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We establish a weighted Hardy space theory associated with flag structures.
This theory differs from those in the classical one-parameter and the prod-
uct settings, and includes weighted Hardy spaces H Jp,_.,w, weighted Carleson
measure spaces CMOé’,_.,w (the dual spaces of ngr-,w)’ and the boundedness
of singular integrals with flag kernels on these spaces. We also derive a
Calderéon-Zygmund decomposition and provide interpolation of operators
acting on H;,w. Examples and counterexamples are constructed to clar-
ify the relations between classes of one-parameter, product and flag A,
weights. The main tool for our approach is the weighted Littlewood—Paley—
Stein theory associated with the flag structure.
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1. Introduction

The classical singular integral operators are extensions of the Hilbert transform,
which have singularity at the origin only. The nature of this singularity leads to the
invariance of these singular integral operators under the classical dilations on R”
given by éx = (8xy, ..., 8x,) for 6 > 0. On the other hand, the Calderén—Zygmund
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product theory of singular integral operators on R” is concerned with those singular
integral operators which are invariant under the n-fold dilations:

8x = (81x19 82x2’ LR ] (Snxn)v

d; > 0 for 1 < j <n. The product theory of R" began with the strong maximal
function studied by Zygmund, then continued with the Marcinkiewicz multiplier
theorem and has been studied in a variety of directions; for example, product
singular integrals and Hardy and BMO spaces studied in [Chang 1979; Chang and
Fefferman 1980; 1982; 1985; Fefferman 1986; 1987; 1988; Fefferman and Stein
1982; Gundy and Stein 1979; Journé 1985; 1988; Pipher 1986]. Multiparameter
analysis appeared implicitly in [Phong and Stein 1982] and has come to light with
the proof by Miiller, Ricci and Stein [1995] for the L? boundedness, 1 < p < oo,
of Marcinkiewicz multipliers on the Heisenberg group H". This is surprising since
Marcinkiewicz multipliers, which are invariant under a two-parameter group of
dilations on C" x R, are bounded on L? (H"), despite the absence of a two-parameter
automorphic group of dilation on H". Moreover, Miiller, Ricci and Stein showed
that Marcinkiewicz multipliers can be characterized by a convolution operator
of the form f * K, where, however, K is a flag kernel. Sharp L? estimates for
Marcinkiewicz multipliers on H-type groups were established in [Miiller et al. 1996].
Nagel, Ricci and Stein [2001] proved that product kernels can be written as finite
sums of flag kernels and that flag kernels have good regularity, restriction and
composition properties. Applying the theory of singular integrals with flag kernels
to the study of the U,-complex on certain quadratic CR submanifolds of C", they
obtained L? regularity for certain derivatives of the relative fundamental solution
of [J, and for the corresponding Szegd projections onto the null space of L, by
showing that the distribution kernels of these operator are finite sums of flag kernels.
Applying a type of singular integral operators whose novel features are related to
singular integrals with flag kernels, Nagel and Stein [2006] provided the optimal
estimates for solutions of the Kohn—Laplacian for certain classes of model domains
in several complex variables. These operators differ essentially from the standard
Calder6n—Zygmund operators that have been used in these problems hitherto. More
recently, Nagel et al. [2012; 2018] further generalized the theory of singular integrals
with flag kernels to a more general setting, namely, homogeneous group. They
proved that on a homogeneous group, singular integral operators with flag kernels
are bounded on L?, 1 < p < 0o, and form an algebra. See also [Glowacki 2007]
and [Glowacki 2010] and the correction to the latter. Weighted norm inequalities
for flag singular integrals on homogeneous groups were established in [Wu 2014a].

As mentioned in [Nagel et al. 2001], on the Euclidean space a singular integral
with a flag kernel is a special case of product singular integrals. As a consequence,
the L?, 1 < p < oo, boundedness of singular integrals with flag kernels follows
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automatically from the same result for product singular integrals (see [Fefferman
and Stein 1982]). Note that the product theory is not available on the Heisenberg
groups; it is interesting to ask: Can one provide the Hardy space boundedness for the
Marcinkiewicz multiplier on the Heisenberg groups [Miiller et al. 1995]? To answer
this, the multiparameter Hardy spaces associated with the flag structure on the
Heisenberg groups were developed in [Han et al. 2014]. A kind of atomic decompo-
sition for flag Hardy spaces was provided in [Wu 2014b]. For related function spaces
on Euclidean spaces, we refer to [Ding et al. 2010; Han and Lu 2010; Yang 2009].

Another interesting class of operators are flag paraproducts. Such operators were
studied in [Muscalu 2007; 2010; Muscalu and Schlag 2013], and are closely related
to the lacunary version of bilinear Hilbert transform. Miyachi and Tomita [2016]
investigated L*° and H? estimates for trilinear flag paraproducts. Flag paraproducts
also appear naturally and play an important role in the study of nonlinear dispersive
PDEs; see the work of Germain, Masmoudi and Shatah [2012a; 2012b] and Muscalu
and Schlag [2013].

The purpose of this paper is to establish a weighted Hardy space theory associated
with flag structures. This theory differs from those in the classical one parameter
and the product settings, and includes weighted Hardy spaces H ;w and weighted
Carleson measure spaces CMO?-’w (the dual spaces of H ]’_3’ »)> and the boundedness
of singular integrals with flag kernels on these spaces. We will also derive a
Calder6n—Zygmund decomposition and provide interpolation of operators acting
on H ﬁ’w. To achieve this goal, we will employ the following approaches.

(1) Introduce a test function space and distributions: It is well known that in the
classical case, the test function space and distributions are important for the devel-
opment of the Hardy space theory. As in the remarkable work of C. Fefferman and
Stein [1972], these are just the Schwartz test functions and tempered distributions.
To introduce the Hardy spaces associated with flag kernels, in the current paper,
we shall use the partial cancellation conditions to define a new test function space,
which is different from that used in [Han et al. 2014]. Roughly speaking, any
test function satisfies the cancellation conditions in one subvariable only. Such
cancellation conditions are fulfilled by flag atoms (see [Wu 2014b]) and were also
used by Nagel, Ricci, Stein and Wainger in [Nagel et al. 2012].

(2) Establish discrete Calderén’s reproducing formulae: The classical Calderén
reproducing formula was first introduced in [Calderén 1964]. Various forms of
Calderén reproducing formulae proved to be very powerful tools in both harmonic
analysis and wavelet analysis; see, for instance, [David et al. 1985; Frazier and
Jawerth 1990; Han 2000; Meyer 1992]. To show the L? (1 < p < 00) estimates
of flag singular integrals, Nagel, Ricci, Stein and Wainger [Nagel et al. 2012]
established a continuous Calderén reproducing formula on homogeneous groups.
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In this paper, we shall build two kinds of discrete Calderén’s reproducing formulae
associated with the flag structure. The first one is expressed in terms of Schwartz
functions whose Fourier transforms are compactly supported, and it converges in
the above-mentioned test function space and distributions. The second one involves
bump functions and converges in L> norm. Both formulae will be the main tools
for developing the whole theory.

(3) Provide a Plancherel-Pélya type inequality and develop a Littlewood—Paley—
Stein theory: The classical Plancherel-Pdlya inequality says that the L? norm
of f whose Fourier transform has compact support is equivalent to the £” norm
of the restriction of f at appropriate lattices (see [Plancherel and Pélya 1936]).
It is well known that the classical and product Plancherel-P6lya inequalities play
a crucial role for developing the Littlewood—Paley—Stein theory (see [Han 1998;
Ding et al. 2012]). In this paper, we will provide the Plancherel-Pdlya inequality
associated with the flag structure and develop the Littlewood—Paley—Stein theory.
As a consequence, the weighted flag Hardy spaces are well defined.

(4) Introduce generalized Carleson measure spaces: In the classical one parameter
case, it is well known that BMO, the dual of H', can be characterized by the Carleson
measures. Moreover, applying atomic decompositions of product Hardy spaces,
Chang and R. Fefferman [1980] proved that the dual of the product H! can be
characterized by the product Carleson measure. In this paper, we will characterize
the dual of the weighted flag Hardy spaces via generalized Carleson measures. Our
approach involves applying techniques of weighted sequence spaces, which enables
us to avoid using the atomic decompositions.

(5) Prove a Calderén—Zygmund decomposition for H ;w: The Calder6n—Zygmund
decomposition plays a crucial role in developing the Calderén—Zygmund oper-
ator theory and has many applications in harmonic analysis and PDEs. Such a
decomposition in the product Euclidean spaces was first provided by Chang and
R. Fefferman [1982] via atomic decompositions. In this paper, Calderon—Zygmund
decomposition is achieved by applying the discrete Calder6n’s reproducing formula
and the weighted flag version of Fefferman—Stein vector-valued maximal inequality.
As an application, we derive interpolation results for sublinear operators on H ﬁ’w.

We would like to remark that R. Fefferman [1987] established a criterion for the
product H? to L? boundedness of product singular integral operators in Journé’s
class by considering their actions only on rectangle atoms via Journé’s lemma.
However, R. Fefferman’s criterion cannot be extended to three or more parameters
without further assumptions on the nature of the operators as shown in Journé
[1988]. In fact, Journé provided a counter-example of singular integral operators in
the three-parameter setting such that R. Fefferman’s criterion breaks down. This
means that in the classical product theory, there are substantial differences between
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the two-parameter case and the setting for three or more parameters. However, our
approach works for any parameter case, and hence we shall focus on the case of
three parameters and from the proofs given in this paper it is straightforward to
extend the theory to the case of k (k =2 and k > 3) parameters.

To describe the main results in this paper, we first recall some definitions and
notation. A rectangle R in R x R™ x R™ := R" is called an acceptable rectangle
(or a flag rectangle) if R = Q1 x Qy x Q3, where Q;’s are cubes in R with
side-length satisfying

Q1) = €(Q2) = €(Q3).

Denote by R r the set of all flag rectangles associated with F and by Rdf the set
of all dyadic flag rectangles associated with F. For J = (ji, j», j3), the set R}
consists of all dyadic flag rectangles R = Q| x Q> x Q3 of side-length £(Q;) =2/,
0(Qy) =21V, (Q3) = 2/1V72VE where a V b denotes max{a, b}.

The following flag maximal function was introduced in [Nagel et al. 2012]:

1
Mr(f)(x) = sup — / ()l dy.
rax, |R| JR
ReRr

The Muckenhoupt weight class associated with F can be defined as follows.

Definition 1.1. Let 1 < p < oo and w be a weight function on RY: that is, a
nonnegative locally integrable function on R" that take values in (0, co) almost
everywhere. We say that w is a flag A, weight, denoted by w € A7 (RY), if

p—1
[w]Af = Rselg)f(%/l; w(x)dx) (ll?lfR w(x)_l/(p_l)dx) < 00.

We say that w is in A{T (RN) if there is a constant C such that
Mrw)(x) <Cw(x)  ae xeRV.
Let AL (RY) := U<, 0o A} (RY). If w € AL, the critical index of w is defined by
qw :=inflg : w € AT RY)}.

We remark that this class of Muckenhoupt weights is different from the classical
weight class A p([RN ) and the product weight class Agm([RN ). More precisely, their
relations are as follows (see Section 5 for more details):

APORYN) C ATRY) C A,[RY)  for 1 < p < oc.

To develop the weighted Hardy space theory associated with flag singular inte-
grals, as in the classical case, appropriate test functions and distributions are needed.
For this purpose, we define flag test functions as follows.
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Definition 1.2. A Schwartz function f on RY is said to be a flag test function in
Sr(RV) if it satisfies the partial cancellation conditions

f(x1,x2, x3)x§ dx3 =0 for all multi-indices & and every (xi, x) € R" "2,
R"3

The seminorms on Sx(R") are the same as the ones on S(R") and these seminorms
make Sr a topological vector space. Let S ’F(RN ) denote the topological dual space
of Sx(RM).

Recall that a Schwartz function f is called a classical test function, denoted by
[ €S @®Y), if

/ fx1, x2, x3) x{ xf x;/ dx;dxy;dx3; =0 for all multi-indices «, 8, y.
R)11+n2+n~;

We say that a Schwartz function f is a product test function, denoted by f €
Soo (R™ x R™ x R™), if

f(x1, x2, x3)x7 dx; =0 for all multi-indices « and all x, € R"?, x3 € R™,
R"1

f(xg, x, x3)x§ dx, =0 for all multi-indices B and all x; € R"', x3 € R™,
R"2
and
f(x1, x2, x3)x§/ dx; =0 for all multi-indices y and all x; € R"', x, € R".
R"3
Clearly, Soo(R™ x R™ x R™) C Sr(RY) C Soo (RM).
Let Ny =ni+ny+n3, Np=no+n3zand N3=nj3. Fori=1, 2, 3, let l//(i) ES(RM)
satisfy

(1-1) suppy® C (&' € RY 172 < [¢7] <2}

and

(1-2) > YyOQIEN =1 forall & € RN\{0}.
Ji€eZ

Define v (x') =27 Ny @ (27JixT), x' € RN and (" =8, @y, i=1,2,3.
For J = ( 1. jas J3) € Z3, set Yy = 1/f](11) wj(zz) w(3) The departure of our approach
is the Calderén reproducing formula (see Theorem 2.1 below)

FOY=Y" > IR (x —xp)¥s * f(xR),

3 J
JeZ ReR%:

where xg denotes the “lower left corner” of R (i.e., the corner of R with the least
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value of each coordinate component), and the series converges in L*(RY), Sr(RN)
and S}([R{N ) whenever f is in the corresponding space.
Based on the above reproducing formula, the Littlewood—Paley—Stein square

function of f € S%(RV) is defined by
|

gf<f><x>=<Z )3 |wf*f<xR>|2xR<x>)2,

J€Z3 ReRY;
where xy is the indicator function of R.

Definition 1.3. Let 0 < p < 0o and w € AL (R"). The weighted flag Hardy space
HY (RN is defined by

HY J(RY) ={f e SE®RY): gr(f) € LL(RY)}
with quasinorm [| [ 2 @v) = 87 ()l s @y)-

To see that the definition of H ﬁ’w is independent of the choice of {;}, we will
prove the following theorem:

Theorem 1.4. Let 0 < p < oo and w € AL (RN). Suppose that both {y;} and {¢;}
satisfy conditions (1-1) and (1-2). Then for f € S}_-(IRN),

1 1
“Z Z |1/fJ>’<f(JCR)|2XR}2 {Z Z |¢J*f(xR)|2XR}2

JEZ3 ReR % J€Z3 ReRY:

A ‘

Ly (RY)

Ly (RY)

Remark. Note that S }([RRN ) can be identified as the space of tempered distributions
on RY modulo the tensor product of tempered distributions on R"*"2 and polyno-
mials on R, and thus each element in H J‘;w is given by an equivalent class. As in
the classical case, using the equivalent classes rather than distributions ensures that
I - “H;'?w is a quasinorm (a norm if 1 < p < 00) and that Hﬁ’w is a quasi-Banach
space ( a Banach space if 1 < p < o0). We shall prove in Corollary 2.6 below that
L°NH ;w is dense in H ﬁ,w, so that each element f € H ﬁ,w can be identified as
the limit in H ﬁ, » Of some sequence { f,} C L’NH ﬁ, w- See [Frazier and Jawerth
1990] for similar results in the classical case.

Remark. As mentioned before, it was shown in [Nagel et al. 2001] that flag
kernels form a subclass of product kernels. Therefore, singular integrals with
flag kernels are bounded automatically on the weighted product Hardy spaces
H)(R™ x R"™ x R™), when w is a product A, weight (see [Ding et al. 2012]).
However, by Proposition 5.1, a flag weight is not necessarily a product weight,
so our theory of weighted flag Hardy spaces does not fall under the scope of the
product theory. Moreover, all functions f € L*RMYNH ﬁ(RN ) (the unweighted
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flag Hardy space) fulfill the partial cancellation condition

f(x1, x2,x3)dx3 =0 for almost every (x, xp) € R" x R"2,
R"3

which is different from the cancellation properties for product Hardy spaces; for
more details, see the remark after the proof of Theorem 1.10 on page 585. This is
an indication that weighted flag Hardy spaces are strictly larger than product ones.
Nevertheless, we will prove, in Theorem 1.9 below, that singular integrals with flag
kernels are bounded on these larger spaces H j@’w(RN ). This, indeed, was the main
motivation to develop the weighted Hardy space theory.

Remark. If 1 < p <ocoand w € A;‘f (RM), then, by a result in [Wu 2014a] and
an argument similar to the proof of Theorem 1.4, the two spaces H7 ,(RY) and
L1 (RN coincide with comparable norms. However, if p > 1 there isa w ¢ A p such
that HY  # L1,. To see this, refer to the work of Stromberg and Wheeden [1982].
Indeed, if u(x) = |g(x)|Pw(x), where g(x) is a polynomial and w(x) satisfies
the Muckenhoupt A, condition, they proved that H,, and L} can be identified
when all the zeros of ¢(x) are real and that otherwise H can be identified with a
certain proper subspace of LY. Similar results in product spaces were obtained in
[Stromberg and Wheeden 1989].

To study the dual of H ﬁ,w([RiN ), we introduce the following weighted Carleson
measure spaces CMOY%. | (RV).

Definition 1.5. Let 0 < p < 1, w € AZ (R"). Suppose that {1} satisfies (1-1)
and (1-2). We say that f € S}([RRN) belongs to CMO;’w([R{N) if

l\)\'—‘

||f||CM0f,_.’w(IRN): su P {[w(Q) 21 Z Z WWJ S (xRl }

J€Z? ReRY,
RCS

where the supremum is taken over all open sets 2 with w(2) < oo.

Note that the flag structure is involved in the definition of CMO%w. To see
that the weighted Carleson measure spaces CMOff’w are well defined, we need the
following theorem:

Theorem 1.6. Let w € Afo([R?N). Suppose that both {{;} and {@;} satisfy (1-1)
and (1-2). Then, for f € SE(R"),

2
{ w(Q) 12/p—1 Z Z (—R)Il/fJ xRl }

JeZ? R

D=

RCQ
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—_

1 |R|? 2|2
~ sl X8 e seor
acry | [w(2)] Jez* pem, w(R)
RCQ

where the suprema run over all open sets Q2 with w(£2) < oo.
The duality between H Jﬁ’w and CMO;,w can be stated as follows.

Theorem 1.7. Let0 < p < 1. Then (H7. ,,(RV))* = CMO’. ,,(RY). More precisely,
ifge CMO;,w(RN), the mapping Lq given by £,(f) = (f, g), defined initially for
f € SF(RN), extends to a unique continuous linear functional on H;’w(RN) with
1€l S ”g”CMOj’T RV

Conversely, for every £ € (ng,w(RN))*, there exists a unique g € CMO;W([R{N)
such that £ = £g with ||g||CM0vaw < 112

In order to state the boundedness results for singular integrals with flag kernels
on H }f’w(RN ), we need to recall some definitions from [Nagel et al. 2001]. A
k-normalized bump function on RY is a C* function supported on the unit ball
with norm bounded by 1. As pointed out in [Nagel et al. 2001], the definitions
given below are independent of the choices of &, and thus we will simply refer to
“normalized bump function” without specifying k.

In this paper, we will consider the singular integrals with the following flag
kernels. See [Nagel et al. 2012] for this definition on homogeneous groups.

Definition 1.8. A flag kernel is a distribution I on RY which coincides with a C*®
function away from the coordinate subspace x; = 0 and satisfies the following:

(i) (differential inequalities) For each o = (a1, a2, @03) € 73,

109182292 K ()| < Ly |71 ey |+ Lo l) 271220 (L |+ oo | + [z )1l

X1 TX2 T3

for x; # 0.
(i1) (cancellation conditions)

(a) Given normalized bump functions v;, i =1, 2, 3, on R" and any scaling
parameter r > 0, define a distribution Cy, , by setting

(1'3) Ucl/f,',r’ §0> = (’C’ (Tl’i)r ® (P>
for any test function ¢ € S(RY~"). Then the distributions Ky, r satisfy
the differential inequalities

1035 05 Ky r (2, X3)[ S o] 727192l (| xg | 4 ey [) T,

021083 Ky (1, x3) | S et |7 710 (o | o s ) 71,

10%18%2C s (1, X2) | S Jen |7 714 (g | 4 e ) 7271,

X1 TX2
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(b) For any bump functions % on RV~ and any parameters r = (ry, 1),
we define the distributions IC%J by (1-3). Then the distributions IC% o
i =1,2,3, are one-parameter kernels and satisfy

02Ty, ()| S g |71l
(c) For any bump function v on RY and ry, ra, r3 > 0, we have

|<IC’ lp‘(er ra-, r3')>| S 1.

Moreover, the corresponding constants that appear in these differential inequal-
ities are independent of r, ry, r».

A flag singular integral Tr is of the form T-(f) = K x f, where K is a flag
kernel on RV defined as above.
A typical example of flag kernel adapted to the flag F,

{(0,0,0)} € {(0,0,2)} C{(0,y, )} C R,
o sen(y) sgn(@
Xy/x2+y2/x2+ y2 + 22

(see [Nagel et al. 2001]).
The following result establishes the boundedness of flag singular integrals on
the weighted flag Hardy spaces.

Theorem 1.9. Let 0 < p < 0o and w € AL (RY). Then the flag singular integral
operator Tr is bounded on H;’W(RN). Moreover, for [ € Hﬁ’w(RN) there exists
a constant C, such that

”T]-'(f)”H]”_.’w(RN) = Cp”f”H]p_.’w(RN)'

Remark. As a consequence of Theorem 1.9 and the remark on page 552, we can
obtain the boundedness of flag singular integrals on the weighted Lebesgue spaces;
that is,

ITF(O e @yy < Cpll fllpp @y, 1< p<oo,

provided that w € A;([R{N) and f e LL(RM).

The following result gives a general principle on the H ﬁ’w([RN )y — LL(RN)
boundedness of operators.

Theorem 1.10. Suppose w € AZ (RV) and 0 < p < 1. For any linear operator T
which is bounded on both L*(R") and H;i’w([RN), T is bounded from H;w(RN)
to LY (RN). As a consequence, the flag singular integral operator Tr is bounded
from HJI_Z’w([R?N) to L (RM).

Theorem 1.11 gives the CMOfT’w([R{N ) boundedness of flag singular integrals.
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Theorem 1.11. Let Tx be a singular integral with flag kernel. For 0 < p <1
and w € AOFO([R{N), Tr extends uniquely to a bounded operator on CMO;’w([RRN).
Moreover, forany f € CMO;’w(RN ) there exists a constant C, such that

||TJ-‘(f)||CM0"f,u’,(RN) = Cp“f”cMo;,u,,(RN)-

Note that CMO}’w([R{N) = BMO;,w([R{N), the dual of H},w(RN). Therefore,
Theorem 1.11 provides the endpoint estimate for singular integrals with flag kernels
on BMOx ,(RV).

Our last main results are the Calder6n—Zygmund decomposition and interpolation
for H ]@’w.

Theorem 1.12. Let w € A;(RN), p1 €(0,1]and py < p < py <00. Given f €
H;’w(RN) and o > 0, we have the decomposition f = g+ b, where g € H;?w(RN)
and b € H' (RN) with
p2 =D £|P P pi—p| £1P
gl P, ®Y) Sal? IIfIIH;‘w(RN) and IIbIIH;{w(RN) Sal IIfIIH%‘)(RN)-
We would like to point out that the above result was first proved by Chang and
Fefferman [1982] for the product Hardy spaces on the product of upper half space.
As an application of Theorem 1.12, we immediately have the following interpo-
lation of operators.

Theorem 1.13. Let w € AL (RY) and 0 < py < pp <oc. If T is a sublinear operator
bounded from HJE_}W(RN) to LY (RN) and bounded from H][;fw([RN) to LP2(RM),
then T is bounded from H]’;’w(IRN) to LY, (RN) for all p € (p1, p2). Similarly, if T
is bounded both on H}'  (RY) and H?, (R"), then T is bounded on HY.  (R")
forall p € (p1, p2).

Finally, we make the following remark. In contrast with the product case and the
unweighted flag case (see [Ding et al. 2012; Han et al. 2014]), the whole theory of
weighted flag Hardy spaces is built on the acceptable rectangles. A typical example
is the strong maximal operator, which is bounded on the L?, 1 < p < oo, but is
not bounded on L}, if w € AIJ,: \Agro([RRN ) (see Section 5 for examples of weight
functions in A;‘,—' \Af,),m([R{N )). In the current paper, we shall use the intrinsic maximal
operator Mz, which reflects the geometry of the flag multiparameter structure.

This paper is organized as follows. In Section 2, we establish the weighted theory
of flag Hardy and Carleson measure spaces. The boundedness of flag singular
integrals on these spaces are proved in Section 3. Section 4 is devoted to the
Calderén—Zygmund decomposition and interpolation in these spaces. Finally, in
Section 5, we give some examples and counterexamples to clarify the relationships
among the classes of flag weights, classical weights and product weights.
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2. Weighted Hardy spaces, Carleson measure spaces and the dual theorem
The main purpose of this section is to prove Theorems 1.4, 1.6 and 1.7. To this end,
we need the following discrete Calderon reproducing formula.

Theorem 2.1. Suppose that {{r;} satisfy (1-1) and (1-2). Then
@) fy=Y > 2"y =2" 0y, 270
Jez3 tezZN
=Y Y IR —xR)Yy x [ (xR),

3 J
JeZ’> ReR %

where 270 = (2)101, 211V 720, 211\V2V5303) = xp denotes the lower left corner of
R, 271 = 2imAGIVRIn+GiVRVins s the measure of R € R}, and the series
converges in L*(RY), Sr(RY) and S}_-([RN) (whenever f is in the corresponding
space).

Proof. The proof of the convergence of the series in L? is similar to the classical
case. Assume f € L>(R"). By Fourier transform, f = Y jezs Vs f with the
series convergent in L?(R"). Similar to the method used in [Frazier et al. 1991],
set g =y * f and h = ;. For £ € RV, the Fourier transforms of g and h are,
respectively, given by

861, 6, 5) =y D&, 25,211 6) Y D (2725, 226) YO 25 E) f &, &, &),

W&, 6, 5) =y DI, 2015, 2116) Y D (225, 226) YO (27;).

Note that the Fourier transforms of g and 4 are both compactly supported in
Ri:={£eRN: |&| <277, |&| <27V 0r, |&] <272V Eg),

By first expanding g in a Fourier series on the rectangle R},

tezV Rj
and then replacing the domain R; by RV as g is supported in R, we get
§E)=Y  2/mg@ e 10O,
tezN
Multiplying both sides by /(&) and noticing A (£)e 1@ 051 = [n(- — 270)]"(§)
yields

(g*h)(x) = Z 271627 0)h(x —270).
tezN

Substituting g by ¥y * f and & by i, into the above identity gives the discrete
Calderén reproducing formula (2-1) and the convergence in L>(RV).
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To finish the proof, we only need to show that the series in (2-1) converges in
Sr(RN) if f € S#(RV); the convergence in S}(RN ) then follows from a standard
duality argument. The key to doing this are the following almost-orthogonality
estimates: for any L, M > 0 and f € Sz(R"),

1
(1+[x)M”

Assume that (2-2) holds for the moment. Then for any multi-index o € N¥,

(2-2) |y (x)] < o=+l +1isDL

Y20y =2 Oy £270)
LezN
1

(L1201 [+ 1202 + [27 VR Vi g3 )M
1
X - —— ——
(I v = 2781 | + 132 — 2Vl + [x3 — 201V RVis g3 )M

< 27 WnHRHIADL (1 4 x )™ for some L' > 0,

< o= (jtl+li21+13DL Z oJn
LezZN

which would further imply that
S Y =270y fQ1) > 0 in Sp(RY)
lithl2ls s>k eezN

as k — +o0.

It remains to verify (2-2) under the assumption f € S #(RY). We note that for
any (x1,xp) € R f(x1, x2,-) € Soo(R™), the space of Schwartz functions
with all vanishing moments. It follows from the classical almost-orthogonality
estimate on R"* (see [Han et al. 2010, p. 2840]) that

9 % o] S 278+ x M,

which implies

(2-3) [y % f ()] S 27RIERARIHADM (1 ) =1,
Likewise, using the fact f(xy, -, -) € Soo(R™7"3) for any x| € R"!, we can derive
(2-4) [y % f )] S 27 RIER(ATHADM (1 ) =21,

We finally use f € Seo (RM) to get
(2-5) |J] % f(x0)] < 2—|j1|L2(|j2|+|jal)M(1 + |x|)_M.
Choosing L > 100M in (2-3)—(2-5) and taking the geometric mean, (2-2) follows. []

The following almost orthogonality estimate will be frequently used in the
subsequent part of this section. The proof follows directly from the one-parameter
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orthogonality estimate (see [Han et al. 2010]); see also [Nagel et al. 2012] for
similar estimates on homogeneous groups.

Lemma 2.2. Given positive integers L and M, there exists some constant C =
C(L, M) > 0 such that

-
max<i<; 20V joM

| (max) << 206V A |x;|ynitM

[V k@ (x)] < C2~ Ujr=Ji 1+ ja= i1+ j3— j3|)L1_[

where {7} and {@ '} are Schwartz functions satisfying (1-1).

Remark. The conclusion of Lemma 2.2 remains valid if the Schwartz functions
(v} and {¢®}, where i = 1, 2, 3, have vanishing moments up to order M (see
Theorem 3.3 for choosing such an My). In such a case, the above inequality holds
forany M >0and L < Mp+1.

The following maximal function estimate is also frequently needed.

Lemma 2.3. Let J, J' € 73, R:leszQgeR}andM>2N. Then, for
any x, xeRanche( 1] we have

e 20VIOM /
2-6) 3 |R|[1_[ s }|g(x>|

RerY (max; <g<; 296Y90 4 |5; — x|y +M

§-1 1
<C{1—[[23"</’ J,m]} { [(Z|g<x)| ;m)](x)}‘S Vx'eR,

R'eRY
where C is a constant depending only on N and M.

Proof. The proof of this lemma is similar to the classical case. We fix an x’ € R’
for each R’ € R}/ Fori=1,2,3, set

A6={Q;| ._x|< max 2(]k ]k)}
1<k<i
and
. X —x!
Aln={Q;~32r’.1< i l|. v 52”}, Vreld,.
i maxj<j<; 2 Uk Vi)

For any fixed r = (ry, 2, 13) € N3, fori =1, 2, 3, we set

Ey = {(wr, wp, w3) € R x R xR ¢ |y — 5| <2727 max (20A0+1) ),
<k<i

Then for each R’ € RJ/, R’ C E, for some triple r = (r1,r2,r3). Also, if

R € o, = A1 X A2 X A3 then R" C E,. Obviously, E, € R and |E,| <

C2rvravr)N ]_[ _ MaxXj<g<i 2”'(1’(Wk) Hence, for any § € ( 1], the left-hand
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side of (2-6) is dominated by

s 2UEVIDM
en Y IRi[l_[ s }|g(x’)|

,,, (maxi i <; 206V + |5; — x[[)ni+M
R'eRY

[SEE

<C Z |:l_[ 2 rl(M+nl)( max 2ni(jk\/j1£))i| |R’|( Z |g(x')|5>
R e,

1<k<i
reN3

=C Z[I_P O+ (max 2‘"f<f'”fé>)]|R/|1—é|Er|$

1<k<i
reN3

(|E|/ > gt xMy)dy)

'R’eszf

where C = 23M+N_ For any x € R, since x is also in R, we see that |x; —x;| < 2Ji for
i=1,2,3; hence x € E, forany r € N3, by the definition of E,. The expression in
the last parentheses above is the average of the function y > ) . e, lg(xN 1 xr ()
over a flag rectangle E, containing x, therefore being bounded by the flag maximal

function M ]-'(Z rert 18X )|8 XR/)(x). Hence we can continue the estimate in
F
(2-7) as

3 l—l
< C( Z l—lz—ri(M-i-ni—) <1_[[23n i i j,)\/l]) (M]-‘( Z |g(x/)|8XR’) ()C))

reN3i=1 R’GT\’,},

-1 3
(l—[ [23n:Gi=iD /1] ) (M;( Z |g(x/)|6fo)(x)>5,

R'eRY
where C’ depends only on M and N. This completes the proof of Lemma 2.3. O

Sol—

S| —

For x = (x1, X2, x3) € R" x R™ x R™, we denote x! = x e RN, x2 = (x5, x3) €
RN and x3 =X3€ RN, Fori =1, 2, 3, write x = (x, x) e RN=Ni « RN, We say
that w € A% (RV) if w(Z', -) is a classical A,(RY') uniformly in ¥'; that is,

1 . . 1 o A\ Pl
esssup sup (—/ w(i‘,x’)dx’)(—/ w(i’,x’)‘””"”dx’) < 00.
X eRN-Ni QcRNi |0 0 10| 0
Let M; denote the Hardy-Littlewood maximal operator on RY:. The lifted maximal
operator M, on RV was introduced in [Nagel et al. 2012] by
M,‘ = (SRN—NI- ® M;,

where 8gv-w; is the Dirac mass at 0 € RN =M,
The following result was proved in [Wu 2014a].
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Lemma 2.4. Let 1 < p < 00 and w be a weight function. Then the following
statements are equivalent:

(i) w e AT (RM).

i) we AP NAP NAY®R).
(iii) M3 o My o My is bounded on LY, (RN).
(iv) M £ is bounded on L (RM).

Using Lemma 2.4 and applying Rubio de Francia’s extrapolation (see [Garcia-
Cuerva and Rubio de Francia 1985]), one can easily obtain the following weighted
Fefferman—Stein vector-valued inequality.

Corollary 2.5. Lerw € A} (RY) and { f;} jez € L1, (£%). Then, forall 1 < p, g < o0,

fRN HME{fiD )Y g wx)dx < C/RN 1L O} w (x)dx,

where | - |¢a means the classical £9-norm.
We now are ready to prove Theorem 1.4.

Proof of Theorem 1.4. Let f € S}(RN) and w € Afo([RN). In what follows, we
use a A b to represent min{a, b}. Denote xg = 27¢ and xp = 27 Applying
Theorem 2.1, Lemma 2.2 with

M > N[((qw/p)+1) V2]

and L = 10M and Lemma 2.3, we obtain that, for % <8< (qi

A 1) and for any
X €R,

[(y*x f)(xp)l
Y D IRy x e (xR —xr)@s * f (xR)
J'er? R’GR}/
< Z 2—(|j|—jf|+\jz—jz’\+|j3—j§|)L
Jer? 3 . .
max < <; 20+ VoM
x Y |R’|[1‘[ o — (lps % f (w0
, - (max << 2V Vi + |xg, —xg; [+
R'eR% =
"o
< Z 2= =jil+l=i+1s—iDL {M]-‘[( Z |¢J/*f(xR’)|2XR/> :|(x)} ,
I'er’ R'eRY

where L'’ =L —-3N(1/6—1)>7M > 0.
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Squaring both sides, then multiplying xz, summing over all J € Z3 and R € R},
and finally applying Holder’s inequality, for all x € RV and % <4< (qﬂ A 1),

DD WaxfGr)Pxr

JEZ3 ReR %
< Z { ZZ(IAJ{|+|jzjz’|+|jzj§|)L’}
Jez3 " J'er3
i
x{ 22—(|j1—j{|+j2—j2’+|j3—j§|)L’{M}_|:< Z |<,0]’*f(xR’)|2XR> i|(x)} }
J'ez? R’ER;_—/
4
3 Z{Mf[( > |w*f(xR/>|2xR/) ](x)} ,
J'ez3 R/eﬁjr’

where we used the estimates
§ o—(ih=iil+lh=i+B=iDL < ¢ and E o —(i=jil+lh=i+li—isDL" < ¢
J'e?3 JeZ3

in the last inequality. Note that (2 A p)/8 > q,, implies w € A7 s(RY). Applying
Corollary 2.5 with L%/° (€2/%) yields

| 1

2 2
HZ > hm*f(xR)FxR} < H > |<m*f<xR)|2xR} .
J€T® ReRY Liy(RY) J€T® ReRY Ly (RY)
The converse inequality follows by symmetry. (|

As a consequence of Theorem 1.4, we obtain a density result of H ]’;’w which
will be useful to show the H Jﬁ, » — L% boundedness of operators, the weak density
of CMOg.’w and the Calder6n—Zygmund decomposition for H Jﬁ’ w-

Corollary 2.6. Let 0 < p < 0o and w € AL (RY). Then Sy(RY) is dense in
H;’w(RN) and, in consequence, L>(RY) N HJIZ’w(RN) is dense in Hf-’w([RN).

Proof. Let f € HY , (RN). For any fixed L > 0, denote

& ={(J,R): j1l,ljal, I3l <L, Re€R%, R C B(0, L)}

and
fr) =" Ry —xp)¥y* f(xp).
(J,R)eé
Since f; is a finite linear combination of V(- — xz) € Sr(RY), it is obvi-
ous that f; € Sz(RV). Repeating the proof of Theorem 1.4, we conclude that
”fL”H},w(RN) SJ ||f||Hj_j,w(RN)-
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To see that f; tends to f in H ; »(RY), we use the discrete Calderén reproducing
formula to write

(g7 (f — fL) ()T

=2 2

’ 3 J!
J'eZ R'eR%

2
> ARIG Y e — x) Wy % F(R)| X ().

(J,R)E&ES

Now repeating the same argument as in the proof of Theorem 1.4, we get

’

Lj(RY)

1
2
lgr(f = fullpwmy S “{ Z | (Y *f)(XR)|2XR}

(J,R)e&f

where the last term tends to O as L goes to infinity. This implies that f; tends to f
in H ﬁ, w(RN ) and hence the proof is finished. ([l

We follow the classical case (see [Stein 1993; Garcia-Cuerva and Rubio de
Francia 1985]) to get the following lemma.

Lemma 2.7. Suppose w € A;(R”) and q > q. There exist0 <5 <1 <qg <00
such that, for all flag rectangles R and all measurable subsets A of R,

(ﬂ) < v (@)8
IRI) ~w® ~\IR) "
In particular, the measure w(x)dx is doubling with respect to flag rectangles.

Lemma 2.8. Let w € AL (RN). Then, for all flag rectangles R and R’ and for

q > 4w,
w(R) _ (IQI IQQI)q(1 lxo, —xgl )"""
TR .
w(R) ™ l_[ 101 10l Q) vV E(Q))
Proof. Observe that Q) C A; Q;, i =1,2,3, where

A; = CL(Qi) vV L(Q)) + |xg; —x0/11/€(Q)).

This implies R’ C R, where R = C[(A1 Q1) x (A203) x (A303)]. By Lemma 2.7,
for any g > qy,

w(R) _ w(R) _ [%T SH[E(Qi)VE(Q;)‘HxQ,- —xQ;I]’W

w(R) ~— w(R) ™ £(Qi)

i=1

l—[[le ;]q[ N Ixg, —xg/l ]""q
10l 10l Qi) vV LQ)) '

—

Hence the proof is concluded. (]
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We now prove Theorem 1.6.

Proof of Theorem 1.6. For R € R} and R’ € RJJT/, set

Sg =V f(xp)* and Twr =gy * f(xp)[*

Theorem 2.1 and Lemma 2.2 yield

Ig_ Z Z IR @y % f(xr) Yy * @ (xR — XR')

J'€l? RreRY,

< Z Z 2= (Ui =JilHl=jlHls=JDNL | R/

J'el’ RreRY,

. Vi) prvll LV P ACY. D)
i1 (MaXypsi 29590 4 [x g, — x g )"
<3 Y rRRHP(R, R)T,
Ve’ ReRrY,
where

/ 10 |Q§I]L
R, R) = —
A E[|Q;|A|Qi|
and
3 _ , —n;—M
P(R. R Z=H(1+ Ixo, — xg!l ) ‘

plle max<x<;[£(Qk) vV L£(Q))]

Squaring both sides, multiplying by |R|?/w(R), adding up all the terms over J € 7>
R e R} R C Q and applying Holder’s inequality, we obtain

1
‘ép{[w(sz)]z/f’—l 2 'R'Zw(R)_ISR}
R

eRL,
RCQ
1
< - 2 -1 / ’
Nslslzp{[w(m]z/,,_1 Y IRPw®) [ > r(R,R>P(R,R>]
ReRY, R'eR%
RCQ
x[ > r(R,R/)P(R,R/)TRr]}
R'eR%

1
§supim Y. D IRPw®'r(R, R)P(R, R))TRf}

ReR%L, R'eR%
RCQ

563
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Here and hereafter, we use ) Rere O denote D, 5 > ReR% and similarly for
> RIeRL Applying Lemma 2.8, we get

1 2 —1
(2—8) SHP{WRZ |R| w(R) SR}

er4

RCSJZD
1
<sup{W Z Z IR'*w(R)'#(R, R")P(R, R))TR/}
[w(D)] ReR%L, R'eR%L
RCQ

Here the definition of #(R, R’) and P (R, R') are defined as (R, R') and P(R, R')
with smaller L and M. Since L and M can be chosen arbitrarily large, in what
follows, we still use (R, R’) and P(R, R') to denote #(R, R’) and P(R, R'),
respectively.

To finish the proof, it suffices to show the right-hand side of (2-8) is bounded by

1 712 n—1 ,}
gp{.[w(ﬁ)]z/pl R/EXR;P IR'|"w(R") ™ "Tg ¢.
R'CQ
We point out that » (R, R") and P(R, R’) characterize the geometrical properties
between two flag rectangles R and R’. Namely, when the difference of the sizes
of R and R’ grows bigger, r (R, R") becomes smaller; when the distance between
R and R’ gets larger, P(R, R’) becomes smaller. The following argument is quite
geometric. More precisely, we shall first decompose the set of dyadic flag rectangles
{R’} into annuli according to the distance of R and R’. Next, in each annulus, precise
estimates are given by considering the difference of the sizes of R and R’. Finally,
add up all the estimates in each annulus to finish the proof.
We now turn to details. For J = (ji, j2, j3) € N3 and R € R‘}, denote

Ry=Rj, jp jy=2" Q)x (22 Q) x@VEVB Qy), @l =@/vil= ] 3R,
RCQ
For any flag rectangle R C 2 and J = (ji, jo, j3) € Zi, let

,0,0(R) ={R":3Rj N33R # &},
A} 00(R) ={R":3R o oN3R# @ and 3R, ,(N3R =2},
A, jp0(R) ={R": 3R} ;, yN3R # @ and 3R} ;,  ,N3R =2},

%,O,j} (R) - {R/ . 3R6,O,j3 N 3R # ) and R6,0,j3—l N 3R == @},
“ji j».0(R)
/. / ’ _ / _
= {R . 3le’j2’0 ﬂ3R # @, 3le_1’j2,0 ﬂ3R = @ and 3R]1,]2—1,OO3R = @},

“j0,j;(R)

={R':3R o, N3R#D, 3R, N3R=0 and 3R}, o, | N3R =2},
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0. js.j3 (R)
={R: 3136’”]»3 N3R £ &, 3R6,j2—1,j3 N3R =@ and 3R6,j2,j3—1 N3R = g},

Ay, j,j3(R)
—{R/'3R;] ]2Bﬂ3R #* J, 3R11 ljzhﬂ?)R , 3RJ| o 1]3ﬂ3R:®

and 3R]1’]27J3_1 N3R = g},
where all R’ are dyadic flag rectangles.
Let R C Q be any fixed dyadic flag rectangle. For any flag rectangle R’, there
exists a J € N3 such that R’ € /;(R), where «7;(R) represents one of the sets
defined above; therefore Ré = U ens @7 (R). Hence,

—1 P Z Z IR'|*w(R)"'r(R,R)P(R,R) Ty
[wED? " perd rrers
RCS

Z Z IR )>w(R)""r(R,R)P(R, R Ty
[ (Q)] RERd R'ec,0,0(R)
RCQ

Y Z > IRPw®)'r(R.R)P(R, R)Tx

j1€Z4 [W(Q)]” RERd R'ed] 0,0(R)

RCQ
2 ———

> > IRTPw®R) (R R)P(R, R)Tw

2
h€ly [w(§2)]7 ReRY, R’ jp.0(R)

RCQ
X s 2 2 RPw®) IR RYP(R, R)Tw
ja€Z. [w()]7 ” Renfjf, R'ech,0,j;(R)
RCQ
+ Y = > > IRPw®) (R R)P(R,R)Tr
J1,J2€Z 4 [w(Q)]’) ReR%L, R'edjy jr0(R)
RCQ
+ > ——— > > IRPw®) 'R R)PR,R)Tk
J1.3€Z 4 [w(€2)]? ReR%, R'€dj 0.5 (R)
RCQ
+ Y ——— > > IRPw®R) (R, RIP(R,R)Tr

Jasja€Zy [w(Q)]p RER‘}, R'€A,j.j3(R)

RCQ
p>

o Yo Y IRPw®) (R, R)P(R, R) Tk
jrpsezs [w(E)]7 ReRY%, R'edj jp j3(R)
RCQ

= 1+I+HI+1V+V +VI+VIIH-VIII.
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In the sequel, we always assume R, R’ € Rdf. To estimate I, we denote
Boo.0={R :3R'NQ"*0 £ &}, For any R’ & %y 0.0, we have 3R’ N QY00 = &,
This implies that 3R’ N 3R = & for every R C Q and thus R’ & % 9 o(R). This
shows that (o 90,0,0(R) C %o,0,0- Hence

I< %_1 > > IRPw®)'r(R. R)P(R, R)T.
[w(€)]? " Rempo R:RCE
R’ e4,0,0(R)

For each integer h > 1, let f}‘,? 00— tR € Bo.0.0, 3R’ N QL0 > 1/2M3R'|},
70 = 70 N\750 and %% = g poo R Note that %0,0.0 = Uy 2,
and that P(R, R") < 1 for any R, R". Thus

I< Z Z IR Pw(R) ' Tx Z r(R, R).

[w(E)]7 ™ h=1 gregD 00 R:RCS,
g R'ed,0,0(R)

QO,O,O QO,O,O

Note that for x € , there exists a dyadic flag rectangle R C such
that x € R. Therefore Mz(xgo00)(x) > |3R' N Q%%0|/|3R'| > 27" For q €
(qw» pL/(2 — p)), we apply the L%, (R") boundedness of Mz and Lemma 2.7 to
obtain

w0 < w({x : Mr(xgooo)(x) = 27 < 21 (Q000) < 2y (Q).

We claim that if L is sufficiently large, there is a sequence {o(h)},>1 such that

2_
(2-9) > rR.R)Soih) and Zal(h)th<” )<
R:RCQ, h>1
R'€2,0,0(R)

Assume this claim holds for the moment, we can conclude the proof for 7 as follows.

IS———=> >, o (R, Tr

[w(Q)]7 h=1 preg0o

1 0.0.0\72 -1 1 |R'|?
<> oM@ ————— ~Tg
[w(Q)]7 ; [w(sy )17~ 1R,§oow<R )
<;Zowh)(th)v‘l[w(sz)]ﬂ ( : - R TR/)
[w(@)]7 ™" 4= - [w(@)]7 " gy PR

<o 5 Wy
Ssup———— R
2 [w@1r" o W)
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It is sufficient to show claim (2-9). Note that R" € 4 0.0(R) implies 3RN3R’ # &.
Using an idea of Chang and R. Fefferman [1980], for each R, we consider the
following eight cases:

Case 1: [Q)| =101l 103 = 102, [Q53] = 1Q3].
Case 2: |Q}] = |01l |Q5] = 1Qal. 1051 <103l
Case 3: |Q)| =101l 1051 <10Qal, 1051 = 10Q3l.
Case 4: |Q| <1Q1l, 1051 = 1Qal, 105 = 10Q3l.
Case 5: |Q] = |Q1l. |Q5] <Qal, 1051 <103l
Case 6: |Q| <|Q1l, 1051 =102, 105 <103
Case 7: |Q)| <1Q1l, 105] <1Qa2l, 1051 = 103
Case 8: |Q| <Q1l, 1051 <Q2l, 1051 < Q3]

It suffices to verify (2-9) in each case.
We first consider Case 1. In this case,

IR| < |3RN3R'| < 3R’ NQY00| <21="3R/| < 22N+1=I R/,

which implies that |R'| = 2h=1=2N+0| R| for some integer 6 > 0. For each fixed 6,
the number of such R’s must be less than C (8 + h)V29+". Consequently,

1 \* ,
Z r(R,R)<C Z(W) O+ h)N20+h < e~

ReCase 1 >0

where L' = L — (N 4+ 1) > 0. This gives (2-9) with o1 (h) = 2"~
We next deal with Case 2. We have

3R'||Q1 x Q21/(2*N1Q) x Q5]) <13RN3R| <2'"3R|,

which implies that |Q] x Q)| = 2H0-1=2N 10 % Q5| for some integer 6 > 0. For
each fixed 0, the number of such Q; x Q,’s must be less than C (0 + h)V 204k
Similarly, | Q3| = 2*| Q| for some A > 0. For each A, 303N3Q% # @ implies that
the number of such Q3’s is less than 5V. It follows that

1 \* ,
> r(R,R/)SZZ<W) (O + N2t < o7

ReCase 2 6>0 A>0

which verifies (2-9) with o (h) = 27"L". Cases 3 and 4 can be handled by symmetry.

For Case 5, by the same argument as in Case 2, we get |Q| = 2h+9,_1_2N| 01l
and Q) x Q3| = ZA/IQ/2 x Q4| for some 6’, 1’ > 0. Moreover, for each 6’ and 1/,
the number of Q1’s is less than C (0 + )" - 29" and the number of Q> x Q3 less
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than C. Then (2-9) follows in the same way as in Case 2. Cases 6 and 7 can be
treated similarly.
For Case 8, we have

|R/|§|3Rm3R/|S|3R/mQO,0,O|52]—h|3R/|§21—h+2N|R/|,

which implies # < 2N + 1. Since in this case |R’| < |R|, we have |R| = 2°|R’| for
some integer & > 0. For each fixed 6, the number of such R’s must be less than

5N Therefore,
1\L
> rR.R) S xznoaninh) 2(2—9> S xzno2nv+11(h),
ReCase 8 6>0

which verifies (2-9) with o1 (h) = xzn (0,25+17(h). This concludes all estimates for /.
We next deal with VIII. For J = (ji, j», j3) with ji, j2, j3 > 1, set

Aj =0qjjp.js =~ 17 Z Z IR’ | w(R)™ V(R RYP(R, R)Tg
[w (Q)]” ' koo R'e;(R)

and Z, ;= {R': R, N Q%%0 £ &}. For any R’ ¢ B, we have R, N Q%00 = &.
Thus for every R C 2, we have R, N 3R = @, which implies R’ ¢ </;(R) and
therefore | g 77 (R) C %,. Hence,

1

aj < ———— > > IRPw(R)'r(R, RYP(R, R))Tg.
[w(2)]”  rez, RRce,
R'€.q/y(R)

Let 7/ ={R € 2, : IR, N Q"0 > 1/2"|R |} for h > 0, 2] = 7]\ 7],
for h > 1, and .@Oj = &. Note that &; = thl .@hj. Thus,

ay < _12 > IRPw(R)” ITR/< > r(R,R’)P(R,R/)).

w(Q)]” h=1 Reg) R:RCQ.
R'et;(R)

Define Q}{ = UR/EJJ R forh > 1.1f x € ], then x € R’ for some dyadic flag
rectangle R’ € 2] therefore

Mx(xgoo0)(x) = |[R, N0 /|R) | > 27",

Taking L > nlqw(% — 1) +2N, g € (qw, n(L(z 22/))) and applying the L}, bounded-

ness of M r and Lemma 2.7, we get
w(Q)) < wllx : Mz(xgoo0) () 227" $ 2w (%00 < 2Mw(Q).

We claim that for L large enough, M > NL, and any R’ € @hj , there exists some
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sequence {Gg(ha jl’ j27 j3)}/’l,j1,j2,j321 such that

2_
Z th(p I)Gg(l’l,jl,jZ,]é)Sl’
hyji,j2,j3=1
S rRRVPR, R) Sosh, ji, jo j), Y jis o 3 = 1.

R:RCQ,
R'edlj(R)

(2-10)

Assuming (2-10) holds for the moment, we can conclude the proof for VIII as
follows.

>

Ji,j2,j3=1 )
o (w@DN\PT _
DY U(h,Jl,Jz,B)( w(g”)> 7 2 IRPw®) ' Te
JtJsh=1 [wE)1IP " peot
.. uagh(Z2-1 1 _
S ) oo 2! (7 )(sup_—lem/lzw(R’) ITR/)
Jroadshz1 e [wE)]" " peg

1 _
’SSEP——Z_l Z |R’|2w(R') lTR/.
& [w)]?  peg

To finish the estimate of VIII, it suffices to show (2-10). For any j;, j», j3 > 1,
R’ € @7;(R) implies

(2-11) lxg, —xg/| > [2maxisksi kg ()] v £(Q;) fori=1,2,3.
Similar to the proof for 7, we consider the following eight cases:

Case 1: [2/1'Q11 = |Q1l, [27V72 Q4] > | Qal, [2MV2V1 Q%] > | Q5]
Case 2: [2/' Q)| = |Qul, 12'Y2 Q)] = |Qal, 12/VV72VE QL] < | Q5]

Case 3: [2/' Q1| = |Q1l, 12772 04] < [Qal, 12712V Q)] > |05

Case 4: [2/1 Q1| < |Qil, 1272 Q5] > |Qal, 127V72Y5 Q)] > | Q5.

Case 5: 271 Q1| > |Q1l, [2/"2 Q4] < |Qal, [27"V2Y5 Q)] < | Q5]

Case 6: [2/1 Q1| < |Qil, 272 05| > |Qal, 127V72V5 Q)| < | Q5.

Case 7: 271 Q1| < |Qul, 12/"7 Q4] < |Qal, [271Y2V5 Q)] > | Q5]

Case 8: [2/1 Q| < [Q1l, 127" Q4] < |Qal, 12/"V2Y5 Q)| < | Q5.

We shall handle Case 5 first. Since |(2/1Y/2 Q) x (2/1V2Y3 QL) <102 x Q3,
there exists some k > 0 such that 2U1V/2m VRVt ) x QL =0, x Q3.
And for each «, the number of such @, x Q3’s must be < 1.
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Foreachh>1and R’ € @hj, since | Qy x [2/1V2 Q)] x [2/1V 12V 0511 <I3R,N3R],
we get
1011

— = __I3R,|<|3R,N3R| < |3R, NQ%"Y < L|3R’|
13.2000 T =70 = oh—1"""Jh

which yields 2"~ Q| < 3m2/1m| 0l < 201+2)m| Q'||. We consider two subcases.

Subcase 5.1: [Q}] > |Q1]. In this subcase, since 2h=1=im 9| < |Q |, we have
Q)| ~ 2h=1=im+k| 0, | for some integer k > 0. And for each fixed &, the number
of such Qy’s must be < (k+m)N2H" By (2-11), [xg, —xg| = 2/1€(Q").

Subcase 5.2: |Q)| < |Q1]. In this subcase, |Q] < 01| < [2/1 Q}]. So 2’E(Q/1) =
£(Q1) for some integer [ satisfying 1 <[ < j;. For each /, the number of Q;’s
must be < 1. Moreover, 2h_121"1|Q’1| =210, < 2U1t2m | Q) |, which implies
h <3n1ji. By 2-11),

[xg, —XQ’1| _ lxg, —XQ/1| E(Q’l) > il
£(Q1) Qe e~ '

These considerations imply that, for M > n L,

> r(R.RHP(R. R

Subcase 5.1

- ¥ <|Q/1|>L(|Q/2XQ;|>L<1+IXQ1—_/XQ’I|>_(7’1+M)
Subcase 5.1 |Q1| |Q2XQ3| E(Q])

5 Z (k+h)N2k+h2—[h+k—j1nlle—l(jlij)n2+(.ilV.izv.i3)n3+KJL2—(n1+M)j1

k,k>0
< 9~ h(L=N=Doy—ji(M=n1L)y~[(1VIn2+(1V j2V j3)n31L

and

> r(R.RHP(R.R)

Subcase 5.2
|Q/1|)L(|Q/2X Q/3|)L<1 M)—(m-l-M)
: Z (|Ql| |Q> x O3] + 2(0))

Subcase 5.2

J1
< XZ0(0,3N] )(h) Z Z y=mlLy=[G1Vijna+(jiVjaV jsins+lLy—=M(ji—1)
~ s 1

=1 k>0
< Xzno© 3le)(h)z—jlnlLz—[(jlvjz)nz-i-(jlijvjs)nle,

both of which satisfy the required estimates for og in (2-10). Cases 6 and 7 can be
treated similarly by symmetry.
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We next deal with Case 2. Since |2/1V/2VJ3 05| < 1Q3], there exists some k > 0
such that | Q3| = 2U1V2V/ns+€| 9! | From

o 1
Q1% Q2 x @MYPYE 05| < 3R N3R| < [3R; QM| < 3R],
it follows that
(2-12) 2h_1|Q1 x Q0s| 5 2]’1711-1-(1'1\/1'2)nz|Q/1 % Q/2|

We consider four subcases by comparing |Q| with |Q/|, and | Q| with |Q]].
Subcase 2.1: |Q}| > | Q1| and | Q)| > |Q>|. By arguments similar.to'those used
in Subcase 5.1, we get | Q)| ~ 2"~ 1=/mthi| 0] and | Q)| ~ 28— 1-Uivimth | g, |
for some ki, k; > 0. For each k;, i = 1,2, the number of Q;’s is smaller than
C(k; + h)2%+h Hence

> (R, R)HP(R,R
Subcase 2.1

5 Z (kl + h)N(kz + h)N2k1+h2k2+h2—(h+k] —j|n1)L2—(h+k2—(j1\/jz)nz)L

kl’kz’KZO " . . . . .
w 2LV v s+l = ji(ni+M)—=(rv j2) (n2+M)

< p=hL=N=Dy—ji(M=n1L)g=(j1Vj)(M=n2L)y=(j1Vj2Vj3)nsL
Subcase 2.2: |Q]| > |Q1| and |Q}| < |Q2|. By (2-12),
h—1 101 < pJini+(iv j2n2 | Q/1 l,

and therefore 2/~ 11k Q| & 271+ (1Vi2)na| Q' for some k > 0. Moreover, for each
k > 0, the number of Qs is less than C (h + k)N 2h+k On the other hand, since
051 < Q2] < [271V72 Q). we see that £(Q2) =2€(Q}) for some 1 <1< ji V ja.
For each [, the number of Q;’s must be < 1. Moreover, by (2-11),

lx0, —XQ’2| _ X0, _XQ/zl E(le) > 9i1Vi—l
(02 0oy Q) "™ '

By the above considerations, we can deduce that

Z r(R,R)P(R, R

Subcase 2.2
L _ M _ M

- Z (|Q1||Q§||Q§|> (IXQ1_XQ’1|> (m1+ )<|xQ2—xQ,2|> (n2+M)
= y -

Subcase 2.2 |Q1| |Q2| |Q3| E(Ql) K(QZ)

J1Vij2

S Y S Gk myV okt ke im G gL

kx>0 I=1 « 21UV aVijsns+klLy—(ni+M)ji9—M(ji1V ja=1)

S 2~h(L=N=Dy—ji(M=niL)y—[(j1Vj2)n2+(ji Vj2Vj3)”3]L'
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Subcase 2.3: |Q]] < |Q1| and |Q}| > | Q2. This is symmetric to Subcase 2.2, and
similar arguments yield

Z r(R,R)P(R, R < 2= hL=N=1) =1V p)(M=n2L)y—=Ljtm+(ivjaVisnslL
Subcase 2.3

Subcase 2.4: |Q’1‘| < 101l and |Q4| < |Qa]. Since |Q]] < Q1] < [2/1Q]| and
|05 < Q2| < 127"V Q)|, we see that £(Q) = ZIIE(Q/I) for some 1 </; < j; and
that £(Q,) = ZZZE(Q/Z) for some 1 </, < j; V j». For each /] and [, the numbers
of Q1’s and Q»’s are both < 1. Moreover, by (2-11),

|le _xQ,1| > jl_ll’ |xQ2 B XQ’2| > 2]‘1\/]‘2_[2‘
(o - 0@ ~
By (2-12), 2h—lzl|n]+lzn2|Q/l % Q/2| — 2h—1|Q1 % Q2| S 2j1n1-i-(j1\/j2)nz|Q’1 X Q’2|’

and thus 2" < 2/1m+01vVin  Hence

> r(R.RHP(R, R

Subcase 2.4

- Z (IQ& X Q’2|>L<|Q§I>L<lJr X0, —xQ/l|>—("1+M)
" subam 24\ Q1x Q2] ) \10Qs] €Q))
X0, — xpy |\ —(2+M)
X <1+—| Q: Q2|>
£(Q2)
Ji 1V

< Z Z Z2*("111+n212)L2*[(j1Vj2Vj3)n3+K]L2*M(J'1*ll)
L=1 =1 «>0

x 27 MUYy 6 iy it (B)

5 2—j1n1L2—(j1ij)nsz—(j1Vj2Vj3)n3LXZn(0’ C[jlvjz])(h)-

Cases 3 and 4 can be treated by symmetry. Case 8 is easier, and can be handled
similarly. For Case 1, we consider eight subcases by comparing |Q;| with |Q!| for
i =1, 2, 3; in each subcase the desired estimate can be proved by using arguments
given in Subcases 2.1-2.4. This concludes all estimates for VIII.

Finally, the remaining terms //-VII can be handled similarly. We only consider
VII and indicate the necessary modifications. As before we consider eight cases
by comparing | Q|| with [Q1], |22Q}]| with |Q5|, and [272¥/ Q4| with | Q3], and
matters are reduced to showing certain decay estimates for

> r(R.RHPR.R)
R:RCQ,
R,E'Q/O,_/'l J (R)
in each case. Recall that, in dealing with VIII, we used (2-11) to derive certain
decay factors in jj, in order to sum over j; € Z;. But for VII, the decay factors
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in ji are no longer needed, and we use the trivial inequality instead
X — X _(nl+M)
Q) Vv E(Q1)

The rest of the proof is similar to that for VIII, and we omit the details.
This completes the proof of Theorem 1.6. (]

Pi(Q1, Q) = (H-

To show that CMO;’w([RN ) is the dual space of H ;’w([RN ), we introduce the
multiparameter flag weighted sequence spaces.

Definition 2.9. Let0 < p <1 and w € Afo([RN ). We use s (RY) to express the
collection of all sequences {sg} satisfying

(5 5 bl

JEZ3 ReRY

< OQ.

I{sr}H g2 @y) =
L [RN)

We also use ¢}, (RV) to denote the collection of all sequences {tz} such that

|
I{tR I vy := sup {[w(Q)]Z/p 1 Z Z ixl” (R)} =

QCRY JeZ3 ReRY,
RCQ

where the supremum runs over all open sets 2 with w(£2) < oo.
We will show the duality relationship between s& and cl,.

Theorem 2.10. Let 0 < p < 1. Then (sh(RV))* = ch (RN). More precisely, for
every {tg} € ch (RN), the mapping £ : {sg} Y g SRIR defines a continuous linear
functional on s, (RN) with operator norm || €| < 71l .2 gy Conversely, for every
¢ € (sh(RV)*, there is a unique {tg} € chy(RY) such that L(sg) =Y p sgir and
1t)xlleg S Nl

Proof. We first prove cb (RY) C (s5(RV))*. Suppose that {tz} € cf (RY). For

{sr} € sh(RV), let
1

g({sR})<x>={Z ) |sR|2|R|1xR(x>}2.

JeZ3 ReRY

ForieZ, set Q; ={x e RV :G({sg}))(x) > 2'}, @ = {x € RN : Mz (xq,)(x) > 1/2},
and B = {R € R7:|RNQ| > 1/2|R|, |IRNQus1| <1/2|R|}. If x € R € %, then
Mz(xe)(x) = ﬁf,g xo; (¥)dy = |RNQ;|/|R| > 1/2, which implies

(2-13) U rc .

R €B;
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Moreover, for g > gq,,, by the L%, (R") boundedness of M,

(2-14) w(Q) < w(),

and by Lemma 2.7,

(2-15) w(RN(2; \ 2i41)) _ w(R\ ;11) > (|R\Qi+]|)q . i
w(R) w(R) |R| 24

Suppose {tz} € ch(RV). By (2—13)—(2—15) and Schwarz’s inequality,

IPILTE

JeZ3 ReR %

ISRI IRI™ r(0)w(x)dx

G\t fo, (R)

<Z{Z|R|2 sl } {fm > XR(x)w(X)dX}%

ieZ i+l Re%; l

B[—

< ||{zR}||cz;Z[w(ﬁm(i‘l)i{ | . [g({sR})<x>]2w<x>dx}

ieZ
Sl > 2 w1
ieZ
S 2 1GAsRD L2 = I{eR} e s R 52

which implies the inclusion ¢}, (RY) C (sh(R))*.
For the converse, we assume that £ € (s5 (RY))* Then it is clear that £({sg}) =
> g Srig for some {tg}. Now fix an open set 2 C RY with w(2) < oo. Let u be a

measure of Rz such that «(R) = [w(Q)]'~%/?|R|[w(R)]~" if R C © and otherwise
w(R) =0. Set

1
_2 |R] )2
||{sR}||ez(Q,m={Z 3 IsrlPlw(e]' 7 iR
JeZ3 ReRY,
RCS
Then
1
E IR| |2
cam & X o]
[w(Q) JeD* rerl. w(R)
RCH
IR
= {tr}l2@y = sup Z Z srirlw(Q)]' P — R
}ll[z(Qu)—l Je73 RERJ, ( )
RCQ
1- 2/p |R]
<€l sup srlw(£2)]
15z}l 200 <]

where {sg} satisfies sz = 0 if R is not contained in 2. However, for such {sg},



BOUNDEDNESS OF SINGULAR INTEGRALS WITH FLAG KERNELS 575

Hoélder’s inequality yields

|R|

sR[w(m]l—Z/Pw )

sb(RN)

R
={ | [Z > |sR|2[w<s2>]2—4/1’w'(R')sz(x)]

JEZ} ReRY
RCQ

11 R
s[w«z)]v‘Z{ [X X sePw@p- o XR(X)w(X)dX}

w(R)?
JEZ® ReRYE, (R)
RCQ

S13S]
|-

w(x)dx}

B|—

= [{sr 2@, = 1-

Combining the above estimates yields

I{zr o2 vy < NI€11,
and hence {tz} € ¢ (RV). [l

Now we define a lifting operator L on S}(RN ) and a projection operator T on
sequence spaces by

L(f) == (|R|* ¥ % f(xg)} for f € SE(RY)

and

TURD@) = > > IR Yy (x — xp)tr

JeP3 ReRY:

where {1/} satisfies (1-1) and (1-2).
To prove Theorem 1.7, we need the following:

Theorem 2.11. The lifting operator L is bounded from H ;w (RM) to sb(RN) and
bounded from CMOf—_’w([RRN ) to ch(RN). The projection operator T is bounded
from sb(RN) to H]‘;,w(RN) and bounded from cl,(RN) to CMOfT’w (RM). Moreover,
T o L is the identity both on Hﬁ’w(RN) and CMO%w(IRN).

Proof. The boundedness of £ from H7 , (R") to s{,(R") and from CMOY%.  (RY)
to ¢l (R") follows directly from the definition of £.
We now show that 7 is bounded from s/ (RV) to H Jﬁ,w(RN ). By definition,

1

{Z > WJ*T({zR})(xR)FxR}Z

3 J
JeZ’ ReR%

ITU{rD I g @y = ‘ .
F,w Lﬁ,(RN)
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il

= |tll,r.
L *

A similar argument to the proof of Theorem 1.4 yields

{ > {Mf[ > t,%/|R/|—‘xR/]

/ 3 J!
J'eZ R’ER}_

[NS/S]
Sl

ITARD Iz, S ‘

SJ ‘

Next, we prove that the operator 7 is bounded from cB(RM) to CMOgrﬂw(IRN ).
Suppose {tr} € ¢l (RY). Then, for any open set & C R with w(2) < oo,

DD i 'ZW“[ w7

P
Ly

1
{Z 3 r,%/|R’|—‘xR/}2

/ 3 J!
J'el’ ReRY

JEZ? ReRYE,
RCQ
Therefore,
> 2 IR
R
J€Z3 ReRY, w(R)
Rc 2 |R)?

=2 > (Z > |w1*w<xR—xR/>|-rR/-|R’|5) s

Jez3 R;?é J'e73 RERJF/

Repeating the same argument as in Theorem 1.6, we obtain
1

1 |IR'|? )2
IT{rDllepor. , wvy S su P{W Z ltrr|? (R’)} ~ AR b v -

Finally, the fact that 7 o £ is the identity both on H7. , (R") and CMO’.  (R")
follows directly from the discrete Calderén identity in Theorem 2.1. U

Proof of Theorem 1.7. We first prove the inclusion CMO;’w Ry c (H ]’;’w (RN))*,
Let g € CMOfT’w([RN). For f € SOO(RN), define the mapping £,(f) := (f, g).
Applying Theorems 2.1, 2.10 and 2.11, we obtain

1L (O =1(f. &)l = <Z > |R|w1<-—xR>wJ*f<xR),g>‘
J€Z® RCRY
=[>" > RIS ¢ fFGR)IRI Y * g ()
JEZ3 RCRE:

= L), LN S NLD sz @y 1L N er wm)
N ”f”Hff,w(RN)”g”CMOfT,w(RN)a

where we have chosen ¥ (—x) = (x) and ¥ ® (—x) = ¢ @ (x). Since So (RY)
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is dense in H ﬁ’w(RN ) (by Corollary 2.6), it follows that the mapping £,(f) =
(f, g) can be extended to a continuous linear functional on H ﬁ, w(RN )and [[4,]l S

”gHCMOpf,w(RN)'
Conversely, let £ € (H7. ,,(RY))* and £; =£oT. For {sg} €51, (R"), Theorem 2.11

gives
[6i({seDl = LT {se < 1€l - IT UseDl 2, @vy S 1N HsrH o @)

which implies that £; € (sf(R"))* Then by Theorem 2.10, there exists {tz} €
cu(RY) such that £1({sg}) = Y srig for all {sg} € s{; RY) and [[{zg}l| .2 vy S
1€1]] < |1€]]. By Theorem 2.10 again, £ =£o T o L = £; o L. Hence,

Ef) =t (L) = (L), 6) = (] &)

where g =), ;s ZReR; |R|% tr ¥y (xg —x). This implies that £ = £,, and, by
Theorem 2.10,

||g”CM0§r,w(RN) 5 ||{fR}||c{;([RN) 5 ||€g||-

This concludes the proof of Theorem 1.7. ([

3. Weighted boundedness of singular integrals with flag kernels

This section is devoted to proving the boundedness results given in Theorems 1.9,
1.10 and 1.11 for flag singular integrals. To prove Theorem 1.9, we need the
following orthogonality estimates.

Lemma 3.1. Let ¢ € S(RV) satisfy
f o(x1,x2,x3)dx; =0 for almost every (x, x3) € R™773,
R™

(3-1) / @(x1, x2,x3)dxy; =0 for almost every (x1, x3) € R1*13,
R"2

/ o(x1,x2,x3)dx3 =0 for almost every (x1, xp) € RM*m2,
R"3

and define ¢ by @ (x) =2~ "MFRmtins =iy, 2702x, 275 x3). Also ety €
S(R") be defined as in Section 1. Then there exists € > 0 such that, for any M > 0,

3 i'M
.2
(3-2) lps ()] S 2—e<m—f{l+uz—fél+fs—j;>[ maxsksi 27 ]

Proof. We consider eight cases separately.
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g,
Case 11 j1 < ji» J2 = J3» J3 < J3- By (3-1),

Iw*t/ff-f)(x)|=' /R s @YY =)=y ()l dy
2(iVipM 2(aViDM 2(3VipM

<p—lih=il__= _- _- )
~ (QIVI 4 oy YMAT 272V 4| xp |y MA12 (273VI1 4| x5 |) M0

This together with
M 20isVisM

(272 + Jxa )M+ (27293  [x3])M s

2 3
W7 s v (2, x3)| S
2 3
yields

B3 lerxyr@l=lles = v T ) w2 v 1)
3

< p—li=ii] [ max; i 20 I0M }

o1 (maxg <<y 20V gyt M

3 i’
_ -l |[ max; <i<; 2 }

.7
iy (maxy << 2%k + |x; )ntM

The same techniques yield

G- s ¥l =llgs w23V 1Y) 3 9 100
3 -/
< 2|/2]2’||: max; << 2/¢M :|
~ iy (max i< 20 + [x; )i tM
and
G5 prxvr@I=lles x5 %30 1@))

3

M

< p=lis=jil [ l_[ maxi << 2k ]

~ : -/ ] .
i=1 (maxlfkfl 2jk + |xl |)nl+M

Taking the geometric mean of (3-3)—(3-5), we obtain (3-2) with e = 1/3.

Case 2: ji > ji, j» < jj» Jj3 < j;- We use the moment condition of ¢! and
Taylor’s remainder theorem to get

s %) ()]

= ‘ fR s (= y) = PLoalys 100105 ()dy
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5( Z 2—|j|—jf|L12—|j2—jf|L2)

Li+L,=L
SGIVIDM (VDM 2UaviM
X . v - .7 . -/
QIVI LM PV 4 L) M RV 4 [ M
GivipM (GavipM GavipM
< o-li—jie__ 2 2 2R

(I 4 [y M RV 4 [xpMEm2 QAT g )M

where in the last inequality we have used the fact that |j; — j{| > |j> — j{| and
Pr_1[f]is the (L—1)-th order Taylor’s polynomial of f. It follows that

1 3
ooy (Ol =1lprx ) Tealy sy 1)
i M 2GiVi)M 2V ViM

QA PMHM IV g | xp |y M2 (21115543 )Mo+

3 i M
< p—(L=M)lji—j| [ I max; <k <; 2% }
~Y . .
iy (maxg<<; 20+ |x; ) +M

—=L|ji—jil
<ot

The other cases, {ji < j{, j2 > j5. ja < j5b (i > Jjis j2 > j} j3 < Jih
=it 2=y 3<ish > Jis 2=y J3<ish UnSJis 2> s J3 < Jjzhs
and {ji > j{, jo > j, j3 < j3}, can be handled in the same manner and details are
left to the reader. U

Lemma 3.2. Let K be a flag kernel. We have

max1<k<l 21’2M
(max1<k<l 20+ |x; M

(3-6) |WJ*K*WJ/(X)|<2_IOM(|]1 JiH 2=l 43— J;I)l_[

Proof. Tt is well known that xp(’) * xp(’) and 2~ Lli—Ji |1//(') satlsfy the same differ-
ential inequalities and moment COI’ldlthl’lS on RV, Thus

1 1 2 2 3 3
Vs =1y v Teas W) 9 T [y ) = )
satisfies the same properties as 2~ L(1=JilH2=pl+VisDy ., 1 where
2 3
Vv =) sy ? syl

J2Viy BViy”
By [Nagel et al. 2001, Corollary 2.4.4],

= Z §0(j)

N=h=j3

N1V

where {¢/)} is a bounded collection of C* functions, each of which is supported on
{lxi| <c,i=1, 2, 3} with (3-1), and the series converges in the sense of distributions.
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Lemma 3.1 yields

S e IR S AR (AR An 69

=iy =iy
S Y 2 B GVIDHE GV i HE =GV DD
j{/<j//<j//
2 GkVipM
2~ LU=+ 2=+ s— J;I)l_[ max) <k<; 24T
| (Max<j<; 20V it |x; ) 1+ M
’3 . .
- 2 GkVipM
<2—<jl—j;+|jz—jz’|+|j3—j3’|>L[ max; ki 24 }
- ) (max) iz 20804 M
This finishes the proof of (3-6). U
Proof of Theorem 1.9. By the discrete Calderén reproducing formula,
1Tz,
{Z D I xKx f(xp)| XR} )
ez’% RE'RJ Lw
Y
{Z YoADS DD IR W fOer)Ys 5 Kx Yy (xg — xR) xR}
V4
JEZ? ReRY. J'e€l’ R'eR) L

Equation (3-6) says that, for each J, J' € Z3, ;% K % ¥, satisfies the same
orthogonality estimate as 1y * ¥ ;. Thus, repeating the same argument as in the
proof of Theorem 1.4, we obtain

||Tf||H;_w(RN)

2P

This concludes the proof of Theorem 1.9.

B[S
S

[ (Z |ww*f<xR/>|2fo)

Jer’ R'eREL ]

oy <||f||1—1" (RN)-
Ly (RY)

1
}2
O

To prove Theorem 1.10, we need a new Calderén type identity in terms of bump
functions. Fori = 1, 2, 3, let ¢\, ¢') € S(RV') be such that supp ¢ is compact
and bounded away from origin, ¢'") is supported on B(0, 2), and they satisfy

¢V xH(x)¥ dx' =0 for 0< el < My,
RN



BOUNDEDNESS OF SINGULAR INTEGRALS WITH FLAG KERNELS 581

where M is a large positive integer given in Theorem 3.3 below, and
3 6OQigHEOQig) =1 for & € RV \(0);
JieZ

see [Frazier and Jawerth 1990, Theorem 4.2]. For J = (i, j2, j3) € 73, set ¢y =
(d);ll) (;555) ¢(3)) where ¢(’) = Opn- qb( ), and gb ;J is defined similarly in terms
of ¢>

Theorem 3.3. Let0 < p <1and we AL (RY). Let My > 10(N{[qw/p—11V2}+1)
(here [ - | means the greatest integer function). For a fixed sufficiently large integer K,
let R;_-’K = RQ_K’”_K’”_K and let xg denote the lower left corner of R. Then, for
every f € L*(RV)n Hﬁ’w(RN) there exists some function

h=hye L*®R")NHE (RY)
depending only on f such that

FOEY S IR & —xp)ds xh(xp).
JeI} ReREK

Moreover,

(3-7) I ey, ~ W0l gy -

Proof. For f € L2 (RY) N H; (RV), applying the Fourier transform gives f =
Yo jer ¢ J * @y * f, where the series converges in L*(RM) norm. Using Coifman’s
idea of the decomposition of the identity operator, we have

FE =" " IRIps(x — xr)ps * f (xR)

Jez3 RER;}K
+> > / (¢ (x —x) (s % [)(x') = Gy (x — xR) (s * f)(xR)] dx’
Je73 Re ’RJK

= Tg(f)(x)+ Rx(f)(x),

where K is a fixed large integer to be determined later.
We can decompose Rk (f) further as

Re(Ho=3 3 / (35 (x =) = 35 (x — 21y * &) dx’

JED Re 721 K

+> ) f ¢ (x — xp)[(@s * &) = (¢) % f)(xp)] dx’

Je73 RGRJ K

=: R (f)(x) + R (f)(x).
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We claim that fork =1, 2,

(3-8) IRk (Dllgz, <C27 5 fllgp s

where C is a constant independent of f, K and xg.

Assume the claim for the moment. Then choosing sufficiently large K such that
C2~K <1 implies that both Tk and Tlgl = Z;:C’:O(RK)” are bounded on LZ(R")
and on Hﬁ’w([R{N). Setting h = RI_(I(f) gives (3-7). Moreover,

F=Te@ ' (MN=D" Y IRI¢s(-—xp)($s *h)(xR),

3 1K
JeZ’ ReR%:

where the series converges in LZ(RY).

To finish the proof of Theorem 1.10, it suffices to verify the claim. Since
the proofs for R }( and R%( are similar, we only treat R }( The discrete Calderdn
reproducing formula in Theorem 2.1 yields

(3-9) Yy * Rp(f)(x)
ZZ Z /Rl//J'*[aJ('—X/)—51('—XR)](X)(¢>J*f)(x/)dx/

3 1K
JeZ® ReR %

=) 2 fRw*[«%(-—x’)—%(-—m](x)

JeZ3 ReRLK
x ( S ST AR vk F GOy * Y —xR~>) dx’,
J"el? Rrery
where xgr = (xg7, xgy, Xgy) denotes the lower left corner of R”. Set
¢s() =y —x") = s —xg).

Applying Lemma 2.2 with M sufficiently large (which will be determined later)
and L = 10M, we obtain that for some constant C (depending only on M, i and ¢,
but independent of K),

Wy % by (x)]

3 max ; 2ikM
< 02~ K= 10M(ji=jil+1 2=+ 3= J3D | | I<k<i
J— ./ 9
(maxj<g<i 27 + |x; —X;DH—M

i=1
and, similarly,
|y % Yy (x" — xpn)]

. .17 . -1 . -1 3 maxij<k<ij ZJ{M
< 27 10M U ji=jy 1+ 2= i 1+ =151 | | =k=t
J— =1 .
(max <k<; 2% + |x] — xgr NIHM

i=1
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Substituting both estimates into the last term of (3-9) yields

W% R () (x)]
SO D IR Wk f g

” 3 g
J'eZ R'eR’:

3 i M
.. .k
XZ Z /2K1—[2|J,»J;|3M max| <k<; 2
R o
i=1

i /M
Jez3 RER;}K (maXISkSlz + |x; xl|)

=1
.. . ]kM
o« 2-lii—il13M maxi<x<; 2

L
(maxj<x<; 2/ + |x] — xQ;’|)1+M

7K 7("/7.”|+|'/7.”|+|'/7',,|)M Y73
<2 E: Z 2~ U= L= =DM | R |

J'er? R”GR%/
> max <y <; 2UkViOM
x ke Yk f )l
iy (maxy << 259 + |x; —xgr)!F
= =r= i

Now we may choose M = N{lg,/p+11Vv2}+1, L=10M and N/M <§ < 1.

Then p/8 > gy so that w € A7 ;(RY). Arguing as in the proof of Theorem 1.4, we

obtain

IRk (Pllz
oGt
Sk { > {Mr( > g f(fof>|xR~) } } 527U g,
J'e73 R“ER%/ Ly
This verifies claim (3-8) and hence Theorem 3.3 follows. [l

Using a similar argument to the one in the proof of Theorem 1.4, one can prove
the following:

Corollary 3.4. Suppose w € AL (RY). Then, for f € HY ,(RV) N L*(RY) and
0 < p <1, we have

’

L ®RY)

1
2
£ e, @y 2 187Dy @y = H{ YD gy *h(xR)PxR}

3 J.K
JeZ ReERF

where h = hy and K are the same as in Theorem 3.3.
The key to the proof of Theorem 1.10 is the following.
Lemma 3.5. Suppose 0 < p <1landw € AOFO([RN). If fe H]li’w(RN) NL%(RN),

then f € LY, (RN) and there is a constant Cp > 0 independent of the L*(RN) norm
of f such that

1Ay ey < Cpll fllmz s
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Proof. Without loss of generality, we may assume w € A; (RN) for some g €[2, 00).
Given f € L2(RM)N Hﬁ,w(RN), set ; = {x e RV : g7(h)(x) > 2'} where h = hy
is given by Theorem 3.3, and

% ={(J,R): JeZ’, ReRZ", [RNQi| > (1/2)|R], IRNQi11| < (1/2)|R]}.
By the discrete Calderén reproducing formula in Theorem 3.3,

F=Y " IRI$s(-—xp)ps*h(xp).

ieZ (J,R)e

We claim that

p

(3-10) > IRIGs (-~ xp)bs h(xp) < 2" w ().

(J.R)e?;

Ly (RY)

Since 0 < p < 1, the above claim together with Theorem 3.3 yields

p
p Y —
17y 22| 22 RIS —xR)gyhCep)|
ieZ " (J,R)e% Ly (RY)
< pi )< z(h)|? ~ |hll” ~ I flI?
NZij W) S IEWNTp g, X WAy oy X 1F 1y oy
le

and Lemma 3.5 follows.
To show claim (3-10), we note that if (J, R) € %;, the function x — ¢ (x — xp)
is supported in ; := {x : Mz (xg,)(x) > 1/100}. By Holder’s inequality,

P
G-11) | > [RIgs (- — xRy *h(xR)
(J.R)e% LI (RY)
p
Sw@)'"PDN N RIGs (- —xr)G *h(xR)
L3, (RY)

(J.R)e;

We now estimate the last LY,-norm by a duality argument. For ¢ € LZ}L J (RY) with

||§||Lq/]7q/(RN) 5 19

K > |R|$J(-—xR)¢J*h(xR>,z>‘= > / G L (eR)rh(xXR) xR (X)dx

(J,R) e (. R)e
> 3
< { > |¢J*h<xR)|2xR} { > |$,*z(xR)|2xR} ,
(J Ry LRV (J,R)E qulfq/(RN)

= 11X12,

where ¢, (x) = ¢, (—x).
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We first estimate /. Since w € A] (RY) implies w1 ¢ A;([RRN), Corollary 3.4
and the remark on page 552 yield

1
{Z 3 |$,*;(xR)|2xR}2

3 J.K
JeZ ReRZ

(3-12) L3 ‘

Nl e vy =1
Lt q,([RN) Lwl—q’ ®)
whT

As for I}, note that ©; C €; and w(<2;) < w(2;) due to the L% (RY) boundedness
of M. For any (J, R) € % and x € R, M]:(XRmfzi\QiH)(X) > % Applying
Corollary 2.5 again, we have

T

(3-13) 1{1=/R{ 3 |¢J*h<xR>|2xR(x>} w(x) dx

(J,R)e

T

S / { > |¢J*h(waf(memm)<x>|2} w(x) dx
R LU myew
q

st { ) |¢J*h<xR>|2xR(x)}2w<x)dx

S-Zi\QH—l (J,R)E”//;
< 21w () < 27w(Q).

Combining both estimates (3-12) and (3-13), we obtain

< 2My ().
LY, RN)

> IRIG (- —xR)$s *h(xR)

(J,R)e;
Plugging this estimate into (3-11) yields claim (3-10), and so Lemma 3.5 follows. [J

Proof of Theorem 1.10. For f € L*(RV) N H]’f-’w([R{N), by Theorem 1.9 and
Lemma 3.5,

||T(f)||Lg,(RN) = C”T(f)”H;_w(RN) = C||f||Hj’va(RN)-
Corollary 2.6 together with a limiting argument yields Theorem 1.10. ]

We remark that, as mentioned before, the flag Hardy space H ;(IRN ) (where
w = 1) differs from those of the classical one parameter and the product Hardy
space. To see this, by Lemma 3.5, if f € L>*(RM)N H;([R{N), then f € L'(R") and

(3-14) / f(x1,x2,x3)dx3 =0 for almost every (x, x2) € R" x R"2.

Indeed, for f € L*(RY) N HZ(RY), Lemma 3.5 gives that f € LP(RY) N L*(RY),
and hence f € L'(R") by interpolation. To see [ f(x1, x2, x3) dx3 = 0, applying
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the Calderén reproducing formula in Theorem 2.1,

FE) =" > IRV (x —xp)¥y * f(xr)

JEL? ReRE

where the series converges in both L*(RN) and H ;(RN ). Let &7 and f;, be defined
as in the proof of Corollary 2.6. Therefore,

f=fr=> IR (x —xp)¥y * f(xg)

&

converges to zero in both LZ(R") and H ]’;(RN ) as L tends to infinity. Applying
Lemma 3.5 and interpolation, we obtain

L!

D IRy (x = xp)Yy * f (xR)
&

S

’
P
Hy

D IR (x —xp) ¥ * fxR)| +
P 2

D IR (x — xp)Y * f (xR)
éd(,‘

L

which implies that || f — fr|;1 tends to zero as L tends to infinity. Therefore, for
almost every (x1, xp) € R™ x R,

f(x1, %2, x3) dx3 = lim / D IR (x = xR) Yy * f (xg) dxs =0,
R"3 L—oo JRn3 &
where the last equality follows from the cancellation property of ¥;(x — xg). This
indicates that all L? elements in H jﬁf satisfy only “partial” cancellation property
(3-14), which is different from cancellation conditions for classical one parameter
and the product Hardy spaces.

Finally, we prove Theorem 1.11. It is known that L>(R¥) N H ;w(RN ) is dense
in H ;w(RN ). This allows us to use the discrete Calderén reproducing formula in
Theorem 3.3, which plays a crucial role in the proof of the boundedness of flag
singular integral operators on H Jﬁ’w([R{N ). For CMO?;’w, we prove the following
so-called weak density result which will offer the same service as the above density
does in HY .

Lemma 3.6. Let 0 < p < 1 and w € AL (RY). Then L*(RY)NCMOY.  (R")
is dense in CMOpf’w([RRN) in the weak topology (Hﬁyw(lR{N), CMOf,’—_’w([RN)). More
precisely, forany f € CMOfT, w(IRN ), there exists a sequence

{fu} C L*®RVYnCMOY. , (RY)
satisfying ”fn”CMO’}’w(RN) = ”f”CMOnyw(IRN) and

Lim (fo.g) = (f.8) foranyge Hz ,(RY).
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Proof. Suppose f € CMO?C »(RY). Set

f)= Y > RNy fOeR)V (x — xR),

|jl<n,lk|<n RCB(O,n)

where {1} satisfy (1-1) and (1-2). It is easy to see that f;, € L*(RM). Repeating the
same proof as the one in Theorem 1.6, we have || f, ||CM0p (RN) < C||f||CM0p L®Y)
and hence f, € L2 RY)NCMO%.  (RY). Forany g € S, ([R{ ), the discrete Caldercn
reproducing formula given in Theorem 2.1 yields

(f = fur &) =< 3 |R|w1*f(xR>a/u<-—xR>,g>

|jl>n, or |k|>n, or RGB(0,n)

:<f, > |R|w1*g<xR)wJ<-—xR)>.

|jl>n, or |k|>n, or RGB(0,n)

By Corollary 2.6, the function

> Ry % g(xp) s (x — xp)
|jl>n, or |k|>n, or R&B(0,n)
belongs to H7 , (RV) and its H} , (R") norm tends to 0 as n — oco. Hence,
Theorem 1.7 implies that ( f — f,,, g) tends to zero as n — 00. Since Soo(RY) is dense
in H ;w(IRN ), a standard limiting argument finishes the proof of Lemma 3.6. [J

Now let us show how a flag singular integral operator 7= acts on CMOfT’w([RN ).
Given f € CMO;’w(IRN ), by Lemma 3.6, there is a sequence

{fu} C LP®Y)NnCMOY. , (RY)
such that

”fn”CMOF (RN) = C||f||CM0f (RN)>»

(3-15) lim (f,, g) = (f,g) forany g€ L*RY)NHE,RY).

We thus define
(Tr(f). 8) = im (Tr(fu).g) forany ge L*RY)NHE , (RY).

To see that the limit exists, write ((T7)(f; — fi), &) = (fj — fx. (TF)*(g))
since both f; — fi and g belong to L?(R"), and T is bounded on L*(RM).
By Theorem 1.9, (Tx)* is bounded on H7 ,(RY), and therefore (Tr)*(g) €
L*RY)n HEZ  (RN). Thus, by Lemma 3.6, (f; — fi. (TF)*(g)) tends to zero
as j, k — oo. It is also easy to verify that the definition of 7=( f) is independent of
the choice of the sequence f,, satisfying the conditions in Lemma 3.6.

We are now ready to prove Theorem 1.11.
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Proof of Theorem 1.11. We first show that for f € L>(RV) N CMO%w(IRN) and
any open set Q2 with w(2) < oo,

1
2 IR )2
(3-16) {WZ Y WosKesfGp) (R)} S lemor,, @v)-

JeZ3 ReRY,
RCQ

Using the discrete Calderdn reproducing formula given in Theorem 2.1, we write

Yo WuxKrxf(x Nl
J F R (R)

3
JeZ3 ReRL,

RCQ
J€Z? ReRY,
RCO

? IR
w(R)’

SN IR Kk (g — xr)

re73 J!
J'eZ> R'e ERY:

where tp = Yy * f(er)lR’I%. By (3-6), ¥rj % KC * ¢y satisfies the same almost-
orthogonality estimate as ;% ;. Repeating the same argument as in Theorem 1.6
yields (3-16).

For f € CMO?_-’w(IRN ), there is a sequence

{fu} C L*®RY)NnCMO% , (RY)

satisfying (3-15). By the definition of 7x(f) and the boundedness of Tr on
L*RY)nCMO%. (RY),

ITF(Nllemor, , @y < Himinf IT=(f)llemor, , @y

S lin_l)lolgf||fn||CM0;_w(RN) S ||f”CMOp]_-’w(RN)’

which concludes the proof of Theorem 1.11. (|

4. Calderén-Zygmund decomposition and interpolation
We first prove the Calderén—Zygmund decomposition for H ;w

Proof of Theorem 1.12. According to Corollary 2.6, L*(RY) N HY. | (R") is dense
in Hﬁyw(RN). Thus it suffices to prove Theorem 1.12 for f € L>(R¥)N Hﬁyw(RN).
Given any fixed a > 0, let ; = {x e RV : g=(f)(x) > «2!}, I € N, where g7 (f)
and K are the same as in Corollary 3.4. For J € Z3, set

Ry ={ReR:*: IRNQ| < 3IRI}, and
R ={ReRLX  IRNQ_11 = LRI, IRNQ < LR} forl>1.
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It follows from Theorem 3.3 that there exists some h € L2N H ﬁ’w such that

F&) =" " IRI¢sxh(xp)$s(x — xr)

JEZ} ReR]K

+ YD D" IRI¢s xh(xr)$s (x — xp) =: g(x) +b(x).

Jez? Iz1 Rer/X

We first estimate || g|| HE, - Repeating the same argument as in the proof of
Theorem 1.4, we deduce that for N/M < § <min{(p2/qw), 1},

$
> |w1*g<xR>|2xR<x>§Z{Mf[< > |¢w*g<xR/)|2fo> }(x)}

J€Z? ReRY% I'er’ Rer] K

2
1)

Take the square root on both sides and apply Corollary 2.5 on LQZ/ 5 (£%/%) (note
that w € A; / s) to derive

1
HZ 3 |¢w*h<xR/>|2xR/}2

’ Z3 J' K
J'e R,ERO

gl ye gmyy S .
A7 ®D LI2(RV)

We claim

(4-1) [87(f) )] w(x) dx
(Er(N)0)=a}
Z ‘

{ SO 1es *h(xRoFfo}z

Jer: RER(J,/’K

P2

LI @Y
which implies
815 ) S / (27N @1 w(x) dx
{8r(NHx)=a}
arr [ G (D@P ) dx SaIf1, o
{8r(NH(x)=a}
as desired. It suffices to verify claim (4-1). Choose § < min{p,/q, 1} and get

/ (g7 ()] w(x) dx
{87 () <a)

P2

/RN{Z Z |pg *h(xp)l XRmCQO(X)} w(x) dx

JeZ3 Re RJK
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j2)

R/RN{Z Z (|¢J*h(XR)lsM}‘(XRmEQO)(x))g} : w(x) dx

3 J.K
JeZ ReRY:

1
{Z 3 1és *h(xR)|2xR}2

3 J.K
JeZ RERZ

P2
>‘
~Y

LiZ (RY)

where in the last inequality we used the estimate yg(x) < 28 Mz (x R m[;QO)l/ 3(x)
for R € R;K, and the first inequality follows from Corollary 2.5 with ¢ =2/§ and
p=p2/8. ~

Now, we turn to the estimate for the H]’_Z}w([F\RN) norm of b. Set ; = {x eRVN:

Mzr(xe) > %} [ € 7. Then the desired estimate follows from

pi

(4-2) > Y IRIgs #h(xp)$s (- —xR)

JEZ} ReR) K

< QlayPrw(y-y),

Pl
H]-'.w

for any 0 < p; < 1 and /> 1. Indeed, by the LY, (RY) (¢ > g,,) boundedness of M,
w(@-1) S /N[MF(XQ,_])(x)]qw(X) dx S w(S-1).
R
This fact together with (4-2) yields

11570 gy < D @) w(@-1) £ Y@ w(r)
v 11 I=1

N / () w(x) dx
(Er(Hx)>a)

<l / [Er (NP w@) dx Sa” P fllgy g
{gx (N (x)>a} F’w

Thus to finish the proof, it remains to establish (4-2). Following the same argument
as in the estimation of || g|| a2, o WE get that for any [ > 1,

@3) >0 > IRIgs xh(xp)ps (- — xp)
Jez? RERIJ‘K H;-‘l,w
1
2
< 2
S {Z > 1gs#h(xp)l xR} »
JEZ3 RERIJ.K w

Note that R C €;_; for R € R{"*. Thus, |R N ($1—1 \ )| > 1| R|, which implies

1 1
XR(X) S 25 ME(Xpn (@) ® ()
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As in the proof of claim (4-1), picking § <min{2, p;/q.} and applying Corollary 2.5,
we have

S

Q)" w( ) = fR N{Z > |¢J*h<xR>|2me(§,1\9,)<x>} w(x)dx

3 J,K
JeZ’ ReRy

p1
2
/ { D0 D 1bshR)PMF(U @, ) (x)} w(x)dx
R e ReR]¥
% P1

zHZ > |¢J*h(xR)|2xR} .

JeZ? ReRr] ¥ Ly ®Y)
Combining this with (4-3) yields (4-2), and hence Theorem 1.12 follows. U

Proof of Theorem 1.13. Suppose that T is bounded from H7', (RV) to Ly (RY)
and bounded from Hﬁfw([R{N) to Ly (RY). Given f € H} ,(RN), p1 < p < pa,
the Calderén—Zygmund decomposition shows that f = g + b with

IIgIIsz @Yy S Sal” ”IIfIIHp _@vy and IIblle RN S Sal'” ”IIfIIHp @My

Moreover, in the proof of Theorem 1.12, we have shown that

1817 < f 5 (F) (017w (x) dx
HE W@ ™ () 2a)

and
||b||”1,,1 @ S / (7 ()1 w(x) dx.
Er(NH=a)

Therefore,
* - o
17517 vy SP/O o~ u({x:1T@W] > ) da
+p/ o u(fxr®)@)1 > £ 1) de

5 /00 <—”T(g)”L5)2>p2 doz-i—/ooal’—l(”T(b)”LfZ' )pl
0 o 0 o

N O‘p_pz_lf (87 () w(x) dx do
0 ¢r(f)(x)=a}

+ / e / ()1 w(x) dx dat
0 gr(fHx)>a}

S

F,w
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Hence T is bounded from Hﬁ’w(RN) to LY (RV).

To prove the second assertion that 7" is bounded on H ﬁ,w(RN ), for any given
a>0and f e H ; w([R{N ), we apply the Calderén—Zygmund decomposition again
to obtain

w(lx : 12T N> ah) < w({x: 18T > §1)

+w({x HgF(Th)(x)| > g})

Sa T +a P TBI)

HP, (RY) HY L (RN)

Sa gl +a bl

HPZ (RN) le (RN)

50!"2/ (87 (/D] w(x) dx
g (f)(x)=a)

+ozp1f [8r(H (O w(x)dx,
(Er(NH)>a)

which, as above, implies that ||g=(T /)|l r@y) S ||f||Hp L®Y)> and therefore
||Tf||Hp LRY) S ”f”H; (®Y) by Corollary 3.4. The proof “of Theorem 1.13 is
complete (]

5. Relations between different classes of weights

In this section, we clarify the relations between different classes of weights by
constructing some examples and counterexamples. Our aim is to show the following:
Proposition 5.1. For 1 < p < oo, Ap°(RY) C A7(RY) C A,(RY).

A positive measure ¢ on R” is called doubling if there exists a constant 0 < C < oo,
depending only on n, such that

(5-1) n(2B) = Cu(B)

for all balls B.

To prove this proposition, we need the following lemmas.
Lemma5.2. Letl < p <oo. Ifa>—nand A >0, then (|x|+ A)? dx is a doubling
measure on R" with doubling constant depending on a and n, but independent of A.
Proof. If A = 0, the conclusion above is well known. If A > 0, following the
arguments given in [Grafakos 2014, pp. 505-506], we divide all balls B(xp, R) in
R" into two categories: balls of type I that satisfy |xg| + A > 3R and type II that
satisfy |xo| + A < 3R.

For the balls of type I, we have

/ (x| + A)* dx < {vn(zR)n(|xO|+A+2R)a ifa=0,
B(x0,2R) Un(ZR)n(|xO| +A _ZR)a ifa < 0’
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and
{vnR”(lxol +A—R)?* ifa=>0,

/ (Ix] +A)* dx u .
B(x0.R) v R"(|xo| + A+ R)* ifa <O,

where v,, denotes the volume of the unit ball in R". Since |x¢| + A > 3R, we have
|xol+A+2R <4(|xo| +A—R) and |xo| + A — 2R > 1(Jxo| + A + R). The required
doubling property (5-1) then follows with C = 23"4l4l,

For balls of type II, |x¢| + A < 3R implies B(xg, 2R) C B(0, 5R). Therefore

/ (|x|+A)“dx§/ (Ix| + A)* dx < R,
B(x0,2R) B(0,5R)

On the other hand, using the fact that (|x| 4+ A)? is rapidly increasing if a > 0, and
the inequality |x| 4+ A < |xo| + A+ R < 4R if a <0, we have

/ (Ix| + A)* dx > Jpo.r) XI“dx ifa>=0,
B(x0,R) - fB(xo,R)(4R)a dx ifa <0,

> Rn+a‘
This concludes the proof of Lemma 5.2. ([

Lemma5.3. Let 1 < p <oo. If wy, wa € Ap(R"), then w(x) = min{w; (x), wa(x)}
is also in A,(R") with [w]a, <max(1, 2772 ((wila, + [w2la,).

Proof. This lemma slightly generalizes a result in [Grafakos 2014, p. 513], where
the case of w, being a constant was considered. For any Q C R”,

(k)oY
(i o) o
o) o)

S|~
o
_S
_—l—
S|~
S—
[38) |N

Nc\

< max(l, 21’—2){(']—'/ w1> (|1—|
0

< max(1, 277 ([wila, + [w2la,).

P
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where in the second inequality we used the basic inequality

r ]7
(al—i-az)p <max(1, 27~ 2)(al" +aj D)

for a;, a; > 0. Hence the required result follows. ([

Proof of Proposition 5.1. By definition, it is clear that A}°(RY) c A7(RY) C
Ap(RN).

Now, let us show that these inclusions are proper. For simplicity, we only
consider the biparameter case on RY = R™ x R", where we denote the flag
{(0,0)} C{(0, y)} CR" ™ by F.

We first show that A)°(RY) C A7H(RY). Let 1 —ny < a < na(p —1). For
x=@D, L x))eRM, y= W, ..., y")) e R™, we define

w(x, y) = y[*(xP1+1yp~"

Since w is independent of (x®, ..., x™V), for notational simplicity, we may assume
ny = 1 and write x instead of x(). We claim that

(5-2) esssup[w (-, y)]a,w1) = 00
yeR™2

(5-3) sup [w(x, - )]a, @) < 00,
xeR!

(5_4) [w]A (RlJrnz) < 00,

where [ -] A, denotes the classical A, characteristic constant. Assume (5-2), (5-3)
and (5-4) hold for the moment. Then (5 3) and (5-4) imply w e A (RV)NAY (RY),
and therefore w € A7' by Lemma 2.4; while (5-2) implies w ¢ A}°. Hence
AY°RN) © ATIRN).

Now let us prove (5-2), (5-3) and (5-4). We prove first (5-2). Given any y € R™
with y # 0, we choose an interval I = (0, r) with » = |y|% Then

)4
4 Vi
(m/ (. y)d ><|1|/[w(x »Er )
ya
1 [ —1 | 4 %
=(—/ e+ 1y)) dx)(—/ <x+|y|>pdx)
rJo rJo

1 r
Z—ln(1+|—|> -r=In(1+|y]) = +o0,
r y

as |y| goes to 400, which establishes (5-2).

Next, let us show (5-3). For x =0, w(0, y) =|y|* e A, (R"?). For any fixed
x #0, wi(y):= |yl and wa(y) := |y|%lx|! are both in A,(R"™), with A,
characteristic constants being independent of x. Since w(y) ~ min(w;(y), w2(y)),
(5-3) follows immediately from Lemma 5.3.
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We now verify (5-4). For any n € Z ., we divide all cubes Q(xg, /) (centered at xq
of side length /) in R" into two categories: cubes of type I that satisfy |xo| > 3/nl
and type II that satisfy |xo| < 33/7(. For any Q C R, write Q = Q; x 0>,
where

Q1=(x0—1l,xo+l)CR and Q2= Qs(yo,/) CR™
We consider the following four cases.

Case 1: If both Q) and Q5 are of type I, then for any (x,y) € O, w(x,y) =~
[y0l%(Ixo] + |y0]) ™", and hence the desired result follows easily.

Case 2: If Qg is of type I and Q- of type II, then for any (x, y) € Q, we have
|x| 2 |xo| = |y| and thus w(x, y) & |y|*|xo| ~. Moreover, |y|“ is in A,(R"™). Hence,

p
1 | P 5
101 dxdy || o ) 7 dxd
(IQI//QW(X y)dx y)(|Q|//Qw(x ) X y>
1 1 ap’ %
oo L P gy ) b Do,y S 1.
<|Q2| /Q2 |yl y)<|Q2|sz |yl y> <y1"la,®m) S

Case 3: If Q; is of type Il and Q> of type I, then for any (x, y) € Q, we have
|y| & |x| 4+ |y| & |yo| and therefore w(x, y) & |yo|*~!. Hence the required estimate
follows easily.

Case 4: If both Q| and Q5 are of type II, then by Lemma 5.2,

)4
1 1 _r v
1 ydxdy)(— ) 7 dxd
<|Q|//Q“’(" y)dx y>(|Q|//Q“’°‘ y) v dx y)
51

1 a —1
S\ Iyl*dy | (x+1yD™ dx
™% Jpo,s5ym 0

1 f _a 3t v
b Iyl 7 dy | (x+1lyDr dX>
<l"2+1 B(0.5/m3 1) 0

)4
1 _ v _ap D
s(l—/ NG 1dy><zn / M dy)
BO.5n31) BO.5m31)

N Ol

<

7

9

where B(0, 5,/n2 1) denotes the ball of radius 5,/n, [ centered at origin of R"2. This
concludes the proof of (5-4), and hence AL°(RY) C ATHRY).

Finally, let us show A71(R"Y) C A,(R"). From (5-4) and (5-2), interchanging
the roles of x and y, we see that for 1 —n; <b <ni(p—1), [x[P?(lyP|+|x)~"is
in A p([R{N ), but not in Af 1(RM). This completes the proof of Proposition 5.1. [J
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