )(Q)

where, for k> 1, M* = MoMo---oM denotes k iterations of the HardyLittlewood maximal
operator M and M°h = |h|. Then, we have

(a) for all x € Q, |h(x)| < Rh(z);

(b) R is bounded on LPO)(Q) and [|RA|,) < 2/[hll4 ;3

(c) Rh € Ay and [Rh]a, <2[[M||pac) (o

For further details, see Lemma 2.7.

Fix a pair (F,G) € F such that F € L) (i.e., so that the left-hand side of (2.3) is finite).

Then we have

Py = I sy < K sup | F@)®h(@)d(a),

where the supremum is taken over all non-negative h € Lq/(')(ﬂ) with [|Al[g ) = 1.

For any such function h, we will show that

/QF(x)q“h(x)d/i( z) < C|GIIT, Q)

with the constant C' independent of h.
First note that by property (a), we have

/ F(z)h(z)du(z) < / F(2)Rh(z)du(z). (2.4)
Q Q

We want to apply our hypothesis (2.1) to the term on the right-hand side of (2.4).
To do so, we have to show that it is finite.
In fact,

/Q F(@)®RA(@)du(z) < Ky | F g0 [RR]r ()
< 26,0 112, Il )
< 0.

Therefore, by property (c), (2.1) holds with w = Rh. Furthermore, the constant Cj is

independent of h. Hence,

90/Po
/ F2)®Rh(z)du(z) < cg°< G(x)p‘)Rh(x)pO/q”du(x))
Q Q
< CgoHGpo”(IO/IJOHthO/qOHQO/Po
= CY IG5y, [IRRP |5
To complete the proof, we need to show that ||[RhPo/ q°||g?{ ])DO is bounded by a constant
independent of h. By the definition of ¢(-),

i @) _aw a@)  _a,.
p(@)—po  poa(x) —qo _poq( )
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Therefore,
[RAPe/ 150 = Rl < 2hly) =2
This completes our proof of our Lemma 2.5. 0
Secondly, we state a particular extrapolation lemma.

Lemma 2.6 Given Q2 C X, suppose that for some pg > 1, the family F is such that, for all
w€E A,

| Faro@ine) < 0 [ Gapre@dnte), (F.6)eF
Q Q

Given p(-) € P(Q) such that po < p_ < py < 00, and the mazimal operator M is bounded on
L(p(')/p[))/ (9)7 then
IEllpy < CoyIGllpeys  (F, G) € F.

Then, we will construct an A; weight which will be used when we apply Lemma 2.5.

Lemma 2.7 Given Q C X and h € LP1)(Q), define

o~ MFh(z)
R = 2
where, fork > 1, M¥ = MoMo---oM denotes k iterations of operator and M°h = |h|. Then
this operator has the following properties:
(a) for all z € Q, |h(x)| < Rh(zx);
(b) R is bounded on LPC)(Q) and || RA|,y < 2[|Alpe);
(c) Rh € Ay and [Rh]a, <2(|M| 1r0)(0)-

Proof Property (a) immediately follows from the definition. Since
— 1M

M| <
) —k
HRth(') Z QkHMH ! > ||h||p(*) Z 27" = 2||h||p(‘)'
Lr()(Q) k=0

We get property (b).
And property (c) follows by the subadditivity and homogeneity of the maximal operator:
> ME+L h( )
M(Rh)(x) <
Z 2kHJ\I”LP( ()

oo

MkJrlh )
< 2HM”LPUZ

k
M o

<2 M || oy RI(). O
Finally, we state a result for us to test the condition (2.1) in Lemma 2.5.
Lemma 2.8 ([29]) Suppose 1 < p < ¢ < o0, (X, d) is a quasi-metric space, u is a doubling
measure on X, and w(x) and v(x) are nonnegative p-measurable functions on X. Let p(B) be
given by
p(B) = sup{K(z,y) : x,y € B, d(x,y) =2 C(K)r(B)},
where K (z,y) is the kernel of I, 7(B) is the radius of B, and C(K) = K=*/9. If p < q, wdpu
and Vl_p/d,u are doubling measures, then the following weighted inequality

([ tas@retwute) )l/q < ([ st >)W (25)
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holds if the condition

1/q , 1/p
©(B) ( / wdu) ( / yiP d/i) < C  for all balls BC X (2.6)
B B

holds.

Now, we give a weak type inequality in a metric space of homogeneous type (€, p, u). Since
our main interest is to prove the Poincaré inequalities for vector fields satisfying Hérmander’s
condition, we assume the doubling order of the metric space is @, the homogenous dimension
(see (1.4) for its definition).

Lemma 2.9 Given 2, suppose that for some pg, qo, 1 < po < qo, the family F is such that
forallw € Ay,

q0/Po
oleen F@>m<a(,, [comuomam) . (Eeer @

Given p(-) € P(2) such that po < p— < py < qu‘iqgo, define q(-) by

1 1 e’

p() at)  Q
and assume that the Hardy—Littlewood mazimal operator M is bounded on L(q(')/qO)/(Q), then
for allt >0,

[tX{zee:F@)>t e @) < Co)l|Gliror),  (F) G) € F. (2.8)
Proof Define a new family F consisting of the pairs
(Ft, G) = (tX{eeq:F(0)>1}, G), (F,G) € F, t>0.
Then we can restate (2.7) as follows: for every w € Ay,
1Eil| oo ) = tw({z € Q: F(z) > t)% < C/* |Gl prowmornos  (Fi, G) € F.
Therefore, we can apply Lemma 2.5 to the family F to conclude that

[ Fill oo ) < Cp) 1G]l Loy (@)
which is exactly (2.8). O

3 An Inequality for Fractional Integrals in Variable Lebesgue Spaces on Spaces

of Homogeneous Type

In order to prove Theorem 1.8, we need the following important lemma which describes the
boundedness for fractional integrals in variable Lebesgue spaces on spaces of homogeneous type.

A similar lemma in Euclidean spaces was proved in [6, Theorem 5.46]).
Lemma 3.1 Fiz o, 0 < a < Q. Given p(-) € P(X) such that 1 < p_ < py < Q/«, define

q(-) by
1 1 o

p(z)  qlz)  Q
If there exists qo > QQ such that M is bounded on L40)/®)' (X)), then

HafllLaey < Clfllpeer- (3.1)
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If p_ =1 and if the operator M is bounded on L(q(')/qO)/(X) when qg = Q?a, then for every
t>0,

Ex (zexutas@)>e3 ey < Clflloer - (32)
Here, @ is homogeneous dimension (the doubling order as defined in (1.4)), M is the Hardy-
Littlewood maximal operator on homogeneous spaces, and I, is the fractional integral operator

on homogeneous spaces with index «.

Proof We only need to prove the case &« = 1. The general case is similar. First, we show that

1/po

1/Q0
([ nfa@me@ana) < co [ e i) (33)
Q Q
In fact, by Lemma 2.8, we only need to prove that (2.6) holds for v = w?/9. Since w € A; C Ap,
ie.,
p—1
[ c@au)]| | [ w@ o] < conmr, (3.4
B B
And k(2,9) = 5(a il )7 50
p(B) = sup{K (z,y) : z,y € B, d(z,y) > C(K)r(B)} < Cu(B)2".

Therefore, by Holder inequality (noticing that p < g), the A, condition, we have

o (o) ([ 4)

() ([

<o () (5 ) o]
<oumi= ([an) " ([ o) " Bi-D0=b)

< Cu(B)@ p(B)a = D0)
< Cp(B)i =05

We can easily calculate that

P P Sy _e-1_
q+<1 q)(l p) Q 0

It is not hard to show that wdpu is a doubling measure by w € 41 C Ap. And, by w™ ri e Ay,
we also have

1-p' _ ,h=p) P (=,1)
14 = w1 = w41 p—1 EA(FI'nglf:;’.

Therefore, '~ dy is also a doubling measure. Thus, by Lemma 2.8, we get (2.6).

So, by Lemma 2.8, we have

( / uafu)w(x)d#(x))” "< ( [ seroter /qdu@))””,

Finally, we can easily prove Lemma 3.1 by the extrapolation lemma on homogeneous spaces
(i.e., Lemma 2.5). And the weak type is very similar, here we omit it. O



1080 Li X., et al.

4 Proof of Theorem 1.8

First, we recall a representation formula given by Franchi et al. [12] and improved by Lu and
Wheeden in [22] which is crucial for the proof of Theorem 1.8.

Lemma 4.1 Suppose that p, v are doubling measures on a metric space (X, p) and give a
weak Boman chain domain  C X. And, there exists a constant ay > 1 such that, for all balls

B with a1 B C Q,
1 / p(B)/
— fpldv < C X fldy,
V(B) B|f fB,| M(B) alB| f| 12

here, B is a ball of radius p(B). Then, for v-a.e.x € §,

p(x,y)
fm—fo,VSC/Xfy dp(y), 4.1
where By is the central ball in Q, fp,, = V(éo) fBo fy)dv(y), and C is independent of f and

x €.
To apply extrapolation, we need the corresponding weighted norm inequality.

Lemma 4.2 Given a Boman chain domain  C X, and p, 1 < p < Q, w € Ay, there is a
contant C = C(Q,p, [w]a,) such that, for all f € Lip(£2),

1/p

o
([ 1760~ ol (adaute)) e ([ 1xs@pe@r” duw)
where p* = QQ_pp.
Proof Fix f € Lip(Q). For cach j € Z, let

O ={zeQ:2 <|f(x)— fao| <2},
and define the function f; by

[f(z) = fal =27, xe€Qy,
filz)=4¢ 27, x €y, 0>,
0, otherwise.

It is easy to see that the function f; is weakly differentiable and |X f;(x)| = | X f(x)[xq, almost

everywhere. Furthermore, if € €);, by Lemma 4.1,
L(Xfij-1)(@) 2 C(Q)|fj—1(2) — fal = C(Q)27 . (42)
By (4.2) and the weak type inequality
" /p
ol e umn@) > <, [ oPe@ P aw) 4
Q
with h = | X f;_1], we have
[ 1#@) = ol w(@ine)
= — fol? d
> 176 = fol wteinte)
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-3 / 2007 () d(z)
=47 C(Q Z/ Q)2U~ NP o (z)dp(x)

<cy (C(Q29 VY w(a)du(x)
G MHeeL(1Xf 1D (x)>C(Q)27~1}

<oy ([ |ij_1<x>Pw(x)p/p*dm:c))p*/p
<oy (| IXf(:v)I”w(fc)p/p*du(:v))p*/p

<o |Xf<a:>|pw<z>p/p*du<x>)p*/p.

This completes the proof. O
We are now ready to prove Theorem 1.8.

Proof of Theorem 1.8  First, we choose the central ball B of the Boman chain domain 2. The
choice of such a central ball can be as given in, e.g., [12, 22].

We will deal with Theorem 1.8 in two cases.

Case 1 p_ > 1. By Lemma 4.1 and the basic property of L¢()(Q), it is not hard to obtain
If = fBllLao (@) < C(X )l Lo (@) (4.4)

Next, we will show that
1f = fallLao ) S IIf = fBllLao @)
In fact, by the triangle inequality,
If = fallLao @) S If = fBllLaor ) + 1fB = fallLao ()

We estimate the second term by Holder’s inequality:

15 = fallL«o @)
= |fB — fallllllLao) (o)
= p( )N S = Fall @ llxell Lao @
IxellLee @ HXQ||L4(')(Q)
« 1f = fBllLao (@)

- ()
Finally, fix A = () 4+ 1. Then
XQ 4@
L) o = [ x7oauto) < 37wt < 4 (@) + 1 =1
Q Q
Therefore, [[xal Lao (@) = IXallpa o) (@) < #(€2) + 1. Then, by Lemma 3.1, we have
1f = fallLaor @) < ClIX fllro @)

Case 2 p_ = 1. Define the family F to be all pairs (|f — fal,|X f]) with f € Lip(9).
Fix ¢(-) = p*(+), and go = @’. By the assumption, the maximal operator M is bounded on
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L@0)/2)' (). Therefore, by Lemma 4.2 (with p = 1) and Lemma 2.5, for all f € Lip(£2),

1f = fallLrr o) < CIX fllLro )

provided the left-hand side is finite, but this is always the case.
In fact, the method we used in Case 2 also can be used to deal with Case 1, since the
strong type inequality for the fractional integral operator implies the corresponding weak type

inequality. U

5 The Higher Order Poincaré Inequalities on Stratified Groups

First, we recall the polynomials on stratified groups G by following Folland and Stein [8]. Let
X1,..., Xg be the generators of the Lie algebra g, and X1,..., Xi,..., Xy be a basis of g.
We define d(X;) = d; as the length of X; as a commutator, and arrange the order so that
1<dy <---<dy. Thus, it is easy tosee d; =1 for j = 1,..., k. Suppose &1,..., {x are the
dual basis of g*, and let n; = & oexp~'. Thus, 7;,..., nx are a system of global coordinates
on G. A function P on G is called a polynomial on G if P o exp is a polynomial on g. By
this definition, 7y, ..., ny are polynomials on G and generate the algebra of polynomials on G.

Therefore, every polynomial on G can be written uniquely as

P=>am', n'=ni--nf, a€R,
I

where all but finitely many of the coefficients a; vanish. Clearly, n’ is homogeneous of degree
d(I) = Z;VZI i;d(ij). If P =3, arn’, then we define the homogeneous degree (or order) of P
to be max{d(I) : a; # 0}. If we consider I = (41,..., i), 1 <i; < k, then d(I) = |I|.

Throughout this paper, we use Pj, to denote the polynomials of homogeneous degree less
than & for each positive integer k.

Let m be a positive integer, 1 < p_ < p; < 00, and £ be an open set in G. The Sobolev
space W™P() (Q) associated with the vector fields X1, ..., X; is defined to consist of all functions
f € LPO) with distributional derivatives X! f € LP()(Q) for every X; defined by

X! = X{l -X;Q ..... in\f[v

with d(I) < m. Here, we say that the distributional derivatives X f exists and equals a locally
integrable function g; if for every ¢ € C§°(Q),

/ fX1¢dr = (—1)4D / groda.

Q Q

W™ P()(Q) is equipped with the norm

I Fllwm. vy = 1 fllLeer ) + Z IX7 £l Loe) (0)-
1<d(I)<m
When Q = G, we use || f[/np(.) to denote || f|lywm.»0)(g)-
To prove Theorem 1.9, we first recall the higher order representation formulas [23], which

is also very crucial for us to give the higher order result.

Lemma 5.1 Let Q be a weak Boman chain domain in G with a central ball By, and let
f e C™(Q), the class of m-th order differentiable functions. Then for any m < Q, there is a
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polynomial P,,(Bo, f) of order less than m such that for x € €,

|f(z) = Pu(Bo, f)(z)] < C /Q X" ()] |B(dx(x£z§22>>|dy’

here, C' is independent of f and Q is the homogeneous dimension.

Then, we give the proof of Theorem 1.9.

Proof of Theorem 1.9 By Lemma 5.1, for any m < @ and every f € C™(f), there is a
polynomial P,,(By, f) of order less than m such that, for z € ,

B . m d(z,y)™
@) = PulBo D) < € [ x5 o070 ay
Thus, by Lemma 3.1, we obtain

| f(2) = Pu(Bo, f)(z)

So, we prove the result of higher order Poincaré inequality on stratified groups for f € C™(Q).

P () < ClIX™ Fllp()-

In fact, the existence of such polynomial P,,(By, f)(z) can also be proved for f € WP as
done in [20, 21]. Therefore, the above proof goes through for f € W™? as well.
Finally, we write P,,(By, f)(x) by P. This finishes the proof of Theorem 1.9. O

6 Sobolev Inequality on the Entire Stratified Lie Groups

In this section, we will prove a Sobolev inequality on the entire stratified Lie group G, first, we

need to recall the representation formula of Sobolev type [24].

Lemma 6.1 Suppose that m is any positive integer and f € Wm’l(G). Let @Q be the homoge-

loc

neous dimension of G. Then for a.e. x € G,
d(z,y)™

f@l <0 [ 1X"fw)
G |B(.’E,d($,y))‘
In the end, it is easy to prove Theorem 1.10 by Lemma 6.1 and the boundedness of the

dpu(y)-

fractional integral operator on whole stratified Lie groups. Now we sketch the proof of the

high-order Sobolev inequality on whole stratified Lie groups.

Proof of Theorem 1.10 By Lemma 6.1, we can immediately obtain

116y < Ol X™ Dl oo - (6.1)

Then, we apply Lemma 3.1 with a = m to (6.1),

[ (X™ Pl o2y < CIX" Flloer )
The theorem is completed.
In fact, this theorem can also be proceed by induction. If m = 1, then this follows from
representation formula and the boundedness of the fractional integral operator.
Now suppose that the result is true for some m. Fix f € W™*t1P()(G). For each I, d(I) = 1,
X1f e wmrl)(G), and

SAX g C Y IX™X fllreor e
d(D)=1 d(D)=1

<C D> X fllpror s
d(I)=m+1
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The Sobolev exponent corresponding to pf,(-) is

Q-ph(z)  Q—(m+1)p(x) M

Since p(-) € LH(G), p,(-) € LH(G), we can do it as we did when m = 1 to get

TIPSR S b o [y

d(I)=1

If we combine these, we get the desired inequality.
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