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We obtain weighted Sobolev interpolation inequalities on generalized John
domains that include John domains (bounded or unbounded) for §-doubling
measures satisfying a weighted Poincaré inequality. These measures in-
clude ones arising from power weights d(x, d2)* and need not be dou-
bling. As an application, we extend the Sobolev interpolation inequalities
obtained by Caffarelli, Kohn and Nirenberg. We extend these inequal-
ities to product spaces and give some applications on products £; x 2,
of John domains for A,(R" x R™) weights and power weights of the type
w(x, y) = dist(x, G1)* dist(y, G,)?, where G; Cc 92 and G, C 9R,. For
certain cases, we obtain sharp conditions.

1. Introduction

Sobolev interpolation inequalities are useful tools in the study of solutions of cer-
tain partial differential equations; see [Caffarelli et al. 1982; Gutiérrez and Whee-
den 1990; Fernandes 1991; Chua 1992]. These inequalities are indeed closely
related to the Sobolev inequalities

(P1) If = fB.ullLs

w

) S ABIIV fllLr(p

on a ball B C R", where fp , = fB f(x)du/u(B) and in most cases ¢ = 1 or
i = w, and
A(B) = C|B|""w(B)4p(B)~"/7.
There are many studies of such inequalities, for example, [Chanillo and Whee-
den 1985; Sawyer and Wheeden 1992; Chiarenza and Frasca 1985], and they have
been extended to domains other than cubes or balls, for example, in [Kufner 1985;

Bojarski 1988; Iwaniec and Nolder 1985; Chua 1993; Hajtasz and Koskela 1998;
Buckley and Koskela 1995]. Estimates of sharp constants have also been made
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in [Chua and Wheeden 2000; 2006; Acosta and Duran 2004] on convex domains.
They have also been used to deduce Sobolev interpolation inequalities of the form

i k 1—a
®2) 1V 1l g gy < UGy IV F I

(P3) IV fllg@ < CCill fllg @) (Creg ' £l @ + C2AIVE fll g )

w

l—a

for0<i <k—1and 0 < a < 1 by Caffarelli, Kohn and Nirenberg [1984], Gutiérrez
and Wheeden [1991], and Chua [1994]. The inequality (P2) was also obtained by
Brown and Hinton [1988; 1990] for some domains Q in R"”. Moreover, the author
[Chua 1992; 2006] discussed (P2) and (P3) on (g, co) domains (as introduced by
Jones [1981]). Of course one cannot replace R" in (P2) by bounded domains Q; in
that case (P3) seems to be a natural substitute of (P2). Indeed, Brown and Hinton
discussed mostly the weighted interpolation inequalities in sum form, namely,

(A1) 1V fllg@ < Cre~ I llg @ + Cae IV  fll () forall & € (0, &),

where 0 < o < 1. They were obtained from a basic Sobolev integral representation
formula (in R"). It is easy to see that (P2) or (P3) is indeed equivalent to (1-1) with
&9 = 00 or gy < 0o respectively; see Remark 1.8(4) below.

It is well known that weighted Sobolev inequalities on cubes/balls imply that the
inequalities will also hold on John domains [Chua 1993; Chua and Wheeden 2008;
Hajtasz and Koskela 1998] under standard balance conditions on the weights; see
also Theorem 2.11. However, even though it is well known that Sobolev inter-
polation (weighted or unweighted) inequalities hold for cubes, these inequalities
have not been well studied on general domains. Indeed, it was only made known
in [Chua 1995] that such inequalities remain true for Lipschitz domains when the
weights involved satisfy some standard balance conditions, as they were shown to
be special cases of a Boman-type domain introduced there.

In this paper, we will first define a generalization of John domains that clearly
contains John domains. Surprisingly, it turns out that these generalized domains are
equivalent to the domains introduced in [Chua 1995, Definition 1.2], and hence it is
clear that the weighted Sobolev inequalities obtained in [Chua 1995] also hold on
generalized John domains. Our generalized John domains include John domains
and hence also Lipschitz domains; see Definition 1.2. Moreover, we will relax
the standard doubling condition to just J-doubling (see Definition 1.4). Note that
power-type weights d (-, Q°)“ for a > 0 will induce a J-doubling measure on € (but
we do not know whether it is doubling unless € is Lipschitz). We then extend our
ideas to generalized John domains in product spaces. Meanwhile, as an application,
we will discuss a Sobolev interpolation inequality that is an extension of the one
obtained by Caffarelli, Kohn and Nirenberg [1984] and Lin [1986].
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In what follows, (H, d) will always be a metric space. For any x € H and r > 0,
recall that the metric balls are of the form B(x,r) ={y € H : d(x, y) < r} and
call B(x, r) the ball with center x and radius r. If B = B(x,r) is a ball and ¢
is a positive constant, we often use ¢B to denote B(x, cr). We usually use r(B)
and xp to denote the radius and center of a ball B. We say Q C H satisfies the
nonempty annuli property if (QN B(x,r))\ B(x,r’) # @ forall 0 < r’ < r and
x € Q whenever Q is not a subset of B(x,r’). The domains considered in this
paper will always satisfy the nonempty annuli property. We say a family % of balls
has bounded intercepts with bound K if each fixed ball in & intersects at most K
balls in &. Thus, if & consists of disjoint balls, then it has bounded intercepts with
bound 1. If # has bounded intercepts with bound K, then ¥ = [ IKZ | F; such that
balls in each %; are pairwise disjoint.

For E, F C H, we define

d(E, F)= inf d(z1, 22).

z1€E

20€F
If x e H F C H, we define d(x, F) = d({x}, F). For a fixed Q Cc H (here
Q is usually open) and when there is no danger of confusion, we will also write
dx) =d(x,Q° and d(E) = d(E, Q°) for x € Q and E C Q. We also write
diam(Q) = sup{d(x, y) : x, y € Q}.

Let 0, N > 1. Recall that a Boman domain € in a metric space (H, d) has a

covering W of balls such that

(1) o W = {0 B}pew has bounded intercepts and ¢ B C Q;

(2) there exists a central ball B* € W such that for any other ball B € W, there
exists a Boman chain connecting B to B*, that is, a finite chain of balls

{Bo=B, By, ..., Bx = B*} C W such that, for all i,
* B; N B;y contains a ball B such that B; U B; 1| C NoB; for some Ny > 1
and
e BC NB,.

We will write Q € F,(0, N), and sometimes we just write %(a, N) when the choice
of the metric is clear. We say W is a Boman cover of Q and define r (QQ) =r(B*). To
reduce the number of constants involved, we will assume that Ny = N and that o B
for any B € W intersects at most N balls in the family ¢ W ={o B} gpcw. Among the
many examples of Boman domains in R” are bounded Lipschitz domains, bounded
(¢, 00) domains, and John domains; see [Bojarski 1988; Iwaniec and Nolder 1985;
Chua 1992; 1995].
Now, let us define John domains in a metric space.

Definition 1.1. Let Q C H and 0 < ¢ <1 (here c is usually < 1). We write Q € J(c)
if there exists a “center” x’ € Q such that for all x € Q with x # x/, there exists a
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map vy : [0, ] — Q such that y(0) = x and y (/) = x’ and such that

(1-2) d(y(t), 7)) <lp—tl and d(y()) =d(y(), Q) > ct

for all ¢, 1, t € [0, 1].

Clearly Q is always open connected. We will usually say Q is a John domain
or a J(c) domain. Though our definition may look different from the usual one
[Martio and Sarvas 1979], it is essentially the same; see also [Acosta et al. 2006].

Under the assumption of the existence of a doubling measure, it is easy to see that
a John domain (using a Whitney-type decomposition) is a Boman domain such that
each Boman chain of balls {By, By, ..., Bx = B*} can be chosen such that r (B;) >
C cér(Bo) for some fixed c¢g > 1 for all i. The converse is not obvious at all. It wasn’t
until 1995 that it was shown — by Buckley, Koskela and Lu [1996] — that a Boman
domain is indeed a John domain when the domain satisfies a geodesic condition.
We say that Q C H satisfies the geodesic condition if, for any z € B(x,r) C Q,
there exists a y : [0, d(x, z)] = B(x, r) such that

d(y(t1), y(t2)) =t1 — 2| forall t;,% €[0,d(x, 2)].

Clearly, the metric balls that satisfy the geodesic condition are J(1) domains. In
most cases, domains considered in this paper will satisfy the geodesic condition.
We will now define a generalization of John domains.

Definition 1.2. Let 0 < ¢ <1 and 0 < My < co. We write Q € J(c, My) if, given
any z € Qand 0 < M < My with d(z, Q) < M, there exists y : [0, /] — Q such
that y(0) = z and d(y (1), Q) > M and such that

1-3) d(y(), 7)) <ln—nl and d(y()=d(y(), Q) > ct

for t, 1, € [0,!]. Of course, one can choose / such that d(y(l)) = M. We will
say Q is a generalized John domain or J (¢, My) domain.

Our generalized John domains include John domains and the unbounded John
domains introduced in [Vdisdld 1989]; see also [Hurri-Syrjdanen 1992]. It also in-
cludes uniform domains introduced in [Martio and Sarvas 1979]. We do not require
a J(c, Mp) domain to be connected; however, each of its connected component will
be in J (¢, My).

Examples (unbounded generalized John domains in R?). (1) Letx; = (k, 0) € R?
fork € Z. Then Qn = Uz oy Bk, 1427 K71 e J (1, 1) for 1 < N < o0,
Qn € J(cy) for any positive number N, and cy — 0 as N — oco.

(2) Let r > 0 and let Q be a convex domain in the Euclidean ball B(0, r). Then

S ={(x1,x) e R\ Q: |x1| <3r}e J(1,r).
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See Proposition 2.24 for more examples.

Definition 1.3. Suppose Q is an open subset of H and that 0 < J < 1. A ball
B(x, r) will be called a J-ball if x € Q and r < dd(x). It is easy to see that then
d(B) =d(B, Q) > (1 —0)r. If B; and B, are intersecting J-balls, then (by the
triangle inequality)

(1-4) d(By) < (1+2/(1—-9))d(B2)
and vice versa.

The concept of d-ball has been introduced before; see for example [Sawyer and
Wheeden 2006]. Balls in a Boman covering of a domain Q € (o, N) are clearly
o-balls with 1/ <6 < 1.

We next define d-doubling and doubling on Q (usually open).

Definition 1.4. Let Q C H. We say u is a doubling measure on € if there exists
a doubling constant D, such that

1(2*B) < (D,)*u(B) forallkeN

for any ball with center in Q such that r(B) < diam(Q). If the above is true for
all balls in H, we will just say x4 is doubling. Moreover, if 0 < J < 1 and the
above is true only for d-balls B in Q, then we will say u is 6-doubling on Q. Note
that if 0 < 07 < d, < 1, then u is d;-doubling if and only if it is d>-doubling.
Clearly, if u is d-doubling on Q then so is u|q, where u|o(E) = u(ENQ). Itis
obvious that a doubling measure on Q is always Jd-doubling on Q. Conversely, a
J-doubling measure on a John domain is also doubling on € since any ball with
center in Q with radius less than diam(€2) must contain a d-ball of comparable
size; see [Chua and Wheeden 2008, Proposition 2.2] or [Chua and Wheeden 2009]
for details. Furthermore, if Q C H| x H,, where (H;, d;) and (H>, d>) are metric
spaces, we say that u is a product d-doubling measure on Q in H; x H; if

1(2¥By x 2¥By)) < (D) uu(By x By) forall k e N

for any product of balls By x B, C H| x H, (that is, B; is a metric ball in H;
fori =1, 2) such that By /0 x By/d C Q. We define product doubling on €2 similarly.

If Q satisfies the nonempty annuli property, then J-doubling or doubling on Q
will imply reverse doubling (of the same type on Q); see Proposition 2.8. If u is
doubling on H and Q( C Q¢ it is easy to see that any weight d(x, Q)% will give
rise to a d-doubling measure uq(E) = [, d(x, Qo)*dp(x) on Q for any a > 0.
It is clear that if u; is 6-doubling on Q; C H; fori = 1,2, then u; x uy will be
product d-doubling on Q| x Q, in H; x H,.

Most of the weights or measures studied in the previous papers were assumed
to be at least doubling (on the whole space). In this paper we will relax these
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assumptions and consider merely J-doubling measures on the domain involved.
With the help of metrics d; (see Definition 1.9), we also manage to generalize our
idea to study Sobolev interpolation inequalities on product spaces.

In what follows, C denotes various positive constants, which may differ even in a
same string of estimates. We will use C(a, f3, .. .) instead of C to emphasize when
the constant depends only on a, 8, .... Also, p’ = p/(p—1)if 1 < p < 00 and
p' =oc0if p=1. Next, for any open set Q C R", we let C{;Cl (Q) be the collection of
all functions on Q whose derivatives of degree < k exist and are locally Lipschitz
continuous. If f € CIOO’C1 (Q) and Q C R" x R™, then for any (x,y) € R* x R”
such that (x, y) € Q, we denote by V, f(x, y) and V, f(x, y) the partial gradients
of f containing the x- and y-derivatives, respectively. If f € Cllo’cl (Q), we denote
by V2 f(x,y) the vector of all second order x-derivatives and by Vi f(x,y) the
vector of all y-derivatives of the x-derivatives of f.

If w is a measure on Q C H, we define for 1 < p < 00

1/p
g = ([ 1£7aw) " and 1 F 1 = esssupl £ o).
Q xeQ

By a weight w, we always mean a nonnegative measurable function that is finite
almost everywhere. We will also denote the measure arising from w by w, and
sometimes we write dw instead of w(x)dx.

We now extend the Boman-type domain introduced in [Chua 1995] to metric
spaces.

Definition 1.5. Let 1 <o, N < oo and 0 < g9 < 0o. Let Q be a subset in a metric
space (H, d). By Q e ¥,(c, N, &), we mean that given any 0 < & < &, there exist
{Q;} C F4(o, N) such that ¢ < r(Q;) < Ne forall j, and yo <>’ xao;, < N xa.

When there is no danger of confusion, we will write % (o, N, &o) instead of
@ZI (o, N, &9). We will show that these domains are just generalized John domains
when the domain satisfies the geodesic condition; see Proposition 2.21. Our first
theorem, extends [Chua 1995, Theorems 1.3 and 1.4] to the case of J-doubling
measures on the above domains in metric spaces.

Theorem 1.6. Let Q be a subset in a metric space (H,d). Let A’, Ag> 0, a, B €R
and o, N > 1. Let0 < gg <00, Qe F(0,N,e0) and1 < p,r <q < 0. Let
0=1/c and 1 <17 < 0. Let v,0v9, w, u be measures such that w is o-doubling
on Q and dvy = vod u. Let

w(B)l/‘f
u(B)

for all §-balls B with r(B) < Ne.

~—1 —
(1-5) 0" Nl ) < Aor (B)
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(a) If f and g are measurable functions on Q for a > 0, such that

(1-6) If = fo.ullpgmy < AT(B) gl o )
for all 5-balls B with r(B) < N,

where fp = [ fdu/u(B), then
() 1f ) < €OV Durs @) (Aos ™11 Fllig, @ + As g1 )
forall g € (0, &).

(b) Letk € N. Suppose H =R" and d is a metric arising from a norm. Suppose u
is also 0-doubling on Q. Forany f € Clkocl (Q), | <k and 6-ball B, let P'(B) f
be the polynomial of degree < | such that fB D(f — P/(B) f)du =0 for all
ly| <L Ifi <kfori eNU{0}, k—i+a >0,

w(B)V4
(a8 P = PAB) e = ATE IV g,

(1-9) If = P (B) fll g,y < ArB) UV fll e em)
for all 9-balls B with r(B) < N%¢g and all f € Cl:}(Q), then

(1-10) V' fllzg) < C(N, n, k, Dy, Dy, q)
x (Aoe™ PN fllr @ + AUV Fllp o))

foralle € (0,¢&9) and all f € C10C (Q).

As most applications involve the Sobolev inequality (P1), we will prove a useful
corollary of Theorem 1.6.

Corollary 1.7. Let Q C R". Leta,fp € R, A', Ag,c1 > 0and o, N > 1. Let i
and k be nonnegative integers withi <k. Let 0 < gy <00, Q € F (0, N, &) and
1<p,r<qg<oo Letd=1/o. Let v,v9, w, u be measures such that w, u, v
are d-doubling on Q and dvy = vod u. For all 5-balls B with r(B) < N?¢ and all
fe c I(Q), suppose

loc

(1-11) If = fB.ullpe sy < Ar(BY IV fllLr sy,
r(B)
(1-12) (B)Ilf Toullym = e IV i)

If, for all 6-balls B with r(B) < N2eyandk —i+a >0,

w(B)l/q
(1-13) u(B)
ciw(B)/70(B)~""r(B) < A'r(B)*,

~—1/r
lo D ”L' (B) = = AOr(B) ﬂ
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then, for all ¢ € (0, g0) and all [ € ck (Q)

loc
(1-14) IV fll L9 < C(N.n,k, Dy, Dy, Dy, p,q)

x (Aoe™ "N flly @ + AUV Fllp o)
Remark 1.8. (1) [Chua 1995, Theorems 1.3 and 1.4] are indeed special cases of

Theorem 1.6 with H = R", g = |V f| and w a doubling weight. It was further
assumed in [Chua 1995, Theorem 1.4], that 4 =1 and i = k.

(2) (1-8) and (1-9) seem to be arbitrary. However, they are usually true under
standard assumptions. For example, suppose

(1-15) w(B)/90(B)~"?r(B) < Cr(B)*,
Cr(B)
(1-16) oy~ ol < NAMATIL
for all f € C10C (Q) and ¢-balls B. If v and w are d-doubling (on Q), then (1-8)

and (1-9) will hold with g = w. To see this, first observe that

If— fB,w||qu(B) <If- fB,,u ||qu(3) + ||fB,/1 - fB,w”L?U(B) <2|f - fB,y ”LZ;(B)'
Hence by Holder’s inequality, we have

1 Cr(B)
WB)”f — fBwllLyB) < W”Vf”Lé’(B)’

We can now apply Proposition 2.15 with 4 = w to obtain
(1-17) 1Lf = Foaollzs) < CrBIY i)

for all f € CIOO’C1 (Q) and ¢-balls B. Taking x4 = w and letting PX(B) f be as in
Theorem 1.6, we have by iterations of (1-17)

IV(f = PEBY ) o sy < CrBY IV £ll o sy

Hence,
PX(B B \% P*(B
(B)”f (B)fllLy By < w(BYP IV(f = P*(B) Pl
C Bk+1
< %IIV”VIIM@)-

The inequality (1-8) is now clear with 4 = w and 7 = 1 by (1-15). Finally, (1-9)
is also clear by (1-15), (1-16) and (1-17).
(3) In the theorem and corollary above, we have chosen 6 = 1/0 for convenience:

o0 could be any constant such that 0 < ¢ < 1. Clearly the theorem above remains
true if 6 > 1/0. However, in case 0 < 1/¢, we will need Corollary 2.12.
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(4) Interpolation inequalities of sum form such as (1-10), (1-14) or (1-7) are usu-
ally equivalent to interpolation inequalities of product form. For example, when
a, B > 0, inequality (1-7) is equivalent to

(1-18) 11 f 19 =< C(Aoll fllzy, @)™ “*”
x (A'llgll .z + Aosy” I fllz; @)?/ D).

)

Here is a short proof: Clearly, by the fact that arithmetic mean is larger than
geometric mean, we know the right hand side of (1-18) is less than

Ce™ Aol fllug, @ +&" (A'ligl L + Aozg” Il fllig, @)

)

= Ce™ +2,") A0l fllg @ + Ce* A'llgl 1y -

Inequality (1-7) is now clear since ¢ € (0, &9) and f > 0. Conversely, if (1-7) holds,
its right side is less than

Ce™ Aol fllug, @ + & (A'ligl L + Aogg” Il fllig, @))-

)

Inequality (1-18) is now clear by taking

( Aol fllzs @ )1/(“+ﬁ)
e = R
Alglp + Aoga” I flliy @

which is possible since the above choice of ¢ is certainly less than ¢y. Note that
if Qe ¥ (o, N,o0), then Q € F (o, N, &) for all &9 > 0, and one could just let
gp — oo in (1-18) to obtain (as C is independent of &)

(1-19) 1£ 119, < C(Aoll £z @) “H (A llgl @) “HP.

Indeed, it can also be obtained directly from (1-7) if we assume (1-7) holds for
all & € (0, 00). Note that the equivalence of (1-7) and (1-19) is well known when
&p = 00; see for example [Brown and Hinton 1990] or [Brown and Hinton 1988].
(5) Let u,v and w be d-doubling on Q C R". Let Q € F (0, N,¢9), 0 <a < 1
and 1 < p < g < co. Suppose the normalized Sobolev inequality

(1200 1If = feulligm < CoB) 0B PrBIV fllLa)

holds for all d-balls B with r(B) < N?&y and f € Cp2! (Q).
If v € A,(u) on all J-balls in €, that is, dv = vd u and

_
u(B)
for all o-balls B in Q, then

(1-21) IV flls ) < Crle““ N fllrg + eIV F o)

w

o(B)/P |51 C,

<
L) =
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for all functions f € c (Q) and ¢ € (0, &) if and only if

loc

(1-22) w(B)1u(B)~VP < Cor(B)~**De* for all §-balls B with r(B) < N2e&.
To see that the above is true, first note that by (1-20) and (1-22), we have (1-11)

with « =1 — (k+ 1)a +i. By Proposition 2.15, (1-20) implies

(1-23) 1Lf = follos < CrBIV £l e s

for all d-balls B with r(B) < N%eg and f e CloC (Q). By the fact that v € A, (u),
(1-22) and (1-23), we have (1-12). Thus, in view of Corollary 1.7, we only need
to show why the condition (1-22) is necessary. To this end, for simplicity, let us
consider only metrics such that metric balls are cubes. For any J-cube Q, there
exists a polynomial P of degree > k41 such that D*P =0 on 0Q for all |a| <k.
Let f = xoP. Then f € ck (Q) First by (1-21), we have

loc
IV Fllg @) < CillF 1l gy o™ I lpy + 1V Fllp@)”
< Cull F iy &0 “ TSI gy + 195 F1 )
Hence,
IV! Pllzg 0y < Cro(@) P[P,
x (20 ““H0 (DY PN Pl s gy T 0@ IV Pl ()

However, by Proposition 2.6 (Markov’s inequality) and the fact that D* P = 0 on
0Q for all |a| <k, we have

IV Pl o0y < Cr(Q)* I P (o),
Cr(Q) Py < IV PllLe(g)-
But by (2-2), we have

[V PllL=(g) < WHVP”LZ)(Q)‘

Hence

w(Q)"/1r(Q)™ = Co(@) =P (e T Vo (Q)” +0(Q)7r (@)~ Y).
Inequality (1-22) is now clear since r(Q) < N 2g0.
Let us now define a Boman-type domain in product spaces.

Definition 1.9. Let (H,, d|) and (H>, d») be metric spaces. For each A = (11, 4»)
with 41, 42 > 0, we will define a metric on H; x H, by

d)»((xv y)n (M, 1))) = max{dl (xv u)/ll, dZ(yv D)//IZ}
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for any (u, v), (x, y) € H x Hy. Clearly d, defines a metric on H; x H;. Note that
metric balls (with respect to d;) are just products of balls I x J C H; x H,, with
r(D)/r(J)Y=A1/A. Let QC Hy x Hy. Wesay Qe F (o, N, &1, &2, HH x H) if Q €
?ﬂh (o0, N, 1) forall A= (41, A») such that 0 < A; <¢; fori =1, 2. In another words,
for such Ay and A5, there exists {Q;} C Fg4, (o, N) such that yo < > x9; < Nxa
and 1 <rq4,(Qj) <N.

In particular, when H; x Hy = R" x R™, we will define

d;((x,y), (u,v)) =max{|x; —u;|/A1,|yj —vjl/A2: 1 <i<n,1<j<m}

for any (u,v), (x,y) € R* x R™. Clearly, now d; arises from a norm. Note that
now the metric balls (with respect to d,) are just parallelepipeds I x J C R* x R™,
(that is, I and J are cubes in R” and R™ respectively) with r(1)/r(J) = 11/ A2.

In this paper, we will work on these domains, which include products of gener-
alized John domains. Indeed, if Q; € ¥ (0, N, ¢;) and Q; C H; fori =1, 2, then
Q) x Q € F(o,N',Cey, Cey, H X Hy); see Propositions 2.21 and 2.23. Our
main theorem is about weighted interpolation inequalities on such domains.

Theorem 1.10. Let (H;, d) and (H,, d>) be metric spaces. Let 0 < a;, b; <1 such
that a;+b; <1 fori=0,1,2. Let Ag, A1, A2 >0. Let1 <o, N <00, 0 <&, 60 <00
and Qe F (o, N, &1, &3, H x Hp). Suppose 1 <ry,r1,rp<qg <oo. Letd=1/c. Let
I, 0o, U1, 02 be measures, let dvg = vod u, let w be a product 6-doubling measure
on Qin H; x H, and let

—1y~—1 /
Ag(R) = w(R)4 u(R)™ 15 "Il by

(@) If f, g1 and g> are measurable functions on Q such that
(1-24)  If = froulligry = AR (DlIg1ll 1 gy + A2(R)r (D821l 122 (8)s
(1-25) Ai(R) < Air(D)™%r(N)™% fori=0,1,2,

for all products R =1 x J C Hy x Hy of balls I and J such that c R C Q with
r(I) < N?¢; and r(J) < N?¢,, then

(1'26) ”f”LZ)(Q) = C(q’ Dw: Na 0-)
—an A —b —ar o — _ _
x (AgA; ™, 0||f||L,’,%(Q) +A1/li a1,12b1 ||gl||LZ]1(Q) + Ay 4] az,{é b2||82||L;22(Q))

forall 2; € (0, &) fori =1, 2.

(b) Suppose also that Hy x Hy = R" x R™, that u is a product é-doubling measure
on QinR" xR™, and that dy =d uy x d o, where yy and po are measures on R"
and R™, respectively. Assume

(1-27) g = &rmllzy, () = cor(DIVellLy ¢y wherecy =1
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for all cubes I C R" and g € C%'(I), that is, g is Lipschitz continuous on I. If the
inequalities (1-25),

(1-28) If = fRoullLg (r) < right side,

w(R)4 . .
(1-29) Wﬂf - fR,u||L},(R) < right side,
where

right side = AI(R)F(I)||vxf||L;11 (R) + AZ(R)r(J)||vyf”L;22(R)a

forall f e c! (Q) and parallelepipeds R =1 x J C R" x R™ such that 6 R C Q,

loc

with r(I) < N?gy and r(J) < N?e, then
(1_30) ”fo”LZ)(Q)SC(mana DwaDﬂzNaqao-)
xea(A1 2" IV f L )

_ 1—b —1- —b
—i—Azilazlz 2”nyf||L;22(Q)+AO/11 “012 O”f”L;%(Q))

forall2; € (0,¢),i=1,2,and f € Cl’l(Q). Of course, a similar inequality holds

loc
Jor IIVy fllp (), in which the roles of x and y are interchanged under similar

assumptions.

Remark 1.11. (1) If ap = a, =0, then || f|,4 q) is independent of [|g1]l; @
w l)l
in (1-26).

(2) If by = by =0, then ”f”LZ)(Q) and ”v)Cf”LZ)(Q) are independent of ||g2||L:;zz(Q)
and ”nyf”Lf}; Q> respectively (in (1-26) and (1-30)).

(3) Again, (1-26) or (1-30) are equivalent to interpolation inequalities of product
form when a; =a and b; = b for i =0, 1, 2; for example, (1-26) is equivalent to

(131 11y =< CAlLF Il @) ™7 (Ao 1 F Il ) + Atlg1 1 )
—_ b
x (Aoey 1f 110 @ + Azllg2ll Lz @) -

To see this, note that by the fact that geometric mean is less than arithmetic mean,
the right side of the above is less than

C(A7 23" Aol Fll oy + 41227 (Aoe 1 Nl o ) + Atll81 121 ()
AT A (Aoey I 1l ) F A2llg2ll 2 @)
=C(7" A" + 472 e + AT e DAV 10

T2 Alg )+ AT A Adllgall )
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It is now easy to see that (1-26) holds. Conversely, it suffices to see that (when
a; =a, b =b fori =0, 1, 2) the right side of (1-26) is less than the above. Then
(1-31) can then be obtained with

) ( AO”f”LZ%(Q) )1/2 fori—11
;= — ort =1, 2.
e Aollf o @+ Aillgil i )

(4) If either &1 = 00 or &y = o0, all we need to do is to let &, — oo or &y — 0
in (1-31).

b)) Ifa;=a, bi=b, A; =Ap, vi=vandr; =r fori =0, 1, 2, it is necessary
that
(1-32) w(R)90(R)™Y" < CAur(1)~“r(J)~"

in order for (1-26) to hold for all f € Ci! (Q) with g; = |V, f| and g2 = |V, f].
In fact, for any parallelepiped R = I x J C ¢ R C Q such that r(I) < N2¢; and
r(J) < NZ%&,, by choosing an appropriate function similar to Remark 1.8(5), we

have by (1-31) (using the fact that w is J-doubling),
w(R)? < C(Aw (R (Agey o (R)" + CAor (D)~ o(R)")"
x (Agey 0 (R)'/" + C Agr () " o(R)/")"
14+er()™! )“(1 +er(J)7! )b

€1 &)
< CAwR) " r()~r(1)",

= CAOD(R)V’(

since &r(J)~! and g7 (1)~ > 1/N?. It is now clear that we have (1-32).

(6) Some necessary conditions for the Sobolev inequalities in product spaces have
been obtained in [Shi and Torchinsky 1993; Fefferman and Stein 1982; Lu and
Wheeden 1998; Chua 1999]; see also Proposition 2.16.

2. Preliminaries

First, let us state a useful lemma on polynomials. Its proof is a simple modification
of that of [Stromberg and Torchinsky 1989, Chapter 3, Lemma 7].

Lemma 2.1. Let Q be a closed convex set in R". If p is a polynomial of degree k
such that

M = |p(xo)| = max|p(x)|, xo € Q,
xeQ
then

Q-1)  Ipo+1(x—xo) > 2Mk forall 0 <1< 1/(2k)* and x € Q.
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We will write Q%0 = {xo+1(x —x0) : 0 <t < 1/(2k)¥, x € Q}. Clearly, Q" C Q.

Remark 2.2. If d is a metric arising from a norm in R"” and Q = B(xy, r) with
xo € 0B(xy, r), then

B(zo, QY where zo = xo + (er)k(xl — xp).

L) C
(2k)*
Note that B(x1, ) C B(zo, ((2(2k)* — 1)/(2k)*)r) C 2(2k)* B(zo, r/(2k)").

It is now easy to prove the following proposition. From now on, in Euclidean
space, we will only be interested in those metrics arising from norms.

Proposition 2.3. Let k € N, py > 0 and a polynomial p of degree less than k. Let
B = B(x,r) be a norm ball in R". If u(B) < C,u(B') for any ball B C B such
that B C 4(2k)XB’, then

of Cu 1/po
22 Py <2 () Il
Proof. It suffices to see that if [p(xo)| = | pllze(B). X0 € B, then there exists
B’ = B(x1,7r1) C B C2B(x1, r) with xo € dB’. By the previous remark, we know
it contains a ball By such that B’ C 2(2k)* By with |p| > | p(x0)|/2* on By.

Remark 2.4. It follows that if u is a J-doubling measure on €, p is a polynomial
of degree < k, and B is a J-ball, then

(2-3) Ipll <ﬂQ””
PllLe(B) = «(B) PliLL(B)

where C, is the constant in the previous proposition. Clearly, C,, depends only on
the doubling constant D, and k.

Also, we have the following simple property about polynomials.

Lemma 2.5 [Chua 1992, Theorem 2.2]. Let y > 0. Let B be a metric ball in
Euclidean space with the metric arising from a norm and let E be a (Lebesgue)
measurable set in B with | E |> y | B |. If p is a polynomial of degree < k, then

| pllzeeey=C |l p llL>(B),

where C depends only on y, k and the choice of norm. Moreover, if we consider
only metric of the form d, as in Definition 1.9, then indeed C is also independent
of &= (41, A2).

Note that though [Chua 1992, Theorem 2.2] is only proved for cubes, it is easy
to see that the proof also works for norm balls. Moreover, if we consider only
metric of the form d; as in Definition 1.9, then indeed C is also independent of
A = (41, 42) as there is a simple one-to-one linear transformation between their
respective unit norm balls with center at the origin.
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Now, let us state Markov’s inequality; see for example [Bos and Milman 1993,
Theorem 1.1] and [Bos and Milman 1995].

Proposition 2.6. Let p be any polynomial in R" of degree less than k. Then
D% pllrecoy < kzl"‘lr(Q)_“"| IpllL=oy forall cubes Q in R".

Our next theorem concerns the projection of functions into polynomials and is
just an extension of [Chua 2005, Proposition 2.4] to J-doubling measure.

Proposition 2.7. Let d be a metric arising from a norm on R". Let 0 <0 < 1. For
any k € N, 6-ball B C Q C R" and J-doubling measure u on Q, there exists a
projection n,ﬁ’ (B): L/lx (B) = Pr_1 (space of polynomials of degree < k) such that
C(k,n,D,)
w(B)
Proof. First note that P;_; is a finite-dimensional vector space over R" and that
/, g P1p2du defines an inner product on %;_;. There is an orthonormal basis

{1, 02, ..., 0m} C Pr_1 with respect to this inner product. Then ||¢; ”Lft(B) =1
and

i (B) fllL=s) < Il (B)-

m

P =20 [ pO0)dn it p @i
i=l1

We now define
B0 =20 [ FOn0 for < LB
i=1

Itis clear that 7 ,ﬁ‘ (B) is aprojection to P _;. Next, by (2-3) and Holder’s inequality,

we have
k

lgill La) < %nwiu%(m =2°Cu/n(B)'".
It is now clear that
m(2¢C,)?
u(B)

The next theorem is slightly different from [Wheeden 1993, page 269].

m
Il (B) fllLe(s) < Z”Q)i||L°°(B)||§0i||L°°(B)||f||L}l(B) =

i=1

1Al O

Proposition 2.8. Let 0 < <1 and N > 1. Let Q C H such that Q satisfies
the nonempty annuli property. If u is a 6-doubling measure on ., then there exist
C1, C3, D1, Dy > O depending only on N and the doubling constant D, of u, such
that

(2-4) Ci(r(B)/r(B))”' < u(B)/u(B) < C2(r(B)/r(B))"*
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for all 5-balls B and B such that B C NB. If u is doubling on Q, then (2-4)
will also hold for all balls B and B with centers in Q such that B C NB and
r(B), r(B) < diam(Q).

Proof. We will only prove the first part, that is, the case when u is J-doubling.
We use a simple modification of argument used in [Wheeden 1993]. Since the left
inequality follows immediately from standard argument, we will only show the
right one. We first show that there exists a f > 1 such that 4 (B) > fu(B/4) for
all §-balls B. Suppose x € Q and s > 0. Assume that B(x, 4s) is a J-ball. By the
nonempty annuli property, there exists y € Q such that 2s < d(x, y) < 3s. Thus if
z € B(y, s), we have

25 <d(x,y) <d(x,z)+d(z,y) <d(x,z)+s.
Hence d(x, z) > s, and clearly B(y, s) N B(x, s) = &. Also, for z € B(y, s),
d(x,z) <d(x,y)+d(z,y) <3s+s=4s.
Hence B(y, s) C B(x, 4s). Now, since u is a measure, we know
(2-5) #(B(x,4s)) = n(B(y, s)) + u(B(x, s))

since the two balls are disjoint and inside B(x, 4s). Also, B(x,4s) C B(y, 7s).
Using the d-doubling property of x4 on €, we have

n(B(x,45)) < pu(B(y,75)) < (D) u(B(y, 5)) = (1/mu(B(y, 5)).
Hence by (2-5), we have
1(B(x,4s)) = nu(B(x, 4s)) + u(B(x, 5)).
Thus
u(B(x,45)) = (1=~ u(B(x, 5)) = fu(B(x,s)).
It is now easy to see that there exists D, > 0 such that

w(B(x,r))/u(B(x, 7)) < C@r/F)P? forr <7 and B(x, ) a 5-ball,

where C is an absolute constant. Suppose now B = B(x,r) C NB = B(y, NF)
and that B and B are both ¢-balls. Then B(y, (N + 1)7) D B(x, 7) and

#(B(y, 7)/u(B(x,r)) = C(N, D) u(B(x, 7))/ u(B(x, 1)) = Ca(F/r)P=.
The first part of the proposition is now clear. O

Now, let us define the Hardy-Littlewood maximal function with respect to a
doubling measure w on a given set Q.
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Definition 2.9. Let Q C H and let f be a function on Q. We define

Mgf(x)zsupﬁ/l? Q|f|dw for x € Q,
N,

where the supremum is taken over all balls B with center x.

By a proof similar to the one used for the usual Hardy-Littlewood maximal
function and the Vitali type covering lemma, it can be shown when w is doubling
on Q that

wix €Q: M2 f(x) > 1} < (C(Dw)/DI fllp1 ) forallt> 0.

On the other hand, it is obvious that ||MfU2f||Loc(Q) < I fllL=()- By a standard
interpolation argument, we see that

IME 1l @) < CDw, PIfllpr ifl<p<oo.

The next lemma is similar to [Chua 1993, Lemma 2.5] and is an extension of
[Iwaniec and Nolder 1985, Lemma 4] and [Bojarski 1988, Lemma 4.2].

Lemma 2.10. Let Q C H, and let w be a doubling measure on Q. Let {B, }q,c1 be
an arbitrary family of balls with center in Q and with radius less than diam(Q). If
{ag}acr is a family of nonnegative real numbers, then for 1 < p <ocoand N > 1,

we have
H E Aa XN B,
o

Sketch of the proof. We follow approach in [Chua 1993] (which in turn follows
the approach in [Iwaniec and Nolder 1985]); however, in the case 1 < p < oo, we
now make use of Mfu2 instead of the usual weighted Hardy-Littlewood maximal
functions. The case p = 1 follows immediately from the fact that w is doubling
on Q; hence w(NB,) < C(N, D,)w(B,) since B, are balls with center in Q and
with radius less than diam(Q). O

<C(D,. p.N H .
L@ = ( ws P ) ;aaXBa Lh@)

Retracing the proof of [Chua 1993, Theorem 1.5] using Lemma 2.10, inequality
(2-3) and Lemma 2.5, we find that the following is true since J-doubling measures
on a John domain are also doubling on the domain [Chua and Wheeden 2008,
Proposition 2.2]; see also [Chua and Wheeden 2008, Theorem 2.9].

Theorem 2.11. Leto, N > 1, 1 <g <00, d=1/0 andk € N. Let Q C H.
Let Q € %(0, N), and let W be a corresponding Boman cover with center ball B*.
Let f be a function on ., and let w be a o-doubling measure on Q with doubling
constant D,,. If there is a constant a(f, B) associated to any B € W, then

(2-6) If =a(f. BNy o) < €. Du, N) BZV‘,VHf —a(f, B, -
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In case the metric space is R" with any metric d arising from a norm and if there
is a polynomial P (f, B) of degree < k associated to any B € W, then

*y 14 q
@7 f =P BIy q < Cn.k,q. Dy, N, d) gvuf = P(f. By
S

If the metric d is of the form d;, as in Definition 1.9, then, just as in Lemma 2.5, the
constant above is independent of A = (41, 42).

Corollary 2.12. Let N, 7t > 1and0 <o < 1. Let Q C H, and let w be a d-doubling
measure on Q. Suppose Q satisfies the geodesic condition and the nonempty annuli
property. If  and g are measurable functions on Q such that

2-8) IS = frullym < ABIE Lz
for all §-balls B with tB C Q and r(B) < N2&,

where A(B) < AA(B) for all 5-balls B and B with B C B, then

29 Nf = fBullre s < C(z.q, D) AAB)IIE Ly (s
for all §-balls B in Q with r(B) < N%g .

Proof. Any ball B C Qis a J(1) domain. Hence B € %(z, Ny) with some constant
No = C(7) > 1; see Proposition 2.21 and the remark after the proof.

For each J-ball B such that r(B) < N 2¢0, let W be a Boman cover of B. Then
we have by Theorem 2.11 that

q 1/q
1f = Faligim = COurea)( 207 = 13,00y )
Bew
- q 1/9 -
=c( T AB®lellyp) = CDu . DAAB gl
Bew
since ¢ > pand > x5 < Noxs. O

Next, a consequence of [Franchi et al. 2003, Theorems 1 and 2, Corollary 3]:

Proposition 2.13. Ler 1 < g <ooandcy > 1. Let 0 <6 < 1. Let Q C H,
and let Q satisfy the geodesic condition and the nonempty annuli property. Let f
be a measurable function defined on a J-ball By and let ‘a’ be a nonnegative set
function on all balls B in By. Let u and w be d-doubling measures on Q. Suppose
that for any metric ball B in By,

1

2-1
(2-10) u(B)

If = fB.ullLys) < a(B)
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such that there exists 0 < 0 < 1 with

(2-11) > @By w(B))’ < (coa(Bo)! w(Bo))’

Be€

for any collection € of disjoint balls B in By. Then, for all t > 0,
(2-12) w{x € Bo: | f(x) = fBy,ul > 1} < C(Du, O)coa(Bo)!w(Bo)/1?.

If (2-10) and (2-11) hold with a(B) = b(B, f) for all f € § with'b’, and §
satisfies [Franchi et al. 2003, (H8)—(H13) on pages 524-525], then we also have
the strong-type inequality

(2-13) ILf = fBo.ullLg (By) < C(Dw, O)cob(Bo, f) forall f €.
Remark 2.14. (1) By Proposition 2.8, x# and w are reverse doubling (on J-balls).

(2) Similar theorems of this form have been discussed in [Hajlasz and Koskela
1998; 2000; Franchi et al. 1998; Chua 2001]. A more extensive discussion
can be found in [Chua and Wheeden 2008].

Proposition 2.15. Let 1 < p <ocoand Ay > 0. Let Q C H. Suppose Q satisfies the
geodesic condition and the nonempty annuli property. Let 0 <0 < 1. Let f and g
be measurable functions on Q. If u and v are 6-doubling measures on Q such that

r(B)
(B) If— /B, ,u”L 1(B) = OW”g”Lf(B) for all 6-balls B,
then

(2-14) If = fB.ullLrgy < C(ps Dy)cor(B)gllLegy forall 6-balls B.

Proof. First, since v is d-doubling on Q, by Proposition 2.8, there exist kK > 1 and
a constant C, both depending on p and D,, such that

1-1/k . .
(D({;)) > C(p, D )(r( )) for all 5-balls B, B such that B C B.
v(B) (B)

Let a(B) = co(r(B)/u(B)l/P)||g||L,;(B).~ If = 1/k and g = kp, then for any

collection 6 of disjoint balls in the ball B, we have

> @B)v(B)! =D (B)l Telgl}r

Be€ Be¢

p (B
< C(p, Dy)c} D Zu gl}r

< C(p, Dv)cga(é)”v(é)l/k.
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Since 0 < p < kp = g, it follows from Proposition 2.13 that

If— fBo,,uHL{,’(BO) <C(p, Du)CO"(BO)||g||L[j(B)- O
Next, we will prove some Sobolev inequalities on parallelepipeds.

Proposition 2.16. Suppose 1 <rj,ry <g <o00. Let0 <d <1l ando =1/9. Let w
be a product 6-doubling measure on Q C R"* xR™, and let v| and vy be nonnegative
weights on R"™™, Let

Ai(Ry=w®)V o7 RITY fori=1,2.

L'i(R)

IfA (R)r(]) < AA; (R)r(I)forz =1, 2 forall parallelepzpeds R=IxJCR=
I x J CR" x R™ such that 6 R C Q and r(1)/r(I) = r(J)/r(J), then for all
parallelepipeds R = I x J C R" x R™ such that 6 R C Q and f € C®'(R),

@15 I1f = frllo
< COm,n, 4, D) A(ALRI DIV F 1l 21 gy + A2 R DIV £l 22 1)
where fr = [p f/IR].
In particular, if 1 <ry,ry, p <ocosuchthat1/p>1/ri—1/(m+n) fori=1,2,
then

2-16) |If = frllLew)
< C(m,n, p) (r(DIRIMP=Y NV, flln gy +r(DIRIYPV2 |V £l (r))

holds for all f € C%'(R) and all parallelepipeds R = I x J C R" x R™.

Proof. This result is probably quite well known. However, as we are unable to find
a suitable reference, we will give a quick sketch here.

If R=1xJ CR"xR" is a parallelepiped, then, noting that (/) and r(J) are
equal to half of the edge lengths of the cubes I and J, respectively, we have

If = frllLiry < v/nr(DI Ve flligry + Vmr (DIVy fll L1 (r):

see [Lu and Wheeden 1998, page 148] or [Chua and Wheeden 2006, Theorem 1.3].
Hence by Holder’s inequality, we have

@17) R|||f Frlligy < Clm, ) (r(DATRYW RNV fl 71 )
+r(DARWR) NV 12 r)-

For any fixed parallelepiped Ry = Ip x Jo C R" x R™ such that o Ry C Q, let
1(Jo)/1l(Iy) = 5. Consider the metric d; with A = (1, #) as in Definition 1.9.
Let € be any collection of disjoint metric balls (with respect to d;) in Ry. Then
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r(J)/r(I)=r(Jy)/r(ly) = nforany R =1 x J € €. Let r = max{ry, rp}. Check
that

1/r
(Z (R (r(NAVRY IV fll 21 gy +7 () ARV f 17 (R))’w(R)’/q)

Re€
1/r 1/r
= (ZeOa®II iy ) (ORI )
R R

= A(r(0) A1 ROV f 1l gy gy T (D A2 ROV f L 173 y))-
Let
bR, )= w(®) " (r (DA Rx fll gy iy +r(DALRIIYy Fll 3 )

and § = C%'(R). It then follows from Proposition 2.13 that (2-15) holds since
b(R, f) and C%!'(R) satisfy [Franchi et al. 2003, (H8)—(H13)]. The constants
involved are independent of the ratio r(Ip)/r (Jp), since w is product d-doubling.
This proves the first part of the proposition.

Let g > 1 be such that 1/g = 1/r — 1/(m 4 n), where r = max{ry, r}. Clearly
q > r. Let w=v; =vy = 1. It is then easy to check that A;(R)r(I) < A; (R)r(I)
for i = 1, 2 and for all parallelepipeds R = x J C R =1 x J C R" x R™ such that
r(I)/r(I) =r(J)/r(J). Holder’s inequality completes the proof, since ¢ > p. O

Remark 2.17. We are unsure whether the above can also be proved by using
[Franchi et al. 1998, Theorem 3.1] when w € Ay ; see [Chua 1999, Theorem 2.4].
This is because the former’s proof only mentions that the constant is independent
of the ball and the function f, while we need our constant to be independent of
the ratio # of the parallelepiped.

The following proposition gives a simple extension of facts from [Sawyer and
Wheeden 1992, page 843], which concern the construction of a crude notion of
dyadic cubes in a metric space.

Proposition 2.18. Let (H,d) be a metric space. For each k € Z, there exists a
collection of balls {Bl-k = B(xlk, 3%)); in H such that

(1) foreachk, H=J; B!‘ and every ball of radius 3" is inside at least one Bl.k;

(2) the balls élk = B(xf, 3=1Y are disjoint in i for each k, that is, for every k,
Ak Ak o ..
BjﬂBi =g ifi # j;and

(3) if 0 < 0 < 1 and there exists a d-doubling measure on an open set Q C H,
then the subcollection of {Bik = B(x{‘, 3KY); consisting of d-balls in Q has

bounded intercepts with bound depending only on the doubling constant of
the measure.



236 SENG-KEE CHUA

Proof. For (1) and (2), see [Sawyer and Wheeden 1992, pages 843-844], where
these were proved for a homogeneous space (see also [Coifman and Weiss 1971]).
For a doubling measure, (3) is proved in [Sawyer and Wheeden 1992, page 844]
by using a standard volume argument; a similar argument works for a -doubling
measure. O

Lemma 2.19. Let Q C H, 0 <0 <1 and N > 1. Suppose there is a 5-doubling
measure y on Q. If F = {B;} is a family of bounded (say K) intersecting o-balls
in Q such that A~ 1r(B ;) < r(B;) < Ar(Bj) for all B;, Bj € & whenever the in-
tersection N B; N N B is nonempty. Then the family {N B; } B, also has bounded
intercepts with bound C(A, N, D,)K, where D, is the doubling constant of .

Proof. Fix a ball By. First, NB; N N By # & will imply B; C C{By = C(4, N)By.
However, by standard volume arguments, there can be at most C, = C(4, N, D,,)
disjoint balls B; with r(B;) >r(Bo)//1 in C1 By since 4 (C1By) <C(A, N, D) u(B;)
for all B; € C1By and B; € %. It is now easy to see that there are at most C, K
balls B; from & containing in C;By. Thus, the family {N B;}p,c5 of balls must
have bounded intercepts. O

Proposition 2.18 yields a special Whitney-type decomposition of an open set
in a metric space. Coifman and Weiss [1971] obtained a similar statement on
homogeneous space (assuming u is doubling instead of J-doubling).

Proposition 2.20. Let Q be an open set in a metric space (H, d) with a 5-doubling
measure ( on Q. Let T > 1 and 0 < 6 < 1/7. Then Q has a covering of d-balls
W = {B,} such that

(@) r(B,) <dd(B,) < 32r(Ba);

(b) for every t > 1 that satisfies 16 < 1, there is a constant K , depending only on
7, 0 and the doubling constant D,,, such that each ball t B; intersects at most
K balls T Bj; and

(¢c) the family of balls W= {B/3: B € W}isalso a cover of Q.

Proof For each k € Z, there is a set of balls of radius 3* as in Proposition 2.18.
Let W be the collection of balls Bk B (x 3%) such that

(2-18) 351 < 6d(BF) < 3543,

For any x € Q, there exists a k' € Z such that 3¢ < dd(x) < 3**!. Let k =
k' —2. By Proposition 2.18, there exists i such that B(x, 3*"1) ¢ B" B(xl , 36,
Moreover,

d(Bf) <d(x) <3+ /5 =335,
d(B) > d(xF) — 3" > d(x) —d(x, x}) — 3k > 35F1 /9.
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Thus Bk € W and it is clear that it covers Q.

Now let W = {B, =3B, : B, € W}. Clearly B, are -balls and (a) and (c) hold.

Next, we will show (b). By Proposition 2.18, Wy = {B; € W : r(B;) = 3%
has bounded intercepts for each k. It then follows from Lemma 2.19 that the set
tWiy ={3tB j=1B;: B i € W} also has bounded intercepts. Finally, note that if
tB;NtB; # & and B;, B; € W, then by (1-4) and (a), we have r(B;) ~r(B;). It
is then easy to see that (b) holds. O

We can now show that any open set that satisfies the geodesic condition is a
Boman domain if and only if it is a John domain. Also, the notion of generalized
John domains is the same as the Boman-type domain introduced in Definition 1.5.

Proposition 2.21. Let 0 < J < 1. Let Q C H such that Q satisfies the geodesic
condition. Suppose u is a 6-doubling measure on Q. If Q € J(c) for 0 < c¢ < 1,
then there exist o, N > 1 such that Q € ¥(o, N), where N depends only on c
and D . Conversely, if Q € F(o, N), then Q € J(c) with ¢ depending only on N
and D,. If Q € J(c, My) for My > 0, then Q € F (o, N, g9) with &y depending
only on M. Finally, if Q € F (o, N, &), then Q € J(c, My), where My = 4¢y and
c=C(N,D,).

Proof. The first part of the proof follows the proof in [Buckley et al. 1996]. First,
by Proposition 2.20, Q has a Whitney-type decomposition W. For convenience,
we will take 6 = 1/2 in Proposition 2.20, though of course we could also choose
0 < 1/2. By Definition 1.3, we know for By, B, € W that if By intersects B;, then
d(B;) ~ d(B,) and hence r(B;) ~ r(By) by Proposition 2.20(a). If Q € J(c), it
is easy to see that this family W of d-balls provides a Boman covering of Q and
hence Q € ¥(o, N), with 0 =2 and N depending only on the doubling constant
D, and c. We will choose a ball that contains the center x’, the center ball B*.
Any Boman chain (connecting B to B*) can be just taken to be an appropriate
subfamily of balls (in W) along the curve connecting the center of B to x’ € B*
(this curve exists by the c-John condition). By balls along the curve, we mean balls
B € W such that B/3 intersects the curve.

Next, suppose Q € F(o, N) and Q satisfies the geodesic condition. Then, similar
to the proof in [Buckley et al. 1996], it suffices to find a number K such that if
{Bo, Bi, ..., By = B’} is a Boman chain with N > K, then there exists a B;
with r(Bj) > 2r(Bp). To find such a constant K, note that r(B;) > r(By)/N
because By C N B; and {B;} has bounded intercepts with bound depending on the
doubling constant. Suppose there are My disjoint balls B; with r(B;) < 2r(Bg) and
By C NB;. Then B; C C{(N)By. However, by d-doubling,

#(Bi) = C(N, D,)u(Bo) and  u(Ci1(N)Bo) = C(N, D,)pu(Bo).



238 SENG-KEE CHUA

It is then clear that My < C(N, D), and hence K depends only on N and D,,.
Thus, by the argument of [Buckley et al. 1996], we know that Q € J(c) with xpg«
the center of B* and ¢ depending only on D, and N. It is now easy to see that if
Qe F (o, N, &), then Q € J(c, My) with My = 4¢ and ¢ depending only on D,,
and N. Indeed, for any M < 4gp and d(z) < M with z € Q, we have z € Q; C Q
with Q; € F(o, N) and M /4 < r(Q;) < NM/4. We know from the above that
Q; € J(c) (here ¢ depends only on N and D) with xp; the center of the center
ball B; of Q;. Hence d(xp;, Q?) =d(B;j, Q?)—i—r(Bj) >4r(Bj) = M. Now, since
Q; € J(c) for all x € Q;, there exists y : [0,/] — Q; satisfying (1-2). It is then
clear that Q € J (¢, Myp) since d(y (1), Q) > d(y(¢), Qj).

Conversely, suppose Q € J (¢, My). For each M < M, we will show that Q can
be decomposed into union of bounded overlapping J(c/3) domains that contain
a center ball of size about M. Let us fix a set W of J-balls with § = 1/2 as in
Proposition 2.20. We will now consider two types of balls B € W withd(B) > M /2.

Type 1. Wy ={B € W :d(B) > 2M}. For any fixed ball B € W;, we will find a
finite number of disjoint balls {Q;(B)};cr(p) with center in B and of radius M /3,
such that B C |J3Q;(B). Such family of balls exists since there is a J-doubling
measure on Q. Each of these 3Q;(B) is a J-ball and the family {3Q;(B)} (for
each fixed B) has bounded intercepts by standard volume argument, since there
is a d-doubling measure on Q. Each of these balls 3Q;(B) is clearly a domain in
J (1) by the assumed geodesic condition.

Type2: Wy ={BeW:M/2<d(B)<2M}. Forany Be€ Wy and 0 <7 <c, let
Qp =Qpg(7) be the set of y € Q such that there exists y : [0, [] > Q with y(0) =y
and y (/) = xp (the center of B) and such that

(2-19)  d(y(t1), (@) < |t1 — 12| and d(y(r)) > 7t forallz, 1,2 €[0,1].

Since d(xp) <d(B)+r(B) < Cr(B), itis clear that Qp(r) C C(r)B. We will
now check that Qg = Qp(7) is a J(r) domain.

It is easy to see that Qp is open since Q satisfies the geodesic condition. Hence
it suffices to observe that if y satisfies (2-19), then I', C Qp, where

Iy={z:d(z,y(t)) <tt, 0=t <I}.

So suppose d(z, y(tp)) =11 < tty. Since Q satisfies the geodesic condition, we can
define y, : [0,{ — (to — t1)] —> Q by

a geodesic with y,(0) =z and y,(t;) = y(tp) ift €0, 7],

ye(t) = {y(t-i-(to—l‘l)) if 1 €[t1,1— (to—11)].

It is easy to see that y, satisfies (2-19). We will now fix ¢ = c/3.
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We will now show for any x € Q that either x € Qp(c/3) for some B € W,
or x € B with d(B) > M/2. Note that if d(x) > M and B € W contains x, then
d(B)+2r(B) > d(x) > M and hence d(B) > M /2. Thus, we only need to look at
those x € Q with d(x) < M. By definition, we know for any x € Q with d(x) < M,
there is a a curve y : [0, [] — Q connecting x to x’ that satisfies condition (2-19)
with 7 = c and d(x") = M. Let x’ € B with B € W. Then B € W;. It is clear that
x € Qp(c/3) if x' = xp. If x’ # xp, then, since Q satisfies the geodesic condition,
x’ can be connected to xp by a geodesic in the ball B. We can then extend y from
[0, ] to [0,1 + d(xp, x")] by attaching the geodesic on [, + d(xp, x")]. Recall
that ¢l <d(y(l)) =M and r(B) <d(B)/2, and hence fort € [I,] +d(xp, x')], we
have

d(y(t)) > d(B) = 2d(B) + 1d(B) > 1M + 1d(B) = c1(1 +2r(B)) = ict

since d(xp, x") <r(B). Thus, x € Qp(r) = Qp with 7 = ¢/3. Hence Q is a union
of domains in {Qp : B € W} and {3Q;(B):i € I(B), B Wi}

It is clear that Qg or 3Q;(B) has a center ball with radius more than CM and
less than C(c) M. Moreover, it follows from the first part that each of these domains
is in #(2, N), with N depending only on c.

Finally, it can be checked that they have bounded overlaps. First, let us show
that &%, = {3Q;(B) : i € Iy, B € W} has bounded intercepts. We will first check
that %90 ={Q;(B):i € Iz, B € W} has bounded intercepts. Let us fix a ball Q¢(B;)
in the family. Note that if Q;(B;) intersects Qo(B1), then 3Qy(B1) D Q;(B;) and
%Bj will intersect %Bl. But, by Proposition 2.20(b), there are at most C; = C (D)
balls in {%Bj : B € W} that intersect %Bl. Moreover, for each fixed B; € Wi,
a ball Qo(B;) intersects at most C3 = C(D,,) balls from {Q«(B;) : k € I(B;)}
since they are disjoint balls in %B ; (again by the standard volume argument). It
is now clear that Q¢ (B;) will intersect at most C;C3 = C(D,,) balls in the family
Fo =1{Q;(B) :i € Ig, B € W;}. It then follows from Lemma 2.19 that %, has
bounded intercepts (with bound K; = C(D,)).

Next, note that Qp C C4B = C(c)B. Hence if Qp, intersects Qp,, then C4 B>
intersects C4B;. Since the family W, has bounded intercepts, by Lemma 2.19, the
family &, = {C4B; : B; € W} also has bounded intercepts. Thus, any fixed Qp,
intersects at most K> = C(D,,, ¢) domains in {Qp,, B; € W>}.

To complete the proof, we need to show that any Qp, intersects a bounded
number of sets 3Q;(B;) and any 3Q(B.) intersects at most a bounded number of
sets Qp,. We will only prove the first part. By Lemma 2.19, it suffices to show that
the family {B;} U % has bounded intercepts since r(B1) ~ M and Qp, C C4B;.
Since ¥ is already known to have bounded intercepts, it suffices to show that B
intersects at most a bounded number of balls from %,. But B; intersects B, in Fg
provided B, C CsB; = C(D,,) B;. Hence there can be at most C¢ = C(D,,) disjoint
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balls from %( in CsB; (again by the volume argument). Thus, B; can intersect at
most K1C¢ = C(D,,) balls from Fy. O

Remark 2.22. The above proof also shows that Q € J(¢) implies Q € F(o, N) for
any o > 2 if we choose 0 = 1/6. However, N will then depend also on o.

We now show that products of generalized John domains are a special class of
generalized John domains.

Proposition 2.23. Let (H;, d;) be metric spaces fori = 1,2. Let 6, N > 1 and
0 < e1,8 <00. Let Q; C H; such that Q; € ¥ (o, N, &;) fori = 1,2. If both Q;
satisfy the geodesic condition, then Q1 x Qp € ¥ (0, N, Cey, Cep, Hy x Hp).

Proof. By the previous proposition, it suffices to show that if Q; € J(c, ;) for
i = 1,2, then for any metric d, defined in Definition 1.9 with A = (11, 4,) and
0<4; <egj, wehave Q; xQ, € J(c, 1) with respect to d;. So let (x, x3) € Qq x ).
Then since Q; € J(c, g;), there exist y; : [0, [;] — Q; for i = 1, 2 such that

di(yi(t),7i(s)) < |t —s| and d;(y;(t), ;) > ct fort,s €l0,]

and d(y;(l;), Q) > A; for i = 1,2. Without loss of generality, we may assume
l]//ll < lg/lz. Define

(y1(A11), y2(Aat)) ift <Ii/ A4,
(1), y2(A2t))  ift €[l1/A1, 12/ A2].

It is now easy to see that

V(f)={

d;(y(), y(s)) <t —s| and d;(y(r), (Q1 x Q2)) > ct forallt,s €[0,1/1,].
Moreover, it is clear that d; (y(l2/42)) > 1. O

Finally, let us show that if a point is removed from a generalized John domain,
then it is still a generalized John domain under an additional, mild assumption.

Proposition 2.24. Let z € Q C H and suppose Q € J (¢, My), where 0 < ¢ < 1 and
0 < My < oo. Suppose Q satisfies the geodesic condition and the nonempty annuli
property. Suppose there exists a cq satisfying 0 < ¢y < 1 and the mild property that

e for any two points x1, x2 € B(z,d(z)/2) C Q such that d(x1, z) < d(x2, 2),
there exists n : [0,1'] — B(z,d(z)/2) such that d(5(t), z) is nondecreasing,
n(0)=x1, n(l') = x2, and

colth — ol <d(n(n), n(t2)) < |ty — 12| foralln, 1, €[0,1'].

Then Q\ {z} € J(cco/3, My/3).
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Proof. For convenience, let d(z) =inf{d (x, z) : x € Q°} =2¢. Suppose 0 < M < M.
Let us consider two cases.

Case (i): 2¢ > 2M /3. For any x € Q\ {z}, if x € B(z, €), we need only connect x to
any point of the boundary of B(z, ¢) using the assumed #. Note that the boundary of
B(z, €) is nonempty by the geodesic condition and the nonempty annuli property.
Thus, we may assume x € B(z, ¢) and we only need to consider the case d(x) <
M/3.

By definition, there exists y : [0, /] — € such that y(0) = x and d(y(])) = M,
and

d(y(t1),y(2)) <|ti —t2| and d(y(t)) > ct forallt, 1,1, €[0,1].

If y[0,11N B(z,¢e) = @, then d(y(t),z) = M/3 > ccot/3 for all ¢ € [0, ], since
[ < M/c. Now suppose 7[0, 11N B(z, ¢) # &. Then there exists a t’ € [0, ] such
that d(y(t'), z) = ¢ > M /3, and we may assume y[0, t'] N B(z, ¢) = . It is then
clear that d(y (), z) > M /3 > ccot/3 for all ¢ € [0, t']. Note that d(y(¢')) > M/3.

Case (ii): Now suppose 2¢ < 2M /3. Again, let x € Q\ {z} such that d(x) < M/3
or d(x,z) < M/3. In any case, d(x) < M. Hence, by definition, there exists
y : [0, ] — Q such that y(0) = x and d(y(l)) = M, and

d(y(t1), 7)) < |ty — 12| and d(y(z)) > ct forallz, 1,1, €0,1].

We will now consider two subcases.

Subcase (a): y[0,1]1N B(z, &) = &. Here it is clear that d(y(¢), z) > ct/3 for all ¢.
Indeed,

d(y(@),z) >d(y () —d(z) > ct —2e > ct/3 ifr>3¢/c,
diy(),z)=¢e>ct/3 if t <3¢/c.

Note that d(y(l), z) > d(y()) —d(z) = M/3. This proves this subcase.
Subcase (b): v[0,I1N B(z,¢) # . Let

fto =inf{r € [0,1]: y(r) € B(z,&)} and 1) =sup{t €[0,1]:y(t) € B(z,¢)}.

Note that d(y(t)), z) = € as y(I) & B(z, €) because d(y(l)) = M. By assumption,
there exists # : [0, I'] — Q with #(0) = y (o) and #(I") = y(t)) such that

colti =] <d(n(t1), n(©2)) < |ty — 2| forall 71,1, €[0,1]
and d(7(t), z) is nondecreasing. Note that to + 1" < to + (t; — 19) /co < t)/co and
cot =d(n(r), n(0)) <d(n(r), z) +d(5(0), 2) <2d(n(), 2),

and hence d(7(t), z) > cot /2.
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We define
7:00,11— Q, tr+ {5t —1) if t € [to, to+1'],
y(t =1+t —t0)) iftelto+1,1],
wherel_=l+l/—t(’)+t0.
First, for ¢ € [0, #], similar to Subcase (a), it is easy to see that d (y (¢), z)) > ct /3.
Next, consider ¢ € [f, tp +[']. Note the following.
e d(3(t)) = & > ccolto+1")/3 = ccot /3. This is because

d(y(@)) _d((5),2)+d@) _ 3¢
o = .

Co cco ~ cep

fo+1" <ty/co <
e d(y(t), 2) > ccot /3. If to = 0O this is because d(y(¢), z) = d(n(t), z) = cot /2.
On the other hand, if 79 > 0, then
d(7(t),z) = d(y(t0), 2) = & > ccolt +1')/3 = ccot /3.

Next, if # € [19 +1', [], then since col’ < (ty—to) and t > I’, we have
dF@)=d(y(t—1'"+1y—10)) > c(t —1'+1;—10) > c(t — (1 —co)l") > ccot > ccot /3.
If t > 3¢/(ccp), then

d#@),2) >dH @) —d(z) > c(t =1 + 1) — 19) —2& > ccot — 2& > ccot /3.

On the other hand, when ¢ < 3¢/(ccy), it is clear that d(3(¢),z) > &€ > ccot/3.
Finally, note that d(y (1), z) > d(y (1)) —d(z) > M —2¢ > M/3. O

Remark 2.25. If Q € J(c, Mp) for Q C R", it follows from Proposition 2.24 that
Q\{z} € J(c'/3, My/3) with ¢’ = ¢/C, where C > 1 is an absolute constant.

3. Proofs of the main results

Proof of Theorem 1.6. The proof of part (a) is just a simple modification of the
proofs of [Chua 1995, Theorems 1.3 and 1.4].

Given any ¢ € (0, ), there exists a set {Q;} C F(o, N) such that | J Q; = Q,
2 xe;, <N and ¢ <r(Q;) < Ne. For each Q;, let Q; be the central ball in Q;,
and let W; be its corresponding Boman cover. Then by Theorem 2.11,

g 1/q
I = Forulisiay = COuae M 315 = Faully )

BeW;

1/q .
=car@) (Xlglly.,) by (1-6),since a = 0)
< C(Du, 0, N)AT(Q) I8l 10,
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since ¢ > p and > Bew, XtB = N xq;. Hence, by the triangle inequality,

1 leg @) = Wfenully @)y +1f = fo,ulliy @)
= ||fQj u ”LZ)(Q-) +C(q, Dy, N)A/"(Qj)a||g||L§(Qj)

w()) /q/ ~1/r~ 1/r
< |15, du+CAT(€Q)" gl
n(Q)) Le @)
(Q) ~—1/r
< CDuws ) — 2=l "Ny o 1 1z, 00 + CATQ) I8l p @)
w1 (Qj)

(by Holder’s inequality and the fact that w is d-doubling)
< CAr (@) N flly @)+ CATQ) gl 1, Gy (1-5)
< C(N, Dy, 9)(Aos "I f L, @) + CA'e" gl p ;)

Hence by the fact that (3 |a; + b)Y < (la; |V + (S |b;19)V9,

(SN0, = CAe (TN @) +CA (S8l q,) "

1 1
< CAie ™ (ZIS Ny @) +CAE (Zlgl]pq,) "
since r, p < ¢q. Thus

1 lg@) < COV. D, @)(Aoe ™I £y @+ A'e" I8l L2)-

This completes part (a). For part (b), even though we use essentially the ideas of
[Chua 1995], this time the proof is more tricky because we do not assume u =1
and i = k. First by Proposition 2.6, the triangle inequality, and Proposition 2.7, we
have (like [Chua 1995])

IV PX(Q) fllg o))
< C(n, r(@) ™ w(@)"IP*(Q) fliL=)
<Cr(Q)'w(Q)"
< (171 (@) fllieecop + Imf (@) f — PX(Q)) fllL~(0,)
=Cr(Q;)'w(Q,)"1
< (Izf 1 (@) flliecop + Il (@) — PX(Q) Hll~(g,)
<C(n,k, D)w(QNY1r(Q;) " u(Q;)™!
< (1 £ Lo + ILf = PXQ) FllLico,)
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C(w(@)"4r Q)™ 1(@) M3y iy 0,1/ 1z, 0

+Ar(Q) l+a”vk+1f|lL5(er))
(by Holder’s inequality and (1-8))

< C(Ar (@) N fllg 0+ AT@) UV o))

by (1-5). Also, since w is d-doubling and Q; C N Q;, we have by the triangle
inequality, Lemma 2.5, (2-3) and Theorem 2.11 that

IV' fllg@, < IV PYR) Fllrg @y + 1V (f = PXQ) DIy )

w

< C(N, Dy, k, ¢, IV PO ) fll g0, + 1V (f = PYRHNIg iy

(19 P Fligion +( DIV = PBIDILy ) ).

BeW;
Hence by (1-9) and the penultimate calculation above, (recall that k —i 4+a > 0)

IV Fllg@p) < €, k, Dy, Dy g, N)
x (Aor(Q) I fllg 0 + Ar(@) IV FllLp @)
< CAoe " fllL @) + CAE IV fll g

Thus, just as before, we have

IV s < C@n,k, Dy, Dy, N, q)
x(Aos "N fllag @ + ANV fllpg). O
Proof of Corollary 1.7. We will show that both (1-9) and (1-8) hold with t = 1.

Let B be a d-ball such that r(B) < N2&. First note that (1-11) implies (2-14) with
g = |V f| by Proposition 2.15; hence we have

(8!
I~ Py
r(B)w(B)'/4
= @ WU PEB) D)l (by (1-12))
r(B)*tw(B)/4 ht

= C(Dva p)cl v
(by repeated application of (2-14))

< C(Dy, p)ATBY IV Il p sy (by (1-13))

U(B)l/p f”Lp(B)
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and for any [ <k,

If = P'(B)fllLm)
<ArB)|V(f—P'B)fllrw by (I-11)
< C(Dy, p)A'r(BY V'™ £l (s (by repeated application of (2-14)).
The corollary is now a clear consequence of Theorem 1.6. O
Proof of Theorem 1.10. Given any A; € (0, ¢;) for i =1, 2, there exist {Q;} such
that |JQ; = Q and Q; € %y, (o, N), where A = (41, 42), and also such that
Z;{Qj < Nygand 1 <r4(Q;) < N. For each fixed j, let W; be a Boman cover
of Q; (with respect to d;). Let R; = I; x J; be the central ball (with respect to d;)
in Q;. Then recall that A} <r(I;) < NAjand A, <r(J;) < NAy. Let y = 42/41.
Then r(J,)/r(1,) = n for all R, = I, x J, € W;. Recall that by Theorem 2.11
with d = d,, we have

G- f = friulle @)

SC(N,q,Dw)( 2 = fr w75, ))1/4

R, eW;

1/q
< c( > (AR U g1 Izt gy + A2 (R (Jo)l1821l 72 (Ra))")
R, eW;

Sc( > ARIrI)lgi,  (Re ))1/ +c( > AR (g )||g2||qf2(R ))l/q

Ry eW; RoeW;

_ 1/q
= Car()' = (X il )

Ry, eW;

l/q
+CAr () (S sl )
RyeW;

S C(Ns q: Dw)
> (Alr(lj)l—alr(Jj)—bl g ||LL11 @) 4+ Azr(lj)_llzr(Jj)l—bz ||82||L;22(Q,))-

Above, the second inequality follows from (1-24). The fourth follows from (1-25)
since R, = I, x J, C NR; = NIj x NJ; for all R, € W; and r(J,)/r(l,) =
r(J;)/r(1;) =n. The last follows since ¢ > ry, r» and ZRaer AR, < N xq;. Also,

by Holder’s inequality and the facts that w is product J-doubling on Q in H; x H»
and that Ao(R;) = w(R;)"4 u(R)~ 155"/l %  (k,)> We have

)l/q
I ryullig ) = o) (R) / Flds

< CDu, DACRDIf 1)) < CAr )™ r ()™ 1/ 0 )
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by (1-25). Hence by the triangle inequality, we have
1 flg @) < CDusq, NY(A027 25 1 F Nl 0 0, + A121 " 25" 811121 )
+ 42070, g2l 2 o))

Next by the previous estimates and the fact that g > rg, r{, r», we have

1 g < (annm )
—an . — 1/ro _ 1/r
sCAoﬂl“°iz”°(Z||f||Lro(Q ) cangn (anm )

1/r
+CA ] b2(2||g 27 )

—agp ) —b 1- —b
SC(DUM N:Q)(Ao/llao/lz OHf”L;%(Q)‘FAI/l] allz 1”gl”[‘;ll(g)
— 1-b
+A2/1102/12 2”g2”L;22(Q))‘

This proves part (a).
We now prove part (b). Again, let R; = I; x J; be the central ball in Q;. For
any fixed f € Cloc (Q), let g(x) = ij f(x, y)dus(y). Then

0 0
(3-2) —g<x)=/ O (¢, yydus(y) fori=1,2,....n
ax,- Jj 8x,-

Let P(g) = P(I;)g be the polynomial of degree < 1 in R”" such that
/ P(g)d 1 (x) = / gdpu1 (2),

/—d ()—/&d 1(x) fori=1,2,---,n

/J/fdﬂZ/Jj/_ﬁP(g)dﬂa

(3-3) !
oP(g) L
//8)6, //,UZ(J) ox; du fori=1,2,...,n

Also, if Pf = P(R;)f is the polynomial in R"*" of degree < 1 such that

Note that

/ D'(f —Pf)du=0 forall|y| <1,

R;
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then [, P(R;)f(x, y)duz(y) = P(g)(x) by (3-2) and (3-3).
Next observe that

1
luTjj)”vng”L?,)(Rj)

<RI G by = “E g g
= ,UZ(Jj) xE8IlL>(R) = ,UZ(Jj) x 8L (1)
w(R)" .
< C(n)r(lj)_ 12() 1 PgllLe)) (by Proposition 2.6)
_ (Rj)l/q - ( 1)1/
=Cr(l)) l—||Pg—7r 'gllzqy + Cr(1) ™ —— Ll {"gllL=q,
(by the trlangle 1nequa11ty, where 7{"' is the projection given in Proposition 2.7)
( ]) (R4
= Cr(1) Sl (g = Po)llieay + Cr () oty sl

< C(Dﬂ,,n)r(lj) LR w(RYY(lg = Pglley ) + ||g||LL1<1,,.>)
(by Proposition 2.7)
< C(Dyy, m)(c2w (R (RN V(g = POy, 1))

+r() " w@®R)Y (R glLy 1) by (1-27))
< C(Dys (RN (R (e2| [, 1V (f — Pf)IdMHL;”(I,-)
-1
+r(lj) Hfj,- fd:“ZHL}”(lj))
< CoRNVI (R (el Va(f = POy +rUD T Ly k)
(by Fubini’s theorem)
< Co(AiR)rUDIVE Ll gy + A2RIr UDIVay £l 12 r,)
+ Cr(Ij)_lAo(Rj)||f||L;%(Rj) (by (1-29) and Holder’s inequality)
< C(Du,mea (A2 25" IV fll ) + A2 1V fll 2 o)
—l—ay ,—b
+A011 aolz 0||f||L£%(Qj))‘

The last inequality follows from (1-25) and the fact that R; C Q;. Hence by the
triangle inequality, by the facts that w is product -doubling and Q; C NR;, and
by (2-2) and Lemma 2.5, we have

1

+ — V,P q )

L?U(QJ) ,Uz(fj) || X g“Lw(-QJ)
L@y p2())

IV fllg

1
f-= —M(Jj)Pg)

Vi(f = Pg))

g

1
u2(J;) ”Vng”LZ)(Rj)‘



248 SENG-KEE CHUA
Recall that

0 oP
/ —fdﬂz/ 1 @y fori=1.2.....n.
R; OX; g, #2(Jj) ox;

Hence by (1-28) and Theorem 2.11, similar to (3-1) we have
1
v — P
[Velf = 5 P

< (Air (I r U IVEF ) + Aer U) ™2 r () ™21V il @)

14 (Q) S C(DuH N7 q’ nam)
w 3&j

Thus by the previous estimates, we have
“fo”LZ)(Qj) <C(Dy,N,q,n,m)c;
X (Al,q—al,{z—bl ||V§f||L;ll @)t A2,11—az,1;—bz IInyf”L;g(gj)
+ Aoz 2 1 f g ap)-
Finally, by arguments similar to the ones used to estimate || f|| L) We have
IVy fllLe @) < C(Dw, N, q,n, m)c;
(AL R IVEF Il )+ A22 A 1V f 2 )

+A0Z 2 I f ). O

4. Applications

The next theorem is an extension of [Chua 1995, Corollary 3.1]. We are able to
obtain a stronger result simply because Theorem 1.6 is stronger; see Remark 1.8(1).

Theorem4.1. Leto, N > 1 and 0 < gy <00. Let QCR" such that Qe F (o, N, &).
Letcy > 1andcy,c3, D1 > 0. Let 1 < p,r <q < o0. Let v and w be d-doubling
measures on L such that

w(B)/7v(B)"? <c1r(B),
w(B) > cor(B)P1,
(4-2) If = fB.0ll 19,8y < c3w(B) /0 (B)VPr(B)IV £l s s,

(4-1)

forall f € CXL(Q), all 9-balls B, and k € NU{0}. Ler i,k € NN {0} with i < k.
Let
(i) a=k—i+t+min{t/g —s/p,0} >0,
b=i+Di(1/r —1/q) —min{t/q —u/r,0};
(i) t/q <s/pandt/q <u/r if Q is unbounded.
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Let G C Q° and p(x) =d(x, G). Let pg =sup,.q p(x). Let w' (E) = [, p(x)'dw
be d-doubling, and define w" and v* similarly. Then for all f € Clkocl (Q), we have
(4_3) ”vif”L?)t(Q) S C(N, o,n, p’ q5 r,s, t5 u, Dw’ Dl): 2, C3)C1

_ —u/r,0 0
% (8 bpgax{t/q u/r. }”f”L' M(Q)_i_gapgax {t/q—s/p, }||Vk+1f|| pv(Q))

for all ¢ € (0, &y). (When pg = 00, we will use the convention oo =1.)

Proof of Theorem 4.1. The proof goes like that of [Chua 1995, Corollary 3.1],
except that it was assumed there that i = k and v = w = 1. For convenience, let us
use the metric

dx,y)=max{|x; —y;|:i=1,...,n}.

Let 6 =1/0. If B is a metric ball (which is indeed a cube) in Q such that ¢ B C Q,

then B is a J-ball in Q and we know that
4ty d(B,G) <d(x,G)=p(x) <d(B,G)+2r(B)
<{+2/(c —1)d(B,G) forall x € B.

Thus

d(B,G)*w(B) < w*(B) =/ p(xX)*dw < C(a,0)d(B, G)*w(B) fora >0,
B
d(B,G)*w(B) = w*(B) = C(a, 0)d(B, G)*w(B) for a <0.

Similarly, we have v*(B) ~d (B, G)*v(B). Again, since r(B) <d(B, G)/(c — 1),
we have
w'(B)\/4

— - 1/g—1
@)’ gy < Clg,r, 0,1, u)d(B, G)/ I w(B) A=

< C(q,r, 0,1, 1, €2)p /44000 (Y D11 /=1 /r)4miniefq—u/r0)

<C(q,r,o,t,u, cz)pm‘jIX tt/q= ”/ror(B) —b+i

Inequality (1-5) is now clear with 4 = w, vo = w" and f = b —i. We now need to
establish (1-8) and (1-9). To this end, first note that by (4-2), Holder’s inequality
and Proposition 2.15, we have

1S = fa.0ll sy < 3C(Dy, PIr(BIV oz for all 5-balls B
Hence by (4-2), letting P*(B) f be as in (1-8) with i = w, we have

(4-5) Lf = PX(B) f 11 8y < C(Dy, p)(csr (B) T IVET £l Ly

(B)
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Since
w'(B)/4v°(B)""/7r(B) < C(t,s, 0, p,q)c1r(B)'d(B, G)'/47°/7
< C(t,s,0, p,q)cir(B)* <+ pxt/a=s/p0,
it is now easy to see (again by (4-4)) that

w!'(B)!/4

s M P B e

i - ,0
=< C(Dl): P, t,s,0, q, c3)clr(B)a+lpgaX{t/q sp }||vk+1f||L§S(B)'

Next, by (4-2), (4-5) and (4-4), we have

ILf = P* B flle, (s

—s/p,0 i
<C(Dy, p.t,5,0,q, c3)cir(B) pmXt/a=s/p-0}) gk l+1f||L{,’s (B)

for all f € CloC (Q) and any o-ball B. These establish that (1-8) and (1-9) hold
with u =w, v =0%, w=w"anda =k —i+a, b =i+ B. The theorem is now
clear by Theorem 1.6(b). O

Remark 4.2. (1) Clearly, w’ is 5-doubling on Q when ¢ > 0.

(2) Incasew=v=1,weknow Dy=nandt=1—n/p+n/q. Thus when 1/q >
1/p — 1/n, we have by the nonweighted Poincaré inequality and Theorem 4.1

4-6) V' flls, @ = C(N, 0, p.q,n,5,1,u,7)

_ —u/r,0 —s/p,0
% (g bpgax{l/q u/r }||f||L’u(Q)+€ap2aX{t/q s/p }”vk—Hf”LZS(Q))

for all ¢ € (0, &), where p*, p’ and p" are the measures arising from the weights
p(x)*, p(x)" and p(x)“, respectively.

(3) In [Chua 1995, Corollary 3.1], it was assumed that p’ is doubling and k =i. We
have only assumed here that p’ is J-doubling. Note that p’ is certainly d-doubling
when ¢t > 0.

(4) In the case that a, b > 0, under the assumption of Theorem 4.1, we have
@7 V' flls @ < CWN.n, 0, p,q,1,5,t,u, Dy, Dy, 2, c3)cy

x (K1l fllz:

wh

b/(a+b
@) (e KN f Lz, @+ KoV Flr ),

where K| = pga"{’/"_”/ﬂm and K, = pgax{t/q—S/p,O}.

S) If0<a<a, 0<p <band gy < 00, then it is clear that (4-6) will still hold
with a and b be replaced by a and f, respectively.
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(6) Conditions (i) and (ii) of Theorem 4.1 when w =0 =1 (hence t =1—n/p+n/q
and D; = n) are also necessary when ¢y = oco. Indeed, suppose (4-6) holds with
a+b=A=k+1+n(l/r—1/p)4+u/r —s/p > 0. Then

IV Flli, @) = CUF @)UV Fll )" forall f € Cio (Q).

It is well known that 1/q > 1/p — 1/n; see for example [Caffarelli et al. 1984] or
[Lin 1986]. For any J-ball B in Q, let f be as in Remark 1.8(5). Then

r(B)"'|B|"1d(B, G)"1
< C|B|Y"Dd(B, G)"“ "D (r(B)™*"|B|"/Pd(B, G)*/P)"/*.

Thus, we must have (letting a’ =a/A and b’ =b/1)

r(B)b’(k-i-l)—i-‘rn(l/q—a’/r—b’/p)d(B, G)t/q—a’u/r—b’s/p <C

for all d-balls in Q. However, since Q is unbounded, /g < a'u/r + b's/p and
hence /g <u/r and t/q < s/p. Next, since d(B, G) > d(B) > (6 — 1)r(B), we
have

bk+1)—i+n(l/g—a/r—=b/p)+t/g—au/r—bs/p=0

and hence (A/q)(n+t —qi) = (a/r)(n+u)+ (b/p)(n+s — (k+ 1) p).
We now note that (n +u)/r # (n+s — p(k+1))/p, since otherwise

(n+t—qi)/g=m+u)/r=n+s—pk+1))/p

and hence A = 0, which is impossible.
It is then clear that @ and b are as in condition (i).

The following Sobolev interpolation inequality, an application of Theorem 4.1,
extends the one obtained by Caffarelli, Kohn and Nirenberg [1984] and Lin [1986].

Theorem 4.3. Leto, N > 1 and 0 < gy < 00. Let Q C R" and Q € F (o, N, &).
Leti, k e N suchthati <k. Supposet > —n, 1 <p,r<qg<oo, 1/g=>1/p—1/n
and that the conditions (1) and (1) of Theorem 4.1 hold with t =1 —n/p +n/q
and Dy = n. Then (4-6) holds with G = {0}.

Proof. We will apply Theorem 4.1 with » = w = 1. Inequality (4-2) holds since
1/g>1/p—1/n. Also, (4-1) holds with z =1 —n/p+n/q and D; =n. Also, it
is well known that |x|" is doubling for > —n. It is hence clear that the measure
arising from the weight p (x)" = |x|" is d-doubling on Q. The theorem now follows
immediately from the fact that Q\ {0} € ¥'(a, N’, &), with N’ and ¢;, depending
on N and &g, respectively, by Propositions 2.24 and 2.21. |

Remark 4.4. (1) Lin [1986] has also dealt with fractional derivatives.
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(2) Inequality (4-7) has been obtained by Caffarelli, Kohn and Nirenberg [1984]
when Q = R". We have only considered the case ¢ > p, r here. However, we
have no restriction on s and u. Also, Chua [2005] made some observations
about sharp conditions when Q = R".

(3) For C* functions with compact support in €, Gurka and Opic [1991] have
also obtained similar results on bounded Lipschitz domains € for measures
arising from powers of distance weight d (x, 6Q).

(4) We can of course extend our idea to obtain various weighted Sobolev in-
terpolation inequalities with distance type weights. For example, G can be
also chosen as a line segment or image of a Lipschitz map (if we know that
Q\ G is still a generalized John domain). Some sufficient conditions for such
distance-type weights to be doubling were been discussed in [Chua 1995].

We now discuss interpolation inequalities for power weights on product spaces.

Theorem 4.5. Let 0 <a;,b; <1 suchthata; +b; <1 fori=0,1,2. Leto, N > 1
and 1 <rg,ri,rp<q <oo. Let0 <e1, ey <ooandlet Qe F (o, N, &1, &2, R" xR™).
Let G| C R" and G, C R™, with (G| x R™) N Q and (R" x G3) N Q both empty.
Let w(x,y) =d(x, G1)*d(y, G2)? for (x,y) € R" x R™. Assume w is product J-
doubling on Q in R" xR™. Suppose v;(x, y)=d(x, G1)%d(y, G2)” fori=0,1, 2.
Let

p1 =sup{d(x, Gy): (x,y) € Qfor some y € R"},

p2 =sup{d(y, G2) : (x, y) € Q for some x € R"}.

Suppose these conditions hold:

4) a/qg—ai/ri <0ifpy=o00and B/q — Bi/ri <0when pp =00 fori =0,1,2.

(ii) min{a/q —a;/ri, 0} + min{B/q — Bi/ri, 0} + (m +n)(1/q — 1/ri) > —1 for
i=0,1,2.

(iii) —a; =n(1/q —1/r;) +min{a/q —a;/r;, 0},
—bi =m(1/q —1/r;) + min{B/q — p;/r;, 0} fori=0,1,2,

Then (again we will use the convention oo? =1)

—ag +—b, — ,0 — ,0
(4-8) ”f”LZ)(Q) Sc(llaolz opinax{a/q ao/ro }pgnax{ﬁ/q Bo/ro }”f“Lf,?)(Q)

+ ;{}*all;blpinax{a/q—al/rl’O}p;nax{ﬂ/q_ﬂl/rlao}”vxf”L;

)

r

N 11*”2}Lé*bzpma){{a/q_a2/r2’0}p£nax{ﬂ/q_ﬂz/rz’o} ||Vyf||L,)22(Q))

1
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forall A; € (0, &) withi =1,2, and f € C>!(Q). Also

loc

4-9) NIV flle @

1— —b — ,0 : — ,0
EC(/I] al/lz |p§nax{a/q ai/r }p;n‘lx{/f/q Bi/r1 }”V;%f”L;l](Q)

a1 —a3/r2,0} _me —h2/r2,0
Ay ey e bl RO G  f e g

—1—- —b : - ,0 2 - ,0

+7] 00/12 Opindx{a/q ao0/ro }p;nax{ﬂ/q Po/ro }”f”L,’)%(Q))
forall A; € (0, &) withi =1,2,and f € Cllo’c1 (Q). All the constants above depend
onlyonq,ri,m,n,a,a;,f,fi,o and N.

Remark 4.6. (1) If D = Q; x Qp C R” x R™ in Theorem 4.5, we may take
G C Qf and G, C Q5.

(2) The distances d(x, G1) and d(y, G;) can be any distance functions arising
from any norm on R" and R, respectively. Of course, all norms on Euclidean
space are equivalent. For convenience, we will use our previous norm, namely,
d(x,u) =max{|lu; —x;|:i =1,2,...,n} forany x, u € R" (or R™).

(3) Clearly, if a, f > 0, then w is product d-doubling on Q in R* x R™.

Proof of Theorem 4.5. We will use Theorem 1.10 with x4 = 1. First, for any
parallelepiped R =1 x J C Q such that 0 R C €, we have

d(1,G)+2r(I) = d(x,G1) 2d(I, G1) = (0 — Dr(),
d(J,G2) +r(J) zd(y,G2) =d(J,G2) = (6 — Dr(J)

for any (x, y) € I x J. Hence w(x, y) is comparable to d(I, G)*d(J, G,)? for
any (x, y) € R and hence w(I x J) is comparable to d(I, G1)*d(J, G2)?|1||J].
Similar estimates can be obtained for vg, v; and v5.

For any Lipschitz continuous function f on R, we have by Proposition 2.16,

If = frllLar)
< Cm,n, q)(r(DIRIMV Ve flln gy +r (DRI 1V £l (ry)

for all parallelepipeds R =1 x J C R" x R™, where fr = fR f/IR].
It is then clear that for any parallelepiped R = I x J C Q such that 6 R C Q,
we have

I f— fR”L?U(R) <C(m,n, q)

x (Klr(])1+n(1/qfl/r1)r(‘])m(l/qfl/rl)d(I’ Gl)a/qfal/rld(‘]’ Gz)/f/qf/ﬁ/rl ||fo||1‘:11 ®

+ Kzr(])”(l/qfl/rz)r(J)1+M(1/q*1/72)d(1’ Gl)a/q*az/rzd(‘[’ Gz)ﬁ/qfﬁz/rznvyf”ﬂ2 (R)),
1)2
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where K; = C(o0,q, a, B, a;, bi, r;). We now let
Ai(R) = r(I)n(l/q—l/ri)+min{a/q—ai/ri,O}r(J)m(l/q—l/ri)+min{ﬂ/q—ﬂi/rl-,O}

« pllnax{a/Q—ai/ri,O}pglaX{ﬁ/q—ﬂi/ri,0}

fori =1, 2. Also, recall that

— —1
Ao(R) = o(R) IR oy "™l 1

<Cd(l, Gl)a/q—ao/rod(_]’ G2)ﬁ/q—ﬂ0/m|]|1/4—1/r0|J|1/q—1/r0
< Cplmax{a/q*ao/ro,o}p;nax{ﬂ/q*ﬂo/ro,o}

w1 (1y" (/4= /ro)Fmine/q—ao/ro.0) . ( pym(1/g=1/ro)kminif/g—Po/r0.0)

Itis now easy to see that (1-25) holds with A; = K p|"™X\#/4=¢i/7-0} ,maxth/a=fi/ri,0F

Moreover, we have

ILf = FrllLgry = CRIAT RNV fll 1t gy + CK2 ARV IV Fll 172 ()

2

for all parallelepipeds R = I x J C R" x R™ such that ¢ R C Q. This establishes
(1-28) with ¢ = 1. Similarly, (1-29) is clear.

Finally, (1-27) clearly holds by the unweighted Poincaré inequality.

The theorem now follows from Theorem 1.10. O

Next, let us prove an interesting case when we have A, weights on R" x R™;
see [Chua 1999] or [Fefferman and Stein 1982] for definitions.

Theorem 4.7. Let1 < p <ococand1 <o,N,0 <e1,6 <oo. Ifwe A,(R" xR™)
and Q € F (o, N, &1, &2, R" x R™) is a bounded set, then there exists an ¢ > 0
depending only on the weight w, such that for any p < q < p + ¢ there exist
0 < hy, hy <1withh;+ hy <1 such that

11190y < Cw(Ro) 41 Pr(To) " r (Jo)"
< (72" 1 ey + 21" A P IV Fllp iy + 47" A5 " 1V Fll Lz @)
forall f € CIOO’C1 (Q) and

IV £l 19 ) < Cw(Ro) 47 P1(Io)" 1(Jo)"
% (j«l_l_hllz_hznf‘”llﬁ(g) +j«i_hl}~2_h2”D%f”Lz)(Q) +i;hl&%—/ﬁ“v}gyf”[{g)(g))

forall f € CI’I(Q), where Ry = Iy X Jy is any parallelepiped that contains €.

loc

Proof. First note that since w € A,(R" x R™), by the Holder inequality we have

(%)UP(%)-] (%)l/p’ ¢
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for all parallelepipeds R C R C R" x R™. Next since w is reverse doubling
on R” x R™, there exists an # > O such that w(R)/w(R) > C(|R|/|R|)" for
all parallelepipeds R € R C R" x R™. Hence if we choose & > 0 such that
(m+n)n(1/p—1/(p+e¢)) <1, thenforany p <g < p+e, thereexist0 <hy, hy <1
with i + hy < 1, such that

w(R\Y4 ([T)\"/n=1 1T \re/m=1 w—l/(p—l)(R) 1/p'
w(R) 1] | /] w1/ (P=D(R)
for all parallelepipeds R=1 x J C R=1x J C R" x R™. Let
Ai(R) = w(R) I |RI™ (w ™" (R

Since hy +hy < 1,if r(J)/r(I) =r(I)/r(J), we have

Ai(R)r() _ Ai(R) (r(l))’ﬂ*hz _ Ai(R)(r(I))hl(r(J))hz -c
Ai(R)r(D) ~ AR \r(D) AR \r(h) \r(D) T
by (4-10).
Hence by Proposition 2.16, we have

If = frlle ()
< Cw(®)RI™ (w PV RNY (r(DIV £l L gy + 7 (DIDy £ll 2 ()

for all f € CIOO’Cl (Q) and parallelepipeds R = I x J C R" x R™. Furthermore, if
Ry = Iy x Jy is any parallelepiped that contains €, then

Ai(R) < Cw(Ro)1=1Pr(To)"1r (Jo)r2r (1) M1r (1) 2

fori =0, 1, 2 and all parallelepipeds R =1 x J C R" x R” such that ¢ R C Q.
The result now follows from Theorem 1.10. U
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