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Poincaré Inequalities, Isoperimetric Estimates,
and Representation Formulas on
Product Spaces

GUOZHEN LU & RiICHARD L. WHEEDEN

ABSTRACT. We derive Sobolev—Poincaré inequalities for prod-
uct balls in case the component spaces are metric spaces as-
sociated with appropriate collections of vector fields on Eu-
clidean space. We also consider weighted versions of such in-
equalities, representation formulas which express a function
in terms of integrals of potential type of its component vector
field gradients in product spaces, and isoperimetric estimates
involving product balls.

1. Poincaré estimates. One purpose of this paper is to derive Poincaré
inequalities of the form

1/q

1 a
(L.1) A B/ () — | da

1/p

<cp131 f/ Z’ 1)vf >’)p/2dx

1/p

+ ¢p2(Bs) |B\/ Z| (2) ,Vaf(x >| )p/Qda:

for product balls B = By x By in RM xR, 1 < p < oo, and certain values

q > p. Here {X ;1)} and {X ,iz)} denote two appropriate collections of vector

fields in RNt R™2 respectively. Also, for ¢ = 1,2, B; is a suitably small ball in

RY: of radius p;(B;) relative to a metric p; in R™: which is naturally associated
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with {Xl(i)}l, B =|B|7' [ f(z)dxz, V; is the gradient in RY: |B| = |By||Bo] is
B

the Lebesgue measure of B, and c is a constant which is independent of f and
B. There are analogous estimates for the product of any finite number of balls.

Poincaré inequalities have been studied extensively in the non-product case:
see, for example, [CW, F, FGaW, FGuW, FLW1, GN, HK, J, JS, L1, L2, MS,
SW] and the references cited there. For the product case, (1.1) has been studied
in weighted situations for the case of the ordinary gradient in [ST] and [Ch].
The principal results in [Ch] involve mixed norm estimates, which we shall not
treat in this paper. Our Poincaré results in the case of the ordinary gradient are
somewhat sharper than those listed in [ST] and [Ch].

For the ordinary gradient, even in the weighted case, sharp Poincaré results
can easily be derived by translation and dilation of f from the corresponding
results when By and Bs are unit balls centered at the origin. This is not the
technique used in [ST], and it is not an effective method for the case of more
general vector fields. However, we will show that an almost equally simple deriva-
tion can be given by instead scaling the vector fields appropriately. Scaling the
vector fields leads naturally to scaling the corresponding metrics and allows us
to deduce results like (1.1) from known results for spaces of homogeneous type.
Before describing the method, let us first give an example of the type of result
which it implies.

We will show that (1.1) holds for 1 < p < ¢ < o if p and ¢ are related
by a condition which involves the local doubling order of Lebesgue measure
for product balls. By a product ball, we always mean the Cartesian product
B = B; x By of two metric balls. In the case of measures (weights) other than
Lebesgue measure, p and g are related by a natural balance condition which
involves the weighted measures of product balls; this condition reduces to a
doubling condition when the measures are Lebesgue measure.

In order to state a result for Lebesgue measure, we need some additional
notation. Let €2; be an open, connected set in RY¢, i = 1,2. Let {X;l)}j be real
O vector fields on €; which satisfy the Hérmander condition [H]. Other classes
of vector fields can be used, such as those studied in [F] and [FL] (see also [FS]),
which are not smooth and so cannot satisfy the Hormander condition (although
they have some compensating structure). Thus it is possible for example to
consider a product with Hormander vector fields in one component space and
Franchi-Lanconelli ones in the other. In fact, what is really important for our
results is the existence of the L! (i.e., p = ¢ = 1) version of (1.1). Thus, any
condition on vector fields which implies an L' Poincaré estimate is acceptable as
an initial hypothesis. For the sake of definiteness, we will focus on the Hérmander
case in our first theorem, but more general situations are discussed later. For
1 = 1,2, we will denote points in ; by z;, y;, and we will denote points in
Q=M xQ by = (z1,72),y = (Y1,Y2)-

It is well known that one can naturally associate with {X j(-Z)}j a metric
pi(xi,y;) for z;,y; € Q; (i = 1,2). The geometry of the metric space (;,p;) is
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described in [SW, FP, S-Cal]. In particular, the p;-topology and the Euclidean
topology are equivalent in €;, each metric ball

Bi(xi,r) ={yi € Qi : pi(xi,ys) <71}, 3 € Qi v >0,

contains some Euclidean ball with center z;, and if K; is a compact subset of €2;

and r((f") > 0, there is a constant ¢ such that

(1.2) By (x:,2r)| < ¢|Bi(wi,r)], 2 €Ky, 0<r<rl?,

where |E| denotes the Lebesgue measure of a measurable set £. This doubling
property of Lebesgue measure is crucial for our results. If B; = B(x;,r), we will
use the notation p;(B;) for the radius r of B;.

By [NSW], given a ball B; = B;(x;,7;), 7; € K; C Q; C RN r; < r(()i), there

exist positive constants ; and ¢;, with ¢; depending only on K; and r(()i) but ~;
depending also on B;, so that

(T Nivi
(1.3) |Ji;§ci(f;((i;))) 1|

for all balls I;,J; with I; C J; C B;. We will call ; the (local) doubling order
of Lebesgue measure for B;. In fact, for Hormander vector fields, by [NSW],
N;7; lies somewhere in the range N; < N;v; < @Q;, where ); is the homogeneous
dimension. We can always choose N;v; = @;, but smaller values may arise for
particular vector fields, and these values may vary with B;(z;,r;). The values
of Q; do not vary with B;. See [FLW1] for some detailed observations and
comments about (1.3).

In the theorem below, we assume that for a given compact set K in €3 x Qs
there exist positive exponents ¢;,7 = 1,2, so that for any two product balls I,.J
centered in K with small radii and with I = I} x I, C J = J; X Ja, we have

(1.4) 3| < C(Z((i))) Ll =12,

The constants ¢; and ¢ may depend on K but are independent of I and J.

The Poincaré estimate that we obtain for Hormander vector fields in the
unweighted case is as follows.



126 G. Lu & R .L. WHEEDEN

Theorem 1. Let K be a compact subset of Q1 x Qo. There exists Tg
depending on K, Q; and {X;l)}, i =1,2, such that if B = B1(x1,71) X Ba(x2,72)
is the product of balls with (x1,22) € K and 0 <1r; < rg, and if 1 <p < Q and
1/¢=1/p—1/Q, where Q = q1 + g2 with ¢; defined by (1.4), then

1/q 1/p

1 1
— |f(x)ff3|qu < e | —= |X(1)f(:c)|pdx
BB/ 'B'B/

1/p

1
+ Crg E/‘X(z)f(xﬂpdx
B

for any f € Lip(B). The constant ¢ depends on K, Q, {X]@} and the con-
stant ¢ in (1.4). Also, fp may be taken to be the Lebesgue average of f, fp =

|B|™! [ f(z)dx.
B

When we have Hormander vector fields in each component space, we shall see
that a simple process of scaling the vector fields and metrics leads to a Hormander
structure in the product space. Thus Theorem 1 and its weighted versions for
Hormander vector fields may be viewed as immediate corollaries of the scaling
process combined with Poincaré results known to hold in the Hérmander setting.
It is worth noting that such Poincaré results, including their weighted versions,
are known to be ultimate corollaries of the basic case p = ¢ = 1 of the conclusion
of Theorem 1.

However, in more general situations such as the mixed product of Hérmander
and Franchi-Lanconelli vector fields mentioned earlier, the appropriate Poincaré
results in the product space are not already known. In such situations, our
approach is slightly different: we first derive an L' Poincaré estimate in the
product space by using Fubini’s theorem and the corresponding estimates in
the component spaces, and we then apply results from [FPW] (or, alternately,
[FLW2] together with boundedness estimates for integral operators of potential
type) to deduce improved Poincaré estimates in the product space. Results like
Theorem 1 for Hérmander vector fields can also be derived in this (somewhat
longer) way.

In any case, we need to work with scaled vector fields. In fact, in order to
prove estimates like the one in Theorem 1 for a specific product ball B, rather
than for all product balls, we only need to deal with smaller product balls which
have the same eccentricity as B, where by the “eccentricity” of B = By X Bg, we
mean the number p;(B1)/p2(Bz). Thus, in order to prove the Poincaré estimate
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for B, we only need to consider product balls I = I; x Iy with

This simple observation allows us to replace the product situation with that of
a space of homogeneous type.

We define a “local auxiliary metric” p = pp, xB, for each fixed product ball
Bl X B2 by

p1(x1,91) p2(22,y2) }
1.5 T,y) = T,y) = max ,
( ) p( y) pBl><BQ( y) { pl(Bl) pQ(BQ)
where z = (z1,22),y = (y1,y2). It is not difficult to see that p is a metric on
the product space and that the p-ball B(z,r) (which we also denote by B,(x,r))
with center z = (x1,22) and radius r has the form

B(z,r) = Bi(x1,rp1(B1)) x B(xa,7pa(B2)).

In particular, every p-ball is a product ball with the same eccentricity as By x Bs.
We shall also use the notation p(I) for the radius of a p—ball I. If I is a p—ball
and I = I} x I, then

_ piln) _ pa(l2)
(1.6) P = p1(B1)  p2(Ba)’

Note that pp,xp,(B1 x Ba) = 1.
It follows from (1.4) and (1.6) that if B = By x B and p = pp, xB,, then

Q
L7) < {%} 1, Q=g +a.

whenever I,.J are p-balls centered in K with small radii and with I C J. This
hypothesis for p—balls I, J with I C J C B is all that is actually needed in order
to prove that the conclusion of Theorem 1 holds for a specific product ball B.
The local auxiliary metric arises naturally if we attempt to make a given
product ball B; X Bs become a unit ball. To understand another reason why it
is natural, let us consider the following situation involving two (finite) Carnot-
Carathéodory metrics dy,ds associated with collections Y ()Y of Lipschitz
continuous vector fields in R ,R™2 respectively. This means that the metric
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dy(x1,71) on RN associated with Y (V) (and similarly the metric da (22, 12) on R
for Y(?)) is defined as follows. An absolutely continuous curve ~;(t) : [0,T1] —

RM is called a sub-unit curve for Y1) = {Yj(l)}j if
2
(h0).6)" < 3 (0).6)
J

for all £ € RM and a.e. t € [0,71]. If x1,y; € RM, then dy(x1,y1) is defined by

dy(x1,71) = inf{Ty > 0 :there exists a sub-unit curvey; : [0,7}] — RV
with 1 (0) = z1,71(Th) = 1 }-

See, for example, [FP].
We have the following simple lemma.

Lemma 1. Let dy,ds be Carnot-Carathéodory metrics associated with
vector fields YU, Y2 in RNt RN2 respectively, and let d be the metric in
RN 4Nz gssociated with the union Y of the two collections YV Y2 (we adjoin
zero coordinates appropriately to the vectors in YV and Y2 to obtain vectors
in RN1+N2) - Then if v = (21,22) and y = (y1,y2) are any two points in RN1+N2

d(z,y) = max{di (z1,91),d2(72,92)}.

Taking the lemma momentarily for granted, we next observe that if d is the
metric induced by a collection Y of vector fields and r > 0, then d/r is the metric
corresponding to the collection Y. In fact, if y(¢) is a sub-unit curve for Y, it
is easy to see that ~(¢/r) is a sub-unit curve for Y, and our observation then
follows immediately from the definition of the metric.

Thus, given a product ball B = B x B, and collections X1, X(2) of vector
fields in the respective component spaces, with corresponding metrics p1, p2, it
follows by combining the observation above with Lemma 1 that the vector fields
X = Xp in the product space obtained by taking the union of pl(Bl)X(l) and
pa(B2)X @ correspond to the metric p(z,y) defined in the product space by

— max p1(z1,y1) p2(w2,y2)
plzy) = { p1(B1) 7 pa(Ba) }’

which is exactly the local auxiliary metric for B defined in (1.5). This shows
how the local metric enters naturally in product space considerations.
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In case the vector fields XM, X also satisfy the Hérmander condition in
their respective component spaces, it is now a simple matter to use these facts
together with known Poincaré estimates for Héormander vector fields to prove
Theorem 1. Before doing so, we first prove the lemma.

Proof. Let us first show that d(z,y) < max{d;i(z1,y1),d2(z2,y2)}. We may
assume without loss of generality that dq(x1,y1) < da(z2,y2). We then need to
show that d(x,y) < da(z2,y2). Pick a sub-unit curve 7, for Y2 which is nearly
optimal; i.e., given ¢ > 0, pick Ty < da(w2,y2) +¢ and a curve v, in R™2 such
that for any & € RNz,

(18 (506" < VP 0a0)&) s 72(0) = 2, 50(0) = 1.

Clearly, T5 > do(x2,y2).

Let us show that we may assume that To > da(z2,y2). In fact, given a
number Ty > T , the curve A2 defined by F2(t) = 72 (Tgt/Tg) satisfies ¥2(0) = xo
and o (Tg) = 1, and it is also a sub-unit curve for Y(?) since for any & € RNz,

(F5(1),62)" = (%)2@ (T2 ) §2>

2
2) T 0.6’
<> (57 Ga(), &) since Ty < .

Choosing Ty with T < Ty < do(x2,y2) + € shows that we may assume Tp >
dz(2,92).

Since dy(x1,y1) < da(z2,y2), we then obtain that Ty > di(x1,y1). By
definition of d;, we may choose T} and a curve 7; in RM such that Ty < Ty and

(19 GO0 <0 mO)a) s 1) =mm (@) =n

for all & € RN, Rescale ~1 so that it reaches y; at time Ty, i.e., let 31 (¢) =
v(T1t/T). Then 41(0) = x1, 31 (T2) = ¥(T1) = y1, and Ay is still a sub-unit
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curve for Y1) by using the same sort of argument as above since Ty < Ts. Thus,

(1.10) t),6)% < Z .6

for all & € RN,
Consider the curve v(t) = (1(t),72(¢)) in the product space. By adding
(1.8) and (1.10), we see that « is a sub-unit curve for Y. Clearly, v(0) =

(z1,22) = z and (T2) = (71(T2),72(T2)) = (¥1,92) = y. Thus,
d(may) S T2 < d2(x2ay2) +€a

and the desired inequality follows by letting ¢ — 0.

To prove the opposite inequality, let v(¢) be a sub-unit curve for ¥ in the
product space which is nearly optimal for d(z,y); i.e., given € > 0, let T" and ~y
be such that for all £ = (&1,&) € RN +NVz,

2

< Z 51 + Z > )
v0)=2z, vT)=y, and T <d(z,y)+e¢

Write v(t) = (71(¢),72(t)). Choosing & = (&,0) and noting that Yj(l) only
depends on the first set of variables, we see that 71 (¢) is a sub-unit curve for
Y with 7(0) = 21 and 71 (T) = y;. Similarly, 72 is a sub-unit curve for Y@
with 72(0) = 22,7 (T) = y2. Hence, di(z1,y1) < T and da(x2,y2) < T, and the
inequality max{dy(z1,y1),d2(x2,92)} < d(z,y) follows by letting ¢ — 0. This
completes the proof of the lemma. O

Proof of Theorem 1. We can easily deduce Theorem 1 from the observa-
tions above combined with known Poincaré results for Hormander vector fields.
In fact, fix a product ball B = By x By and note that since the collections X )
and X ? satisfy the Hérmander condition in their respective component spaces,
then the collection X5 = p1(B1)X M, pa(B2)X @ (with zero components ad-
joined appropriately) satisfies the Hérmander condition in the product space.
Since we noted above that the auxiliary metric p = pp, x B, is the metric induced
by Xp in the product space, we can apply the results of [FLW1] (see also [GN])
to obtain the conclusion. More precisely, using Theorem 1 of [FLW1] we have
that if 1 <p< Q,1/g=1/p—1/Q and (1.7) holds, then

(liﬁ/B’f(ﬂf)—fB\quy/qSC,OB(B)(|B|/ X5 f(2) V’das)l/p
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with ¢ independent of f and B. Since pg(B) =1 and

(Xpf (@) = 1p1(BOXW f(@)® + |p2(B2) XD f (2)?,

Theorem 1 follows immediately. Weighted versions (for Hérmander vector fields)
can be obtained in the same way by applying Theorem 2 of [FLW1].

The proof above relies on the existence of known Poincaré results for vector
fields which satisfy the Hormander condition, and so does not work in more
general situations. We now give a different proof of Theorem 1 which avoids this
difficulty and so can be used in other situations.

We begin by showing that the L', L' Poincaré estimate in the product space
follows from the corresponding ones in the component spaces. For Hérmander
vector fields, for example, the estimate in the component spaces follows from [J].
It will be convenient to work in a more general setting. Let (Q1,p1,dp1) and
(Q2, p2,du2) be two spaces of homogeneous type in the sense of [CoW], that is,
p; is a quasimetric on €2; and p; is a doubling measure on §2; relative to p;-balls:

pi(xi,yi) < Klpi(xi, zi) + p(zi,9i)],  %is yi, 2 € Q;,  and
,U,i(Bi({Ei,QT)) SC,UZ(BZ(.%Z,T')), &l EQi,T>0,

for i = 1,2. We use the notation p = p1 X pe for the product measure associated
with g1, po. It follows that p is a doubling measure with respect to product balls,
i.e., u(2B1 x 2Bs) < C?u(By x By) for any product ball By x Bs.

For simplicity, we state the following lemma in a global form.

Lemma 2. Let (Q;,pi,p:),1 = 1,2, be two spaces of homogeneous type and
let = p1 X po denote the corresponding product measure. Suppose that

J 1=l < o) [ 15 d

i=1,2, for all balls I; C Q; and all f € Lip(I;) . Then

(1.11) /Il‘f_fthg’d/JSC/I I{pl(h)‘X(l)ﬂ—I—pg(Ig)‘X(Q)f‘}du

for all product balls Iy x Iy and all f € Lip(I1 x I3). Moreover, the constant ¢ in
(1.11) is the same as the one in the hypothesis.
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Proof. Fix I} x I and a function f € Lip(Iy X Iz). For (x1,22) € I1 X I,
write

1
‘f(fhw)m/h sz(ylay2)dﬂ1(yl)dﬂ2(92)
< ‘f(thz)—ﬁ Ilf(y17$2)dul(y1) +’ﬁ Ilf(ylaa?z)du(yl)
1
—m/h sz(yl,y2)dul(y1)dli2(yz)
— ST

By integrating first with respect to dy; and using the hypothesis of the lemma,
we have

// Sdpa (z1)dpa(ze) < c// ’X(l)f(l'l,l‘g)‘dul(.ﬁl)dug(lﬁg).
Iy x1o I x1Iz

For T', we have

@,
T< ——
~ () J,

We integrate [ [; ;. T'dpidps first with respect to dyz, and by Fubini’s theorem

fy1,@2) — f(y1,y2)du(y2) | dp(yr).

1
p2(l2) Ji,

and the hypothesis of the lemma, we see this is at most
1
C—/ / {02(12) |X(2)f(y17$2)|d#2($2)] dpa (y1) dp (1)
n(1) Ji, Jr, I
= cpall) [ X fana)| dis () dpa (o),
11 XIQ

which completes the proof. O

In passing, we mention that the analogue of Lemma 2 for the product of
any finite number of component spaces can be used in conjunction with the
fundamental theorem of calculus to derive an L', L' Poincaré estimate for ar-
bitrary rectangles in n-dimensional Euclidean space with Lebesgue measure and
the usual distance. Moreover, this can be accomplished with explicit and precise
control of the constant which appears on the right side of the estimate. We make
some further comments about this near the end of the paper (see Section 4).
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There is a useful connection between (1.11) and the auxiliary metric. In
fact, fix a product ball B = By x By and let p = pp, x, be the corresponding
local metric defined by (1.5). If I = I; x I is any product ball with the same
eccentricity as B, it follows from (1.6) that (1.11) may be rewritten in the form

(1.12) /!f frldp < Cp(1 /{|X<1>f|p1 (B1) + |X(2)f|/)2(32)}d#-

This inequality, however, is an L', L' Poincaré inequality for the metric p and
the vector fields X defined so that

X £ = (1 XD Flpr(B1)* + (IX P flp2(B2))?.

Its validity for all p-balls I C ¢B is enough to let us apply known results for
spaces of homogeneous type. At this point, there are two ways to proceed. The
quickest is to apply the results in [FPW], and we will do this now. The second
way is based on obtaining representation formulas in a product space, and we
will discuss this in the next section.

Given 1 < p < o0, we first divide both sides of (1.12) by u(I) and then
apply Holder’s inequality to the right side to obtain

1
(1.13) m/j!f—fﬁduSCb(Lf)

for all p-balls I C ¢B, where b(I, f) is the functional defined by

1.0 =0 (i |Xf|pdu>1/p-

Since X is a differential operator, given ¢ > p, Theorem 3.1 of [FPW] immedi-
ately implies the improved inequality

(ﬁ/BU—fﬂqdu)l/q < CH(B, ),

which reduces for example to the conclusion of Theorem 1 in case p is Lebesgue
measure, provided we verify that b satisfies the following condition of discrete
type uniformly for every p-ball I C ¢B, every family {I*} of pairwise disjoint
p-subballs of I and every f € Lip(cB):

(1.14) Zb (I*, ))au(I*) < Cb(I, f)2pu(I).
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To verify (1.14), write

k q q/p
%}Wwwmng;g%%%)Mﬁmﬂwaw).
Assuming that

(1.15) (/Aé)b(ft)]l)/p) w(J) < e (M(”I()Il)/p> w(I) if JCICeB,

where J and I have the same eccentricity as B, and noting that ¢ > p, we see
the sum is at most

as desired.
Note that (1.15) is the same as the local balance condition
/a 1/p
Mﬂ(Mﬂ)l (Mﬂ)
1.16 POV <o () e
(1.16) o) \ (D) w(D)

In case p is Lebesgue measure, condition (1.16) with 1/¢ = 1/p—1/Q is the
same as (1.7), and we thus obtain a second proof of Theorem 1.

Weighted versions of Theorem 1 can be obtained in essentially the same
way. In fact, given a product ball B = By X By, two weight functions w, v on B
and 1 < p < g < 0o, we assume that the following local balance condition holds
for all pg—balls I,J with I C J C ¢B:

(Y ()"

where p(I), p(J) are the radii relative to B = By x B, and w(I) = [, wdu. Note
that (1.17) is the same as (1.16) if w = v = 1 and further reduces in the case of
Lebesgue measure to (1.7) with 1/¢ =1/p—1/Q.
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Also, given a product ball B, we say that a weight v € A,(u) relative to B,
1<p<oo,if

p—1
1 1
m/v dup T/v_l/(”_l)du <C whenl<p<oo
1 1
1 .
m/vdu§06§s1nfv when p =1
I

for all product balls I with the same eccentricity as B and with I C B (i.e., for
all p—balls I C B). We say that v € A (p) relative to B if v € A,(p) relative to
B for some p. The fact that p satisfies the doubling condition (1.2) allows us to
develop the usual theory of such weight classes as in [Ca]. It follows easily from
the definition and (1.2) that if v € A,(u) relative to B, then for any product
ball I with the same eccentricity as B and with 21 C B,

v(2I) < Cw(I)

with C' depending on both the A, constant of v relative to B and the doubling
constant of Lebesgue measure. We say that any such weight is doubling relative
to B. All the weights we will consider will be doubling relative to B.

Our weighted result of Poincaré type for p < ¢ is then as follows.

Theorem 2. Let B = By x By be a product ball in Q1 X Qo, and let u be
the corresponding product measure. Suppose that (1.11) holds for all product
balls I C ¢B with the same eccentricity as B. If 1 < p < q < 0o and w, v are
weights satisfying the balance condition (1.17) relative to B, with v € A,(p) and
w € Axo (1) relative to B, then

1/q
ﬁ / 1£(2) — fa|"w(e) du

B
1/p 1/p

. R W () Polz , b @ () Polz
< “<B>c£|x F@ o))+ Ors ”<B>C£‘X 7)ol dy

for any f € Lip (B), with fg = w(B)~! [ f(z)w(x)du. The constant ¢ depends
B

only on the homogeneous spaces Q;, and C depends only on the constants in
(1.11) and in the conditions imposed on w and v (which may depend on B).
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One can also derive results in which there are different weights in the two
terms on the right side of the conclusion of the theorem. The constant ¢ can be
taken to be 1 in the case of Hormander or Franchi-Lanconelli vector fields by
standard arguments involving Boman chain domains. Moreover, the restriction
that w € As (1) can be weakened to just assuming that w is doubling by using
the representation formula in the next section together with known weighted
results for integral operators of potential type.

To prove the result as stated requires first noting that (1.11) and the A,
condition imply that (1.13) holds for the functional b defined by

ur.h) = o) (55 [ }Xf|pvdu>1/p,

where p is the local auxiliary metric for B and X is the differential operator
with [ X f| = | XM f|p1(B1) 4| X @ f|pa(Bs). To complete the proof, by [FPW]
we only need to check the following analogue of (1.14):

Db, ) w(I¥) < eB(I, f) w(l)
k

for every p-ball I C ¢B and every collection {I¥} of pairwise disjoint p-balls
contained in I. This estimate follows from (1.17) by the same sort of argument
we used before, which proves Theorem 2.

We mention in passing that it is possible to use the Poincaré estimates above
to derive analogous estimates for domains other than products of metric balls. In
particular, this can be done for a product of two domains each of which satisfies
the Boman chain condition.

2. Representation formulas in product spaces. In [ST], Shi and

Torchinsky derive the following representation formula for a Lipschitz contin-
uous function f in the product P = I x J of two cubes I C R™ and J C R™:

|f(z1,22) — fp| <

ﬁ//P(Wlf(yl’y?)‘ ‘xl_y1|+‘v2f(ylay2)‘ |$2—y2‘)lC(a:,y)dy1dy2,

where C is the kernel defined by

|I|1/n |J|1/m nt+m
)

|$1—Z/1|7 |z2 — yo

K(z,y) = min(
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Our purpose in this section is to derive some similar formulas for products of
balls in homogeneous spaces. The formulas vary somewhat depending on whether
the spaces have any extra structure. As usual, let (21, p1,dp1) and (Q2, p2,duz)
be two spaces of homogeneous type, and let B = B; X By be a fixed product
ball. In order to obtain a formula similar to the one above, we shall impose some
additional assumptions on the spaces relative to B; each assumption is satisfied
for the special classes of vector fields in [H] or [F]. We again use the notation
1 = 1 X pg for the product measure.

Our first assumption is that given any point of B, there exists a suitable
chain of sets in the product space which approach the point. More precisely,
we assume that given a point © = (x1,22) € B, B = By X Bs, there exist sets
{E¥ k =0,1,---} and product balls B¥ = B¥ x B all with the same eccentricity
as B and contained in ¢B such that

(i) u(E®) ~ u(B) uniformly in x;
(i) E*¥UE*! C BF and pu(E*) ~ p(E*) ~ p(B*) uni-
formly in &, x;
(iii) p1(BF),p2(B%) — 0 as k — oo;
(2.1) (iv) For y = (y1,y2) € B¥, p1(z1,51) = pr(BY), pa(2,y2) ~
1(T1,% 2(T2, Y2
(B na 278 = 22 )

uniformly in z, y

and k;
(v) The balls {B"*} have bounded overlaps.

Property (iv) means roughly that the component sizes of the product balls
are comparable to their respective component distances to x1, x2, and that the
product balls have a scaled “diagonal” position relative to By x By. The sets
E*, B¥ in (2.1) depend on .

For example, in the simplest case, when both spaces are the real line with
Lebesgue measure and the usual distance, given a rectangle B = By X By with
dimensions 71,79 and a point © = (z1,22) € B, we pick

3r or 3r 5r
B =I)x1I)= <$Bl+71, 33314‘71) X <sz+72a 33324-72)7

and for k > 1, we pick

r 2r r 2r
Br =ttt = (g ot ) (et 2 ot B2,

Then choosing B¥ = BF x B} where BY is the smallest interval containing If U

If“, and similarly for BY, it is easy to see that all the conditions are satisfied.

Note that in this case the first set EY is independent of z.
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More generally, if each €;,7 = 1,2, is a metric space and satisfies the “seg-
ment property” (we say that a metric space with metric d satisfies the segment
property if for each pair of points there exists a continuous curve 7 connect-
ing the points such that d(y(s),v(¢t)) = |s—t|), then the properties above are
satisfied by the Cartesian products, taken one-by-one in order, of the balls con-
structed in [FW] for each component space. We refer the reader to [FW] for
details. We also note that the segment property holds in a space where there are
Carnot-Carathéodory vector fields for which the associated metric is continuous
and for which Lebesgue measure is doubling for metric balls: see [GN] for the
global case; the local version was used in [FGuW].

We also assume that there is an L', L' Poincaré inequality of the same form
as in §1 for product balls I = I; x Is C ¢B which have the same eccentricity as
B:

(2.2) /I|f—f1\dﬂ < C/I{P1(11)|X(l)f\ +p2(I)| X@ f|}dp

for all f € Lip(I).
We now state our first (and most precise) representation formula. Some
weaker but useful formulas are considered in the remarks below.

Theorem 3. Fori= 1,2, let (U, pi, ;) be two spaces of homogeneous type
which satisfy hypotheses (2.1) and (2.2) relative to a product ball B = By X Bs.
Let p be the local auxiliary metric defined by

p1(5€1,y1) P2($2,yz)}

P(fcvy)zpleBa(%y):maX{ p1(B1) 7 pa(Ba)

where x = (x1,x2) and y = (y1,y2), and let ki,ko be the kernels defined by
pi(i, i)
w(B(z,p(x,y)))

— pi(Ti,yi)
pr(Bi(@1, p1(Br)p(x,y))) p2(Ba (w2, p2(B2)p(x,y)))

kl(‘r7y) = ki731XB2(Iay) =

i = 1,2, where p denotes the product measure p1 X po. Then for any Lipschitz
continuous function f and every x € B,

23) 11@) =510 [ {IXO 1) |ks(o) + XD 0) | ) } )

+ Cﬁ/w{’X“)f\pl(Bl)Jr]X@)f,pZ(BQ)}dM
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Moreover, if we replace fg by fro, where E° is the first set in (2.1), which may
depend on x, then the conclusion holds with the second term on the right deleted.

Proof. The proof is an adaptation of the one in [FW] (where instead of a
product structure there is a single space with a Carnot-Carathéodory structure).
Fix = (71,72) € B and let { E*} and {B*} be the sets described in (2.1). Then

1
o)~ gy [ 9

= 1 1
- dp———— [ fd
=2 T fon 0 [ “’

(by Lebesgue’s differentiation theorem and (2.1)(iii) and (iv))

S (e R A Sy )

k=0

. 1
Z<M(E’““)/Ek 1= T dick (Ek/ £ - ka\du>

k=0

IN

oo

> oy Jou I~ dml

Cg(ﬁfff/m* Ul *ngk [ 5@ s1an).

IN

(2.4)

IN

where B¥ = BF x BY and p;(BY), p2(B5) are the radii of B, BY, respectively.
To obtain the last two inequalities, we have used (2.1)(ii) and (2.2).

The sum arising from the first term on the right in (2.4) equals

k
(25) [, K00 Zka ) ) ).

We claim that the sum in the integrand in (2.5) is bounded by a constant multiple
of k1(z,y). To show this, first note that given y = (y1,y2), by (2.1)(v), there are
at most a fixed finite number of nonzero terms in the sum. Moreover, if Bf x B}
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contains (y1,92), then since y; € BF, we have by (2.1)(iv) that

Pl(Bf) ~ p1(r1,y1)

~ p1(e1,y1) + o1
P2
Also, by doubling,

11 (BY) ~ (B (y1, p1(21,31))) & pa (Bi (21, p1(21,31))),

and therefore,

IU,(B{C) ~ NI(BI (‘rlvpl(Bl)p(‘r7y)))

Similarly, since y» € BE,

1i2(B5) ~ p12(Ba (2, pa(Ba2)p(,y))).

Our claim now follows by combining estimates. This shows that (2.5) is at most
a constant times

/B | X £ )| R (,9) dpaly).

Similarly, the sum arising from the second term on the right in (2.4) is bounded
by a multiple of

| X 1) k(o) dut),
and the second statement of the theorem follows. Note that we have not used

(2.1)(i) yet.
To prove the first statement of the theorem, write

[f (@) = fBl < |f(2) = feol +[fEo — [l

The first term on the right is what we estimated above. For the second term, we
have

A

|feo — fB] < |fE0 — feB|+|feB — [B]

1 1
< 7 | 110 = Lenl dnto)+ —z5 [ 1) = sl (),
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Since E° C ¢B and u(E°) is comparable to u(cB) (by (2.1)(i)), each of the last
two terms is bounded by

1
Cors /CB!f(y)—chldu(y),

which by (2.2) is in turn bounded by the second term on the right in the con-
clusion of Theorem 3. The theorem now follows by combining estimates.

There is a weaker form of the representation formula that can be used to
derive Poincaré estimates. In fact, if we define

- o) = —PEY)
(26)  k(z,y) = kB, xB,(2,y) w(B(x,p(x,y)))

_ p(z,y)
p1(Bi(z1, pr(B1)p(x,y))) pa(Ba(ze, p2(B2)p(z,y)))’

where x = (21,22) and p = pp, xB,, and then note that the definition of p(z,y)

gives both p1(x1,y1) < p1(B1)p(z,y) and p2(22,y2) < p(B2)p(z,y), we immedi-
ately obtain

ki(z,y) < p1(Br)k(z,y) and ka(z,y) < p2(B2)k(z,y).

Consequently, we have the following representation formula.

Corollary 1. With the same hypotheses as in Theorem 3 and with k(z,y)
defined by (2.6), if € B = By X Ba, then

27 f(@)— [zl

= C/B{’X(”f(yﬂm(&) +|X® £(y)[p2(B2) } k(w,y) duly)
+ Cﬁ/w“)f(”f(y)lm(&ﬂ X 1(y)|pa(B2) } duty).

We now make several remarks related to Corollary 1.

Remark 1. We will show that the conclusion of Corollary 1 is valid without
the second term on the right in (2.7), i.e., that

(2.8) [f(x) = fsl

< C/B {IXD£@)or(B1) + X £ ()] 2 (B2) } k(. ) dpa(y),
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x € B, if we make an additional natural assumption about the reverse doubling
orders of the measures u; (or, instead, about the product measure p). In fact,
suppose that for eitheri =1 or i = 2,

i (L
< c’o ( ) for every ball I; C CB;,

or equivalently that for either i =1 or ¢ = 2,

(2.9) wi(By) > ¢ (’; .(< 1-))> ui(I;)  for every ball I; ¢ CB;.

With this assumption, we will show that (2.8) holds in B.

To explain (2.9), we note that any doubling measure p; on a space of ho-
mogeneous type satisfies a reverse doubling condition of some order a > 0, i.e.,
there exists a > 0 such that

wi(B;) > ¢ (M((?z))) wi(I;) for every ball I; C CB;.
Pildi

(See [W], (3.21).) Thus condition (2.9) means that at least one of the measures y;
satisfies the reverse doubling condition of order 1, at least locally. For Hormander
vector fields in R™ for example, by [NSW], Lebesgue measure even satisfies a
reverse doubling condition of order n with respect to the corresponding metric,
for suitably small balls. Note that the condition is also satisfied by Lebesgue
measure on the real line with the standard metric. Moreover, by [FW], (2.9) is
true for Lebesgue measure for the Carnot-Carathéodory metric induced by any
collection of Lipschitz continuous vector fields, provided the metric is continuous
in the Euclidean topology and Lebesgue measure is a doubling measure for metric
balls.

To show that the second term on the right in (2.7) can be absorbed in the
first if (2.9) holds for ¢ = 1 or 2, it is enough to show that

1
2.10 — < Ck(x, if x, y € cB.
(2.10) B (z,y) y

Without loss of generality, we may suppose that (2.9) holds for ¢ = 1. Note that
if z,y € ¢B then p(z,y) < Cp(B) = C, and therefore p(z,y)p1(B1) < Cp1(B1).
Then by (2.9), if 2,y € ¢B and z = (z1,x2),

p1(B1) p(x,y)p1(B1)
(1) = C 1B pl ) (B))
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or, dividing by p1(B1),

1 p(@,y)
p1(Br) =¢ pa(Bi(z1, p(z,y)p1(B1))) -

Moreover, since xs € ¢Bsy, we have by doubling and the fact that p(z,y) < C
that

1 <c 1 1

p2(B2) = p2(Ba(x2,p2(B2))) = CN2(32($2,P($»?J)P2(B2)))'

The desired estimate (2.10) follows by taking the product of the last two, which
verifies Remark 1. In fact, instead of assuming that (2.9) holds for one of the
component spaces, it would be enough to assume the following reverse doubling
condition for u relative to pp: for all p-balls I C CB,

p(B) O]
w(B) > cmu(f) <— p(I)),

since this easily implies (2.10).
We note in passing that in the Hérmander case, (2.8) also follows from
[FLW1], Proposition 2.12. See also [CDG].

Remark 2. Inequality (2.8) is true even if we do not assume that hypothesis
(2.1) holds provided we assume instead a stronger version of the reverse doubling
condition (2.9). (We always assume that (2.2) holds.) This stronger assumption
is that a reverse doubling condition of order strictly larger than 1 holds in at
least one of the component spaces, i.e., that there exists ¢ > 0 such that for
either i =1 or ¢ = 2,

pi(B;)
pi(L:)

1+
(2.11) wi(B;) > C’( ) wi(I;) for every ball I; C ¢B;.

For example, if X is a collection of Hérmander vector fields in RN, then as
mentioned earlier, (2.11) holds for Lebesgue measure with e = N; — 1 by [NSW].
Of course, (2.11) is not valid for Lebesgue measure if X is the ordinary first
derivative in R*.

The fact that (2.8) holds if we assume only (2.2) and (2.11) for either 4
follows immediately from the main result of [FLW2] applied to the homogeneous
space 21 X (2o with the auxiliary metric p and product measure p. In fact,
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instead of (2.11), we only need to assume that there exists € > 0 such that for
every p-ball I C ¢B,

ue) = o (%2 " <: c (ﬁ)lﬁu(f)) .

Remark 3. The representation formulas (2.7) or (2.8) can be combined with
known results about the boundednesss of potential operators on weighted L?, L4
spaces to obtain an improvement in the statement of Theorem 2. In fact, The-
orem 2 holds for p < ¢ if we only assume that the weight w there is a doubling
weight for pp-balls rather than being in the class Ao (@). This result follows
immediately from the boundedness estimates in [SW] or [FGuW]. Similarly, the
conclusion is valid for p = ¢ and 1 < p < oo, if we replace the A, condition by
the assumption that there exists s > 1 such that w?® is a doubling weight relative
to B and the balance condition (1.17) is replaced by the condition

(p(f))pAs(I,w)

for all product balls I, J with the same eccentricity as B and I C J C ¢B, where

Adto0) = 1) (i [ du)l/s.

Note that w(I) < A(I,w) for s > 1 by Holder’s inequality, and, as is well-known,
w(l) and A,(I,w) are equivalent if w € Ay (1).

3. Isoperimetric inequalities in product spaces. We will use the
Poincaré estimates for p = 1 to derive analogues of the relative isoperimetric
inequality. The classical relative isoperimetric inequality for a bounded open set
E c RN with sufficiently regular boundary 0F and a Euclidean ball B is

min{|BnE|,|B\E|}'"~ < cHy_1(BrOE),

where Hy_1 denotes (N — 1)-dimensional Hausdorff measure. Some analogues
of this estimate which are related to either Hormander vector fields or vector
fields of the type [FL], including weighted versions, are derived in [FLW1]. See
also [GN] for unweighted results. By adapting the arguments in [FLW1], we
can obtain the following result of relative type. The result is interesting in
comparison to the corresponding one for a single space € since it allows product
balls of any eccentricity, for example, long and thin rectangles.
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Theorem 4. Let Q; C RY (i = 1,2) and {X](i)} be Carnot-Carathéodory
vector fields in ; with associated metric p;. Assume that in each §;, Lebesgue
measure is a doubling measure with respect to metric balls. Let B = By X By be a
product ball in Q1 X Qo. Assume (1.11) holds for Lebesgue measure for all product
balls I C c¢B with the same eccentricity as B. Let w and v be weights satisfying
the balance condition (1.17) (u is now taken to be Lebesgue measure) for p =1
and some q, 1 < q < 0o, with v continuous, v € A; and w doubling relative to B
with respect to Lebesgue measure. If E is an open, bounded, connected subset of
Q1 x Qo whose boundary OF is an oriented C' manifold such that E lies locally
on one side of OF, then

% min{w(BmE),w(B\E)}uq

1/2
< cpi(B1) / (Z(Xg(‘l)’V)Q) vdHN, 1N, -1

OE~B J
(2) A2 1/2
+epa(Ba) [ (DX )?) T wdH, x,
OFE~B

where v is the unit normal to OF,

and the constants c, rq are independent of E and B.

To prove Theorem 4, note that the assumptions made in Theorem 4 on the
vector fields and weights imply that the conclusion of Theorem 2 holds with
1 = Lebesgue measure for p = 1 and ¢ as in the hypothesis of Theorem 4; see
Remark 3 in §2 concerning the assumption that wdx is a doubling measure. The
proof of Theorem 4 is then essentially identical to that of Theorem 3 of [FLW1]
with one exception, namely, instead of introducing the balls B; before (4.3) of
[FLW1] to control the factors p;(B;)w(B)Y?/v(B), i = 1,2, we simply leave
these factors unchanged throughout the proof. We refer to the reader to [FLW1]
for the remaining details.

In the particular case of Lebesgue measure (i.e., when v = w = 1) and when
the vector fields satisfy the Hormander condition, the conclusion of Theorem 4
holds with ¢ = @Q/(Q — 1), where @ = g1 + ¢2 and ¢, ¢ satisfy condition (1.4).
Since this case is of special interest and importance we state it separately:
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Theorem 5. Let Q; C RN (i = 1,2) and {Xj@} be Hérmander vector
fields in Q; with metric p;. Let E be an open, bounded, connected subset of

Q1 x Qo whose boundary OF is an oriented C' manifold such that E lies locally
on one side of OE. Let K be a compact subset of Q1 x Qo. There exists 1

depending on K, Q; and {Xj(i)},i = 1,2, such that if B = By(x1,m1) X Ba(x2,72)
is the product of balls with (x1,z2) € K and 0 < r; <o, and if Q = q1 + g2 with
q; defined by (1.4), then

|BIYCmin{| BNE| , |B\E[}(@~1/?

1/2
< cpi(B1) / (Z(X](-l)wz) dHN, 4N, -1
9E~B I
1/2
+ cp2(B2) / (Z<X122)7V>2) AHN, + N, -1,

OEAB

where v is the unit normal to OF, and the constants ¢, ro are independent of E
and B.

As mentioned earlier, all the theorems proved in this paper hold as well
for multiple product spaces 1 X --- x €, for any finite m > 3. The proofs are
essentially identical to those given here.

4. Appendix 1: An elementary Poincaré inequality with exact
constant. As we pointed out before, we can use Lemma 2 to derive an L'
Poincaré estimate for arbitrary rectangles in Euclidean space, with an explicit
and sharp constant, by iterating the corresponding estimates for intervals on
the real line. Since we have not been able to find an existing proof for the
one-dimensional case, we include one here.

Lemma 4.1. Let f € Lip;([a,b]) and —o00 < a < b < co. Then

r

The constant (b—a)/2 is the smallest constant for which the inequality holds.

b gt
f@) - [ sy e <25 [/ do.

Proof. To see that (b—a)/2 is the best possible constant, it is enough for
example to pick (a,b) = (0,1) and consider the Lipschitz continuous functions
fo(z), 0 < & < 1/2, defined as follows: f-(z) =—1on [0,5 —¢], +1 on [5 +¢,1],
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1

and linear on [5 — ¢, % +e¢]. If we choose f = f. in the inequality above, we see

that the right side is 1 for each € and the left side converges to 1 as ¢ — 0. We
would like to thank S.-K. Chua for pointing out an error in our original example
of this type, and for suggesting the present example.

To prove the inequality itself, fix f and (a,b), and write

= /ya: f(z)dz

Integrating with respect to y from a to b and taking the average, we get

—bfa/abf(y)dy
bla/ab/;f%z)dzdy
- [/;/:f’(zmzdy—/:/:f’(z)dzdy]

bia [/(z —a)f'(2)dz— /:(b—z)f’(z)dz] .

Then

(b—a)

——/f ydy| d
// (c—a)|f'(z ;dde// b—2)|f(2)| dzde
:/ab (/zbdx> (z—a)|f’(z)|dz+/ab (/:dﬂc) (b—2)|f'(2)|d=

b
:2/ (z—a)(b—2)| f'(2)|dz

—a)2 [t
<O [,

where the last inequality follows from
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2507 =

Therefore

[l [ rwafa <5 [ e

which proves the lemma. O

If we combine the result above with Lemma 2 (or rather with the analogue

of Lemma 2 for products of n spaces), we obtain the following sharp L' Poincaré
estimate for rectangles in R™:
Let

f(x) = f(xh'"vmn) € Lipl([al’bl] XX [anvbn})'
Then

(4.2) /bl / b—a, /bl /f )dy| d
T o /bl [

The factor & 5 appears on the right above because of the comment we made
in the statement of Lemma 2 about the relation of the constants there. This
factor is sharp for the given inequality, as can be seen by considering the unit
cube and using the functions f(z) = f.(x;) for any fixed ¢ as before.

5. Appendix 2: An elementary proof of the representation formula
in Euclidean space. In R” x R™ with the usual Euclidean structure, we now
present a second proof of the representation formula in Corollary 1 (without the
second term there). We include the proof because of its simplicity. It is based on
applying a scaling argument to the corresponding formula in a single space. The
weighted Poincaré results proved in [ST] can also be obtained by using this kind
of scaling (on both the weights and the functions) applied to the corresponding
Poincaré results for cubes. This scaling argument also works for product spaces
of several homogeneous groups, but we prove it here only for the usual Euclidean
case.
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Theorem 6. Let By, By be Euclidean balls with radii 61,62 and with By C
R™, By C R™. If f(x1,22) € Lip(B; X Bs), then

|f($1»$2)—fleBz\

// 61|V f(y1,y2)| + 62| Va f(y1,92)|
|Bl\ |Ba| J J B, x B,

n+m— 1 2

<|$1 y1)? |962—y2|2>( v/
+ 2

I}

1 2

dyy dys.

Proof. By translation, it is enough to prove the estimate for balls centered
at the origin. Let Q1 and @2 denote the unit balls in R™ and R™ respectively.
Define fs(x1,22) on Q1 X Q2 by fs(x1,22) = f(6121,0222). By using the known
representation formula on Q1 X Qa, if (z1,72) € Q1 X Q2 then

|f5(mlax2 (fé)QlXQ2|
// |V1f6 y1,92)| + | Vafs(y1,92)|
Q1XQ2

$1,x2) (y17y2)|n+m !

dy1 dyQ

61|V f(61y1,6 + 62|Vaf(61y1,6
_ // 1IV1f(01y1,0092) + 62| Va f (6191 2y2)|dy1dy2
Q1xQ2

|(z1,22) — (y1,2)]

— Csmey m// 51|V1f(917y2)|+52|V2f(y1,y2)| Ay dy.
61Q1X62Q2 1‘1,.162)—(61 y1762 92)|n+m !

Note that

(@1, 22) — (67 'y, 85 o) [T

_ _ n+m—1)/2
_ [|$1761 1y1|2+|$2752 1y2|2]( )/

27 (m+m=1)/2

\61x1—y1|2 |<52x2—y2
2 T g
1 2

Since Bl = 61@1 and B2 = 62@27 we get

|f(51£v1,62x2) (f6)Q1x Q.

61|V (y1,y2)| + 62| Vaf(y1,92)|
B B (n+m—1)/2 dyl dy2
| 1 | 2| B1 X Ba |:|51{L'1—y1|2 ‘52‘T2—y2‘2

oF 03
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if z1 € Q1 and z2 € Q2. Replacing 6121 by z1 and d2z2 by x2, we obtain that
for (x1,22) € By x Ba,

|f(1‘1,$2) (f§)Q1XQ2

611V f(y1,y2)| + 62| Va f(y1,92)]
rm—1)/2 W1dy2-
|Bl||BZ| B1x By [x1—y1| n |22 — y2|?

2 2
1 62

Since (fs)Q,xQ. = fB,xB,, the result follows. O
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