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WEIGHTED INEQUALITIES FOR MULTIVARIABLE
DYADIC PARAPRODUCTS

DaAEwoN CHUNG

Abstract

Using Wilson’s Haar basis in R™, which is different than the usual
tensor product Haar functions, we define its associated dyadic
paraproduct in R™. We can then extend “trivially” Beznosova'’s
Bellman function proof of the linear bound in L?(w) with respect
to [w]a, for the 1-dimensional dyadic paraproduct. Here trivial
means that each piece of the argument that had a Bellman func-
tion proof has an n-dimensional counterpart that holds with the
same Bellman function. The lemma that allows for this painless
extension we call the good Bellman function Lemma. Further-
more the argument allows to obtain dimensionless bounds in the
anisotropic case.

1. Introduction and main results

The name Paraproduct was coined by Bony, in 1981 (see [2]), who
used paraproducts to linearize the problem in the study of singulari-
ties of solutions of semilinear partial differential equations. After his
work, the paraproducts have played an important role in harmonic anal-
ysis because they are examples of singular integral operators which are
not translation-invariant. Also, every singular integral operator which
is bounded on L? decomposes into a paraproduct, an adjoint of a para-
product, and an almost convolution operator. Moreover they arise as
building blocks for more general operators such as multipliers.

For the locally integrable functions b and f, the dyadic paraproduct
is defined by

mf =Y (b, hr){f)1hr,
IeD
on the real line. Here the D denotes the collection of all dyadic intervals.
{hr}1ep is the Haar basis in L3, (-,-) stands for the standard inner
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product in L%, and (-) denotes the average over the interval I. It is
now well known fact that the dyadic paraproduct is bounded on L? if
b€ BMO* (see [13]). Thus, after we fix b in BMO?, we consider m,f as
a linear operator acting on f.

We say the positive almost everywhere and locally integrable func-
tion w, a weight, satisfies the A, condition if:

(1.1) [w]a, = Sup<w>l<w*1/(27*1)>1?*1 < 00,
I

where the supremum is taken over all intervals. The class A, was first
presented in [11]. The Hardy-Littlewood maximal operator is bounded
on LP(w) for 1 < p < oo if and only if the weight w belongs to the
class Ap. If we take the supremum over all dyadic intervals in (1.1), then
we call it the dyadic A,-characteristic and denote it by [w] Ad- Beznosova
proved in [1] that the following linear estimate holds for the dyadic
paraproduct in L?(w).

Theorem 1.1 (O. Beznosova). The norm of dyadic paraproduct on the
weighted Lebesgue space L2 (w) is bounded from above by a constant mul-
tiple of the product of the AY-characteristic of the weight w and the
BMO® norm of b, that is

76 f 1l 22wy < Clw]ag bl rroa 1 2 w)-

In fact, the linear bound in L2, (w) of the n-dimensional dyadic para-
products are recovered in [9], [5] using different methods. However,
in this paper, to prove the linear bound of the dyadic paraproduct
in L2, (w) we use the Bellman function arguments as in [1].

One of the main purposes in this paper is an estimate for the n-di-
mensional analog of the dyadic paraproduct and to establish a linear
bound with [w] 4 and [[b]| gproa. Thus, throughout the paper, we will

be concerned with a class of weights, Ag, on R". If

[wag = sup (w)q(w™/ET"V)e < oo,
P QeDr
then we say the weight w belongs to the class of Ag weights. Here D™
denotes the collection of all dyadic cubes in R™.

In order to extend Theorem 1.1 to the multivariable setting in the
spirit of [1], we are using Bellman function arguments. This allows us
to establish the dimension free estimates in terms of anisotropic weight
characteristic. Thus we need to consider the class of an anisotropic
As-weights and the class of anisotropic BMO functions which are defined
as follows.
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Definition 1.2. A locally integrable and positive almost everywhere
function w on the space R™ belongs to class of Af weights, 1 < p < 0o
if

lag 1= supu) el "D < oo,

where the supremum is taken over all rectangles R C R™ with sides
parallel to the coordinate axes.

Definition 1.3. A locally integrable function on R” belongs to BMO®
if

1
16l Baror = sup E/ [b(x) — (bYr| dx < o0,
r |R| Jr

where the supremum runs over all rectangles R C R™ with sides parallel
to the coordinate axes.

Since a cube is a particular case of a rectangle, it is easy to observe
that ||b||smo < |||l garor- In [10], one can find the example which is
in BMOg> but not in BMO%,. Thus, BMO > BMO" when n > 2. It is
a well known fact that the weight |z|* € A if and only if || < n. Thus,
|z| € Ay in R%. However, one can see that (|x|)g, (|z|~')r, behaves like
logt, where Ry = [0,¢] x [0,1]. Even if [w]a, = [w],z in R, we can see
that the AL weight class belongs strictly to Az, when n > 2. We now
state our main results. Here 7, is the dyadic paraproduct associated to
Wilson’s Haar basis in R™ and defined in Section 2.

Theorem 1.4. For 1 < p < oo there exists constants C(n,p) only
depending on p and dimension n and C which does not depend on the
dimensional constant such that

max{l,p%}
||7Tb||L§n(w)ﬂL§n(w) < C(nap)[w]Ag ' ||b||BMo;gn

and for all weights w € Ag and b € BMO%M and
7ol L2, (w)—r2, @) < C [Wwlazllbll proz,
for all weight w € AE and b € BMO]IRETL.

Throughout the paper, we denote a constant by C, which may change
line by line, and we indicate its dependence on parameters using a paren-
thesis, for example C'(n,p). In Section 2 we discuss some n-dimensional
Haar systems and introduce notations. In Section 3 we introduce the
multivariable dyadic paraproducts. In Section 4 we introduce certain
embedding theorems and weight inequalities which are extended to the
several variable setting. In Section 5 we prove the main results which
provide the linear bounds for the dyadic paraproduct in L2, (w), and
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dimension free estimates. We remark in Section 6 that a similar method
recovers known estimates for martingale transform and obtains dimen-
sion free estimates as well.

2. Wilson’s Haar system in R™

First of all, we need to introduce the appropriate n-dimensional Haar
systems. For any Q € D", we set D}(Q)={Q € D" : Q' C Q, Q") =
£(Q)/2}, the class of 2" dyadic sub-cubes of @), where we denote the
side length of cubes by £(Q). We will also denote the class of all dyadic
sub-cubes of @ by D™(Q). Then we can write D™(Q) = ;2 D} (Q),
where D7(Q) = {Q' € D™(Q) : L(Q') = £(Q)/27}. We refer to [18] for
the following lemma.

Lemma 2.1. Let Q € D™. Then, there are 2™ — 1 pairs of sets
{(E] o E7q) 3 1! such that:

(1) for each j, | | | ‘

(2) for each j, Q and E 5 are non-empty unions of cubes from
Dy (Q);

(3) for each j, E j 0N ]2.1Q = 0;

(4) for every j # k, one of the following must hold:
(a) EjqUE7 is entirely contained in either Ej, o or Ef o;
(b) E,;Q U E,%yQ is entirely contained in either E]{Q or E] Q7

(c) (ElqUEZo) N (ELqUEL ) =0.

We can construct such a set by induction on n. It is clear when n = 1.
We assume that Lemma 2.1 is true for n — 1 and let Q be the (n— 1)-di-
ISR |
j=1
of sets for Q. We can get the first pair of sets by (Bl g:Efq) =
(Q x I_,Q x I) where I is a dyadic interval so that |I| = ¢(Q), and
@ x I = Q. We also have the last 2™ — 2 pairs of sets as follows.

n—1
{(B.0:E35.0) (Byjir.0: B3 Q)i
= {(E ~><I E~><I)(E]Q><I+,E~><I+)}

To save space, we denote Ej , UE? , by Ej ¢ and, by (1) in Lemma 2.1,
we have |Ejq| = 2|E},| for i = 1,2. Note that the sets Ejq are

mensional cube and { ElQ,EQQ)} be the corresponding pairs

on—l_1
=1
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rectangles. Also note that we assign Ey. g = @, E2.q = E11,Q and F3 g =
E%,Q and so on. With such a choice, we have

Q=F1q = Bj qUE} g = F2QUE3q = (E1,QUEs,q) U (F5QUE Q)
== Egn—17Q U E2"71+1,Q U---u EQn,LQ

=Eyn1 gUEZ 1 QUEu 141 QUES 14, QU+ UEgu_ QUEZ. _, o,

in fact,
2k 1 2k_1
_ o 1 2
Q= Bie= U (BjouE),
j:2k—1 j:2k—1

the sets F; g in that range of j’s are disjoint, and

D?(Q) = {E21"*1,Q’ E22"*1,Q’ E21"*1+1,Q’ ES"*Url,Q’ R E21”'—1,Qa E22”—1,Q}-

As a consequence of Lemma 2.1, we can introduce the proper weighted
Wilson’s Haar system for Lg. (w), {hYo}1<j<an 1, Qepn, Where

When w = 1 we denote the Wilson’s Haar functions by hj;g. Then,
every function f € L2, (w) can be written as

2" —1
f= 30 D (L hgluhie.

QeD™ j=1

2m 1 w "
Moreover, ||f||2L§n(w) =Y oepn Xgm1 I Yolwl?. ForallQ' € DY(Q),

the hjq’s and hiy’s are constant on @', we will also denote this con-
stant by hj,o(Q") and h},(Q") respectively. We can obtain the weighted
average of f over ;g for some 1 < j <2" —1,

21  Pmew= Y, Yo (bt (Eiq).

Q'€D":Q'2Q ©:E; 1 2E;.q

Furthermore, for j =1, Ey g = @, we have

22 Pmew=Pow= 5 S Al hehlo @)

QeP™Q2Q j=1
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Because it is occasionally more convenient to deal with simpler functions,
it might be good to have an orthogonal system in L%, (w). Let us define

(w)g2 () g1

7,Q .
2<’LU>ELQ

(2.3) Hi'g:==hjq V }EJ}QFA;:Q XE;.q» Where Ajq:=

Then, the family of functions {wl/ 2H w }J @ is an orthogonal system
for L2, with norms satisfying the 1nequahty

||w1/2H Q”L > ’EJ}QMUOE Q
By Bessel’s inequality in L2, one gets, for all g € L2,

2" 71 >2

24) >y |E]Q| < IR,

QeD™ j=1

As well as in the one dimensional case, one can define
(25) llasiog, = s a7 | 1) ol de

for a locally integrable function on R™. The function b is said to have
dyadic bounded mean oscillation if [|b]| gy;04, < o0, and we denote the
class of all locally integrable functions b on R™ with dyadic bounded
mean oscillation by BMO%... Notably one can replace (2.5) by

26) b0, = S0 o D 3 hl

QeD"(Q) Jj=1

In the anisotropic case, it is known that the John-Nirenberg inequality
holds for all b € BMO™ and any rectangle R C R™ (see [10]),

2/e

(2.7) [{eeR | [b(a)—(b)rl> A} <2/ R] exp<
ol smon

)\>, A>0.
Note that the John-Nirenberg inequality is dimensionless in the aniso-
tropic case. As an easy consequence of (2.7), we have a self improving
property for the anisotropic BMO class. For any rectangle R € R", there
exists a constant C(p) independent of the dimension n such that

29 (g [ v |pd:c)1/psc<p>|b|BMOR.
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Using the self improving property (2.8), we have, for i = 1,...,2" — 1
Q/ e Dn

1
(2.9) E— Z Z <ba hj7Q>2 < C”bH?BMOR

!’
1Bier] gepmian JiE;.QCE, o

)

3. The multivariable dyadic paraproduct associated with
Wilson’s Haar system

We now define the multivariable dyadic paraproduct. It is well known
fact that the product of two square integrable functions can be written
as the sum of two dyadic paraproducts and a diagonal term in a single
variable case. Moreover, the diagonal term is the adjoint of one dyadic
paraproduct i.e. for all f, g € L2,

(3.1) fg=mg(f)+mg(f) +75(9):

Thus, we expect to have analogous decomposition. Let us assume that
f,g € L3.. Expanding f and g in Wilson’s Haar system,

2" —1 2" —1
= Z Z<f7hij>hijv 9= Z Z<gvhi1Q’>hi1Q'

QeD™ j=1 Q'eD™ i=1
and multiplying these sums formally we can get

2" —1 2" —1

fa= 3" > > > (fhe)e hio)he(@)hig = (1)+(IT)+ ().

QeDn j=1 Q'eD" i=1

Here, (I) is the diagonal term Q' = Q, j = 4;

on_1
= > > {fhio)ghia)hi o
QeD™ j=1
(3.2)
fa Q g’ Q
- 5 s

The second term (IT) is the upper triangle term corresponding to those
Q' 2Q,alli, jand Q = Q so that E; o 2 Ej o

2" —1

(3.3) Z Z (f,hiq hj.q;

QED™ j=1

where we used formula (2.1) for the average of g on Ej . Similarly, the
third term is the lower triangle corresponding to those Q' C @, all 4, j
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and Q' = @ so that E; g C Ej .

(3.4) =3 3 0 ho) e, ahio

Qepn j=1

If we consider the sum (3.2) as an operator acting on f, then we can
easily check that ([IT) is its adjoint operator. We now can define the
multivariable dyadic paraproduct by pairing the dyadic BMO function.
In R”, the dyadic paraproduct associated with Wilson’s Haar system is
an operator 7y, given by

(3.5) i@ = 3 S )0 hy0)hs o)

QeD" j=1

Note that the constructions of the Haar systems are not unique. One can
actually construct different Haar systems [7]. Furthermore, the dyadic
paraproduct depends on the choice of the Haar functions. Thus, one
can establish the different dyadic paraproducts associated with different
Haar functions. But the decomposition (3.1) holds for all of them. We
will finish this section by including a comparison to the standard tensor
product Haar basis in R", {h; 5}, with Wilson’s Haar basis introduced
in Section 2.2 and associated paraproducts. Let us denote the Haar func-
tion associated with a dyadic interval I € D by h% = |I|7Y2(x1, — x1_)
and normalized characteristic functions h} = |I|7'/2x;. Here 0 stands
for mean value zero and 1 for the indicator. Also we consider a set of
signatures ¥ = {0, 1}{17}\ {(1,...,1)} which contains 2" — 1 signa-
tures. These are all n-tuples with entries 0 and 1, but excluding n-tuple
whose entries are all 1. Then, for each dyadic cube Q = I; x --- x I,
one can get the standard tensor product Haar basis in R™ by

hy (@1, s @n) = A7l (w1) X - X R (20),

0-7

where 0 = (01,...,0,) € X. Notice that all h; o are supported on Q.
In this case, we have the paraproduct associated to the standard tensor
product Haar basis:

(3.6) mf@)= > (Ha D b ghhi o).

QeDn oceED

Observe that, for each dyadic cube Q € D™,

(3.7) W(Q) = span{h;Q}geg = span{hLQ}?QIl.
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Hence
2n_1
Projyyy b= Y (b:h5 )hsq = Y (0.h0)hio-
oex Jj=1

Changing the basis, we can see that two multivariable paraproducts,
(3.5) and (3.6), are in general different, that is

2m—1
mf@)= Y (NaY highio= D (N X b hiohe
QeDr oED QeDr j=1
2m—1
# Z Z <f>Ej,Q<ba hjhjq = f(z).
QeD™ j=1

4. Embedding theorems and weighted inequalities in R™

In general, once we have a Bellman function proof for a certain prop-
erty in R then we can extend a property into R™ with the same Bellman
function. This process is essentially trivial when we use the Haar system
in R™ introduced in Section 2, and it allow us to do the “induction in
scales argument” at once, instead of once per each j = 1,...,2" — 1,
which then introduces a dimensional constant of order 2" in the esti-
mates. We present this as the lemma named the Good Bellman Function
Lemma.

Lemma 4.1 (Good Bellman Function Lemma). Suppose there is a Bell-
man function, B(X,Y) defined on domain ©, that has the size property:

(4.1) 0< B(X,Y) < Ab(X,Y),
and the convexity property:

B(X', Y1)+ B(X2Y?)

(4.2) B(X,Y)— 5

> C(X,Y, XYL, X% V2 M),

for (X,Y) and (X2, Y12?) € D, where 2X = X' + X2, and Y =
# + M. Furthermore, suppose the given Bellman function proves a

certain dyadic property in R, that is, for all dyadic interval I € D,

(43) Z C(XJ’YJaX}aY]laX%aY}aMJ)§|I|Ab(XIay})
JeD(I)
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Then, the extended property (4.3) to R™, that is

(44) Z Z C(XE]',Q’YE]',Q)XE}VQ’YE}VQ)XE?VQ)YE?YQ)MEJ',Q)
QED™Q’) j:Ej,@CEi g

<|Eiq|AbXE, 1, YE, o)

Q!

is proved by the same Bellman function, B, and checking (Xg
and (X E;,Cz),Y ;,sz) belong to ®, where

JvaEj,Q)

+ XE2 YE},Q + YE?,Q
2 2 '

Xpt,
(XE,0.YE, o) = | —255—2% Mp, o +

Note that the variables in (4.2), X, X12) Y Y12 and M can be
considered as arbitrary tuples. The number of tuples depend on the
given Bellman function.

Proof: Without loss of generality we assume that ¢ = 1. Let us assume

that (Xg, o, YE; ), and (XEI"Z)’YEI"Z)) are in the domain ®©, where
75 75
Xpgr  + Xpe Y1 +Ype
(XEJ Q’YEJHQ) = ( = 2 ]YQ’MEJ',Q + = 2 = ’

for all @ € D*(Q') and j = 1,...,2" — 1. Then, using the size condi-
tion (4.1) and the convexity condition (4.2) we have, for a fixed dyadic
cube Q' and index 7,

AlEr g |b(XE, o, YE, o) 2 | B, |B(XE, o, YE, o)

2
|E1 ed
Z XEll Q/ 1Q/)

+ C(XELQ/ ) YELQ/ ’ )(E1 ) YElle, ) XE%,Q’ s YE?,Q’ ) MELQ/)

1,Q

3
Z JQ/|B XE Q/,YE].,Q/>

o X B! ,aYE;Q,vXEfQ,aYEfQ,vMEi,QJ'
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If we iterate this process n — 1 times more, we get:
AlQ'b(X g, Yor)

2" —1
Z Z| b BXp Y )
=2n—1[]=1
on_1
+ Zl C(XE]‘,QMYEj,Q/vXE;YQ,aYE;YQ,aXEiQ,aYE; MEJ Q/)
]:

Due to our construction of the Haar system, for all j = 2771, 2"’1 +
1,...,2" —1,and | = 1,2, E! i.o's are mutually disjoint and |E} Q/| =
|Q'|/2" i.e. {EJ{Q,,E]-’Q,}J‘:Q“_1 is the set DY (Q’) of first-generation
dyadic sub-cubes of '. Thus,

AlQb(Xq, Yo) 2 |Q'[B(Xq, Yo)

27’1,
> |QLB(Xq,, Yg,)
k=1
2" —1
+ Z C(XEij/;YEijMXE;,Q,aYE;,Q,aXEJZ_’Q,aYE]?, MEJ Q/)
j=1

where @Q}’s are enumerations of 2" dyadic sub-cubes of Q’. Iterating this
procedure and using the fact B > 0 yields that

2" 1
Z Z C(XE]‘,Q ) YE]‘,Q ) XEJIQ ’ YEJIQ ’ XE]?yQ ) YE‘]?yQ ) MEJ-,Q>
QeD(Q') =1
< AIQ'W(Xq, Ve, ),
which completes the proof. o

We now state several multivariable versions of embedding theorems
and weight inequalities, that we will need to prove our main theorems.
One can find the proof of Lemma 4.2 in [12].

Lemma 4.2. The following function

f2
B(F, f,u,Y) =44 <F u+y>

is defined on domain ® which is given by

D={(F fu,Y)eR"|F fu,Y >0 and f* < Fu, Y < u},
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and B satisfies the following size and convexity property in 2:
0 S B(F,f,u,Y) S 4AF; G/Ild fO’f’ all (Fafau7Y)7 (Flaflaulayrl) G/Ild
(F23f25u2;1/2) S 97

_ By, fiyun, Y1) + B(F, fo,u9,Y2) r?

B(F, f,u,Y) 5 > UQM,
where
Fi + F Y1+ Y5
(F,f,U,Y): s 2;f1+f2;u1+U2,M+ 1+ Y2 cmdMZO
2 2 2 2
Replacing

XEj,Q’ = (<f2>Ej,Q” <fw1/2>Ej,Q” <w>EJFQ)’

1
Vg, o = |E; o Z Z ainuiQ’

QED"(Q/) i:Ei’Q QE‘].,Q/

and

2
MEJ',Q/ B |EJ7QI | aj’Q/uij/’

in Lemma 4.1 and using Lemma 4.2, we have the following theorem

whose one-dimensional version can be found in [12].

Theorem 4.3 (Multivariable Version of Weighted Carleson Embedding

Theorem). Let w be a weight and {aij}Qj, QeD j=1,...,2"—1,

be a sequence of nonnegative numbers such that for all dyadic cubes Q' €
D" and a positive constant A > 0,

1

(45) ﬁ Z Z O[ij<w>2Ej’Q S A<w>Ei,Q’ '
Y@ Qe (@) i oS o

Then for all positive f € L.,

2" —1

(4.6) S Y aelfut,, < CAIFIE,

Qepr j=1
holds with some constant C > 0.

Similarly, one can prove the following theorem with Lemma 4.1 and
the Bellman function appearing in [15].

Theorem 4.4 (Multivariable Version of Petermichl’s the Bilinear Em-
bedding Theorem). Let w and v be weights so that (w)q (v)gr < A and
{aij}Qj a sequence of nonnegative numbers such that, for all dyadic
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cubes Q' € D" and i = 1,...,2"™ — 1, the three inequalities below hold
with some constant A > 0,

@ Z Z e < A<U>Ei,Q/

QeD™(Q') j:Ej,oCE; o (W) E; o

1 Qy,
Bl 2o 2 Tpo SAng

v
QED™M(Q) j:B;.0CE; g 1 i@

1
—|Ei7Q/} Z Z a0 < A

QEDP™(Q) J:EjQCE; o

Then for all f € L3, (w) and g € L3, (v)

> Z . {(f) B, qu(9) B, gw < CAIf N2, (w91l 22, (1)
QeD"(Q') j=1

holds with some constant C' > 0.

Changing aj g, f and g by a; (v, , (W) E, o|Ejql, fw™'/? and
gv~1/2 respectively in Theorem 4.4, we can get the following corollary.
Corollary 4.5 (Multivariable Version of the Bilinear Embedding The-
orem). Let w and v be weights so that (w)q (v)gr < A and {aij}Q ;e

sequence of nonnegative numbers such that, for all dyadic cubes Q' € D™
and i = 1,...,2" — 1, the three inequalities below hold with some con-
stant A > 0,

1
‘E- Z Z O‘jaQ<U>E1,Q|E’,Q| < A<U>ELQ/

@ QeD™(Q) j:E;.0CE; o

1
&, > > O‘jaQ<w>Ej,Q|E‘,Q| < A(w)E, o

@ QeD™(Q) J:E;.0CE; o

1
T= 71 Z Z @, (W) B, (V) B, o |Ej ol < A

‘EZ’Q/| QeD™(Q') 1:Ej,QCE; o
Then for all f,g € L.

2" —1

> Zaa, (') B, 090 B, o |Ejql < CAIflliz, N9l r2,
QeD™(Q)

holds with some constant C > 0.
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We now state several propositions including the multidimensional ana-
logues to the corresponding one-dimensional results in [1] and [15] for
both regular and anisotropic cases.

One can find the 1-dimensional analogue of the following proposi-
tion and the associated Bellman function Lemma in [1]. Repeating

the proof of Lemma 4.1 with X; o = ((w)E o (w_1>E Q,) Ye, o =
J Q'

1
m Zern(Q/) Zi:Ein CE, o ,Q0Q, and M] Q = , and the corre-
sponding Bellman function Lemma will return the followmg proposition.

Proposition 4.6. Let w be a weight, so that w™' is also a weight.
Let a0 be a Carleson sequence of nonnegative numbers i.e., there is a
constant A > 0 such that, for all Q' € D™ andi=1,...,2" — 1,

1
4.7 —_— o0 < A.
(4.7) ‘Ez Q” Z ‘ Z Q5,Q =
1 QeD™(Q') 5 Ej,QCE; o
Then, for all Q' € D™ andi=1,...,2" —1,
1 o
4.8 —_— [ By} RS
( ) }E,L Q/| Z - Z <’U_}*1>E_ o - <w>E%Q
1 QeD™M(Q) B, CE; o 7
and ifw € A? then for any Q' € D™ and i =1,...,2" — 1, we have

(49) —=—— Y D (W) g0 <422V Alw] g (w) g, -
QED” Q"I E;QCE; o
Furthermore, if w € AL then for any Q' € D" and i =1,...,2"7 1, we
have
1
(410) E— Z Z <w>EijOéj,Q S 4A['LU]A§ <w>Ei,Q’ .

Eiarl gebmian iim, 4Th. o
Observe that in the case w € AL then
1 W) R,
s >
Now (4.10) follows from (4.8). Observe if w € A4 then
[wla, > (w)olw™)

E. 2 _ —o(n— _
> <| |éé|Q|> <w>Ej,Q<w 1>Ej,Q =27 1)<w>Ej,Q<w 1>EJ¥Q'

Thus, we can have (4.9) from (4.10). We refer to [15] for the correspond-

ing one-dimensional result and the associated Bellman function Lemma
to Proposition 4.7. Lemma 4.1 with XE], o = ((w)Ej o (w_1>Em),
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YE;, o — M B g = 0 and the associated Bellman function Lemma yield
Proposition 4.7.

Proposition 4.7. There exist a positive constant C so that for all
weights w such that w1 is also a weight, and for all dyadic cubes Q' €
D" andi=1,...,2" —1:

Z Z < >< >J2Q) ‘E‘,Q‘§C<7~U—1>Em,

1 QeDn(Q") j:E;.0CE, o Ejq

(4.11)

and, if w € A%, the following inequality holds for all dyadic cubes Q' €
Drandi=1,...,2" —1:

(wpr —(whg2 )’
(4.12) ’ > > (@—EC?’C)) |Ejol(w™)E, q

| QED™(Q) j:E;.0CE,; o

<022 Dw] g (w g, -

Moreover, if w € AR, the following inequality holds for all dyadic cubes
Q eD¥andi=1,...,2" —1:

(whg —(w)p2 \ .
e X% (M) g ol

(4.13)
QED™(Q) j:E;,CE; o (w)p,.q

< Clulag(w™)m, o

The similar observations in Proposition 4.6 yield (4.12) and (4.13).
The following generalizes the result that appeared in [1] to the multi-
dimensional regular and anisotropic cases. With the same changes in
Proposition 4.7 and the associated Bellman function Lemma, one can
prove the following.

Proposition 4.8. There exist a positive constant C so that for all
weights w such that w1 is also a weight, and for all dyadic cubes Q' €
Drandi=1,...,2" —1:

(4.14)

Z Z <<w>E}7Q_<’LU> ) |E] Q| 1/4 <w_1>11‘3/;,1c9

ern(Q )i EsQCEy o (W)E, 4

< Clwyf* (w )/

Q' ,Q’
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and, if we A9, the following inequality holds for all dyadic cubes Q' € D"
(4.15)

Z Z (M) |Ej.ol(w)E, o (w )E,

QeD"(Q )3:E;.0CE,; g (w)p,.q

< CQQ(nfl)[w]Ag

Moreover, if w € AL, the following inequality holds for all dyadic cubes
Q' e D":

(4.16)

Z Z (M) ’E»,Q’(w>Ej,Q<w_l>Ej,Q

QeD"(Q ):E;.0CE,; g (w)p,.q

The single variable version of the following proposition first appeared
n [20]. In [14], one can also find a Bellman function proof of a similar
result which can be extended to the doubling measure case.

Proposition 4.9 (Wittwer’s sharp version of Buckley’s inequality).
There exist a positive constant C so that for all weight w € A% and
all dyadic cubes Q' € D" andi=1,...,2" — 1:

(wygr  —(w) g2 °
(4.17) ’E Z Z ( ]<'Q LQ) ‘E‘,QHw)EJQ

w .
QeD"(Q ) 3:E5,0CE; o B

< 022("‘1)[w]Ag <w>Ei’Q”

and for all weight w € AL and all dyadic cubes Q' € D" and i =
1 2" —1:

(Wyp  —(w)ge \
| ‘ Z Z ( E; o E],Q> ’EQ’<’LU>E

QeDn(Q )] E' QCE <w>Ej,Q

geeey

< Clwlar(w)e, 4 -

o YE o and ME o With Proposition 4.9
prove (4.17). The mequahty (4. 18) can be seen by using the domain
D ={(u,v) €R*|u,v>0and 1 <uv < [w], 2}.

The same choice of X E,
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5. Proof of Theorem 1.4

We are going to prove Theorem 1.4 only when p = 2, and following the
one-dimensional proof discovered by Beznosova [1]. The sharp extrapo-
lation theorem [6] returns immediately the other cases (1 < p < o). For
the case p = 2 we use the duality arguments. Precisely, it is sufficient to
prove the inequality

(5.1)  (m(fw™?),gw'/?) < C)[w]ag ¥l sarog, 1./l 2, 9l 2z, -

Proof: Using the orthogonal Haar system (2.3), we can split the left
hand side of (5.1) as follows.

(mp(fw™1/?), gu'/?)

2" —1
= > D hi) (Fw ) g o lgw' hyg)

QeDn j=1

2" —1
1
—1/2 1/2 w
= Z Z <ba hj7Q><f’LU / >Ej,Q<gw/ y j,Q> |E‘,Q|

QeD™ j=1

2" —1
— w 1
(5:3)  + > > (bh)(fuwT e, o (g2 AL oxE, o) NE;ql

QeDn j=1
We are going to prove that both sum (5.2) and (5.3) are bounded with
a bound that depends linearly on both [w],g and [[b]|prog,- Using
Cauchy-Schwarz inequality, for the term (5.2), we have

2" —1

(b, hj Q) {(fw™ ) g, , (gw'/?, M—
PIPILL . N

1/2
2" —1 1/2 Hw >

ZZIEQI

QeD™ j=1

IN

(5.4) e

x Z Z (b, hj. ) (fw™1/?)? B0 (W E; o
QeD" j=1

1/2
2" —1 /

lgllzz, | D2 D b hie)*(fu™ ), (w)k,

QeD™ j=1

IN
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Here the inequality (5.4) follows from (2.4). We now claim that the
sum in (5.4) is bounded by Cfw ]AdeH BMOY, ||f||L2 , which will be pro-

vided by the Multivariable Versmn of the Welghted Carleson Embedding
Theorem 4.3. with the embedding condition: For all Q' € D",

65 ma] > X TR Wl he)

| QED"(E; o) 5:Ej.0CFiq
< Clw ]Ad”b”BMod (W) p, o

Since, for all Q € D", (w)g, , (W 1) g, , < 22(”*1)[11)]145, in order to see
the embedding condition (5.5) it is enough to show that

(5.6) lE# S Y w e bk

eq QED™(Q) j:E;.qCE; o

<4. 23(n71)[w]2

24600000, (0

Here the inequality (5.6) follows from the fact that b € BMO%, and hence
the sequence {(b,h;)?*}; ¢ is a Carleson sequence with Carleson con-
stant 2"~ 1||b||BMOd , and Proposition 4.6 applied to oo = (b, h;q)?,

A=2"" 1HbHBMod and v = w~!. This estimates finishes the estimate
of the term (5.2) with C(n) ~ 25(»=1)/2,

We now turn to estimate of the term (5.3). In order to estimate it,
we need to show that

2" —1

(5'7) Z Z <ba h]}Q) <fw_1/2>Ej,Q <gw1/2>Ej,Q A;‘le |E’,Q|

QeDr j=1
< Clw]ag bl srroa, 11122, gl 2.,

and this is provided by the following three embedding conditions due to
the Multivariable Version of the Bilinear Embedding Theorem 4.5: For

alQ €D andi=1,...,2" — 1,
(5.8) ’ Z > <b, hi.@) AL o/ | Eiol(w)e, o(w™ ") B, o
< C(n)w] a¢[1bll arog, »

QGD"(Q )3:Ej,QCE;



MULTIVARIABLE DYADIC PARAPRODUCTS 493

(5.9) ﬁ Y S kAt Bl

/ .
1 QeD™M(Q) J B, CE; o

< C(n)[w]agllbll pasog,, (W)E, o

1
(5.10) Foo| > ST b ki) AYo /I Eql(w

QeED™(Q') J:Ej,QCE; o

< Cn)wlagllbll sprog, (W™ )k, o-

Proposition 4.8 makes it easy to prove the embedding condition (5.8).
Using the Cauchy-Schwarz inequality,

(5.11) Y > \<b,hj,Q>A;fQ\\/|E»,Q|<w>Ej,Q<w*1>E,Q

QeD™(Q") j:E;,oCE; o
1/2

(5'12) < Z Z <ba hj7Q>2<w>Ej,Q<w_1>Ej,Q

QEDP™(Q) J:EjQCE;

1/2
w \2 _
<> > (A) 1Bl e o (T B, g
QeD™(Q") j:Ej,QCE; o
1/2
(5.13) gzn—l[w];/; > ST (bhg)?
QeD™(Q") j:Ej,QCE,; o
1/2
w \2 _
X Z Z ( j,Q) |Eij|<w>Ej,Q<w 1>Ej,Q
QeD™(Q') j:Ej,CE; o
1/2

Y S (ko)

QED™(Q') 7:Ej,CE; o/

(5.14) < 22" D{w] 49| Ei o

(5.15) < C2° 2] 4 |1bll o, | B |-

Here we use (4.15) for the inequality (5.14) and the fact that b € BMO%..
for the inequality (5.15). We also use the Cauchy-Schwarz inequality for
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the inequality (5.9). Then

> S b hi)AYol/IEiel(w)e, o

QED™(Q') J:E5,QCE; o/
1/2

< Z Z (0, hj7Q>2<w>Ej,Q

QeED™(Q') J:Ej,QCE; o

1/2
w 22
x > > (AY) IBjel(w)s, 4
QeD™(Q") j:Ej,qCE; o
< 025(n71)/2||b||BMogn [w]114/’2i2 <w>]15/i’2Ql
1/2

(5.16) <[ > > (4) IBialw)s,

QED™(Q') j:E;,QCE,; o
(5.17) < 027(n71)/2||b||BMOT§n [w]agw)e, o -

Inequality (5.16) and (5.17) follow by (4.9) and Proposition 4.9 re-
spectively. Similarly, we can establish inequality (5.10) with Proposi-
tion 4.7. To sum up, we can establish the inequality (5.1) with a con-
stant C(n) ~ 27("~1/2. Furthermore, if we replace [w] 44 by [w] 4z and
16l saroe by 18]l Baror then we can establish proof of the dimension free
estimate in Theorem 1.4. O

6. Final remarks

Remark 6.1. The martingale transform in R is defined by

T,f:= > orlfhi)hr,

IeD([0,1])

where o7 = £1. It is also known to be a dyadic analog of singular
integral operators. In [20], the author presented a linear estimate of the
martingale transform on the weighted Lebesgue space L?(w), that is

1To fllL2(w) < Clwlas 11| L2 (w)
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for w € Ay and f € L?*(w). With Wilson’s Haar system, we can also
define the multivariable martingale transform:

2" —1
(61) Ta-f - Z Z JEj,Q <f7 h’],Q>hJ7Q7

QeDn([0,1]") j=1

where o, , assumes the values 1 only. It was also considered in [7] to
search for the LP estimate of the Beurling-Ahlfors operator.

In fact, we already present all the tools to extend the result of [20]
to (6.1). In [20], the one dimensional analogue of the inequality:

1 —1 2
62 5 3 Yoo (W e, —(wee ) 1Eel(ws,e

< C(n)[w]il2 <w71>Ei,Q’

was proved by using the sharp estimate of the dyadic square function
in L?(w). Alternatively, one can also have the inequality (6.2) using
(4.9), (4.15) and [w]a, = [w™1]a,. By the Cauchy-Schwarz inequality
and Proposition 4.8 we have the following inequality:

63 Y Y (s whe ) e~ )| Erel

) 7,Q 7,Q
QED™(Q') j:Ej,QCE; o

< C(n)[w]a, | Eigqrl-

One can find the Bellman function proof of the single variable version of
the following inequality.

(s~ (w0 )pe )

(6.4) Z Z (<w>E]{Q* <w>E]2,Q

-1
w ,
QED™(Q) J:EjQCE; o < B

|Ej.0l

< Cn)wla,w(Eiq)-
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Using Lemma 4.1 we can get the inequality (6.4). However, more simply
we have

({w)s;
IIEEDY ’

QeED™(Q') 3:Ej,QCE; o

o <w>E§7Q)(<7~U—1>E}7Q— (w_1>E§YQ)

<w_1>Ej,Q

|Ejql

1/2

65<| > Y. (W~ (wle2 )| Ejol(w)e,

QED™(Q) J:Ej,QCE; o

1/2

66) x| Y. > <(w >Z?1_>Lw >E?'Q>|Ej,Q|<w>Ej,Q

QeD™Q)I:E;,QCE; ¢

Using inequality (4.17) for the term (6.5) and (4.12) interchanging the
role of w and w~! for the term (6.6), we can get the inequality (6.4).
By repeating the proof presented in Section 5 in [20] with previous ob-
servations and the sharp extrapolation theorem [6], we have that for
1 < p < oo there exists constants C'(n,p) only depending on p and the
dimension n and C which does not depend on the dimension n such that

(6.7) 15l 2, w) 22, ) < ClRp)w]ge "7
for all weights w € Ag and
(6.8) 175122, (wy— L2, (w) < Clwlag,

for all weights w € AZ.

Remark 6.2. Let us consider the difference between 7; and 7, as an
operator,

2" —1

(6.9) mf@) —mfl@)= D D ((Fo—{NEo)bhihial).

QeD™ j=1

For fixed @ and j > 1, (f)q — (f)E, o can be written by

> (fhighhi(Eig).

B QRFEj.q
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Thus, the difference operator (6.9) can be estimated by

(6.10) |xif(z) - mof (@)
OB |<f,hi,Q>||<b,hj,Q>|%.

QeD" j=1 i:E; 0 DE; 0

The right hand side of the inequality (6.10) can be considered as a finite
sum of the compositions of adjoint of paraproducts and dyadic shifting
operators, that is denoted by 7} H.. It is known that the dyadic shifting
operators obey linear bounds in L?(w). We have shown that the para-
product (7) obey linear bounds in L?(w), so the adjoint of paraproduct
also does. One can easily expect that its composition, m; H, obey qua-
dratic bounds in L?(w). However, 7r; H, obey linear bounds in L?(w) [4]
but H,m} does not. See [4] for more detailed arguments in the one di-
mensional case. Then the difference operator m; — m obeys the linear
bound in L2, (w). Furthermore, this observation and the linear bound
for the paraproduct associated to the Wilson’s Haar basis (mp) yield
the linear bound for the paraproduct associated to the standard tensor
product Haar basis (77).
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