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SOME EXTENSIONS OF CLASSES INVOLVING PAIR
OF WEIGHTS RELATED TO THE BOUNDEDNESS OF
MULTILINEAR COMMUTATORS ASSOCIATED TO
GENERALIZED FRACTIONAL INTEGRAL OPERATORS

FABIO BERRA, GLADIS PRADOLINI AND JORGELINA RECCHI*

(Communicated by I. Peric)

Abstract. We deal with the boundedness properties of higher order commutators related to some
generalizations of the multilinear fractional integral operator of order m, Iy}, from a product of
weighted Lebesgue spaces into adequate weighted Lipschitz spaces, extending some previous
estimates for the linear case. Our study includes two different types of commutators and suffi-
cient conditions on the weights in order to guarantee the continuity properties described above.
We also exhibit the optimal range of the parameters involved. The optimality is understood in
the sense that the parameters defining the corresponding spaces belong to a certain region, being
the weights trivial outside of it. We further show examples of weights for the class which cover
the mentioned area.

1. Introduction

Many classical operators in Harmonic Analysis whose continuity properties were
extensively studied, have shown to behave in a suitable way when their multilinear
versions act in the corresponding multilinear spaces. For example, in [6] the authors
proved that both, the multilinear Calder6n-Zygmund operators and their commutators
with BMO symbols, are bounded from a product of weighted Lebesgue spaces to an as-
sociated weighted Lebesgue space, with weights belonging to the Az multilinear class.
This article established the starting point of the weighted theory in this general context.
Motivated by the result in [6], similar estimates for multilinear fractional integral oper-
ators were obtained in [7], and in [4] for their commutators with BMO symbols. The
weights involved in both articles belong to a class that generalizes those given in [6]
and in [8] for the linear case.

Regarding the two-weighted theory, in [7] K. Moen gave a complete discussion
showing sufficient bump conditions in order to guarantee the continuity properties of
the multilinear fractional integral operator acting between a wider class of Lebesgue
spaces than those obtained in the one-weight theory. The obtained results generalize
the linear version given, for example, in [17] and [10].
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In [2] the authors studied the two-weighted boundedness properties of the multi-
linear fractional integral operator between a product of weighted Lebesgue spaces into
appropiate weighted Lipschitz spaces associated to a parameter §. They character-
ized the classes of weights related to this problem, showing also the optimal range of
the parameters involved. The optimality is understood in the sense that the parameters
defining the corresponding spaces belong to a certain region, being the weights trivial
outside of it. These results extend the corresponding proved in [14] for the linear case.

Our main interest in this article is the study of the boundedness properties for
higher order commutators related to some generalizations of the multilinear fractional
integral operator of order m, I}, defined by

. Ao
I = d
20 = [ e

where 0 < o < mn, f = (f1,/2,---,fm) and ¥ = (y1,y2,...,ym). These operators are
given by

)= [, Kale ) TG0,

i=1

where K, satisfies certain size and regularity conditions (see Section 2). Particularly,
the size condition allows us to conclude that |77 f| < CI”'g, where § = (|fi,...,|fu]).
This estimation guarantees the boundedness of T, with different weights, between a
product of Lebesgue spaces into a related Lebesgue space when the class of multilinear
weights involved is an extension of that given in [7] for the continuity properties of
I7}. Nevertheless, this argument cannot be applied for other spaces such that BMO,
Lipschitz or Morrey because of the fact that they have not a growth property such as
Lebesgue spaces. So, we shall focus our attention in studying the boundedness proper-
ties of the commutators of 7' acting between a product of weighted Lebesgue spaces
into certain weighted versions of the aforementioned spaces. In the linear case this
problem was studied in [15] for higher order commutators including the case of the op-
erator I, which had been previously given in [14] for the two-weighted setting in the
linear context. For similar problems involving other weighted type of Lipschitz spaces
see [5], [13] and [16]. On the other hand, in the multilinear case and for 7' = I}, (that
is Ko (x,¥) = (T |x — i )*™"), generalizations of two-weighted problems can be
found in [2] and [3] (see also [1] for the unweighted problem).

In this paper we study the boundedness of commutators of fractional operators,
including 7}, between a product of weighted Lebesgue spaces and weighted general-
izations of those introduced in [9]. For a weight w, the latter are denoted by LL,,(§)
and defined as the collection of locally integrable functions f for which the inequality

w2

|B|1+3/n /B|f(x) — fgldx<C

holds for every ball B C R", where fz = |B|~! [, f.
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We shall consider two different types of higher order commutators of 7. Given
an m-tuple of functions b = (by,...,b,), where each component belongs to Ll ., the
first multilinear commutator we shall be dealing with, 77", is given by the expression

where T’"b is formally defined by

2,70 = [, (600 =i Kele ) [0 a5

On the other hand, the second type of commutator that we shall consider can be ex-
pressed as
m
TaT @) = [ KeleH) [[0itx) ~bi0)) iCv) a5
i=1
The last two equalities above are a consequence of their definitions given in Section 2,
and both commutators were introduced in [12] and [1 1], respectively.
We shall also be dealing with multilinear symbols with components belonging to
the classical Lipschitz spaces A(d) (for more information see Section 2).
Let p= (p1,~p2, ..., pm) be a vector of exponents such that 1 < p; < o for every
i.Let B, § and O be real constants. Given w, ¥ = (v1,v2,...,v,) and P, we say that
(w,¥) € H,u(B,B,8) if there exists a positive constant C such that the inequality

) 1/p;
w2l 15 / v "
- d <C
|B|(5- 5/nH R (|B|1/7 4 |xg — y|) (=Pt 8/m)p] Y

holds for every ball B= B(xp,R), with the obvious changes when p; = 1. The numbers
Bi satisfy Y7, i = B and also 0 < f; < n, for every i (see Section 2 for further details
related to these classes of weights).

We shall now state our main results. Fromnowon, 1/p=3",1/p;. See Section 2
for details.

THEOREM 1.1. Let 0 < oo < mn and T}' be a multilinear fractional operator
with kernel Ky satisfying (2.2) and (2.3). Let 0 < § < min{y,mn—a}, ¢ =a+3d
and p a vector of exponents that satisfies p > n/d. Let b= (by,...,by) be a vector
of symbols such that b; € A(8), for | <i<m. Let § <06 and (w,V) be a pair of

g !
weights belonging to the class H,,(p,0,8) such that v, Pi ¢ RH,,, for every i such
that 1 < p; < e=. Then the multilinear commutator T}y, is bounded from [T LV (v

to LW(S ), that is, there exists a positive constant C such that the inequality

lw 2]
|B|1+6/n

1T F ) = (2 Psldx < T 1wl
i=1

holds for every ball B and every f such that fiv; € LPi, for 1 <i<m
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Concerning the commutator .7}, we have the following result.

THEOREM 1.2. Let 0 < ot <mn and T}]' be a multilinear fractional operator with
kernel Ky satisfying (2.2) and (2.3). Let 0 < 0 < min{y, (mn—a)/m}, & = a+md
and p a vector of exponents that satisfies p >n/a. Let b= (by,...,by) be a vector of
symbols such that b; € A(5), for 1 <i<m. Let 0 <8 and (w,V) be a pair of weights

< !
belonging to the class H,,(p, 0, 8) such that v; Pi ¢ RH,,, for every 1 < p; < eo. Then

the multilinear commutator 7 is bounded from T LPi(v{") 1o L. (8), that is,
there exists a positive constant C such that the inequality

wZB|e m 2 _— m
e [ 7w~ (sl < LTl

holds for every ball B and every f such that fiv; € LPi, for 1 <i<m.

Note that the restriction on the parameter & implicated is different in each theorem
due to the nature of the considered commutators.

When we deal with w =[] v;, which is the natural substitute of the one weight
theory in the linear case, we shall say that ¥ € H,, (7, 8,8). Then we have the following
lemma.

LEMMA 1.3. Let 0 < 8 <mn, S eR, and P a vector of exponents.
IfveH,(p,B,9), then 6 = —n/p.

The proof of this result follows similar arguments as those of Theorem 1.3
in [2] and we shall omit it. As a consequence of this lemma we can prove that if
0 <17=(B—mn)(1—1/m)+ 6/m, then condition (2.5) can be reduced to the class
Ap, defined as the collection of multilinear weights vV = (vy,...,v,) for which the

inequality
ﬁ( 1 / _p{)l/ﬁ,{
— [y < oo (1.1)
wi=1 ‘B‘ B
holds (see Corollary 6.4).

The paper is organized as follows. In Section 2 we give the main definitions re-
quired in the sequel. In Section 3 we state and prove some auxiliary results that will
be useful for the proof of the main theorems, which are contained in Section 4 and 5.
Finally in Section 6 we prove some properties of the class H,(5,8,8) and show the
optimality of the associated parameters.

%jgﬁv,-

i=1

V]as.. = sup
BCR"

2. Preliminaries and definitions

Throughout the paper C will denote an absolute constant that may change in every
occurrence. By A < B we mean that there exists a positive constant ¢ such that A < ¢B.
We say that A~ B when A < B and B < A.
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By m € N we denote the multilinear parameter involved in our estimates. Given
a set E, with E™ we shall denote the cartesian product of E m times. We shall be
dealing with operators given by the expression

m

)= [, Kale ) TG4 .1)

i=1

for 0 < o < mn, where f=(fi,...,fn), ¥= (V1,-..,ym) and Ky, is a kernel satisfying
the size condition

1
Ko, 3)] S - (22)
¢ (X e = yilyrn=et
and an additional smoothness condition given by
- - x—x["
Kal5.3) ~ Kal?.9)| S o 3

(S ey

forsome 0 < y < 1, whenever ¥ | |x—y;| > 2|x—x/|. Itis easy to check that T/ = I
defined above, when we consider Ky (x,¥) = (37" [x —yi|)*~™".

We shall introduce two versions of commutators of the operators above. For a
specified linear operator T and a function b € L\ - we recall that the classical commu-
tator T, or [b,T] is given by the expression

[b,T|f =bTf—T(bf).

When we deal with multilinear functions and symbols, it will be necessary to
emphasize how we proceed to perform the commutation. If b € L! | T is a multilinear

loc >
operator and f= (fi,fa..., fm) We write

that is, [b,T]; is obtained by commuting b with the j-th entry of 7.

The first version of the commutator is defined as follows. Given an m-tuple
b = (bi,...,bm), with b; € L} for every i, we define the multilinear commutator
of T, by the expression

M=

12 f ) = 3 12, (),

J=1
where
T, F(06) = b, T2 ().
As a consequence of (2.1) it is not difficult to see that

m

N CR BCORIEATE) § L

i=1

We now introduce the second type of commutator of 7,;'. The multilinear product
commutator .7} is defined iteratively as follows

yo?jbf: by - [b2, (b1, T )2 - I ]



280 F. BERRA, G. PRADOLINI AND J. RECCHI

The expression above does not involve a simple notation, so we shall provide an alter-
native way to denote this commutator (see Section 3).

By means of (2.1) we can also obtain an integral representation for this operator
(see Proposition 3.1 below), namely

TaT @) = [ KeleH) [[0itx) = b)) iCv) a5

i=1

By a weight we understand any positive and locally integrable function.
Given § € R and a weight w we say that a locally integrable function f € L, ()
if there exists a positive constant C such that the inequality

ZB|le
'|';V|l—+’§'/'n 1) = falar<c (2.4)

holds for every ball B, where fz = |B|™! [ f. The smallest constant C in (2.4) will
be denoted by || f||r,(5)- If 8 =0 the space L,,(5) coincides with a weighted version
of the BMO spaces 1ntr0duced in [8], the classical Lipschitz functions when 0 < 0 < 1
and the Morrey spaces when —n < § < 0. These classes of functions were also studied
in [14].

Regarding the symbols, we shall be dealing with the A(S) Lipschitz spaces given,
for 0 < § < 1, by the collection of functions b verifying

|b(x) = b(y)| < Cle—yI°.

The smallest constant for this inequality to hold will be denoted by ||b||(s). For a
given b = (by,...,by), with b; € A() forevery 1 < i< m, we define

bl Ay = max 15il| a¢s)

Let S,, = {0,1}". Given aset B and ¢ = (01,02,...,0n) € Sy, we define

go_ | B ifa=1
~ | R"\B, if 0;=0.

With the notation B we will understand the cartesian product B°' x B x ... x B,

For 6 = (01,00,...,0,) we also define
5 _ [lifa=0;
Tl 0idf o; =1,
forevery 1 <i<mand |o| =YY", 0;.

We now descrlbe the classes of weights involved in our estimates. Let 0 be a
fixed real constant. If 1 < p; < oo for every i, the m-tuple p= (p1,p2,---,Pm) will be
called a vector of exponents. We shall also denote 1/p =" ,1/p;. Let B and 6 be
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real constants. Given w, V= (v,vy,...,v,) and a vector of exponents j, we say that
(w, V) € H,,(P, B, 0) if there exists a positive constant C such that the inequality

-p!

1/pi
w2l 15 / Vi
: d <C 2.5
|B|(5- 5/nH R (|B|1/n 4 |xg — y|) (1Pt 8/m)p] Y 25)

holds for every ball B = B(xg,R). The numbers f3; satisfy Y/, = B and also
0 < B < n, for every i, which leads to 0 < § < mn. We shall also see that the pa-
rameters 6 and B are related to 5. When p; = 1 for some i the integral above is
understood as

-1
Vi

(‘B‘l/n_i_ \XB— .‘)n—ﬁﬂra/m

=

Let
={1<i<m:pi=1} (2.6)
and
S ={1<i<m:1< p; <o} 2.7)
Condition (2.5) implies that
w25 . ( / —p>“"f
_—— 2Bl ! <C 2.8
(BJ8/m 1 /p—n lg Ivi 2ol lgz 1B] /5" -
and
~1 g~ —p 1/p;
w2l pp | 27 2o || py i v ) e @)
1B|O=0)m i 5 || 1xg — =Bt i || ey \JRMB g — | (=Bt 2P D

We shall refer to the inequalities above as the local and global conditions, respectively.
Furthermore, given o € §,, we can estimate the i-th factor in (2.5) depending
whether 0; = 0 or o; = 1. Thus we have that condition (2.5) implies

.
w2 1 vi 2B
Besmow AL Vel 11 e

i:0;=0 |

<C, (2.10)

P}

where 0(0) =Y,.5-11—Bi/n+38/(mn).
We recall that a weight w belongs to the reverse Holder class RHy, 1 <s < oo, if
there exists a positive constant C such that the inequality

1 1/.\' C
_ S g _
<|B|/BW) \B\/BW
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holds for every ball B in R". The smallest constant for which the inequality above holds
is denoted by [w|rpy, . It is not difficult to see that RH, C RH; whenever 1 <s <. We

say that w € RH.. if
supw < C/
upw < — [ w
B B| JB

for some positive constant C.

3. Auxiliary results

We devote this section to state and prove some facts that will be useful in our
estimates.

The following proposition establishes an alternative way to denote the product
commutator 7, .

PROPOSITION 3.1. Let T be a multilinear operatorasin (2.1)and b= (by,...,by)
where b; € LllOC for 1 <i< m. Then we have that

Tyuf@) =3 (1)l (Hh-""(x)) T (fibT" . fubS) ().
oSy, i=1

Furthermore, we have the integral representation

TiT @) = [ Keled) [[0itx) =bi0)) i) a5

i=1

Proof. Let us introduce some notation in order to make our calculations simpler.
Fix a symbol b = (by,...,b,) and let F; be the operator resulting after perform k
iterative commutings, 1 < k < m, thatis

Fif = [bry..[b2,[b1, T ]2 - Ji S

Given o € §,,, let us also denote with

gﬁ,d - (gl7g2a"' ,gm)

where

gim fibSTif 1 < i<k,
' fi ifk<i<m.

We shall proceed by induction in order to show that

k
A= 3 0 (D) o (i) a1

oESy i=1
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Notice that the case k = 1 is immediate after performing one commutation only.
Let us assume that the expression above holds for £ and we shall prove it for k+ 1. By
the definition and the inductive hypothesis we have

Fiirf = [brest, Fliri f

— by 3 (—1)kl] (Hbm> 2 (g0

oESy i=1

k _ _
- Z (_l)k—|0" (Hbfﬂ) T(;n(flb?lw”7fkb]fk7fk+lbk+lafk+27'"7fm)'

oESy i=1

Observethat {0 € Spy 1} ={60 € Siy1: 01 =11U{0 € Sy : Oy =0} . By rewriting
the sums above we get

Faf= Y (~pkde-y (Hbe>Tm (a5)

0ESk41,0k+1=1

k+1
+ 2 (_l)k-&-l—\@\ (H b?i) Torcn (gﬁ-gl)
0€Sk11,0k41=0 i=1

=

_ _1\k+1-1]0] b= 6; m ( sk+1
= 2 (—1) Hbi Ty <8b9>
i=1

0€Sk+1

Therefore (3.1) holds for every 1 < k < m, and the case k = m allows us to conclude
the desired estimate.

In order to show the integral representation, we shall prove that
Ff = / o (e 3) 15 )10 a5 (32)
i=1 i=1

We proceed again by induction on k. If k=1 we have that

FF() = b T2 F@) — T2 (bufi, fore o fi) ()
— [ Kalw)Br(0) — o) [T /i)y
i=1

(Rm)™

Now assume the representation holds for £ and let us prove it for £+ 1. Indeed, using
the definition of F; and the inductive hypothesis we get

Fei1f(x) = [brsr, Flir 1 f(x)
= ka(x)ka(x) —Fk(fl,- .. ’fkafk+lbk+l7fk+2a s 7fm)('x)
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“binls) [ Kele ) [1(bi) - bi<yi>>ﬁlﬁ<yi>dy

i=1

k m
_/( n)mK o (6 Vbrei1 Ve ) [ T(ix) = bilyi)) [T fi(vi) @5
i=1

i=1
k+1

- Ka<x,>7>H<bl-<x>—bl-<yi>>f[1ﬁ<yi>dy

(Rn)m i—1

This shows that the representation for k£ + 1 also holds. Putting k = m we get the
integral representation for .7, . [

LEMMA 3.2. Let m € N and a;,b; and c; be real numbers for 1 <i<m. Then

m m m

[1(ai—b) = [](ci— b)) = ¥ (aj—c;) [T —bi) [T(ci — i)

i=1 i=1 j=1 i<j i>j

Proof. We proceed by induction on m. If m = 1 it is immediate, both sides are
equal to a; — c; since the products on the right-hand side are equal to 1.

Assume that the equality holds for m = k. Let us prove it for m = k+ 1. We have
that

1 k+1

(@i —bi) = [ [ (ci = bi) = (a1 — bit1) |
1 i=1

k+1

(@i —bi) = [T(ci—bi)

i=1

T
1=

I
—_

1

=

= (axy1 —cry1) | | (@i —bi)

—

i

k

k
+ (Ck1— bis1) (H(ai —bi) = [ J(ci— bi)) :

i=1 i=1
Using the inductive hypothesis we arrive to

1 1 k

(@i —bi) = [ T (ci = bi) = (@xs1 — i) [ [ (@
1 =1

=~
+
=~
+

1

1

k
+ (cpa1 — brsr) 2 (aj—cj) [ [ (@i — bi) [ [ (ci — bi)
j=1 i<j i>j
K+l
= Y (aj—cj) [ T(ai—b) [ T(ci = bi),
=1 i<j i>)

so the result also holds for m = k+ 1. This completes the proof. [

The next lemma establishes a useful relation between Aj; and Aj;, classes that we
shall need in the sequel. Given p = (p1,...,pn) With 1/p = 2 (1/piand 1 < p; <o
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for every i, we say that w = (wy,...,wp) € Ap if
y o\ VP
sup /wa’ ) e 7l I (g ™) <=
‘B‘ lEJl |B|

and this supremum is denoted by [W] ;- Since p; > 1 forevery i, we get that p > 1/m.
On the other hand, given 0<g<ec and p as above, we say that w=(w1,...,w,)€A;,

L m q h 717; 1/1’? -
S‘é"(B/B,HIW’) [ s %"wH(B/W ) <

i€

if

and this supremum is denoted by [w] Aj,- When g = oo this class corresponds to A ..
givenin (1.1). '

LEMMA 3.3. Let p = (pi1,...,pm) be a vector of exponents, 0 < q < o and
W= (Wi,...,Wpn). Assume that

—4———>0 (3.3)

Sorevery 1 <i<m. We define Ay =1/(mp)' +1/(mq),

g_:{ 1 ifies
' (mpz) lflej27

0 such that 1/0=3" 1/l; and 7= (z1,...,2m) Where z; = W?K"//j,for each i. Then
wEAp, ifand only if 7 € Ay.

Proof. We first notice that condition (3.3) guarantees that ¢; > 1 for i € .%,. Itis
immediate from the definition that

Observe that
1 2o 1 1 1 1
Lol v, :m__<m__>:_.
l Z:l 4 i€§1 lEE}Vz (lmpﬁ)’ Am )4 q)Lm
Also notice that for i € %
-0 gli(1-£) /¢ 0L/ A ~p;

and
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These identities imply that

(] H/) sl 11 (i )

i€s) i€ s
can be rewritten as

1 a/t

1
Ny 1 ( /-p;)””f
- 9 2 5
<B/BEW’> ,gl”w ol I (57 /,

i€
from where the equivalence follows. [

REMARK 1. When m =1 condition (3.3) trivially holds, and we get that w € A,
if and only if w? € A1,/ , a well-known relation between A, and A, ; classes.

4. Proof of Theorem 1.1

We devote this section to prove Theorem 1.1. We shall begin with an auxiliary
lemma that will be useful for this purpose.

LEMMA 4.1. Let 0 <o <mn, 0 <S8 <mn—a, & =a+0 and p a vector of
exponents that satisfies p > n/d. Let 0 < 8 and (w,V) be a pair of weights belonging
s !
to the class H,,(p,0,0) such that v, Pi ¢ RH,, for every i € .#>. Then there exists
a positive constant C such that for every ball B and every f such that fiv; € LPi,
1 <i <m, we have that

| |1+5n m

Iom&(x)|dx < C Vill p:s
/B| o, g( | || % HooHHfl lHP:

where § = (fi 228, 2228, .-, fmZ2B).

Proof. We shall follow similar lines as in the proof of Lemma 3.1 in [2]. We
include a sketch for the sake of completeness.
Using (2.6) and (2.7), we shall split the set .#; into .%;' and .%} where

={ieSH:1<pi<e} and IF={ic Fr:pj=oo}.

Let m; = #.4;, for i = 1,2 and mé :#fzj, also for j =1,2. Then m=m; +mp =
m1+mé+m%. Then, by denoting B = 2B, for x € B we have that

_ 3 iy i) -

91 < f, T iy

/ HIGIIU/I |fl(y1)|Hze]2 v (yi)
S 6 P L

<[ T Il

: 2
i€J;

dy
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et 1O e 2 v )
< illes ,% 16,]21 €5 lN dv
r][ v (gf Bl> /. S @
= { TT 1wl (Hnﬁ%gl)m,m.
i€} i€d)

Since p > n/é& we have that
&1 n
a>n/p=n)y — =mn+—,
i—1 Pi p

where 1/p* = ¥;c 5 1/pi. Then we can split & = &' + &*, where &' > mn and
&% > n/p*. Therefore

mn— & =myn— 6+ mn— &'

Let us sort the sets .%,' and .#} increasingly, so

1 .. . 2 .
fzz{zl,zg,...,zmi} and fzz{ +l,mlJrz, zmz}.

We now define § = (gi,...,8m,), where

{ﬁ if 1<j<ml;
8j = -1

Vi, if m2—|—1 Jj<my.
Then we can proceed in the following way

) (v v — '—nmy
I(X7B) < H,eyzl |fl(yz)|Hlej22 (yt)(zzefzj yl|) 45
o Siess = yilyna

|6c1/n—m1/ Hieyzl ‘ft(yz)‘ Hiefzz Vi_l(yi)

" (i i)

— g | UL R
B2 (X2 |x = yiy|)mn—®

310t /n—m =
SIBI* /"M g2 0, (8 22 ) ().

dy

Next we define the vector of exponents 7= (ry,...,Fn,) in the following way
. mypi;[(my—1+p;;) if 1< j<my;
Y my it ml4+1<j<m.
This definition yields
Gl —1 G 1 m m—1 m} my — 1
——2 2( >+ Y =242 2oy 2
i mapi; M2 m map my map
Jj=my+1
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Notice that 1/r > 1/p* and also n/p* < &* by construction. Then there exists an
auxiliary number & such that n/p* < & < n/r. Indeed, if &> < n/r we can directly
pick &y = &2. Otherwise & < &> . We shall first assume that m, > 2. We set

Observe that 0 < 1/q < 1 since

1 ~
__1:<1_L)i<i<%.
r my ) p* p* n

Using the well-known continuity property g, m, : ]'['}2 | L7 — L7 with respect to the
Lebesgue measure (see, for example, [7]) we obtain

1/q ,
[ 1By 5 0 o (/ gy (8 %o ) (x >|qu) B

o , 1/q
< |B|(oc—oco)/n—m1+1/q (/Rn 1%,;n2(§%§n12)(x)|qu)

o~ , 2
< Bl VT g 25 v,
=1

Observe that rj < p;; for every 1 < < m). Since v, e RH,, € RH,,, for every
i € %, applying Holder s inequality and then the reverse Holder condition on these
weights we get

- 1/ri 1/my
H”g,%g“,«] = (/ ‘ﬁ‘rzvrzv Vt) H </Vi m2)
/= ic.s) €7} B
g 1/(myp}) Y 1/my
< T (L) T (i)
ic.7) €7} B
le/mZ*I/(mzp*)+m2/m2 _pl{ —p? l/p?
<|B|" o ] [v }RH 1 fovill |B\/V
€7,
_ 1 / _ )
1 1
X Vi = V.
T o, (1

< 1BV T | fvil (L/vp;)l/l?ﬁ Bl (L/v—l)
~ CUNIB s e \Bl g )
2

: 1
€7,
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Combining the estimates above with condition (2.8), we finally arrive to

| Mang@lax< | TT Il (H ||fz-%gl) [ 1B)ax

i€} €4
S| Ifwill (H IIﬁ%w) B|(@ 00 ot g rap)
€7} i€
i (e
< Tl (3 ) L (i o)
i€y " 1B] S 18] /3
m 1 —p 1/1’," 4
< (Tl ) 10 (5 o) T 0 2l
i=1 i€ €7

x |B|(0=00)/n=mi+1/q"+1-1/(mp")

< ”W‘%EH;I |B‘S/nféc/nJrl/er(ﬁcfﬁco)/nfml+l/q'+171/(m2p*)

X (Hfpr,)
i=1

< w25t Bl (Hf) .

i=1

Thus we can achieve the desired estimate provided my > 2. We shall now consider
0 < my < 2. There are only three possible cases:

1. my = 0. In this case we have m} = m3 = 0 and this implies p = (1,1,...,1).

This situation is not possible, because p > n/é.

2. mé =0 and m% = 1. In this case 1/p =m— 1. Condition p > n/& implies
& > (m—1)n. Let ip be the index such that p;, = co. Using Fubini’s theorem,
we can proceed in the following way

// TE 0L 5as —/ Hlflyz A(ﬁ}l|x—yi|>d_mndx dy.

1|x y|mn a

Since

m a—mn PR
/ D e —yil dx< [ p*™p"dp
< |B|ﬁc/n—m+l
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by (2.8), we get

[ o)l < B (Hﬁvinm) (H Iv7" 2. )( )
B i=1 i€
m |B|6¢/n7m+2+5/n7a/n+l/p
S [ fivill p
(E ' W Zsl
m |B|1+S/n
< 2
- (Eﬁ”’””) =P

3. mi=1and m3 =0. If iy denotes the index for which 1 < p;, < e, the condition
p > n/a implies that

a1 1
—>—=m—14+—,
n p Piy
and thus & > (m — 1)n. We repeat the estimate given in the previous case. This

yields to

| Mengx)lax 5 517 (HﬁvJ'm) (H I 1%”"°>
i=1

i€
1/ p,o 1/p,’~0
V
|B|

_ ﬁ”f || ‘B‘d/nfer1+1/p§0+(§/nfﬁc/n+l/p
~ iVi i
i=1 s HW'%/-I;’”“’

‘B‘HS n
szz i

We covered all the possible cases for m, and the proof is complete. [J

Proof of Theorem 1.1. It will be enough to prove that

[[wZp ||

PR T, 70 = esete < Tl (“.1)

for some positive constant ¢; and every ball B, for each j and with C independent of

B and j. Indeed, if (4.1) holds we take ¢ = 2;7': 1 ¢j and therefore

[w 2| m 7 llw 2|l m 7
W/B|Toc7bf(x) 2 B[ Sy /|Ta,bjf(x)—cj\dx

< CmHHffwllp,-
i=1
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and the proof would be complete. Then we shall proceed to prove (4.1).

< m and a ball B = B(xg,R). We decompose [ = (f1,f2,...,fm) as
(fiZam, foZaB,--., fmZ2p). We take

m Z 1 m 7
€= (Ta,bjf2>B = E/BTa,bjfz(Z)dZ

Fix 1<
f= f1+f2,where fi=

‘We also notice that

1 -
E/BTé’fhjfz(x)dx S Y |B|//2B ] bi(yj))Ka(x,y Hf, y;)dydx.
ocdy,0
(4.2)

In order to prove (4.1) we write

28|l 7
Iw 2] /\ x) —cjldx

‘B‘H-(S/n
||w<%”BHw / / )
)| d i|d
‘B‘l+5/n | O(bfl ‘ x+|B| | bf2 CJ| X
||w<%”3m< 1 )
=1 (I+—=II).
|B|1+6/n |B|

Let us first estimate /. Applying Lemma 4.1 we get

1= [meoas < [ [ 10 =bi0) | Ko TT 1G9 5
i=1

im1 /(i) =
< eyl /B /W T

S Ibllacoyn | Mo )]

‘B‘1+5 n m

= ||b||(A( LTI 2R H %- Hw H”ﬁ‘ﬁ”p,

Consequently,
[MEZIE "
(o 1S Wl [Tl

‘We now turn our attention to /7. By (4.2) we can write

S 3 [ e |00 =00 Kel) = (04(0) =072 5)|

< [T1fi0i)ldydxdz

i=1
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Sy 1 — b)) (K6, 7) — Koo TT Vi) | 5 dxdz
ces 0751 B)o 11
/// ())Kazy|H\ﬁ vi)|dydxdz
ceS c;él 2B)°
= Y (If+n).
cES,,0#1

We shall estimate each sum separately. Fix ¢ € S,,,0 # 1. We start with I7 . Since we
are assuming o # 1, condition (2.3) implies that

lx —z]"
(T e — yi|yrm—oty
|B|y/n
(L =yl ety

‘Ka(xay) _K(X(Zayﬂ ,S

Therefore we have that

S m
17 < by Iacs |B|V/n///2B e — [ O T 1‘f'(y’)|d)7dxdz

SE b=yl

m
: 1+y/n i fi(yi)l .
SB[ [ e e s

< bl oyl [ O e
~ ( 2B Zm iy y

1|x y|)mn a+6

— |[bll o) BT /B Ji(x, 6) dx.

By separating the factors in J; and applying Holder’s inequality we arrive to

|fi (i) / |fi(yi)l
<l GI Il/B ‘ZB‘I 0;/n+6/(mn) y i:cl;lo Rn\2B \x—yi\"*%’%/m y

Vl_lf%B H
‘ZB‘I—oci/n-&-é/(mn) , 10,20

m

STl | T1

=1 i;oi=1

_ (H”fzvz”p,) ‘ZB‘—Zi:c,-:l(1—56,'/n+8/(mn)) H ”Vi_l*%BHp;

i=1 io;=1

vi ' D op
|x_ ,|n—5c,-+5/m

P}

VL_I%R"QB
[x — [ 0it8/m

< I1

i:0;=0

‘ZB‘ (6—8)/n
il
(H » ) ol

/

pi
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by virtue of condition (2.10). Thus the estimate

|2B| 5 d)/n
iVi 4.3
<va Pz) ||W</la// ”w ( )
yields to
o m |B|2+5/n
17 S bl as))m l];[leivz'”Pi Wzl (4.4)

We now proceed to estimate I5 . We have that

m . .
19 < I B5/"/// i) Jidnd
2~ H ]||A(5)| | 5B ZBG Z:rl_l |Z—y[‘)m"7a y Z

< 2468 /n / |fl yl ) / |fl yl e
S Playi? (H oo @\ L Jonion T =y

i:o;=1

Since & = o; + §;/m for each i, applying Holder’s inequality we can write

|fl yl ||flV1Hp .
< ; '
zcl:ll/ 12B|1- s pi—an % Ni:clll 2B[Srer-1(1/p/) [|v; ’%BHM
il 1
- o= I‘ZB‘Z’U —1(1/pi—0;/n+8/(mn) HV 2o vl
l 1

and
O i Zinap
e Wi S | fvillp 1/n n—0t-+0 /m
i:0,—=0/R"\2B g — i~ (|B[1/" + |xp —-[)n—% y
Combining these estimates and using condition (2.10) we arrive to
m 23‘(5*5)#[
g <|b | B2t/ Vi ‘7
2 S IDlnayelBE " T vl
B 248/n m
18] 4.5)

= HbH(A( ’”H 3&/ ||°°HHfllePl

Therefore, applying the estimates obtained in (4.4) and (4.5) we conclude that

L bl B [
v i
B "ol L 1l

This completes the proof of (4.1) and we are done. [
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5. Proof of Theorem 1.2

We devote this section to prove Theorem 1.2. We shall first establish an auxil-
iary lemma, which is essentially the boundedness given in Lemma 4.1 with different
parameters. The proof can be achieved by following the same steps and we shall omit
it.

LEMMA 5.1. Let 0 < <mn, 0< 8 < (n—a)/m, &= a+md and p a vector
of exponents that satisfies p > n/0. Let 6 < & and (w,V) be a pair of weights be-
U

longing to the class H,, ([7',66,5) such that v;p" € RH,, for every i € % . Then there

exists a positive constant C such that for every ball B and every f such that fiv; € LPi,
1 <i <m, we have that

|B|l+5n m
I m&(x)|dx < C
J, Vang(w)ldx < € T Wil

where § = (f1 228, f2 %28 -, fm Z28)-
Proof of Theorem 1.2. It will be enough to prove that

[[w 2Bl

s 170 —el e <cTT 1l 61

for some constant ¢ and every ball B, with C independent of B and f
Fix a ball B = B(xp,R). By proceeding as in the proof of Theorem 1.1, we split
f=fi+fa, where fi = (fi 228, /o228, ..., fmZ28). We take

m 7 1 m Z
c= <9a,bf2>B: E/BymbfZ(Z)dz

By Proposition 3.1, for z € B we have that

Tauh(@) =Y / WG L) — b)) i) dy.  (5.2)
oeSm.0417 (2B)° P
Thus
%/ﬁyfbf@)—c |B|fi|/|:/| olds
i // T o) — Tt ()] dedx
:M(lﬂn.

|B|1+S/n



MULTILINEAR COMMUTATORS OF FRACTIONAL OPERATORS 295

Let us first estimate /. Applying Proposition 3.1, (2.2) and Lemma 5.1 we get

1= [ fiolas< [ [ K RTTI000 b0l 1A dsds

<c[Tblne [ [, Ko [T Ui00]dvas
i=1 BJ(2B)" i=1
< Il 5 / oy ()] dx

‘B‘1+5 n m

Consequently,
HW%BHOO m
I~ < m "1y .
|B|1+5/" \C||b||(A(5))mg||ﬁVsz,

We continue with the estimate of /7. We shall see that

‘B‘B n m
Tzl LHvils (5.3)

T T ()~ T2 B < B 5

for every x,z € B. This would imply that 17 < CT[/, ||f,-vin,..
For x € B, using (5.2), we can write

| Tt f2(x) = T 2 (2)]

<3 |
oESy,0#1 (2B)°

< [ 110y
i=1

mx@ﬁl(bi(x) b)) - Kale ) [T —bi<yi>>‘

i= i=

—

m

< /m;)a Ko (x, 5) = Ko (2, 9)| [T 16:(x) = bi i) 1fi(v0) | 45

oESy,,0#1 i=1
DN LS § (ORI § (COR
ceSm,o#17 (2B)° i=1 i—1
XH\fz‘()’i)\df’
i=1

= Y (7+n).

oSy, 041

Fix 0 € S;y,0 # 1. Let us first estimate {7 . Applying condition (2.3) we have that
x—zf"
(T [x = yi| yrn—oty
Bl

~ (X [k — il ety

‘KO(('XLY)) - KO!(Z7.)7)| ,S
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Therefore we have that

T Sy e —yil)™ T LGl
7 <58 H||bi||A(5/ (i 1 dy
=1

VJame (S0 g — yilyrmoty

iy i)l .
S bl m|B|y/n/ i=1 1 dy
Ibl{As)) onye (37

m:l |xB _ yi‘)mn7a+5+}/*5

< |Ip|I™ N B5/n/ H:n:l |fl(yl)| _ dﬂ,
S ||(A(5)) |B| 2By ( Yy

;n:l ‘xB _yi‘)mn_OH_S

since y > & and y € (2B)° implies that |xz —y;| > C|B|'/" for at least one index
1 < j < m. From this expression we can use the estimate (4.3) performed in page 292
in order to obtain

‘B‘(sn m
17 < |v||7: Vi
1 ~ || ||(A( %' ||OOH||fV HF:

Next we proceed to estimate IJ . Fix o € S,,0 # 1. Applying Lemma 3.2 we have
that

—
S
—~
Rad
|
=
&
T
s

i=1 i=1

(bi(z) — b,-(yi))‘

< Y |bj(x) @I [ 1bi(z) = bi(ya) [T ] 1i(x) —
j=1 i>j i<j
S (Hb aes ) B[/ ZH\Z—yz‘|5H|x—yz‘|5~
j=1i>) i<j

Since x and z belong to B and y € (2B)°, we have that
m
=yl £ X Ixs =il
j=1
and also

m
lz=yil S Y, e —yil,
Jj=1

for each i, regardless y; belongs to 2B or R"\2B. Therefore we arrive to

—]
:@
=

|

=
&
=

|
=

m (m—1)8
(bi(2) — i(30)| < b1 5w B (2 o —y,-> .

J=1

i=1 i=1
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Using this estimate we can proceed with I3 as follows

o m d/n H:n=1 ‘fl(yl)‘ =
i S0 rlB [ S e

m n ;n: Silyi -
§||b||(A(5))m|B|5// o { 1) dy

)o zm ‘XB_yi|)mn7&+6

m S/n ‘fl Vi ‘ft yl)‘
SR W | W

=1 R P

Applying Holder’s inequality and condition (2.10) we get

m n— %R" 2B
15 S b7 5y B2/ anzvznp, IT I ' Zosll H LR
(A(3) — e/

i:0;= i:0;=

pi
, \BP "
S ”b”(A( w2z ” H”flVlHPz

where 0(0) = X5 (1 —&/n+6/(mn)). So (5.3) holds and the proof is com-
plete. 0

6. The class Hm(ﬁ,ﬁ,g)

In this section we give a complete study of the class H,, (7, ,8) related with the
boundedness properties stated in our main results. Recall that (w,V) belongs to the
class H,,(p,B,0) if there exists a positive constant C for which the inequality

! 1/pi
[w sl 1 / v
-d <C
IB|( (65— 5/nH R (|B|1/n 4 |xg — y|) (1Pt 8/m)p] Y

holds for every ball B = B(xz,R).

We begin with a characterizaction of this class of weights in terms of the global
condition (2.9). The proof follows similar lines as Lemma 2.1 in [2] and we shall omit
it. We recall the notation . = {i: p; =1} and S = {i: 1 < p; < }.

LEMMA 6.1. Let 0 < B <mn, § € R, B a vector of exponents and (w,V) a pair

of weights such that vl-_1 € RH.. for i € .| and v;p" is doubling for i € .%. Then,
condition H,,(p,B,0) is equivalent to (2.9).

As an immediate consequence of this lemma we have the following.

COROLLARY 6.2. Under the hypotheses of Lemma 6.1 we have that conditions
(2.9) implies (2.8).
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The next lemma establishes a useful property in order to give examples of weights
in the considered class. We shall assume that ; = 8 /m for every i.

LEMMA 6.3. Let 0< B <mn, § <t=(B—mn)(1—1/m)+8/m, p avector of
exponents and (w,V) a pair of weights satisfying condition (2.8). Then (w,V) satisfies

(2.9).

Proof. The proof follows similar lines as in Lemma 2.3 in [2]. We shall give a
scheme for the sake of completeness. Let 0 =n— f3/m+8/m. Let B be a ball and

By =2%B, for k € N. If i € .#; we have that

—1 o —1
Vl- %“\B < Vi %k+l\3k
X
jxg — [ kZ:1 lxg —[®

‘Bk‘_g/n Hvi_l'%BkH Hoo

N
Ms

T
I

On the other hand, for i € %

o 1/p;
/ v, (y) dy
-

N

) 1/p;
i/ v () dy
k=1 Br+1\Bx ‘XB—y|9p"

> o _a\ 7
sSimon(f w)
k=1 Br

By taking k= (ki,ko. ... ,kn), the left-hand side of (2.9) can be bounded by a

multiple constant of

N VP
IT B0 (/ vjm) =Y 1(3}),
*ies By Tenm

—1
Vi ‘%Bk,-ﬂ

Z H |Bki ‘—B/n

ZeNm €7

Observe that N” C (U, K;, where K; = {k = (ki,ka,...,kn) : ki > k; for every j}. Let
us estimate the sum over K, being similar for the other sets. Therefore

/ Vi ky 0
H(/ ) I3 s+
By +1 i£1 k=1

« i€ s

-1
Vi ‘%/Bkﬁl

N2 0
S 1(58) < 3t T
%EK[ k=1 i€/

Notice that

ky ky
|B|79/n 2 27](,'9 5 |Bkl|79/n 2 Z(klfk,-)e ,S ‘Bkl ‘79/"2](19'

ky
2 |Bkl‘79/n =
ki=1 ki=1 ki=1
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Thus, from the estimation above and (2.8) we obtain that

ZB|le
BW6 12” 2 I(B k) <|B| (6=8)/n 2 Zm lklﬂ‘B ‘ mB/nngLVBk +1H°°
=1

, /P,‘
1 —D;
’%/Blirl H /B Vi
i€ l€f2 ky+1

< 2 27k1 (OfmnngrB) ,
=1

being the last sum finite since 5 < 7. [

Recall that when we restrict the pair of weights (w,V) to satisfy the relation
w = [T, vi, condition H,,(p,B,9) is denoted by v € H,,(p,B,0). The following
result establishes that, for a suitable range of the parameter , this class is equivalent
to Az

Pree

COROLLARY 6.4. Let €R, 0< B <mn, § <t =(B—mn)(1—1/m)+8/m.
Then v € H,,(p,B,0) if and only if V € Aj; ...

Proof. Let v € Hy(p,B, §). Then condition (2.8) holds. On the other hand, by
Lemma 1.3, we have that 6 = 8 —n/p. This implies that V € Aj...

Conversely, let V € Aje. Since § < 7, by Lemma 6.3 we have that V satisfies
(2.9). By Lemma 6.1 it will be enough to check that v;'! € RH., for i € .#; and v; "' is

doubling for i € .%. Letus first check that v; ' € RH.. for i € .#;. Let r=p/(mp—1),
fix iy € .#; and observe that

‘B‘ Bv |B| III ZI#ILOV
1 ) r/p;
[T Ivi'2sls ] _/_p,)
” Vi BH (B sz

oo L€ iFi1g €S

=1
[v ]Aﬂ
vy 25l

= [ ]A[‘;ﬁm I%fvio'

Therefore, v;  is an A; weight. Then we can conclude v;_ !is an RH.. weight.
On the other hand, observe that Aj.. C A, for every g > 0. If we pick g = p
we can apply Lemma 3.3 to conclude that Z = (z1,...,2,) belongs to A;, where / = p,

Zi= v and l; = p; for every i. This implies (see, for example, Theorem 3.6 in [6])

that z b EA mt! thatis, v, 7 €A, v C Ao, so it is a doubling weight for every i € .%;.
This completes the proof. [
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The following two theorems allows us to describe the region where we can find
nontrivial weights in H,,(p,,0) in terms of the parameters p, 8 and 6.

THEOREM 6.5. Let 6 € R be fixed. Let 0 < 8 < mn, 5 eR and D be a vector
of exponents. The following statements hold:

(@ If6§>8 ord6>p —n/p then condition H,,(p,B,0) is satisfied if and only if
v; =0 a.e. for some 1 < i< m.

(b) The same conclusion holds if § = —n/p=8.

(¢) If § < B —mn, then condition H.,,,(p,B,8) is satisfied if and only if v; = o a.e. for
some 1 <i<morw=0 a.e.

Proof. Let (w,V) € Hm(ﬁ,ﬁ,g). We start with the proof of item (a). We shall
first assume that & > §. Picking a ball B = B(xp,R) such that xp is a Lebesgue point
of w1, from (2.5) we obtain

1

Vi_l H / Vi_P,' P
. /
_ies, \JR" (|B|'/"+ |xp — | (=Bt 8/m)p]

(|B|1/n + |XB _ .|)n—ﬁ,—+8/m

[1

i€s)
- |B|(5—5)/n - W_I(B)
~ |lwZsll~ ~ |B|RI-S’

forevery R > 0. By letting R approach to zero we can deduce that there exists 1 <i<m
such that v; = e almost everywherg.

Let us now consider the case 6 > 8 —n/p. Pick a ball B= B(xg,R), being x5 a
Lebesgue point of w~! and of every vfl . Then condition (2.8) implies that

1/p}
M ), vt s I %leenz(;/ i)

n n+ -1 3
< 1B row (B) o5—pn/p
[lw 2]l |B|

for every R > 0. If we let again R approach to zero, we obtain

v (xg) =0,

—

Il
—_

and then T/, v;! is zero a.e. This allows us to conclude that the set (., {v;' > 0}
has null measure. Since v;(y) > 0 for almost every y and every i, there exists j such
that v; = a.e.

We now proceed with item (b). Suppose & = 8 —n/p = §. We define

-3 —m
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Applying Holder’s inequality we obtain

¢
/ (Hieﬂz V:I)l/é
R» (|B|l/n T ‘XB _ .‘)Ziejz("*ﬁﬂr(?/m)/é

==

-p}

V.
<IL(/ , ,
- igz ( R (|B|Y/" + |xp — -|)<n—ﬁf+6/m>p,->

and since (w,¥) € H,,(5,8,9),

Bl v [ (Mies v DY4 :
s, (\B‘l/n + |xg— .‘)n—ﬁi+5/m L\ (‘B‘l/n + |xz— _‘)Z,-E,;z(n—ﬁﬁa/m)/g

-1
< w (B)7

|B|

and we can deduce that for every ball B

m - £ _
[ ) s
e (1B -+ g — )P |~ B[

From this inequality, we can continue adapting an argument presented in [14], to
conclude that there exists i such that v; =« a.e.

We end with the proof of item (c). Let & < 8 —mn. Given a ball B = B(xp,R)
and By C B, condition (2.8) implies that

m m .
||W«%OIIMHHV,-’1&VBOHF; < Hwﬁgnmqnv;l%\\p, < RS-Bimn
1= i=

L~
i

The right-hand side of the inequality above tends to zero when R approaches to oo,
which implies that either ||wZp, |l =0 or ||vi_15ﬁ;0||p< =0, for some i. As By is
arbitrary we obtain either w = 0 or v; = oo for some i, respectively. [J

THEOREM 6.6. Let § € R be fixed. Given 0 < B < mn, there exist pairs of
weights (w,V) satisfying (2.5) for every p and 8 such that B—mn<6<min{5,8-n/p},
excluding the case 6 = 8 when B—n/p=39.

The next figure depicts the area in which we can find nontrivial pair of weights
belonging to H,,(p,B,9), for a fixed value 6 and depending on f3.
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=5

Since the classes H,, (P, B,S) have a similar structure as those defined in [2], the
proof of the theorem above will follow similar lines as that in Theorem 5.1 of [2], with
adequate changes. We include a sketch for the sake of completeness. We shall need the
following auxiliary lemma.

LEMMA 6.7. For aball B= B(xp,R) in R" and oo > —n, we have that
/ x| dx ~ R (max{R, |xz|})*.
B

Proof of Theorem 6.6. Recall that T = (f —mn)(1 —1/m)+ 6 /m is the number
appearing in Lemma 6.3, we shall split the proof into the following cases:

(@) B—mn<8<t<B—n/p;
(b) B—mn<S<P—n/p<r;
(©) B—mn<S=1<8<PB—n/p;
(d) B—mn<d=1<B—-n/p<3;
(e) T< & <min{8,B—n/p};

) &=p—mn.

Let us prove (a). Recall that . = {i: p; =1}, S ={i: p; > 1} and let m; = #.7;,
for j=1,2. Since m; < m by the restrictions on the parameters, we can take

mn—pB+6

m —njy

O<e<
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For 1 < i< m we define
0 if ie. 7,
&= ﬁ—s if ie 7.
Let p = z;.":lg,-+5 —B+n/p > 0. Then we take
w(x)=[x[? and vi(x) = |x[%.

By virtue of Lemma 6.3 it will be enough to show that (w,V) verifies condition
(2.8). Let B = B(xp,R) and assume that |xg| < R. If i € .%,, by Lemma 6.7 we get

A /P Lo\ /P
<% / Vipi) - (ﬁ/ |X|_§ipi dx) zR_§i7
B B

and |[v; ' 25|, =1 for i € .#;. On the other hand, |w23|. < RP since p > 0.
Therefore,

w2l [T "2l 1 L W RS EsBenlr <
|B|/n=B/n+1/p = |B| ~
We now consider the case |xz| > R. We have that

w2l < [xa|",

whilst for i € %,

/

1 o\ e
(i3 ;o ertax) = o .

Consequently, since & < 8 —n/p we get

w25 - ) 1/p} M £ SiBn
mn Ilvi'2s|. T1 (B/V p) < |xg|P &0 +B-n/p < )

i€

which completes the proof of (a).

We now prove (b). In this case we take w=1 and v; = |x|% , & = (B—0)/m—n/p;
for every 1 < i< m. By Lemma 6.3 it will be enough to prove that (w,V) satisfies
condition (2.8). Pick a ball B = B(xp,R) and assume that |xg| < R. If i € .7 we get
& <0, since we are assuming 8 > B — mn. In this case we get

HVI-_I,%BHOO%R_Q.

On the other hand, for i € .%, we have & < n/p}, so Lemma 6.7 yields

1 —y 1/p; L
(E/Bvi ) ~R 5.
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These two estimates imply that

[[w 2Bl

71% —p! /pl < R_Z,r'nzléi
\B|S/n—ﬁ/n+1/plgc, I BH“E%(BI/ K ) ~ RO-Bin/p

If |xg| > R, we have that Hvi_le%gHoo < |xp|~% and also

1 _ /P, .
<|B|/V ) ~ bl

by Lemma 6.7. Thus

[wZp||

1/p} -y &
-1 g —p; |xB| i=1
(B /n Bt 1/, H i 25| 11 <|B|/V ) S gopey b

i€s

since § < B — n/p. This concludes the proof of item (b).

In order to prove (c) we pick (B —1t)/m—n/p; <& <n/p;forie % and =0
for i € .#;. We also take p =Y | &+ 17— B +n/p > 0 and define w(x) = |x|° and
vi(x) = |x|%, for 1 <i < m. We first notice that

-1
V; gLVRn\B

| ‘ S, < R*Zie.ﬂl (nfﬁ/er(S/m).
xg — -|"=B/m m

I1

i€

o

By virtue of Lemma 6.1 we have to prove that condition (2.9) holds. Using the
estimate above, it will be enough to show that

1/p;

_p§
58— Yic s (n—B/m+8/m) v, () .
§ 1 2l 11 </Rn\3 ey B ¥ | S€

(6.1)
for every ball B. We shall first assume that |xz| < R. Let By = B (x5,2R) for k € Ny
and i € .%,. By Lemma 6.7, we get

) l/Pﬁ
/ V; Yi(y) dy
R™\B |xB_y‘ —B/m+38 /m)p} k

<

RN
(ZkR) n+p/m—38/m (/ |y|_§ipi dy>
Biy1\By

(2KR) B /m=8/m=&itn/p;

Mg

0

I ™Ms

k=0
< R/pitB/m=8/m=5&

since —n/p;+ B /m—8/m— & < 0 by the election of &. Since § = 7, the left-hand
side of (6.1) is bounded by a multiple constant of

RO~=Sics, (1B /m+8/m)+0—Sic 7, (0 pi—B m+3/m+&) _ p-S—n/ptPrp-S & _ |
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We now assume |xz| > R. There exists a number N such that 2VR < |xp| <
2NTIR . If i € #5 we have that

) l/p

v ") | v

i ,dy (sz) n+p/m—38/m (/ |y| étpl dy)
</R"\B g — y| (1P /8 /mp )

=

=Y+ Y =S+

k=0 k=N+1

Let 6, =n/p;i+ (6 —B)/m, for 1 <i < m. We shall first prove that if 6; < 0, then

Mz

=

S S g 750 (6.2)
for j =1,2. Indeed, by Lemma 6.7 we obtain

N
ll 5 2 (2kR)—n+ﬁ/m—5/m+n/pi|xB|—§,-
k=0

N
< |xB|—§iR—9i 2 2—kb;
k=0
< k| 5 (2VR)
S x| 57
For S, we apply again Lemma 6.7 in order to get

o

s < Z <2kR>—n+l3/m—5/m+"/P§—§z Z < ) &—0;

k=N+1 k=N+1

_ (2N+1R) 2 2~ k(&i+6;) < |xB| &—6, 1

since 0, +& =n/pi+(6—PB)/m+&>0.
We now assume that 0; = 0. Proceeding similarly as in the previous case, we have

Sl <|~XB‘ étN<|xB‘ étlog ('foﬂ),

and _
S5 < x|~
since & > 0 when 6; = 0. Consequently,
i+ 85 < |xp| 5 <1+log ('2)) < |xp| "G log, (’;f) . 6.3)

We finally consider the case 6; > 0. For Sé we can proceed exactly as in the case
0; < 0 and get the same bound. On the other hand, for §j we have that

N N
S 3 (QER) MM iy 8 < | SRS, 27K |02V
=0 k=0
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Therefore, if i € %, and 6; > 0 we get
S1+ 85 brp| 7570 (14:2V0) 2V 7670 64)

Combining (6.2), (6.3) and (6.4) we obtain

-p; 1/}
11 / v " () dy
i€ Rn\B |)CB —y|(n_ﬁ/m+5/m)p’.

,S H |XB|7§i*9i H ‘)CB‘iéi 10g2 <|RT|) H ‘XB| &i— 12N9,'

i6f279,'<0 i€f2,6i=0 lEJz 6;>0

#{lEJLB 0}
< ‘xBrZie;fz(éiJr@i) N Zic.sy,0;0 i <log2 ( )

that is,

V:I%RH\B
‘xB_ . |n—B/m+5/m

[1

i€s

‘XB‘ #{ic.9,0,=0}
< |xg|” Sic.r, (§i40) N Xic 76,50 0 <]og2 (7) ) ]

pi
(6.5)
so the left-hand side of (6.1) can be bounded by a multiple constant of

- |)C ‘ #{ic #,0;=0}
RO—0—(n=B/m+38/m)m |xB‘p*2i6.}f2(§i+9i)ZNZiE.V2,9i>0 6i <log ( R ))

which is equivalent to

7:—5+(n—ﬁ/m+5/m)m1+2,-E_j2‘9'.>0 0; #{ic % ,0,=0}
x| log, 22! .66
R R
Since 6; < n—+ (6 —fB)/m for i € 7, there exists € > 0 that verifies
: [ AP
Y Gi+e#{ic £,0,=0}< (n+—— |#{ic 5, 6,>0}. (6.7)
i€.9,,6;>0 m

Using the fact that log, < e~ 1% for every t > 1, we can majorize (6.6) by a constant
factor provided that

r—5+<n+¥>(m1+#{lef2 0;>0})<7— 5+<n+ﬂ>(m—l)zo.

m

Indeed, if this last inequality did not hold, then we would have that 6; > 0 for every
i € %. We also observe that 6; > 0 for i € .. This would lead to n/p > -9, a
contradiction.
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In order to prove (d) we only consider two cases. If there exists some i € .#, such
that 6; < 0, the proof follows exactly as in (c). If not, that is 6; > 0 for every i € .%,,
observe that

T—5+<n+w)m1+ D 6,-:r—5+§)<£+ﬂ>
i=1 i

m i€.9,,0,>0 m
n
=1+--B
p
<0,

then we can choose € > 0 small enough so that the resulting exponent for |xp|/R in
(6.6) becomes negative.
We now proceed with the proof of (¢). Let us first suppose that & < min{8,8—n/p}.

We take p =86 — 17 > 0 and & = (0 —1)/m—06;, for every i. Then we define
w(x) = |x|? and v; = |x|%, 1 <i<m. These functions are locally integrable since
p >0 and & < n/p}. Furthermore, & < 0 for i € .7}, so vfl € RH., for these index.
Then, by Lemma 6.1, it will be enough to show that condition (2.9) holds. Fix a ball
B = B(xp,R) and assume that |xz| < R. Then we get

[wZBlle _ 5-5+ 5
W7Dl p_ T
|B|(S*5)/n < ROTT. (6.8)
On the other hand, if i € .| we have
—1
Vi ‘%BkJrl\Bk
|xB _ .‘nfﬁ/er(s/m

oo

<Y

k=0

<y (2"

k=0

Vl-_le/lafRn\B
‘xB _ ,|n7B/m+5/m

= =

>—5,-fn+ﬁ/m—5/m

< Rmlz=9)/m (6.9)

i€s)

oo

Finally, since & + 0; = (6 — 7)/m > 0 for i € %, we can proceed as in page 304 to

obtain
/

Ply) 1/pi
vi VU my(1—8)/m
IT _dy < Rt . (6.10)
e, (/RH\B |xz _y‘(nfﬁ/m+5/m)p,- )
By combining (6.8), (6.9) and (6.10), the left-hand side of (2.9) is bounded by a constant
C.

We now consider the case |xz| > R. We have that

w2l _

: R0 |xg)P. 6.11
B-om ~ & b (@10
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Since |xp| > R, there exists a number N € N such that 2VR < |xp| <2VT'R. For i € .#
we write

—1 N -1 o —1
Vi Zrns < 2 Vi ‘%Bkﬂ\Bk 4 Vi ‘%BkH\Bk
|xB__‘n—B/m+5/m ooNk=O |xB__‘n—B/m+5/m L ‘xB_,|n—ﬁ/m+5/m .
=8} +S5.

Proceeding as we did in (6.5) with p; = 1, we have that

—1
Vi %Rn\B

o RN < —Yic.s, (Eit6)ANTic s, 6;
g o Bmesym || S el SRR (6.12)

i€s

=

Finally, if i € % our choice of & allows us to follow the argument given in page 305
to conclude that

/

_ 1/p;
Pi !
</ . ﬁ(/y )+6/ I dy) < |xp|” Zienn SOV Bic sy 0206
I I R —B/m m)p

= "\B |xp — y\("
‘.xB| #{i6f2,6i=0}
1 — .
()

Combining the inequality above with (6.11) and (6.12), the left-hand side of (2.9) can
be bounded by a multiple constant of

. ” |x | #{ic.9,0;=0}
RS-0 ‘XB|0*Z,':1(9i+§i)2N2i:9i>09i (10g2 (%))

i §-6-3.0,506; o @ #{ic.7,,6,=0}
‘XB‘ 1253 R .

If 6; <O for every i then the exponent of R/|xg| is positive. On the other hand, if
0; > 0 for every i, then

which is equal to

5-5-% 9,-:5—5—29,-:5—S—g+ﬁ—5>0,
i=1

i:6;>0

since 5 < B —n /p. In both cases we can repeat a similar argument as in (6.7) to
conclude that (w,V) belongs to H,,(p,,0). Let us observe that, for example, if f < §
then every 0; is nonnegative.

fé6=58<p— n/p or 5=p8- n/p < O the same estimation as above works
when we take 6; < 0 for every i. The second case also works when 6; > 0 for every i.

We finish with the proof of item (f). In this case we fix p > 0 and take
w(x) = (14 [x[P) ™. If g; are nonnegative fixed functions in L” (R") for i € .%,
we define

() = { e if ie .7,

g ' if i€ .
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Fix a ball B= B(xp,R). It is enough to check condition (2.8), since S=p-mn<r.
Notice that

w2l TT I Zsll. < TLIQ+1-19)" 2] |23 _ <.
iEfl

iEﬂl
Therefore,
[ e Lo\
ey U 2l T (7 ") < T sl
‘Bla/niﬁ/rH}l/piEfl i€f2 ‘B| B l iEﬂz b

for every ball B. This concludes the proof of (f). [
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