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Non-compact Littlewood—Paley theory for
non-doubling measures

by

Mi1cHAEL WILSON (Burlington, VT)

Abstract. We prove weighted Littlewood—Paley inequalities for linear sums of func-
tions satisfying mild decay, smoothness, and cancelation conditions. We prove these for
general “regular” measure spaces, in which the underlying measure is not assumed to sat-
isfy any doubling condition. Our result generalizes an earlier result of the author, proved
on R? with Lebesgue measure. Our proof makes essential use of the technique of random
dyadic grids, due to Nazarov, Treil, and Volberg.

0. Introduction. In this note we generalize a slightly non-standard
stopping time argument from the usual Euclidean setting on R, with Le-
besgue measure, to one in which the underlying measure is not assumed to
satisfy any doubling condition.

The original motivation for this work came from certain weighted in-
equalities proved by the author and Richard Wheeden in [WhWi|. They
looked for conditions on weights v and non-negative measures p which en-
sured that

(0.1) (f |wqcm)1/q < (§ |f|pvd:n)1/p

d+1 d
R R

would hold for all f in some reasonable test class. Here we are assuming that
p and q lie strictly between 1 and oo, and that u is the harmonic (Poisson)
extension of f into Riﬂ = R? x (0,00). The approach they used was to
consider a dual form of (0.1):

0.2 (Vi@ o) < ( § lott.)l” du)

d d+1
R R+

1/¢’
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Here p’ and ¢ are the dual indices to p and ¢, 0 = vl_p/, and g is an arbitrary
bounded, measurable, compactly supported function mapping ]Ri+1 — R.
The operator T' is a certain “balayage”-like object, whose precise definition
need not concern us here.

The inequality (0.2) turned out, after some juggling, to follow from in-
equalities like this:

(X ‘Z/\chu@)‘p/ de>1/p/ < C(Z I/\qu,wcz)
RO Q Q

The summation is over the dyadic cubes Q C R%; the A@’s are arbitrary real
numbers, of which all but finitely many are assumed to be 0, and the wg’s
are certain positive numbers whose precise definition need not concern us.

1/q'

The functions ¢q) are, if you will pardon the misnomer, non-compactly
supported wavelets. This means: each ¢(g) is a bump function centered
around @, with size and smoothness decaying at a nice rate as |z| — oo,
and that has some cancelation. To state these conditions precisely, we need
to introduce some standard notation.

A cube @ C R? is a Cartesian product of intervals in R', all having
the same length. We use £(Q) to denote this common length (called @’s
sidelength) and |Q| = £(Q)% to denote Q’s Lebesgue measure; we will also
use |-| to denote Lebesgue measure of more general sets. By xg we mean the
geometric center of Q. The families of functions {¢(q)}¢q arising in [WhWi]
satisfied (after a suitable normalization) the following three conditions:

(1) For all x € R4,
o) (@) < 1QIT2(1 + | — zql/€(@)) M.

Here M is a positive number depending only on the family; in prac-
tice, M is always larger than d.
(2) For all z and y in RY,

[6(@) (@) = Sy (W) < (lx —yl/LQ)IQI
<((1+ | = 2ol/6@) ™ + (1 + |y — 20l/6(@)) ).

(3) For all finite linear sums > 5709 (qQ)>
2
(5 00| dr < X hol
Q Q

This last condition is what we mean by “cancelation.”

REMARK. The functions occurring in [WhWi] were not assumed to sat-
isfy (1)-(3), but happened to satisfy conditions that implied them. These
stronger conditions were used to prove the results in [WhWi].
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In [W2] the author proved that (1)—(3) were enough to imply fairly strong
Littlewood—Paley estimates for arbitrary finite linear sums ZQ AQP(Q)-
These estimates were given in terms of the Muckenhoupt A., weights. Re-
call that a non-negative v € Li (R?) is said to belong to A if, for every
e > 0, there is a § > 0 so that, for all cubes Q C R¢ and measurable subsets
E C Q, |E|/|Q| < 0 implies v(E) < ev(Q); here, as usual, we are using v(F)
to denote |, vdz.

The main result from [W2] is:

THEOREM 0.1. Let {¢q)} satisfy (1)—(3) for some M > d/2, and let
0>d. Ifve Ay, and 0 <p< oo then there is a constant C=C(p,d, o, M,v)
such that, for all finite linear sums f = ZQ AQP(Q)s

p/2
R (Z B (14 ho — wglje(@) ¢ v

3, Q|
What does this result mean? Let us rewrite the right-hand integral as
VG(£)Pvda,
where

1/2
(Z 'Tg} 1+|x—xQ|/e<Q>>—2M+9) |

The function G(f) is simply a discretized version of the familiar g}-function
from classical harmonic analysis. The inequality in Theorem 0.1 controls the
size of f (defined by a sum with cancelation in it) with something built from
a sum of positive terms. What is interesting is that the long-term decay of
G(f) (of order |z|~M+2/2) is not much worse than the best possible long-
term decay of f (of order |x|~*), even against arbitrary A., weights.

The proof of Theorem 0.1 employed a stopping time argument specially
adapted to sums of “non-compactly supported wavelets.” (Sums of true,
compactly supported wavelets can be handled essentially in the same manner
as Haar function decompositions; see [W1]). Unfortunately, the argument
also relied on the “doubling” property of the underlying Lebesgue measure.
We remind the reader that a measure v is doubling if, for every cube @, the
v-measure of )’s concentric double—called 2(Q)—is bounded by a constant
times v(@). The doubling property has the following important consequence
(and is, in fact, equivalent to this): in any cube @, the set {z € Q : d(z,Q) <
el(Q)} has uniformly small relative measure in @ as € — 0. This was needed
in the proof of Theorem 0.1 because the stopping time argument worked by
analyzing sums ZQ AQ®(@) on certain dyadic cubes @', where one loses all
control over what happens when z is near Q) (“edge effects”). The doubling
property of Lebesgue measure allowed us to discard this set as negligible.
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Unfortunately, one cannot do this if the underlying measure does not have
the doubling property. These include the “regular” measures, which have
recently been receiving a great deal of attention ([MMV], [NTV], [T1]-[T3]).
A Borel measure p on R? is called regular if there exist a positive constant
C and a constant 0 < 3 < d such that, for all cubes Q, u(Q) < CL(Q)?; we
call such a u normalized if C' = 1. It is easy to see that regular measures
need not have the doubling property. For example, if L is the z-axis in R?,
we could define p(E) to be the Lebesgue measure of EN L in R. If a square
Q@ is close to the axis but does not touch it, then p(Q) =0 but u(2Q) > 0.

For a long time it was believed that, in order to generalize results in
classical harmonic analysis (e.g., those involving singular integrals) from the
setting of (R?, dr) to that of (R?, i), it was essential that the underlying
measure p have the doubling property. In many situations, mere regularity
turns out to be an adequate substitute for the doubling property.

In this paper we prove a generalization of Theorem 0.1 to the setting of
regular measures. How we handle (or avoid) the dreaded edge effects calls
for a little bit of explanation.

We use the ingenious trick of “random dyadic grids,” created by Nazarov,
Treil, and Volberg [NTV]. How these grids work will be described in greater
detail below, but we will try to give the basic idea here. We work on RZ2.
Let us suppose we have tiled the plane with dyadic squares of sidelength
27" where ng is huge. We will call these our base squares. We want to
build a grid of squares of sidelength 2!~"0 such that each base square arises
from bisecting the sides of a square from this second grid. There are exactly
FOUR ways to do this. Pick one of the squares with sidelength 27", It can
be an upper right, upper left, lower right, or lower left quarter of one of the
squares from the coarser grid. Obviously, having made such a choice for one
base square determines the choices for all the others. Thus, the grid of base
squares gives rise to four possible grids that are (so to speak) one degree
coarser. We assign a probability of 1/4 to each choice of grids. We now
repeat this procedure on each of the four coarser grids. We obtain sixteen
possible grids, each made of squares of sidelength 227", and each having a
probability of 1/16. We continue this process forever, making grids of larger
and larger squares. In this way we build a probability space (£2, dP), where
{2 is the set of all of the grids built “upward” from the base squares.

Edge effects arise when we have to consider a sum containing many ¢g)’s
on a square R, where the ¢(Q)’s are much, much smaller than ¢(R) and the
Q’s are very close to OR. Such @Q’s are called “bad” relative to R. If we look
at a fixed Q arising from the grid-building process described above, it turns
out that the (relative) probability of the set of grids for which @ is bad
vis-a-vis any R is quite small. An averaging technique then allowed [NTV]
to, in effect, ignore those grids on which any given square () was bad, and
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thus they could do their analysis on the assumption that every square @)
was “good.” What all of this means is made precise (and, we hope, clear)
below. If the reader is already familiar with the random-grid method from
[NTV], we should warn him that our situation has required a small (but
easy) modification of their approach.

Following [NTV], we shall also work on R?. We suppose we have a fixed
positive measure p satisfying pu(Q) < £(Q)? for all squares @, where 0 <
0 < 2 is also fixed. All squares are assumed to be Cartesian products of
half-open intervals, like Q = [a,b) X [c, d).

A dyadic grid I with scale X (1 <X < 3/2) is a collection of squares (),
with sides parallel to the coordinate axes, satisfying:

1. every @ has sidelength £(Q) equal to 2*X for some integer k;

2. for each k, the squares with £(Q) = 2R tile R?;

3. the squares Q with £(Q) = 2*R are obtained by partitioning each of
the squares Q' with £(Q’) = 2*+IX into four equal subsquares.

Given a dyadic grid I', we say that Q € I is bad if there is an R € I’
such that £(Q) < 27"¢(R) and d(Q,0R) < £(Q)*¢(R)'~%, where n is a
positive integer and 0 < a < 1. If @) is not bad, it is called good. Obviously,
goodness and badness depend on n and a. We will prove some lemmas, valid
for certain sums indexed over arbitrary collections of good squares, and at
the end we will choose n (large enough) and a (small enough) to serve our
purpose.

Let I' be a dyadic grid and let x4 be a normalized regular measure. We
say that {¢(r)}rer is a standard family of functions (relative to I") if, for all
I €T, and all z and y in R?,

b0y (@)] < X254 )8 SuD A+ | — il (1),

(1)
5
oy (x) — oy (y)] < <’3;(_[)y’> (Xl(l'):‘(;é)l(y) RN

< (L [ =2 J01) P75+ (1 + ly — xfl/ﬁ(f))_ﬁ_€)>,

and, for all finite linear sums ) v7é(1),

S ‘ Z’mf)u) ‘2 dp < Z il

We should explain where these inequalities come from. The size and
smoothness estimates (for x and y far from I) are what one gets when
one applies a suitable Calder6n—Zygmund kernel K (z1,z2) to a p-adapted
“Haar function” supported on I (see [NTV]). The estimates for z and y
close to I are, we confess, something of a stopgap: they are analogues of
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what one would get by applying a classical Calderén—Zygmund kernel to
a two-dimensional wavelet supported on I. The third inequality is simply
almost-orthogonality.

We say that a standard family {¢}rer is good if ¢y = 0 whenever
I € I' is bad.

We will be considering finite linear sums f = > ;. Ard(;) where the
¢(1y’s belong to some good standard family (relative to I"). For such a sum,
let us define

1/2
g (f)(z) = (Z ’)\1!2 (%4_6([)5(1+|x_1.1|/£(1))(ﬁ2€+Q)(1a))) ’

Ier

where ¢ and a are assumed to be small and positive. This is a natural
translation of G(f) to our new situation. Note that ¢g*(f) depends on the
positive parameters «, (3, €, and p, and that this dependence will normally
be suppressed.

Our main theorem is:

THEOREM 1.13. Let 1 be a normalized regular measure on R? and let
0 < p < 0. There is a constant C = C(p, 0,n,, 3,¢€) such that, if I" is
any dyadic grid, and f =), A\ré ), where the ¢(p)’s belong to some good
standard family (relative to I"), then

J1£17 < C (9" ()7 dp.

Before going further, we should say a few words about the roles played
by o, n, a, G, and €. The relevance of o and n is, we hope, obvious: they
are part of the definition of good squares. (Why « shows up in precisely
the way it does is another matter, but that will become clear in the proof.)
The parameters 3 and € come in because of our bounds on the ¢)’s. But
the parameter g is mysterious. It is a “bump” which guarantees that certain
integrals and sums have good bounds. In proving Theorem 1.13, we will
need to control integrals of the form

R\ (14 |o =zl /R) ™72 dp(x),
R2
where R is positive but arbitrary. The reader can easily verify that if y is a
normalized regular measure and g > 0, the preceding integral has a bound
independent of R; while, if o < 0 and pu = Lebesgue measure, the integral
is infinite. We will repeat this observation below (see Observation 1.5 in the
next section; see also the proof of Lemma 1.8). We will also have to control
sums of the form
S (D) /6@) 1)

Ier
I1cCQ
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for arbitrary squares @) € I'. This sum is bounded by C(0)u(Q) if 0 > 0 but
can be infinite otherwise.

We say that a Borel measure v is A, relative to p if for every positive
number 7 there is a ¢ > 0 such that, for all squares () and Borel sets E C @,
if u(E) < ou(Q), then v(E) < mv(Q).

We shall see that Theorem 1.13 (with a suitable adjustment in the con-
stant C') also holds with respect to measures v that are A, relative to p.
Precisely, the definitions of the ¢(;)’s and g*(f) remain unchanged (in par-
ticular, they are still expressed in terms of u), but the integral inequality
becomes

J1717 dv < €\ (g7 ()P dv.

By means of the averaging trick alluded to above, we obtain the promised
generalization of Theorem 0.1, one making no assumption of “goodness” on
squares. The statement of this corollary requires two new definitions, one of
which is standard. The standard one is this: If I is a square and A > 0, then
Al denotes the square concentric with I and of sidelength equal to A(I).

The next definition is not quite so standard.

Let I be a dyadic grid on R?, and let 4 be a normalized regular measure
on R? (with “parameter” 3). Let 7 be a small positive number. We say that
a family of functions {d)g)}fep, indexed over I', is T-adapted to I" if, for all
I €I and z and y in R~

o0y (@)] < % () PR+ | — | /(D)

9
oot () (o

X (L | — 2005 4 (L4 Jy — m/w))“)),

and, for all finite linear sums ) vrd(1),

| ‘ > b ‘2 dp <> il

Essentially, a family is 7-adapted if it is a standard family plus a little
more. However, we must warn the reader that this “little more” might not
be so little. For example, it entails replacing the estimate

60y ()] < % )P D+ e — ()P

with

60 ()] < % 0D+ |z — 2] D) P,
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and p((1 + 7)I) might be infinitely larger than (7). This is unfortunate,
but the 7 is what (literally) gives us the “wiggle room” to carry out our
averaging argument.

We define a corresponding, “r-adjusted” g*-function:

9" (f)(=)
1/2
= <Z ’)\1’2 <X(1+T)I + E(I)_/B(l + |z — x[|/£([))(—,3—28+g)(1—a)>) ’

n(l)

where, as before, p and a are assumed to be small positive numbers. Note
that g*(f) is “a little” larger than g*(f), but that this “little” might be
enormous.

The generalization of Theorem 0.1 is:

THEOREM 2.1. Let {¢(p)}rer be T-adapted to a dyadic grid I'. Let 0 <
p < oo. There is a constant C = C(p, 3, T, 0, &) such that, for all finite linear

sums f =31 vd,
| 1717 de < € § (57()" dp

R2 R2
Moreover, if v is any measure which is Ao, relative to u, we also have

J 1flPdv < € § (5" ()P dv

R2 R2
for all such p and f, where the constant C' now also depends on v.

We prove Theorem 1.13 in Section 1 and we prove Theorem 2.1 in Sec-
tion 2.

We wish to express our profound debt to [NTV], and in particular to
Fedor Nazarov. Our original version of Theorem 2.1 applied only to 1 < p
< 00. He patiently explained the trick that allowed us to extend it to p < 1.

We also wish to express our gratitude to the referee for the very careful
reading given to this paper, and for thoughtful suggestions which have made
it much easier to read. These included the correction of a non-obvious (but
treacherous) typographical error in a crucial inequality.

The final revision of this paper was made in Spain, while I was on sab-
batical at the Universidad de Sevilla. I do not know how to adequately thank
the Universidad de Sevilla, and especially Carlos Perez, my friend and col-
league, for their generous hospitality. While at the Universidad de Sevilla, I
was supported by a fellowship from the Ministerio de Educacién, Cultura,
y Deporte (number SAB2003-0003), for which I am deeply grateful.

1. When every square is good. The stopping time argument calls
for some basic definitions. Until we say otherwise, all squares are assumed
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to belong to a fixed dyadic grid I'; and, until we say otherwise, we shall be
working with a fixed finite linear sum f = > ;. Ard(), where the ¢p’s
belong to a good standard family.

DEFINITION 1.1. If Q € I, then S(Q)={I €I : I ¢ Q}.
We think of S(Q) as consisting of the squares that “surround” Q.

DEFINITION 1.2. If @ € I', then N(Q) = {Il € I' : I C Q,¢(I) =
(1/2)6(Q)}-

We think of N(Q) as the “next generation” begotten by Q.

DEFINITION 1.3. For Q € I', define

1
FQ =7 (2 Mo @) du),
Q I1e5(Q)
and set F'(Q) to be zero if u(Q) = 0. We define a corresponding maximal
operator

F*(z) = sup [F(Q)].
Q:zeqQ

We also define, for xz € @,

F(Q,r) = Z A19(n) (),
Ies(Q)

and note that 1

F(Q) = o éF(Q’x) dp(z).

DEFINITION 1.4. For Q@ € I', we define a partial Littlewood—Paley oper-
ator:

G(Q) =
<@S< > |)\I|2<%+€(I)6(1—|—|:L’—331|/£([))525+g>>dﬂ(x)>1/2

Q 1eS(Q)

if 4(@) > 0 and zero otherwise. We define a corresponding mazimal Little-
wood—Paley operator:

G*(x) = sup G(Q).
Q:2€Q

As the reader can probably guess, we will prove Theorem 1.13 via a
good-\ inequality. If he has read [W2], it is only natural for him to think
that this inequality will have the form

p({z: F*(x) > 2X, G*(z) < yA}) < Ap({a: F*(z) > A}).
But it will not. The actual inequality we will prove has the form

p{z: F*(z) > 2X, g°(f)(z) <A} <Ap({e: F7(z) > A}).
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However, we will use G*(z) in an essential way in our stopping time argu-
ments.

As in [W2], the stopping time argument will follow from a series of
lemmas, which we have laid out below, so as to correspond fairly closely to
the order in [W2]. However, before beginning these, we wish to repeat an
observation we made in the introduction, and which we invited the reader
to prove for himself.

OBSERVATION 1.5. Let i be a normalized reqular measure on R?, with
parameter 3 > 0, and let v > (3. There is an absolute constant C = C(~, 3)
such that, for all R > 0 and all xy € R?,

RP{(1+ |2 — a0l /R) ™ dp(a) < C.
Now we prove the lemmas.
LEMMA 1.6. For p-a.e. z, |f(x)] < F*(z).
Proof. Trivial.

LEMMA 1.7. For every x, G*(z) < cg*(f)(z), where ¢ depends only on
the “natural” parameters.

Proof. We take x and y to be arbitrary points in (), and consider I €
S(Q), with I a good square. We wish to compare

L -8B T — —B—2e+p
(1.1) oD +(I)77(1+ | 1]/¢(1))
and
XI - —B—2e+0)(1—«
(1.2) m+£(1) P14 |y — ay| fe(1)) P2tz

and show that (1.1) < ¢(1.2), with a constant independent of x and .

If @ C I, there is nothing to prove. The inequality is also easy to prove
if £(Q) < ¢(I) or if d(Q,I) > £(Q). Therefore we only need to consider the
case where £(I) < £(Q), I is close to @, but I is disjoint from Q.

Since I is good, we know that either ¢(I) > 27™¢(Q) or d(I,00Q) >
((D*(Q)~“. In the former case our inequality is easy to prove, with a
constant that depends on n. The reason is that then |z — x| and |y — x|
are comparable, with comparability constants depending on n. By itself this
fact would yield

(L |z — g (1) 7072 e S C(1+ [y — g (1)) 777,
and the extra 1 — « in the exponent just makes the right-hand side bigger.
So now we suppose that I ¢ @, ¢(I) is small, and d(I,0Q) >
()@t
On the one hand, we have
|z —@r| > 01)*0Q) ™,
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s (S

- ()

implying

and therefore

On the other hand,

ol L HQ)
<

Combining the inequalities, and inverting, we get

(1 " ’xezfg)CI’)l < (%)M < C<1 4 ’%&361\)“”7

from which the inequality (1.1) < ¢(1.2) follows, by raising both sides to the
positive power [ + 2¢ — p.
The inequality we have just proved shows that, for all  in Q,

M (X AP b =l ) ) ) )

Q “I1eS(Q)
<Cg*(f)),

1+

which gives the lemma. =

We will encounter the style of the preceding proof repeatedly. (As John
Garnett likes to say, “Five hundred theorems—one proof.”)

LEMMA 1.8. Let Q € I', and let x, y, and z be points in Q. Then

(X 2om@) = (X M) < e’ ().

IeS(Q) 1eS(Q)
Proof. Define h = ZIGS(Q) A1¢(1y, and set

=Y Mow, ha= D Miou.

I€sS(Q) IesS(Q)
2(1)>6(Q) 2(1)<e(Q)

We will show that (i) |hi(z)—h1(y)] < cg*(f)(z) and (ii) |he(z)| < cg*(f)(2).
(i) By the smoothness bound on the ¢;)’s,

) =t Y I (M o

I€S(Q) M(I)
LI1)>6(Q)

% (Lt [z — 2l f)) P + (L4 |y — m/w))“)),
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which we split into two pieces:

lt—yls 1
1.3 A
(1.3) I:QCE;(#I\ 1( o ) =)

and

o> ()

1€8(Q): QNI=0
L1)>£(Q)

x (E(I)iﬁ V M(I)((l + |33 — :L‘ﬂ/f([))fﬁ*E + (1 + |y _ l’[|/€([))7ﬁ75)),

Now, |z — y| < ¢l(Q) and, for each positive k, there is a unique I con-
taining @ such that £(I) = 2*/(Q). Therefore, by the Cauchy-Schwarz in-
equality, the first piece (1.3) is less than or equal to

(3,20 <o

I1:QCI

for any z € Q.
The second piece (1.4) is less than or equal to a constant times

5
S WI(EF) a1z = )
IesS(Q): QNI=p
(I)24(Q)
because 1 + | — xy|/¢(I) and 1 + |y — z7|¢(I) are both comparable to 1 +
|z —xr|/¢(I). Using Cauchy—-Schwarz again, the second piece is less than or
equal to a constant times

Z )20 ~P (1 + |Z—$I’/£(I))_ﬂ—28+g)
IGS(Q) : Qﬂ[:@
L1 24(Q)

0 26
(X (57) wounrals- sl )
IeS(Q): QNI=0
1) >4(Q)

The first factor is less than or equal to ¢*(f)(z) (again, the 1 — « in the
definition of g*(f) only helps things).

We claim that the second factor is less than or equal to a constant. Our
argument will be in the spirit of that on page 36 of [W2].

We split the sum up according to the sizes of the ¢(I)’s:

1/2

1/2

o0

Y2 > PP (L + [z = 2] (1)) 774

k=0 I1€5(Q) : ¢(I)=2%£(Q)
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and it is clearly enough to show that

> p(DUD) P+ |2 —ag| (1)~
I€S(Q) - ¢(I)=2%£(Q)
is less than or equal to a constant independent of k. However, a moment’s
thought shows that this last sum is bounded by a constant times

R\ (1+ |z —zql/R) ™" du(x),
R2
where R = 2¥/(QQ), which, by our observation, is < C(f3, ). That takes care
of (i).
(ii) This argument will closely follow that on pages 36-38 of [W2], with
a couple of twists.

Write R? = Q U |J ; Q;, where the );’s are congruent, disjoint copies
of Q. Every I occurring in our sum lies inside a unique @;. Thus,

() <> > M (@)

J I1:1CQ,

= Z Z [Aron (@)] + Z Z A1¢(n) ()
J:d(Q,Q;)=0 I:1CQ; j:d(Q,Q;)>0 I:ICQ;

= (1) + (II).

We will handle (II) first. The @;’s in this sum satisfy d(Q, Q;) > 4(Q),
making the terms especially easy to handle. By the size bound on the ¢(1)’s
and the Cauchy—Schwarz inequality,

W< (X WPUD I e oere)

7:d(Q,Q;)>4(Q) I:1CQ;
A 1/2
><( 3 S U P ud)(1 + |z — 2]/ ))ﬂ@) .
7:d(Q,Q;)>€(Q) I:1CQ;

The first factor is easily to seen to be < cg*(f)(2), for any z € @, with ¢
independent of z. We claim that the second factor is less than or equal to a
constant.

Consider, for fixed j,

ST Un) P+ o — ] /(1)) e

1:1CQ;j

Take I C @Q;. For some positive ¢, an absolute constant, we have

|z — x| > C|$Q _ij|7
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implying (using the fact that |zq — zq,|/((Q) > 1)
Lt o — o|/D) > ¢(1+ [vg — 2q,|/0(Q)) (E(Q)/4(1):
and thus
(Y Pu() (1 + | — 1] f0(T))
< eI PN+ |zq — g, |/€Q))P7(UQ) /(1)) 7P ¢
< Q) (1 + |zq — 2,1 /0(Q) 778 Y (U(1)/UQ))u(I).

ICQJ'

We estimate the last expression by writing the sum as

S > 27Reu(l) = Con(Qy),
k=0 I:1CQ,
(n=2-+2(Q;)

where we recall that £(Q;) = £(Q).

Thus, the second factor bounding (II) is dominated by a constant times
the square root of

U™ m@)(1+ |z — 2q, |/U@) ™7,

which, following the reasoning above, is bounded by a constant times
RO\ (1+ |z — 2q|/R) "¢ dp(x),
R2

for R = ¢(Q)—and is therefore less than a constant.

Now we deal with (I). The cubes I in this sum all satisfy d(I,Q) < c/(Q)
and (from our “good square” hypothesis) either £(I) > 27"4(Q) or d(I, Q) >
(1)*(Q)* <. The upshot is that, for any = € Q,

(D)™ Q) ™ < |z — 21| < 2£(Q).
Let  and z be arbitrary points in ). The preceding inequalities imply
L+ |z —2|/6() > e(U(Q)/0(1))'
and
L+ |z — | /6(I) < cl(Q)/L(1),

where the second inequality uses the fact that 1 < ¢(Q)/¢(I). Combining
these, we get

(L4 o — 2] /(D) P24 < oL+ |2 — aq] /(1)) P2er =)

with ¢ an absolute constant.
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By the Cauchy—Schwarz inequality and the preceding inequality,

m<( X X WPAD PO o))

7:d(Q,Q4)=0 I:1CQ;

(XX a0 o al/m) )

J:d(Q,Q5)=0 I:1CQ;

= C( Yo D> MPUD TP A+ |z -/ ))<—ﬂ—2s+e><1—a>)

3:d(Q,Q;)=01:1CQ;

(XY D e -l e)

3:d(Q,Q5)=0 I:1CQ;
. \1/2
<’ (NE( Y X MDD+ o —adl ) )
7:d(Q,Q4)=0 I:1CQ;

We will finish the proof by showing that the second factor in the last ex-
pression is bounded by a constant.

This is where it becomes essential to make o very small.

By the inequality proved in the last paragraph but one,

(1 |z — @] /0(1) 7772 < e(0(1) /£(Q)) P T,
which implies
(D)1 | — g /(1) 7P < 6(Q) P (U1 /6(Q)) P+ =77,

We now choose a so small that n = (54 0)(1 —a) — 3 > 0. Then the second
factor in the last expression is bounded by a constant times the square root

of
Q)T D> ) e@Q))",

3:d(Q,Q5)=0 1:1CQ;

which is easily seen (consult the earlier arguments) to be less than a constant.
Lemma 1.8 is proved. m

1/2

1/2

REMARK. The proof of our bound on hs has the following consequence,
which will be useful later. Suppose that our finite linear sum f=3 .~ Ar¢
is such that Ay = 0 unless [ is a subset of some fixed ()9 € I'. Then, for all
z ¢ Qo, F*(2) < cg*(f)(z), where c is an absolute constant. To see this, let
2 ¢ Qo and let @Q € I" be such that z € Q. Either Qy C Q or QN Qo = 0. In
the former case, F(Q) = 0. In the latter case, |F(Q)| is less than or equal
to the supremum over @ of » ;. |Ar][¢(r)|, which is less than or equal to
g™ (f)(2).

LEMMA 1.9. If Q" € N(Q), n(Q') > 0, and z € Q' then |F(Q)—F(Q")| <
g™ (f)(2)-
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Proof.
F(Q)]

‘— (Z Mol ))du() V(2 >\1¢<1>“') (')
Q Ie5(Q) )Q/ S

‘ (X Ao (@)) dua) - (X Men@)) du()
Q I1eS(Q) )Q/ 50
1 / )

! 'N(Q’) g,(les(g;\s(@ A1) (x )) du(z")

= (I) + (ID).

Because the ¢(1)’s are continuous, term (I) is no bigger than
‘( > >\1¢(1)($)) - ( > Mo (y))‘
I€S(Q) 1eS(Q)

for some points x and y in ). By Lemma 1.8, this is
< cinf g* <c inf ¢*
<cinfg (=) < ¢ inf g (=),

so (I) is all right.

We may bound the integrand in (II) the same way we bounded hs in
the proof of Lemma 1.8 (strictly speaking, the way we bounded (I) in that
proof); details are left to the reader. Lemma 1.9 is proved. m

LEMMA 1.10. Let Q' € N(Q). There is a ¢ > 0 such that, for all z € Q,
G(Q') < cg*(f)(2).

REMARK. The purpose of this lemma is to give a lower bound on g*(f).

Proof. We may assume that x(Q’) > 0 and take z € Q \ Q. Take I €
S(Q') and x € Q. Then it is enough to show

xr(2) —B —B—2e+
+4(1 14+ |z —xf|/0(1 cTe
L 1)1+ o 1]/ (D)
< | X )81 4 |z — g e(ny) B |
p(l)

If @ C I then (since I # Q') x1 = 1 across @ and the inequality is trivial.
If z € I and ¢(I) < 4(Q'), then |z — x| < c¢|z — z1|, and the inequality is
once again trivial. If £(I) > (Q') and IN Q" = INQ = () then |z — x|
and |z — xy| are comparable, and the inequality is trivial. If /(1) < 4(Q")
and d(I,Q’) > £(Q') then |z — x| and |z — x| are still comparable, and the
inequality is still trivial.
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The nub of the matter is: £(I) < £(Q"), 2z ¢ I, INQ" =0, d(I,Q") < £(Q’).
Now we use the fact that I is good, which implies that either (1) > 27"4(Q")
or d(I,Q") > £(I)*4(Q")*~%. These imply that, for all z € Q’,

|z —@r| > cl(I)*0(Q)' ™,
where ¢ depends on n. Thus
Lt |z — 2| /6(T) > e(U(Q")/£(1))' .
On the other hand,
|z — 1] < (@),
implying
1+ |z — x| /(1) < cl(Q) /1),
where we use the fact that £(Q’)/¢(I) > 1. Raising the last two inequalities
to the appropriate negative powers, we get

(14 [a — g | /0(1)) P72 < e(1+ |2 — ay| /(1)) P72 e,
which proves our result. m

LEMMA 1.11. Let Qo € I' and f = ) ;. A\ré ) where the ¢(r)’s belong
to some good standard family relative to I'. Assume that A\j = 0 for I €
S(Qo) (i.e., the only I’s that count are properly contained in Qg). For every
5 > 0 there is a v > 0 such that

pn({r € Qo F(z) > 1, g°(f)(x) <7}) < (Qo).

Proof. Let J be the family of maximal () C )y with the property that
there exists a Q' € N(Q) such that G(Q') > A~, where A is a large positive
constant to be chosen presently—in fact, right now. By Lemma 1.10, we
have g*(f) > cAy on all of any Q € J. Pick A = ¢~ 1.

Before proceeding, let us observe that, for every Q € J, G(Q) < Av,
and also that, if z ¢ (J; Q, then G*(x) < Ay.

Let I be the family of maximal I C @)y that are not properly contained
in any @ € J and which satisfy |F(I)| > 1.

Take the union J U K and consider its family of maximal cubes £. We
claim

(1.5) {zeQo: F(x) > 1, g°(f)(x) <~}

c U zeQig @<t
Q:Qec
|F(Q)[>1
The proof is easy. Suppose F*(x) > 1. Then |F(I)| > 1 for some maximal
I containing x. But if I is properly contained in any @ € J, then g*(f)(x)
> . So x must belong to the right-hand union of (1.5).
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Because the @) € L are disjoint, our problem reduces to bounding

S uze Qg (@) <.
@1

Define Fr ={I C Qo:VJ e LI g J)}and Fo={l C Qp:ICJ
for some J € L}, and set
fi="Y" Ao

IeF

for [ = 1, 2. Similarly, define analogous partial sum and maximal operators
F;(Q) and F}*(x); and Littlewood-Paley operators G;(Q), G; (z), and g*(f1).
Let us note in passing that both of the G;(Q)’s are < A~ for all @ € £ and
that Gi(z) < Ayifx ¢ J, Q
Then our problem has reduced (again!) to bounding
Y, w{reQ:g (f)(z) <A},

QeL
IFz(Q)|>1/2

forl=1, 2.
We take [ = 1 first. We observe that, for x € Q € L,
Z A1dn (x Z A1ony(z)r = F1(Q, x).

IeF IeF:
I17Q

(Think about it.)
Because of the ¢;)s’ almost-orthogonality,

A 2
AP < 3 e =§( 3 B ) e
IeF IeF
If z € Q € L, then the last integrand is < (G1(Q))* < (4y)%. Ifz ¢ |, Q,
then it is < (G5 (z))? < (Av)?. Therefore,
§1/1(2)? dpa() < (49)°1(Qo).

Now the weak-type (2, 2) bound for the u-weighted dyadic maximal function
implies

> @) < 4(AY)u(Qo),

QeL
IFl(Q)|>1/2
yielding our estimate for Fj.
Now take [ = 2. Enumerate the members of £ as {Qy}, and tem-
porarily fix z € Q; € L. Without loss of generality, we can assume that
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infg, g*(f)(2) <. Our first task is to estimate F»(Q;, z), which is
Z Z Ardry(z)
k:k#5 ICQk

where z € ; and—important fact!—the I’s are all good.
By the Cauchy—Schwarz inequality,

(1.6) [F2(Qy,) (Z Z IA7|20(D) P (1 + |2 — 2| /0(I))~ ﬁf2a+g)

k:k#j ICQk

< (D02 UD T + e — wil /(1))

k:k#j ICQk
By an argument which is by now familiar, the first factor on the right-hand
side of (1.6) is bounded by a constant times

inf g7(f)(2) < 7"
We claim the second is bounded by a constant times
D0 UQH)TT Y (D) UQ)) D1+ & — 2o, |/6@Qk)) 70,
k:k#£j ICQk

where n = (+0)(1 —a) — 3> 0.
To see this, fix k and consider x ¢ Q and I C Qy, with I good.
If d(z, Q) < 0(Qp), then

|z — 27| > cl(I)*(Qr) ™,
implying
L+ |z — aq] /(1) > e(6(Qr)/LD))' (1 + |z — 2q,]/4(Qw)),
and thus
D)) (L + | — | /U(T)) 778
< el(Qi) (1 + |z — 2w, |/6(Qr)) "~ 2((1) /£(Q)) " 1(]).
On the other hand, if d(z, Qx) > ¢(Qy), then
|z — 21 JE(I) > c(|lz — 2@, |/4(Qr)) (E(Qr)/L(I)),
which implies
L+ |z —ar]/I) > (1 + |z — 2@, |/4(Qr)) (E(Qr) /L(I)),
yielding
UD (@) (L + | — 2| /6(T)) 778
< cl(Qr) (L4 |z — 2q, |/6(Qr) ™72 /£(Qr)) 1)
< cl(Qr) (L + |z — 2q, | /0(Qr)) P71 /6(Q1))" (1),

since n < g. This proves the claim.
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Now, for each fixed k # 7,
> (@D)/6Qu)" (1) < CrlQu),

ICQy

and so the second factor is dominated by

> UQe) Qi) (L + |x — 2q, |/0(Qk) 2.

k: ki
Therefore,

B(Qp, )2 < O (2 UQ0) (@) (1 + o — 70, 1/6(@Qi) 7 70)

ket kg
< O (X UQN) (@) + o — 20, 1/6(Qi)770).
k
Therefore
> 1R(@s ) du()
J Qj

<OV Y QK (@) [ (1 + | — 20,1 /6QK) ™2 du(x))
k

<09y w(@r) < C7*u(Qo),
k

and now our bound follows from a weak (2, 2) estimate as before. This proves
Lemma 1.11. =

THEOREM 1.12. Let f = Y, Ardr) where the ¢py’s belong to some
good standard family relative to I'. Furthermore, suppose that all of the I’s
occurring in f’s sum are subsets of some Q' € I'. For every 5 > 0 there is
a v > 0 such that, for all X\ > 0,

p{z: F*(z) > 2X, g°(f)(z) <9A}) < gu({z : F*(x) > A}).

Proof. Because of the remark following the proof of Lemma 1.8, we have
F* < cg*(f) outside Q. Therefore, for sufficiently small ~,

p{z ¢ Q" F*(x) > 2X, g"(f) () <vA}) =0.
The remark also points out that F(Q) will be 0 for all @’s that contain @Q’.
Therefore we only need to consider z’s inside Q" and F(Q)’s for Q C Q'.
For A > 0, let {Q;} be the maximal Q; C @’ such that |F(Q;)| > A. Such
maximal @);’s exist because F(Q') = 0. Note also that each Q; is strictly
contained in @’. Our problem now reduces to showing, for each Q;,

(L7 a(fe e @ F (@) > 2), g"(f)(@) <A} < 7u(Qy).

It will turn out that 7 can be taken to be c¢y? where ¢ is an absolute constant.
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Let Q; € N(Q*). Then |F(Q*)| < A. By Lemma 1.9, |F(Q;) — F(Q*)| <
cinfg, ¢*(f). If |[F(Qj)| > 1.1\, then, by taking v small enough, the left-
hand side of (1.7) is 0. We do take v to be “small enough,” which allows
us to assume |F(Q;)| < 1.1X. Now Lemma 1.8 implies that, for all z € Q;,
|F(Qj,z)] < 1.1A+cyA, which will be < 1.2) if we take v small enough (and
we do). Therefore we can ignore the F(Q;,x) portion of f and concentrate

on ~
[ = Z A1d(1)-

ICQ;

Define an analogous partial sum and Littlewood—Paley objects F(Q), G(Q),

g*(f), etc., for this “truncated”sum. Then our problem has (at last!) reduced
to showing

p({z € Qj: F*(z) > 8\, " (f)(z) <A} < Fu(Qy).

But, after dividing f by .8\, this becomes the statement of Lemma 1.11,
with 4 =~ 72. Theorem 1.12 is proved. m

Proof of Theorem 1.13. There exist congruent squares Q}, @5, Q5, and
@}, all in I", such that all of the I’s in f’s sum are contained in J @Q);. Define

Ji= Z A1),

Ier
ICQ;

with corresponding partial sum and Littlewood-Paley objects F;, F/, G;,
g*(fi), etc. Notice that, since we are dealing with finite linear sums, all
of these objects are bounded. It is now important to recall a basic fact
about the method of good-\ inequalities. Suppose that h; and hs are two
non-negative functions defined on some measure space (X, m), and that for

every € > 0 there is a § > 0 such that, for all A > 0,
m({x € X : hi(x) > 2X, ha(z) < OA}) <em({x € X : hi(x) > A}).
Then, given 0 < p < oo, there is a constant C such that

\ (hi(2)Pdm < C | (ha(z))P dm

provided that the left-hand integral is finite. By Theorem 1.12, a good-A
inequality holds between hy = F; and hs = ¢*(f;). Therefore our desired
inequality,

V1P du < (g ()P dp,
will follow if we can show that

V(B )P dp < o
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for each 7, under the assumption that

V(g™ (£))7 du < oo.

Now, we have just observed that F}* is bounded. Therefore the integral

V (Fr)Pdp

Q;
presents no problem. On the other hand, as we noted in the proof of Theorem
1.12, we have F < cg*(f;) outside Q. That was all we needed to finish the
proof of Theorem 1.13. If instead we consider integrals with respect to a
measure v which is A, relative to u, then the p-based good-A inequality
immediately implies the corresponding v-based good-A inequality. At the
risk of being redundant (but to avoid a possible confusion), recall that, in
this case, our maximal functions F}", etc., and Littlewood-Paley objects
G7, g, etc., are still the ones based on p. The boundedness of F;* and the
pointwise inequality F* < cg*(f;) outside @ now let us conclude that

Jlri7av < (g7 (1)) dv

holds as well, the only difference being that now the constant C' carries an
additional dependence on v’s A, specifications.

2. When some squares are bad: the averaging trick. Now we
come to an averaging trick that will allow us to extend the Main Theorem,
with a little modification, to arbitrary (not necessarily good) finite sums
[ =221 1er M9(1)- Here we will depend heavily on the method of random
dyadic grids due to Nazarov, Treil, and Volberg.

Let us assume that, for every I € I, there is an integer k such that
¢(I) = 2*. Fix a positive number 0 < 7 < 1/2. We will now construct
a family of random dyadic grids I'(w), where w belongs to a probability
space {2 with probability measure P (to be specified shortly). The squares
in these grids will have sidelengths (1 + 7/2)2%; i.e., for each Q € I'"(w),
there will exist an integer &k such that £(Q) = (1 + 7/2)2F.

We construct our random dyadic grids I”(w) this way. Let ng be so
large that 270 is much, much smaller than 7¢(I) for any I occurring in the
sum that defines f, and fix ng. Build a “base grid” of squares of the form
[(17/2)27m0, (+1)(14+7/2)2770) x [ (147/2)27™, (7 +1)(14+7/2)2-7),
where j and j’ are arbitrary integers. Following [NTV], we subdivide these
squares into fourths, sixteenths, etc., in the usual fashion, to obtain the
smaller squares of the grid I'"(w). We follow [NTV] also in working “up-
ward”, letting the square [0, (1+7/2)27™) x [0, (1+7/2)27 ") have a prob-
ability 1/4 of being the northeast, northwest, southwest, or southeast cor-
ner of a square of sidelength (14 7/2)27"*! drawing the other squares of
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sidelength (14 7/2)27"*! consistent with this, and repeating this random
choice forever on successively larger squares.

Let us say that I € I' is enveloped (relative to I''(w)) if there exists a
Q € I'"(w) such that I C Q C (1 + 7)I. By drawing pictures the reader
can quickly convince himself that the probability that any I in f’s sum is
enveloped is bounded below by ¢72, where ¢ is an absolute constant. Note
that any I is enveloped by at most one Q € I''(w).

Now, given that I is enveloped, the conditional probability that the en-
veloping @ is bad relative to I''(w) is less than or equal to a constant times
277’7,(1
o
which we can make < 1/2 by taking n large (see [NTV]). Let us assume that

n is so fixed.
Define, for I in f’s sum,
V(o) = { 1 if I'is e.nveloped by a good Q € I''(w),
0 otherwise.
We have observed that, for such I,
cr = S x(I,w)dP(w) > c7?,
Q

for an absolute constant c.
We write

F=> Mo = S(Z Cf1>\1¢(1)x(f»w)> dP(w)

Iel’ 2 Iel’
= [ (X w)om ) dPw).
2 Iel’

We have written f as an average of sums »; ,v(I,w)¢(r), where each
|v(I,w)| < CTt72|\f] and is zero if I is not enveloped by a good Q € I''(w).
For such @ and I, the following inequalities are trivial:

i@ _ xe(®) _ xasni(@)
w(T+7)) — w@) —  ud) '

also
)P/ u(D)(1 + !w—wzl/ﬁ( )~
< C1(B,1)UQ) PV (@) (1 + |z — mq|/£(Q) ™"
< Cz(ﬁﬂ") ( ) M((1+T) Y+ |z —zf| /(1)

independent of z, where the constants only depend on 3 and the positive
number 7.



220 M. Wilson

Whenever (I, w) # 0, let us denote I’s enveloping, good @ € I'(w) by
QU,w).

Let us recall that a family {¢()}s, indexed over I € I', is T-adapted to
I'if, for all I € I" and all z and y in R?,

b0y (@) < % )P A | — | (D) P

o) (2) — o) (y)| < <’ (I)y’> (XIEZ;ZFX;)(ZI/; + 1)/ ul)

X (L | — 2 0P 4 (L4 Jy — m/w))“)),

and, for all finite linear sums ) yré(s),

| ‘ Z'mbg)r dp <> |yl

If {¢(1)}1 is T-adapted to I', then, for every w € 2, {dQrw)}r is,
modulo an absolute positive constant, a good standard family relative to
I'(w), where we are setting ¢(q(1,w)) = ¢(r) when y(I,w) # 0, and setting it
equal to 0 otherwise. By Theorem 1.13, for every w € (2,

‘ ZV W)HQ(1w))
|\ <Z (I w)f?
R2 1

p/2
XQ(Iw) -8 T — g (—B—2e+0)(1-a)
(s D)1+ o il D) ) an

which is less than or equal to

p/2
C S <Z ])\1’2 <X(1+T)I i E(I)fﬁ(l +lz— x1|/€(1))(625+9)(1a))> dy

du

o \5 p(I)
for every w € (2. Define
9" (f)(x)

<Z (XL (1)1 4o - wf\/w))(ﬁ%wa>>>1/2.

By taking averages in w € {2, we obtain, for 1 < p < oo,

(2.1) V1P dp <\ @ ()P dpu,

R2 R2



Littlewood—Paley theory for non-doubling measures 221

for all finite linear sums from a T-adapted family. We also immediately obtain
the inequality
(2:2) | 1£Pdo < C [ (57(f))" do,

R2 R2
valid for measures o that are A, relative to p. This gives Theorem 2.1 for
1<p<oo.

An ingenious trick, which the author learned from F. Nazarov, allows us
to extend (2.1) and (2.2) to p’s below 1. Let us suppose we have a fixed grid
I' and a finite, 7-adapted family {¢(;)};. We consider the family of linear
combinations f = ;. A1) that satisfy

Vo (HPdu<t,
and we let R be the maximum value of
V1717 dp

for all such f. It is obvious that R is finite and that the maximum is attained
by some f. What we need to show is that R is bounded by some absolute
constant, independent of the family {¢ ) }1.

For every w € {2, we write

f=fow)+ folw ZAIX W)om) + > Al = x(I,w) )
I

So, for each w € {2, f, is the “good” part of f (it is indexed only over squares
I that are enveloped by squares that are good relative to I(w)) and fp is
the “bad” part. It is trivial that

(9" () = (9" (f3(@))* + (" (fo(w)))?
for each w € (2. Also, there is a d > 0 such that, for every I in f’s sum,
| x(I,w) dP(w) > 5,
2
and therefore
§ (9" (fo)(w))? dP(w) < (1= 6)(g"(f))*.
2

Note, by the way, that the preceding is a pointwise inequality (we have
suppressed its dependence on ).

Let us assume that { (¢*(f))? du(x) <1, and let us choose an optimal f,
i.e., one for which {|f|P du(z) = R; such an f exists by compactness. Since
0 < p <1, we have, for each w € (2,

R=\|f7du(w) < {|fs(@)I” du(a) + {1 fo(w)[” dp(e)
< C+ R (9" (fo(w)))? dp(x).
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The “C” (an absolute constant) in the second inequality follows from the
fact that f,’s decomposition only involves “good” squares. We claim that,
for some wy € 2, § (g*(fp(wo)))P dp is less than or equal to 1 — &', for some
0’ that is independent of f. That will prove the result, because it will yield
R<C+(1-4)R,
implying R < C/¢’.
We write

V§ (o7 (fo(w)))P dpa(z) =

2

[ (6" (fo(@))?)?"? dP(w) du()
(]
( 2aP(w)" du(e)

< (102 {(g" ()P dp(z)
<(1-6P2=1-9.

This implies that §(¢*(fs(w)))? dpu(z) must be less than or equal to 1 — ¢
for at least one wy € {2, and that is what we wanted. Theorem 2.1 is proved.

A final remark. These arguments work equally well, with obvious modifi-
cations, in R? when d > 2. A normalized regular measure j is now defined to
be one such that u(Q) < £(Q)? for all cubes @ and for some fixed 0 < 8 < d.
The definitions of good and bad squares, good standard family, and the max-
imal functions and Littlewood—Paley objects are unchanged, except that now
0 can be as big as d. The proofs of Lemmas 1.1-1.11 and Theorems 1.12 and
1.13 are unchanged, except that now some of the multiplicative constants
depend on d. The definitions of “enveloped” and T-adapted do not change,
but the lower bound on ¢7, which was ¢r2, becomes ¢r?. This introduces an
additional dependence in the constant C' in the R¢ generalization of Theo-
rem 2.1. And, of course, if v is a d-dimensional measure that is A, relative
to u, the corresponding extension of Theorem 2.1 holds for it as well.
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