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Abstract. This paper considers the dual of anisotropic Sobolev spaces on any
stratified groups G. For 0 < k < m and every linear bounded functional 7 on
anisotropic Sobolev space W”~%7 () on Q@ C G, we derive a projection operator
L from W™ P () to the collection Py of polynomials of degree less than k + 1
such that T(X!(Lu)) = T(X'u) for all u € W™ P () and multi-index I with
d(I) < k. We then prove a general Poincaré inequality involving this operator L
and the linear functional 7. As applications, we often choose a linear functional T
such that the associated L is zero and consequently we can prove Poincaré inequal-
ities of special interests. In particular, we obtain Poincaré inequalities for functions
vanishing on tiny sets of positive Bessel capacity on stratified groups. Finally, we
derive a Hedberg-Wolff type characterization of measures belonging to the dual of
the fractional anisotropic Sobolev spaces W7 (G).

Mathematics Subject Classification (1991): 46E35, 41A10, 22E25

1. Known results on higher order Poincaré inequalities

First order Poincaré inequalities associated with anisotropic vector fields have re-
ceived extensive attention in recent years. There is a very long list of references and
we shall not review them here. However, higher order Poincaré inequalities in such
a setting are only known on the stratified groups (see e.g., [L1], [L2]). This paper
will focus on the study of some fairly general higher order Poincaré inequalities
on stratified groups which improve those of [L1-2] substantially. In particular, we
obtain Poincaré inequalities for functions vanishing on sets of positive Lebesgue

The second author was supported partly by U.S NSF grant DMS99-70352 and the
third author was supported partly by NNSF grant of China.



310 W.S. Cohn et al.

measure or positive Bessel capacity on stratified groups. The main machinery of
proving such Poincaré inequalities is to first establish a Poincaré type inequality
associated with any given bounded linear functional on the anisotropic Sobolev
spaces. More precisely, for 0 < k < m and every linear bounded functional 7' on
wn—k-P(Q), we derive a projection operator L from W7 () to the collection
Pr1 of polynomials of degree less than k 4 1 such that T (X' (Lu)) = T (X'u) for
all u € W™ P (2) and multi-index I with d(/) < k. We then prove a general Poin-
caré inequality involving this operator L and the linear functional 7. By choosing
a linear functional 7' such that the associated L is zero, we can prove Poincaré
inequalities of special interests. Theorems proved in this paper even when m = 1
(e.g., in the first order anisotropic Sobolev spaces) yield some new Poincaré type
inequalities of first order in the setting of stratified groups.

We begin with some preliminaries concerning stratified Lie groups (or so-called
Carnot groups). We refer the reader to the books [FS] and [VSCC] for analysis on
stratified groups. Let G be a finite-dimensional, stratified, nilpotent Lie algebra.
Assume that

g = @521 Vz ’
with [V;, V;] C Viyjfori+j <sand[V;, V;] =0fori+j > s.Let X1,--- , X;
be a basis for V| and suppose that X1, -- - , 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 X;1 = X;, i = 1,---,l and k1 = [, and we call
X1 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
x=(x;j) RV, 1 <i<kj, 1<j<s, N=35_kj,suchthat

g =exp(>_xijXij).
A homogeneous norm function | - | on G is defined by

gl = O lxy [P,

and Q = Zi’:l Jkj is said to be the homogeneous dimension of G. The dilation
8- on G is defined by

8:(8) = exp(d_ r/xijXij) if g =exp(d_ xijXij).

The convolution operation on G is defined by

F % h(x) = /G Feey Dh(dy = /G FOIG ™ 0y,

1 1

where y~! is the inverse of y and xy~! denotes group multiplication of x by y~!.
It is known that for any left invariant vector field X on G,

X(f % h) = f % (Xh).
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We call a curve y : [a,b] — G “a horizontal curve” connecting two points
x,y € Gify(a) = x,y(b) = y and y (t) € Vi for all . Then the Carnot-
Caratheodory distance between x, y is defined as

b
dec(x,y) = mf/ <y @),y @) >% dt,
7 Ja

where the infimum is taken over all horizontal curves y connecting x and y. It is
known that any two points x, y on G can be joined by a horizontal curve of finite
length and then d,. is a left invariant metric on G. We can define the metric ball
centered at x and with radius r associated with this metric by

Bee(x, 1) ={y 1 dee(x,y) < r}.

We must notice that this metric d.. is equivalent to the pseudo-metric p(x, y) =
|x~1y| defined by the homogeneous norm | - | in the following sense (see [FS])

Co(x,y) <dc(x,y) <Cp(x,y).

We denote the metric ball associated with p as D(x,r) = {y € G: p(x,y) < r}.
An important feature of both of these distance functions is that these distances and
thus the associated metric balls are left invariant, namely,

dec(zx,zy) =d(x,y), Bee(x,r) = xBe (0, 7)

and

p(zx,zy) = p(x,y), D(x,r) = xD(0,r).

From now on, we will always use the metric d.. and drop the subscript from d,..
Similarly, we will use B(x, r) to denote Be.(x, r).

We now recall the definition of the class of polynomials on G given by Folland
and Stein in [FS]. Let X1, - - -, X; in V] be the generators of the Lie algebra G, and
let Xy, -, X;,- -, Xy be a basis of G. We denote d(X ;) = d; to be the length
of X j as a commutator, and we arrange the order so that 1 < dy < --- < dy.
Then it is easy to see that d; = 1for j = 1,---,1. Let &, - - -, &y be the dual
basis for G*, and let n; = &; o exp’l. Each n; is a real-valued function on G, and
N, -+, Ny gives a system of global coordinates on G. A function P on G is said
to be a polynomial on G if P o exp is a polynomial on G. Every polynomial on G
can be written uniquely as

Px)=) am'(x), o =nl -y, ar€R,
1

where all but finitely many of the coefficients a; vanish. Clearly 5’ is homogeneous
of degree d(I) = Zﬁ‘v:l ijd;,ie., n(8x) = rdMp(x). If P = > ;amm’, then
we define the homogeneous degree (or order) of P to be max{d (/) : a; # 0}.
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Throughout this paper, we use P; to denote polynomials of homogeneous
degree less than k for each positive integer k.

We also adopt the following multi-index notation for higher order derivatives.
If I = (i1, - ,in) € NV, we set

L .
x'=xi . xy .o x

By the Poincaré-Birkhoff—Witt theorem (cf. Bourbaki [B], 1.3.7), the differential
operators X/ form a basis for the algebra of left-invariant differential operators in
G. Furthermore, we set

| =i1+ir+---+in, dU)=di1+drio+---+dniy.

Thus, |I| is the order of the differential operator X/, and d([) is its degree of
homogeneity; d(I) is called the homogeneous degree of X!. We will also use the

notation s

I:d(I)=m

for any positive integer m.

Let m be a positive integer, | < p < o0, and 2 be an open set in G. The Fol-
land-Stein Sobolev space WP (Q2) associated with the vector fields X1, --- , X;
is defined to consist of all functions f € LP(2) with distributional derivatives
le € LP(L2) for every X! defined above with d(I) < m. Here, we say that the
distributional derivative X/ f exists and equals a locally integrable function g; if
for every ¢ € C3°(2),

/ fX'¢dx = (—1)4D / grodx.
Q Q
W™-P(Q2) is equipped with the norm

Wfllwmry = 1fllee@ + Y. 11X fliLr@)- (1.1)

1<d(I)<m

When Q@ = G, we sometimes use || f||«,, to denote || f|[wm.»(G). We also some-
times use || f[x, ;2 to denote || f||wm.r ().

To explain the motivation of this paper, we need to review some known results
concerning high order Poincaré inequalities on stratified groups. The following is
Theorem 3.7 in [L2] (see also [N1]).

Theorem 1.2. Let Q C G be an open set of finite Lebesgue measure. Then given any
positive integerk and f € W51 (), there exists a unique polynomial P = P(f, Q)
on G of degree less than k such that
/ X'(f=P)=0, forany0<d() < k. (1.3)
Q

Moreover, P(f, Q) linearly depends on f.
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In [L2], we also showed a different type of polynomials associated with the
Sobolev functions which we call “projection polynomials” in [L2].

Definition 1.4. For each k € N and ball B C Q C G, a projection of order k
associated with the ball B is defined to be a linear map

7(B) : WhlL(Q) — P,
such that

sup [ (B) £ (x)] < Cr(B)~?| £l 1p) (1.5)

xeB

with C independent of f and B and
7w (B)P = P forall P € Py. (1.6)

Clearly, polynomials constructed in Theorem 1.2 satisfy (1.6) but not necessar-
ily (1.5). The existence of projection polynomials was proved in Theorem 3.6 in
[L2]. It is also shown in [L2] (see Theorem 3.8 in [L2]) that the following theorem
holds.

Theorem 1.7. For each k € N and ball B C 2, then for any projection wy(B) :
WEI(Q) — Py of order k, the following holds: for any 1 < q < oo, and any
multiple index I withd(I) =1> 0

1X 7 (B) fllLacsy < CIX' fllLacs) (1.8)
with C independent of f and B (noticing that when | > k the left side is zero).

This shows that a certain order of subelliptic derivative of 7y (B) f is controlled
by the same order of subelliptic derivative of f.

We now recall some results concerning higher order Poincaré inequalities
proved in [L1], [L2].

Theorem 1.9. Ler f € WKP(Q). Given any ball B C S, there exists Py(f, B) €
Py such that we have forany 0 < j <i <k

1
1 . aij
<—/ IX7 (f(x) = Pe(f, B)(x)) |‘1f/'dx) '
|B| Jp

1

1
—/ IX'(f(x) = Pe(f, B)(x))|pdx>p
Bl JB

<Cr(B)/ (

foralll < p < % and q;j < Q_Z—gj)p where C is independent of B and f.

We remark that the existence of the polynomial Py, ( f, B) is guaranteed by The-
orem 1.2. The proof of theorem (1.9) follows from the repeated use of the standard
sharp Poincaré inequality of first order proved in [L4] for p > 1 and for all p > 1
in [MS] and [FLW1] (see also [CDG]). In the proof we have used the property of
the polynomial P (f, B), i.e., the vanishing integral property (1.3).
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As a simple corollary of this theorem we get the special Poincaré inequality
when i = k (see Corollary 6.2 in [L2]) by dropping the polynomial on the right
hand side (see also [N1]). This follows from theorem (1.9) by taking i = k and
noting that XkPy(f, B) = 0.

If we choose the projection polynomial 7wy (B) f € Pk, then Theorem 1.9 can be
improved. Namely, we can drop the polynomial Py (f, B) on the right hand side of
the Poincaré inequality even for 1 < i < k. Theorem 6.3 in [L2] states as follows:

Theorem 1.10. Let f € W™P(Q) and let B C 2 be any ball. Then we have for
any0<j<i<k

1 . ) i
( f X7 (f (x) = m(B).f (x) Iq”dx>
1Bl J3

1
< Cr(By (i / |X"f<x>|f’dx)”
|B| Jp

foralll < p < % and q;jj < #gj)p, where C is independent of B and f.

Since we do not necessarily have the vanishing integral property for the projec-
tion polynomial 7y (B) f, the proof of Theorem (1.10) does not follow immediately
from the Poincaré inequality of first order. The interesting feature of the theorem
is that even for i < k (thus the degree of the polynomial mx (B) f is bigger than
i), the left hand side is still controlled by the i —th order derivatives of f alone.
Similar Poincaré inequalities on domains satisfying the Boman chain condition are
also proved (see Theorem 6.4 in [L2]).

Polynomials constructed in Theorems 1.2, 1.7 have applications to proving ex-
tension theorems on high order Sobolev spaces on stratified groups as given in [L.2],
[L3] and Sobolev interpolation inequalities of any order (see [L1], [L2]). In partic-
ular, polynomials satisfying (1.5) enable us to construct a bounded linear extension
operator on extension domains such that the derivatives of the extended functions
can be controlled by the same order of derivatives of the original Sobolev functions
(see [L2], [L3]). We should mention the existence of polynomials satisfying (1.3)
was proved earlier on the Heisenberg group with application to Sobolev extension
theorems on the Heisenberg group in [N2].

We mention in passing that polynomials in metric spaces were introduced in
[LW] and [LLW]. The authors showed that the existence of polynomials satisfying
L' to L' Poincaré inequalities implies higher order representation formulas. This is
motivated by the first order result of [FLW2]. In particular, on the stratified groups,
we showed in [LW1] that such representation formulas of higher order do hold (si-
multaneous representation formulas for the derivatives of functions were obtained
in [LW2] recently). We also defined the notion of higher order Sobolev spaces in
metric spaces in [LLW] and proved that several definitions are equivalent if func-
tions of polynomial type exist. In the case of stratified groups, where polynomials
do exist, we showed in [LLW] that our spaces are equivalent to the Sobolev spaces
defined by Folland and Stein in [FS]. Our results in [LLW] extended the notion of
first order Sobolev spaces in metric spaces of [Ha] and also give some alternate
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definitions of higher order Sobolev spaces in the classical Euclidean case and on
stratified groups.

We now restate the result in Theorem 1.2 in a form which is consistent with
what we will show more generally in this paper. If we consider the linear operator

T:LP(Q)— R, T =/ u(x)dx, forp > 1
Q

then Theorem 1.2 actually says that there exists a map L : W™ 7 (Q2) — P, such
that for each u € WP (2) and multi-index I withd(I) <m — 1,

T(X'uw) =T(X'P) (1.13)

where P = L(u).

Inspired by this simple result on the stratified group G, and the results of Maz’ya
[Mal]-[Ma3], Meyers [Mel], Meyers-Ziemer [MZ], Hedberg [He] (see also the
books by Adams and Hedberg [AH], Ziemer [Z], and Maz’ya [Mal]) in Euclid-
ean space, we will prove a more general theorem on a stratified group G which
shows such a result holds for fairly general linear operators 7. Results of this pa-
per generalize those in Euclidean space by Meyers [Mel], Meyers-Ziemer [MZ]
to this subelliptic setting and improve those in [L1,L.2] substantially in several
ways. First of all, our results show that for any element 7 in the dual space of
Wm=k-P(Q), where 0 < k < m, we can associate with T a linear projection opera-
tor L : WP (Q) — Piy1 such that the norm of L is well controlled by T'. Second,
we can prove a Poincaré inequality such that |lu — L(u)||y kg is controlled by
[ X5y wm—G+1).p () and the norm || T'|| of T'. If we choose appropriately the linear
functional 7', we can show the corresponding linear projection operator L is zero.
Thus we can derive considerably more general theorems than those in [L1,L2]. In
particular, we can derive Poincaré inequalities for functions vanishing on sets of
positive Lebesgue measure or furthermore on sets of merely positive Bessel capacity
(see Theorems 2.4, 2.5 and 2.6 in §2). Finally, we obtain an analogue of Hedberg-
Wolff’s characterization concerning Radon measures being in the dual space of the
fractional Sobolev space W% P (i) (see Adams [Ad1] and Hedberg-Wolff [HW]). In
order to derive these results mentioned above, we must proceed with caution because
of the noncommutative group multiplication. The noncommutativity of the convo-
lutions on the group G also results in difficulties in dealing with the measures in the
dual space of WP (R2) in conjunction with the Bessel potentials of the measures.

The organization of the paper is as follows. Main theorems are stated in Section
§2. In Section §3, we consider the dual of anisotropic Folland-Stein Sobolev space
W™-P(€2) on stratified groups. For every linear bounded functional 7 on W7 (),
we derive in Section §3 a projection operator L from W™ ” () to the collection
Py of polynomials of degree less than k such that 7 (X! (Lu)) = T (X'u) for all
u € W™P(Q2) and multi-index I with d(I) < k (see Theorem 2.1). We then prove
in Section §4 a general Poincaré inequality involving this operator L and the linear
functional T (see Theorems 2.2 and 2.3). As applications, in Section §5 we choose
a linear functional 7' such that the associated L is zero and consequently we prove
Poincaré inequalities for functions vanishing on sets of positive Lebesgue measures
(see Theorem 2.4). In particular, in Section §6 we obtain Poincaré inequalities for
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functions vanishing on tiny sets of positive Bessel capacity on stratified groups
(see Theorems 2.5 and 2.6). Finally, we derive in Section §7 a Hedberg-Wolff type
characterization of measures in the dual of the fractional anisotropic Folland-Stein
Sobolev spaces W* 7 (R2) (see Theorem 2.7).

2. Statements of Main Theorems

To state our main theorems, we let (W7 (2))* denote the dual space of the Sobolev
space W7 ().

Theorem 2.1. Let k and m be two integers with) <k <mandp > 1. Let Q C G
be an open set of finite Lebesgue measure and xq be the characteristic function
of Q. Suppose that T € (W’”_k’p(Q))* has the property that T (xq) # 0. Then
there is a projection L : W™ P(Q2) — Pry1 such that for eachu € W"P(Q2) and
multi-index I with d(I) <k,

T(X'u) =TX'P)
where P = L(u). Moreover, L has the form

Lwy= Y am'®

I:d(I)<k

where a; =Y. .q(py=acry bs X' u, and

T\
IILIISC(—) ,
T (xe)

where C = C(k, p, |2]) and ||T|| is the norm of the linear functional T and ||L]||
is the operator norm of the map

L:W"™P(Q) = P (G) Cc WP(Q).

Before we state the next theorem, we now recall the notion of extension domains
on G. A domain 2 C G s said to be an extension domain if there is a bounded exten-
sion operator on WP (2). A bounded extension operator on Wk-P(Q) is a bounded
linear operator A : W5P(Q) — WEP(G) such that Af o= f Vf € WEP(Q).
Moreover, we use the notation

A= sup  [Afllwrr)-
1F o gy =1

Theorem 2.2. Let k and m be two integers with) <k <mandp > 1. Let Q C G
be an open, bounded extension domain and xq be the characteristic function of 2.
Suppose that T € (W”"””’(Q))* has the property that T (xq) # 0. Then for the
projection operator L : W™ P (Q2) — Pr1 associated with T whose existence is
guaranteed by Theorem 2.1, we have

T
T(xa)

k+1
lu — La)llwrr @) < C ( ) X ullym-wsn.p ()

with C = C(k, p, Q).
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Theorem 2.3. With the same hypotheses as in Theorem 2.2, we have

[T Sa—
llu — Lw)||Lr+) < C T () X ullym—a+n.0 ()
where p* = Qp_Qkpforl <p< % p* < oo for pk = Q and p* = oo when

pk > 0.

Theorem 2.4. Let Q C G be a bounded extension domain. Let 0 < k < m be
integers and p > 1. Suppose that u € W™ P (2) has the property that

/ X'udx =0, for 0 <d(l) <k,
E

where E C Q is a measurable set of positive Lebesgue measure. Then, there is a
constant C = C(k, m, p, |E|) such that foru € W"™P(Q).

k+1
Nullwrr g < CIX + ”||Wmf(k+l>,p(gz)

and
k+1
lull g < CHX ullym-wsn g

where p* = Qp_Qkpforl §p<%,p*<oof0rpk=Qandp*=oowhen

pk > Q.

Next two theorems are concerning Poincaré inequalities in terms of Bessel ca-
pacities on G. We refer the reader to Section §6 for notations and definitions of
Bessel capacity.

Theorem 2.5. Let Q@ C G be a bounded extension domain, and let A C Q be a
By _k,p—capacitable set with By, _i p(A) > 0 where 0 < k < m are integers and
p > 1. Then there exists a projection L : WP (Q2) — Pry1(G) such that

-1
llu = L@)llwir < € (Bt p ()P 1 il -0
and

—1
= L@l @y < € Bk p (VD) /P IX Nt [y

with C = C(k, p, m, Q) and where p* = Qp_%p for1l < p < %, p* < oo for
pk = Q and p* = oo when pk > Q.

Theorem 2.6. Let Q2 C G be a bounded extension domain, u € W™ P(Q2) and let
N C Q be a set defined by

N =§ﬂ{x : Xlu(x) =0for all 0 <d(I) <k}.
If By, p(N) > O where 0 < k < m are integers and p > 1. Then

-1
llellwr < € (Bt pN)) P IIXH ).
and y
utll Lo ) < € (B p(ND) ™" 1IX ][y gy
with C = C(k, p, m, Q) and where p* = Qp_%p for1l < p < %, p* < oo for
pk = Q and p* = oo when pk > Q.
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The case of m = 1, k = 0 is of particular interest which gives rise to first order
Poincaré inequalities for functions vanishing on sets of positive capacity. The dif-
ference between Theorems 2.4 and 2.6 is that functions vanishing on sets of positive
capacity may not vanish on sets of positive Lebesgue measure. Thus, Theorem 2.6
is a stronger result than Theorem 2.4. Finally, we prove in Section §7 the following
Hedberg-Wolff type characterization of Radon measures being in the dual of the
fractional Sobolev spaces W* 7 (G) (see Section §6 for definition of such Sobolev
spaces).

Theorem 2.7. Let p > 1 and 0 < ap < Q. If u is a Radon measure, then
u € (WP (G))* if and only if

1
w[B 1 d
/ / < [VQ(yapr)]> Trdu(y) .

3. Theorem 2.1: Projection operators associated with linear functionals

Definition 3.1. If X is a Banach space and Y C X a subspace, then a bounded
linear map L : X — Y onto Y is called a projection if L - L = L

Note that L(y) = y for y € Y, for there exists x € X such that L(x) = y and
y=L(x) = L(L&)) = L().

We now are ready to prove Theorem 2.1. The proof of this theorem is similar
to the case when T (1) = fQ u foru € WP (Q) given in [L1,2], and combining
the ideas from [Mel] in Euclidean spaces. The proof also gives more precise ex-
pressions of L(u), and the norm of L is given here. We must mention that we shall
proceed with caution and use the Poincaréé-Birkhoff-Witt theorem on the stratified
group G to express polynomials uniquely.

Proof of Theorem 2.1. Recall X! = X'i' . X;\’,V withl = (i, --- ,iy)andd(l) <
k. The proof is given by examining closely the definition of polynomials on
stratified groups. We first observe that for each multi-index / and J with the same
length d(1) = d(J) we have
X"y =181y, whereI! =iy!---in'8;y=1if I =J; and =0if I # J.
(3.2)
This follows from the definition of the dual basis 71, - - -, ny on G*, which indicates
the inner product defining the dual basis satisfies

< XJ, 171 >= 1!511.

We also note that for any polynomial P of degree less than or equal to k. i.e.,
P € Piy1 we have X/ P = 0 for any d(I) > k. Since by the Poincaré-Birk-
hoff-Witt theorem any polynomial P on G of degree less than or equal to k can be
uniquely written as

P = Y am' ), n"=u-ny,
I:d(I)<k

we thus only need to determine the coefficients a;.
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If P € Piy1 and P has the form P(x) = Y yy< @rn’ (x), then X' P(x) =
ar1!if d(I) = k. In particular, in order for the following identity

T(X'uw) =T(X'P) (3.3)
to hold, the coefficients a; of the polynomial must satisfy

_ T(X'w)
TN T ()

if d(I) = k. Similarly, if d(I) = k — 1 then

a+an!

X'Px)y=ail'+ > arys ) (3.4)

J:d(J)=1

Where[+-’=(l]+]], ,lN+]N)1fI = (llv 7lN)andJ: (.]13 7.]N)
In view of (3.3), (3.4) will hold if a; satisfies the identity

T(X'w) 3 I+ Tn')

a]-‘r.’ 5
17!
J:d(J)=1 It Txe)

aj = ————=
1T (xe)

where d(I) = k — 1. Continue recursively, for all / with d(I) < k we thus have

Txlyy AP I+ ) T
ar == Y apy : (3.5)
NT(xa) & J! T(xa)

Since L(u) = P implies X'[L(w)] = X' P for any multi-index 7, then for d(I) <
k,

TX'w)y=TX"P)=T[X"(Luw)].
This immediately leads to L- L = L by the definition of a; givenin (3.5). Therefore,

L is a projection operator.
We next estimate the norm of the operator L. Note that

LI = sup L )| lwmp ()

w:|[ullym.p ()<l

= sup P lwm.r(s)-
u:P=L(u):||ullwm,.pg)=<1

Letu € W"™P(Q) with ||u||wm.r) < 1and P = L(u), where
Px)y= Y am .
I:d(I)<k

To estimate the W ? norm of P, we need to have the upper bound of the coeffi-
cients a;. To this end, we first consider a; for d(I) = k. Note that for d(I) = k
and any nonnegative integer /,

T ITH - T () < 7] )’“
= Cd, p, |
oo~ e = CEP RN 700

because |T(xo)| < |Q1YP||T|.
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In particular, this holds for / = k. Thus,

arl < 0 o, p, 1 (ﬂ>k+l
T IT(xQ) — T T(xo) '

Ifd(I) =k — 1, k > 1, then from the estimate for a; when d(/) = k and the fact

that
T

> Q7P
T(xa)
we get
Tkal Tkal
lar] < —— 4 C(k. |22]) lar |
=T ) M%;:l "7 (%)
IT1 \?
< C(k. p. |sz|)< )
T(xo)
< ckpian () )Hl.
T(xq)

Continuing in this fashion, we getif d(I) = k — i, kK > i, then

T\
larl = Ctk. p. 12D | 75

Ty \
sC(k,p,mn(T(m)) .

Therefore, we have shown that

T\
||L||sc<k,p,|sz|)(T(XQ)> .

This completes the proof of the theorem. O

4. Theorem 2.2: Poincaré inequalities associated with linear functionals

The main purpose of this section is to show Theorem 2.2. We first need the following
lemma due to N. Meyers [Mel].

Lemma 4.1. Let X be a normed linear space with norm || - ||o and let X C Xy
be a Banach space with norm || - ||. Suppose || - || = || - llo + || - ||1, where
[| - |11 is a semi-norm and assume that bounded sets in X are precompact in X. Let
Y =X{x:l|lx|li =0LIfL : X — Y is a projection, then there is a constant C
independent of L such that

llx = LC)llo = CILII - [1x]l,

forall x € X.
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Proof of Theorem 2.2. Set X = W"™P(Q), Xo = WkP(Q) and Y = Prs1-
From the Rellich compact embedding theorem on extension domain €2, the bound-

ed sets in WP (Q) are precompact in W57 (). Set ||u|lp = lullwr.p ) and
llulle = X Lullyn—wsv.p () Clearly, |lull = lullo + llul; is an equiva-
lent norm on W™ ?(€2). Moreover, |lu||; = O if and only if u € Piy. Thus,

if T € (Wm_k"’(SZ))* with T(xq) # 0, and L is the associated projection
operator

L:W"P(Q) — Pryi
whose existence and estimate of upper bound of the norm ||L|| are guaranteed by
Theorem 2.1, we will have

llu = L) lwrry < CHLI - 1X ) lym-wsn.p(q)

<C<|W”)H”MH1H
= -~ u m—(k+1), .
T(xe) e

O

We now show the norm on the left hand side above can be replaced by the L7*
norm of u — L(u) where p* = Q%; i namely, Theorem 2.3. To this end, we need
the Sobolev interpolation inequality which can be deduced from those proved in

[L1,2].

Lemma 4.2. Suppose m > 1 is an integer and p > 1. Let Q C G be a bounded
extension domain. Then for each integer k with 1 <k <m — 1, and € > O there is
a constant C = C(Q, m, p, k, €, Q) such that

X ul|Lr@ < CllullLr@ + €l1X™ullLr @),
whenever u € WP (Q).

To prove this lemma, we need to use the following result from [L2] (Theorem
10.1 in [L2])

Lemma 4.3. Let Q2 be an extension domain in G. Let 1 < p < g < 00 be such
that the first order LP to L1 Poincaré inequality holds, namely, g = QPTQ for
1 <p<Qandl < q < ooforp > Q. Let i, k be positive integers sucé;that
l1<i<kandl <r <gq.Then

Q. , 0
7+l\7771

S

i—

~Q
+

S

L

: w2-g
X fllza) < Cllf gy © - IXS Fllnig

for all f such that X* f € LP () with || X* f||Lr) # 0.

=IQ|

Proof of Lemma 4.2. Taking p = g = r and k = m in Lemma 4.3, we get the
inequality

. 1—L L
X il < CULAl Ly - X" Fllfn
_m l—% m ﬁ
=C <€ i ||f||L (Q)) : (E’ ||me||Lp(Q)>-
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Using Holder’s inequality on the right hand side with two conjugate exponents -

and 7, we get immediately Lemma 4.2. O
We now prove Theorem 2.3 stated in Section §2.

Proof of Theorem 2.3. If v € W™ P(G) has compact support, then

lvllLrs@) < Cllvllwme G-

Since 2 C G is an extension domain, u € W™ P(Q2) has an extension to v €
W™ P(G) with compact support such that ||v||wm.rG) < Cllullwm.r). There-
fore,

||”||Lp*(gz) =< C||v||Lp*((G,)
< Clvllwmr @
< Cllullwm.rs)
< C[llullry + 1X"ullLre)] -

In the last inequality above we have used the Sobolev interpolation inequality from
Lemma 4.2. Thus,

el gy < C [llullLri@) + 1X™ullLr@)] - (4.4)

Since X/(L(u)) = 0 for I with d(I) = m, we obtain by replacing u with
u — L(u) and using Theorem 2.2 to control ||u — L(u)||1r (o)

llu — La)||r+) < C[llu — L@)llzr@) + 11X ullLr @]

C( Il )"“||Xk+1 !
= u m—(k+1), .
T (xq) wmEEbP @)

This completes the proof of Theorem 2.3. O

5. Poincaré inequalities for functions vanishing on sets of positive
Lebesgue measure

In this section, we will use the general Poincaré inequalities associated with the giv-
en operator T to derive some basic Poincaré estimates involving high order deriva-
tives. By considering Lebesgue measure and its variants as elements of (W7 (2))*
and introducing some appropriate linear functionals T such that the associated pro-
jection operator L is zero, we will prove some interesting Poincaré inequalities for
functions vanishing on sets of positive Lebesgue measure, namely, Theorem 2.4
stated in Section §2.

Theorem 5.1. Let 2 C G be a bounded set. Let 0 < k < m be integers and p > 1.
Then, there is a constant C = C(k, m, p, diam(2)) such that

IXEullLr) < CHIX™ullLr )



Poincaré inequalities on anisotropic Sobolev spaces 323

foru e W(;"’p(Q). Moreover, for g = Q_(rQn—p_k)p and1 < p < %

X ul| g < ClIX™ul|Lr )
foru e W(;"’p(Q) with C = C(k, m, p) independent of 2.

Proof. We first note, by a scaling argument, that the L? to L? inequality holds with
the constant C independent of the domain 2. We thus may assume with no loss of
generality that 2 is a ball 2 = B(0, 2r) centered at the origin O and with radius
2r. We may further assume that all the functions u € WP () are supported in
B(0, r).

Define 7' € (W™~ *+D-r(Q))" by

T(w):/ vwdx
Q

for w € W"=*+D.P(Q), where v = xp(.2r) — XB(0.r). Since u is supported in
B0, r),

T(X'u)=0,0 <d() <k
Therefore, by the construction of the associated operator L given in Theorem 2.1,
we derive that all the coefficients of L are zero. Therefore, L(u) = 0. Note that
X*ku e wn=G&+D.r (), thus the theorem follows from Theorems 2.2 and 2.3. This
completes the proof of the desired result. O

We are now ready to prove the main theorem of this section, namely Theorem
2.4 in §2. Again, we set p* = Q”_%p forl < p < %, p* < oo for pk = Q and
p* = oo when pk > Q.

Proof of Theorem 2.4. Define T € (W’”_k’P(Q))* by

T (w) :/ wdx, w e W"5P(Q).
E

Then, T (x@) # 0, and
T(X'u) =0, for0 <d(I) <k.

Then the associated functional (projection) L, constructed in Theorem 2.1, has the
property that L(x) = 0. The theorem then follows again from Theorem 2.2 and
2.3. |

Corollary 5.2. Let @ C G be a bounded extension domain. Let 0 < k < m be
integers and p > 1. Suppose that u € W™ P (2) has the property that

X'u=0,aexecE for 0<d(l) <k,

where E C Q is a measurable set of positive Lebesgue measure. Then, there is a
constant C = C(k, m, p, |E|) such that

k+1
ullwrr@y < CIIX * ullym—+.p (@)
foru € W™P(Q). In particular,
el Lrs ) < CHIXFullym-wino g

The case m = 1 has its special interest.
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Theorem 5.3. Let @ C G be a bounded extension domain. Let p > 1. Suppose
that u € WYP(Q) has the property that u > 0 on A and u < 0 on B, where A
and B are measurable subsets of 2 of positive Lebesgue measures. Then, there is
a constant C = C(k, m, p, |A|, |B]) such that

[ullwmrp@) < ClIXullLr @)

and
Hull r @) = ClIXullLr (@)

forp*zQp—_prhenlfp<Qandp*<oowhenp=Q,andp*:oowhen
p > 0.

Proof. Given the above u we let @ = [, udx and = [, udx and define T €
(WP (Q))* by

T (w) :[ vwdx, w € WHP(Q)
Q

with v = é XA — % xB. Then T(u) = 0. Therefore, the projection operator L
associated to T, as constructed in Theorem 2.1, satisfies L(#) = 0, and the
results again follow from Theorem 2.2 and 2.3. O

6. Poincaré’s inequalities for functions vanishing on sets
of positive capacities

In this section we develop further the results obtained in section §3, §4 and §5.
to derive Poincaré inequalities for which the term L(u) is zero in the inequality.
We will show that this term vanishes when the set {x : u(x) # 0} is non-zero
when measured by an appropriate capacity. While results in §5 require the sets
where Sobolev functions vanish to have positive Lebesgue measure, these results
are stronger than those in section §5 because sets of positive capacities can still
have zero Lebesgue measure. The main purpose here is to prove Theorems 2.5 and
2.6 stated in Section §2.

To state and prove our main theorems, we need to recall some results concerning
Riesz and Bessel capacities on a stratified group G given in [L5].

Definition 6.1. The Riesz kernel 1, 0 < o < Q, is defined by
Iy (x) =d(x,0)“7 2
The Riesz potential of a function f defined as the convolution

Fdy
G dx, )@«

We now let /;(x) be the heat kernel associated with the sub-Laplacian on G,
namely, if we set H; f (x) = f * h;(x), then

fxly(x) =

0
5Htf(x) +LH f(x) =0

on G x (0, 0o), where L is the sub-Laplacian on G. Many properties of heat kernels
can be found in [F] and [VSCC].
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Definition 6.2. For each o > 0 we define

00 o
Ga(x)zf 27 e h, (x)dt,
0

where h;(x) is the heat kernel associated with the sub-Laplacian on G. We call G,
the Bessel kernel and f x G the Bessel potential of f.

This integral has the following properties (see [F]):

1) Foreacha > 0, G4 € L.
2) Fora > 0,8 > 0,Gq * Gg = Goyp.
3) For each @ > 0 and a multi-index 7, and any x # 0

o0
X’Ga(x)zf 13 e X h, (x)dt.
0

Letl < p <o0o.Weuse L“P(G), o > 0,1 < p < 0o to denote all functions
u such that u = f % G, for some f € L?(G).
The following theorem is due to Folland [F].

Theorem 6.3. If k is a positive integer and 1 < p < oo, then
LA (G) = WhP (G).
Moreover, if u € Lk.p (G) withu = f * G, then
AN, < lul, < CIFIL,
where C = C (a, p, Q) .
Remark. The equivalence of the spaces L% ? and WX-? fails when p = 1 or p = o0.
Definition 6.4. For « > 0 and p > 1, the Bessel capacity is defined as
By p(E) = inf{|[f|l; : f*Gg = lonE, f >0}

whenever E C G. In case a = 0, we take By, , as Lebesgue measure. The Riesz
capacity for 0 < a < Q is defined as

Ry p(E) =inf{||fI|}: f* Iy = 1onE, f >0}
whenever E C G.

Our definition of Bessel kernel G, on stratified groups is motivated by above
Theorem 6.3 of Folland. Namely, the anisotropic Sobolev spaces L*? defined by
the Bessel potential G, coincides, when o« = m, with the Folland-Stein space
WP (G)(1 < p < oo) given earlier in the introduction. The benefit of our def-
inition of G, is as we mentioned earlier that L*” coincides with W? when
1 < p < oo and ¢ = m following Folland’s work. This important result in the
classical Euclidean space was established by A.P. Calderon [Ca] (see also Stein
[St]). Moreover, our definition of the Bessel kernel G, allows us to show that it
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satisfies the following important property of its lower and upper bound near the
origin and infinity. Indeed, this is the key observation on which the Hedberg-Wolff
estimates in Section §7 rely. Using this property of the Bessel kernel, we will derive
in §7 a Hedberg-Wolff type characterization of Radon measures belonging to the
dual of anisotropic Sobolev space L*?(G) on stratified groups.

Theorem 6.5. The Bessel kernel Gy is a positive, integrable function satisfying
Gy(x) = Gou(x~Y). There exist some C; > 0,Cy > 0, M > 1 such that when
d(x,0) — oo we have

Cid(x,0)(1/D@=0=D,=Mdx.0) < G (x) < Cyd(x,0)(1/D@=0=D =G
Moreover, there exist C3 and Cyq such that as d(x, 0) — 0 we have
Cd(x, 0070 + 0 (d(x,00°79) = Go () = Cad(x, 002 + 0 (d(x, 002

and there exist Cs, Cg, C7 and Cg such that for all x € G and any multi-index 1
we have
Cs
d(x, O)Qfoz+d(1)

We mention in passing that the Riesz potential and Riesz capacity on stratified
groups were already given in [V1]'. Many potential theoretical properties for Riesz
capacity similar to those in Euclidean space were also developed in [V1] and [V2].

The following observations are then easy to see: Since G4 (x) < Cl,(x) for all
x € G, it follows from the definition that for0 < @ < Q0,1 < p < 00, there exists
a constant C = C(«, p, Q) such that

Ry, p(E) < CBqy p(E), whenever E C G.

e Cod(x.0) ‘X’Ga (x)‘ - C7 o~ Csd(x,0)

~ d(x, O)Qfonrd(l)

Moreover, it is also true (see [L5]) that for ap < Q
Ry, p(E) = 0if and only if By ,(E) = 0.

We also note that for the Riesz capacity, we can easily get by an argument of
dilation

Ro p(B(x, 7)) = Co pr@™ P Ry p(B(x, 1)) = Co pr 2™ Ry »(B(0, 1)).

This is easily seen because the Riesz kernel I, is homogeneous of degree o« — Q.
However, it is considerably harder to give the estimates of Bessel capacity for metric
balls because of the complicated kernel G,. Fortunately, we were able to succeed
in [L5] thanks to Theorem 6.5. Indeed, we derive in [L5] the estimates of Bessel
capacities on metric balls on stratified groups, which extends N. Meyers’ theorem in
Euclidean space ([Me2]). We also establish in [L5] the relationship between Riesz
and Bessel capacities, which extends results by Adams [Ad3] in Euclidean space.
The relationship between Hausdorff measures and capacities on Carnot groups was
established in [L6].
We now give the following

' The second author wishes to thank T. Coulhon for bringing the work of [V1] to his

attention and for sending him a copy of [V1].
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Definition 6.6. A set E C G is called a B, ,—capacitable set if
By, p(E)=inf{By ,(U):E C U, U open}=sup{By, ,(K):K C E, K compact}.
It is shown in [L5] that any Borel sets in G are B, ,—capacitable. More gen-
eral sets in G can be B, ,—capacitable. The notion of so-called analytical sets in
Euclidean space can be introduced without difficulty (see [CH], [Me2]). However,

we shall not discuss this here further.
‘We now introduce an equivalent formulation of Bessel capacity.

Definition 6.7. For 1 < p < oo, and E C G be a By, p-capacitable set, let M (E)
denote the class of Radon measures i on G such that u (G — E) = 0. We define

boz,p (E) = sup {/'L (G)}
where the supremum is taken over all u € M (E) such that
% Gl < 1.

The following result is shown in [L5].

Proposition 6.8. For any B, ,—capacitable set E we have

1
bot,p (E) = Ba,p(E)p .
We will need the following lemma in the rest of this section.

Lemma 6.9. Let G, be the Bessel kernel and 1, be the Riesz kernel, we have

/ (f % Ga)()h(x)dx = / (h % Ga)(¥) f (X)dx
G G

and

/(f*la)(X)h(X)dx = / (h s 1) (x) f (x)dx.
G G

This follows from the important fact that Gy (x) = Gy (x~ Y and I,(x) =
I (x71).
‘We now prove

Lemma 6.10. Let 2 be a bounded extension domain. Let us assume that (. is a non-
negative measure with the properties that sptjn C Qand %G p,_j € L? (G), where
k is an integer, 0 < k < m. Then | can be viewed as an element of(Wm_k’p(Q))*
if we define T : W"5P(Q) — Rby T (u) = [ udu. Moreover,

TN < [l * Gkl -
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Proof. Letu € W"%P(Q) where Q C G is a bounded extension domain. Then
there is an extension operator A such that

||AM||Wm7k,p(G) < C”M' |Wm—k,p(Q).

With no loss of generality we assume that Au has compact support. Then Au has
the representation

Au= fxGp_i

where f € LP(G) and || fl|Lr@G) & ||Aullym—t.p(G)- Using Lemma 6.9

/ud,u:/Aud;L

:/f*Gm—de

- / (4% G - fx

< s Gurllp 1 f11p
< Cllp * Gmiel [ || Autllm—., p

< Cllp * Gmill pllullyym—k.p(g2)-
Thus, u € (W52 ()" and ||T|| < Cllu* Gmill - .

We are now ready to prove the following main theorem of this section (namely,
Theorem 2.5 stated in Section §2).

Proof of Theorem 2.5. By the alternative formulation of capacity, i.e., Proposition
6.8, there exists a nonnegative measure p supported in A and

s Gurillp <1

and u(G) > %(Bm_k,p(A))l/p.Ifwe set T = pinTheorem 2.1, we have T'(xq) =
W(G) = 3(Bu—k,p(A)/P > 0 and from the above Lemma 6.10 that

T < Cllu * G—kllpy < C
and thus it follows from Theorem 2.1
—1/p
[IL]] < C (Bm—k,p(A))

which yields the first part of Theorem 2.5. The L?” -norm estimate follows from
the same argument as in the proof of Theorem 2.3 in §4. O

Using Theorem 2.5, we can give the following
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Proof of Theorem 2.6. Clearly, N is By, p—capacitable. Recall from Definition
6.7 and Proposition 6.8, if B, ,(N) > 0 where

N=Qn{x:Xux)=0,d) <k},
there exists a nonnegative measure p supported in N such that
s Gurillp <1

and w(G) = 3(Bu—t,p(A)/?. Wethushave T (xo) = j(G) = 53 (By—,p(AD'/7.
Define T'(u) = [y, ud . Then

T(X'u) = /X’udu

for all 0 < d(I) < k and thus are all zeros because p is supported on N. Since
the coefficients of the polynomial L(u) depend on T (X'u) = [y X'udy and thus
are all zeros. This completes the proof of the first inequality of the theorem. The
second inequality follows from the Sobolev interpolation inequality.This completes
the proof of Theorem 2.5 as we did in the proofs of Theorems 2.2 and 2.3. O

Because of the particular importance of the case m = 1,k = 0, we state the
Poincaré inequality separately.

Corollary 6.11. Let Q@ C G be a bounded extension domain, u € W™ P(Q) and
let N C Q2 be a set defined by

N =§ﬂ{x u(x) =0}
If B1,,(N) > 0, then
Null gy < € (Bipy(W)) ™7 11 XullLe).
with C = C(k, p, m, Q).
As a generalization, we obtain
Theorem 6.12. Let p > 1 and suppose 0 < k < m are integers. Let @ C G be a

bounded extension domain. If there is some u which is a nonnegative measure on
G such that p € (W52 (Q))*, w(G) # 0 and

fXIud;L =0, forall d(I) <k,

then
k+1
||u||p*;Q =Cl|lXx + ”||m7(k+1),p;S2

where C = C(k, p,m, u, 2).
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7. Hedberg-Wolff’s characterization of the dual
of anisotropic Sobolev spaces

If 1« is a Radon measure, we define the fractional maximal operator
Mapu(x) = sup{r*~Cu(B(x,r)) : r > 0}.

It is easy to see Mgy u(x) < Cu * I, (x). The following is much less trivial and is
due to Muckenhoupt and Wheeden [MW] in Euclidean space. For a generalization
to homogeneous space by adapting the method in [MW], we refer the reader to the
independent work of [V1] and the second author’s thesis in 1991 [L7] in which it
is shown:

Lemma7.1. Let 1 < p < ocoand 0 < k < Q, then there exists C = C(a, p, Q)
such that

i Iallp < ClIMapllp.

The («, p) energy of u is defined as

Eap(pt) = / (1 % Go)? dx.

Clearly, by Lemma 6.9

ga,p(ﬂ) = /(M * Goz)ﬁ * Gydu.

Since the Bessel kernel is dominated by the Riesz kernel, we have

Ea,p(n) < Cf(“ * I)" dx

1

= C/(M*Ia%(u*la)f’*ldx

1
=c/<u*1a>ﬁ*1adu

where we have also used Lemma 6.9 in the last equality above. The expression

(e * Ia)ﬁ * I, is called the nonlinear potential of .

To prove the main theorem of this section (stated as Theorem 2.7 in Section
§2), we need the following lemma which gives another characterization of Radon
measures belonging to the dual of the fractional Sobolev space W*7(£2).

Lemma 7.2. A Radon measure u is in (W*P(G))* (1 < p < oo) if and only if
[ln* Gyllp < oo, namely, if and only if the («, p) energy of u is finite.
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Proof. Foru € WP (G), write u = f * G4. Thus

/uduz/f*Gadu

=/M*Ga~fdx

<l Gallp - [1f11p
= Cllu* Gallp - lulla,p,

which implies that u € (W*?(G))*.
Conversely, if u € (W% P?(G))*, then

[l % Ga”p’ = sup | (u*Gy)fdx = sup /(f * Go)dp < 00.
feLp feLp

Therefore, || * Gql|p < 00, namely, the («, p) energy of w is finite.

Proof of Theorem 2.7. Observe that
p(BGx.r) _ /2’ p(Bx.1)]" dr\"
r@—« =\ J, 10—« t
- /00 (B 0)]" dr\”
~\Jo 19— t

Thus, the fractional maximal function is bounded by

1
% (Bx, )" dt\”
Mau(x)§</o I:tQ—oti| 7) .

Hence, using the L? boundedness of
i Lol p < CllMapll

we get

up) = C [ (et d
G

<c / (Map)? dx
G

SC/ (/Oo [—”“(B(x’t))]p ﬂ)dx.
e \Jo 10—« t

331
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To estimate the last term, we notice that

fM(B(x,t))p/dx:/ (B, )7 w(B(x, 1)dx
G G

_ / W(B(x, )7 / du(y)dx
G B(x,t)

< f / W(B(y, 20) 7T dp(y)dx
G JB(x,t)

<c / WIB(y. 2017 [B(y. DIdp(y)

1
—T

= Ct /M[B(y,Zt)] du(y).

Innextto the last equality we have used the Fubini’s theorem and we used | B(y, )| =
Ct2. Thus,

1
-1

d
Eup(i) < C / (1) 12 / ulB(y. 207 du(y)Tt

ulB(y. D1\ 7T di
o [ [T (Me) auo

Since p has compact support and ;£ (G) < oo, thus it is easy to see that the expres-
sion on the right hand side of the above inequality is finite if

B 1 d
/ f (M[,Q(yapt)]> Ttd/L(Y) < 00

and consequently &, (i) is finite and then by Lemma 7.2 we get u € (W*7(G))*.
This proves the sufficiency of Theorem 2.7.
To prove the necessity, we need to use the lower bound of the Bessel kernel (see
Theorem 6.5)
Go(x) > Clx|* Ce ™ MP for x e G, x #0.

The (¢, p) energy of i can be written as
1
Ea,p(ﬂ) = /G(H * Go) P71 x Godp.
1
If write f = (u * Gg) P, then

o Galx) = [G FeyHGa()dy

o0 dr
- c ( / f(y)dy) ra=0=Mr L,
0 B(x,r) r
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But for y € B(x,r)

f(y)z(/ Gule™ y)d’ﬂ(Z)) B
B(x,r)

1
-1
( |z y|em Qe Mz ”du(z))
B(x,r)

| V

1

=1
( 2M’du(z)>
B(x, r)

= ¢ (nae, r))ra*Qe*ZMr)ﬁ

| \/

where we have used the fact |z‘1y| < 2rfory,z € B(x,r). Thus,

o Gax) = C / h ( / f(y)dy> peQphir &
0 B(x,r) r

() 1 d
C/ (f ( (B(x r))rot 0 —2Mr> -1 dy) rCt—Qe—Mr_r
0 B(x,r) r

1
o [ (HBODINTT oy dr
0 ro—op r

This implies that

e
ap(u)>C// (M[B(x r)]) = *zp/Mrdr—rdu(x)

rQ ap

/-’L[B(y V)] _2 /Mrdr
>Cf/( ) e
[ (e

This establishes the necessity of Theorem 2.7 by using Lemma 7.2 again. O

v

v
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