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Weighted inequalities and pointwise estimates for the
multilinear fractional integral and maximal operators

Gladis Pradolini *

Abstract

In this article we prove weighted norm inequalities and pointwise estimates
between the multilinear fractional integral operator and the multilinear fractional
maximal. As a consequence of these estimations we obtain weighted weak and
strong inequalities for the multilinear fractional integral operator. In particular, we
extend some results given in [CPSS| to the multilinear context. On the other hand
we prove weighted pointwise estimates between the multilinear fractional maximal
operator M, g associated to a Young function B and the multilinear maximal
operators My, = Moy, ¢¥(t) = B(tt=a/(mm)ynm/(nm=a) = Ag an application of these
estimate we obtain a direct proof of the L” — L7 boundedness results of M, g
for the case B(t) = t and By(t) = t(1 + log™ t)* when 1/¢ = 1/p — a/n. We
also give sufficient conditions on the weights involved in the boundedness results
of M, p that generalizes those given in [M] for B(t) = t. Finally, we prove some
boundedness results in Banach function spaces for a generalized version of the
multilinear fractional maximal operator.

1 Introduction and preliminaries

An important problem in Analysis is to control certain integral type operators by
means of adequate maximal operators. This control is sometimes understood in the
norm of the spaces where these operators act. For example, an interesting result due to
Coifman ([C]) establishes that, if 7" is a Calderén-Zygmund integral operator, M is the
Hardy-Littlewood maximal function and 0 < p < oo, then the inequality

[irnwrasc [ v

holds for some positive constant C'. Thus, the maximal function M controls the singular
integral in LP-norm and the boundedness properties of M in LP-spaces give the bound-
edness properties of T. The weighted version for A., weights of inequality above is also
true (see [CE]).
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For the fractional integral operator I, 0 < a < n, w € Ay and 0 < p < oco, Mucken-
houpt and Wheeden ([MW]) proved the following control-type inequalities involving the
fractional maximal operator M,

[ p@pe@ar<c [ ns@pr) i

and

sup Mw({lof > A}) < Csup Mw({Maf > A}),

A>0 A>0
where C' depends on the A,-constant of w. Then, by the weighted boundedness results
of M,, they obtained the corresponding weighted boundedness results for I,.

Similar problems for other operators such that conmutators of singular and fractional
integral operators, non linear commutators, potential operators, multilinear Calderdn-
Zygmund operators and multilinear fractional integrals, were studied by several authors
(see for example [P4], [P5], [PT], [CUE], [BHP], [CPSS], [LOPTT] and [M]). Particularly,
in [CPSS], the authors obtain the boundedness of the fractional integral operator in term
of the fractional maximal operator in weighted weak L!-spaces, and then, by the weighted
weak boundedness of M,,, they obtain weighted weak estimates for I,.

Related to the control of commutators of singular and fractional integral operators
appear the iterations of the Hardy- Littlewood maximal operator M and the composition
of the fractional maximal operator with iterations of M. These types of maximal oper-
ators were proved to be equivalent to certain maximal operators associated to a given
Young function (see, for example [P4], [P5], [CUE] and [BHP]). Then, the study of the
boundedness properties of these particular maximal operators seem to be an important
tool because they inclose information about the behaviour of the commutators that they
control.

In the multilinear context, there were an increasing interest in investigate how to
control integral operators by maximal functions. In |GT] the authors proved that the
multilinear Calderén-Zygmund operators are controled in LP-norms by the product of
m Hardy-Littlewood maximal operators and they asked themselves if this product is
optimal in some sense. This problem is then solved in [LOPTT], where the authors give
a strictly smaller maximal operator and develop a corresponding weighted theory.

Later, in [M], a complete study of the weighted boundedness properties for the mul-
tilinear fractional integral operator is given, and the author proved that this operator is
bounded in norm by the corresponding version of the fractional maximal operator which
generalizes the maximal operator given in [LOPTT]. Again, the boundedness properties
of the “maximal controller” gives the boundedness properties of the “controlled operator”.

Pointwise estimates between operators are also of interest because they allow us to
obtain boundedness properties of a given operator by means of the properties of others.
For example, related to the fractional maximal operator and the Hardy-Littlewood max-
imal operator a pointwise estimate is given in [CCUE]. Other known pointwise estimates
between the fractional integral operator and maximal operators are due to Welland and
Hedberg (see [W] and [HJ).

In this paper we give “control type results” for the multilinear fractional maximal
and integral operators. These results involved pointwise estimates and norm estimates



between these operators, of the type described above. In particular, we extend some
results given in [CPSS| to the multilinear context. On the other hand we introduce the
multilinear fractional maximal operator M, g associated to a Young function B and we
prove weighted pointwise estimates between these operators and the multilinear maximal
operators M, = M, where 1 is a given Young function that depends on B. As an
application of these estimates we obtain a direct proof of the LP — L7 boundedness results
of M, p for the case B(t) =t and By(t) = t(1+1log™ ¢)* when 1/q = 1/p—a/n. We also
give sufficient conditions on the weights involved in the boundedness results of M, p
that generalizes those given in [M] for B(t) = ¢t. The importance of a weighted theory
for this maximal function is due to the fact that this operators are in intimate relation
with the commutators of multisublinear fractional integral operators, as we shall see in
a next paper.

On the other hand, we study boundedness results in Banach function spaces for
a generalized version of the multilinear fractional maximal operator involved certain
essentially nondecreasing function .

The paper is organized as follows. In section §2] we statement the main results of this
article. We also include some corollaries and different proofs of results proved in [M].
The proof of the main results are in §4l In §3 we give some auxiliary lemmas and finally,
in §5l we define a generalized version of the multilinear fractional maximal operator and
we give some boundedness estimates in the setting of Banach function spaces.

Before stating the main results of this article, we give some standard notation.
Throughout this paper ) will denote a cube in R™ with sides parallel to the coordi-
nate axes. With D we will denote the family of dyadic cubes in R™.

By a weight we understand a non negative measurable function.

We say that a weight w satisfies a Reverse Holder’s inequality with exponent s,
RH (s), if there exists a positive constant C' such that

(@ f) <

By RH,, we mean the class of weights w such that the inequality

supw(z) < — [ w,

2€Q Ql Jg
holds for every () C R™ and some positive constant C'. It is easy to check that RH., C
Aso.

Now we summarize a few facts about Orlicz spaces. For more information see [KR]
or [RR].

We say that B : [0,00) — [0,00) is a Young function if there exists a nontrivial, non-
negative and increasing function b such that B(t) = fot b(s)ds. Then B is continuous,
convex, increasing and satisfies B(0) = 0 and lim; ., B(t) = co. Moreover, it follows
that B(t)/t is increasing.



Let B : [0,00) — [0, 00) be a Young function. The Orlicz space L = Lg(R™) consists
of all measurable functions f such that for some \ > 0,

[ B < o

The space Lp is a Banach space endowed with the Luxemburg norm

Il = 17y = int{A> 0: [ B1f1/) < o0},

The B-average of a function f over a cube () is defined by

1fl5.0 = inf{A>0: ﬁ /Q B(fI/N) < 1.

When B(t) =t, || fllzq = i Jo I/

We shall say that B is doubling if there exists a positive constant C' such that B(2t) <
CB(t) for every t > 0. Each Young function B has an associated complementary Young
function B satisfying

t < B'(t)B7'(t) <2t

for all ¢ > 0. There is a generalization of Holder’s inequality

1
(1) i /Q 1791 < 1 lz.0lgllsg

A further generalization of Holder’s inequality (see [O]) is the following: If A, B and
C are Young functions such that

ATYB7Ht) < (1),

then
1 fglle.o < 2[|fllaqllgllsq-

(1.2) Definition: Let 0 < o < nm and f = (f1,..., fm). We define the multilineal
fractional maximal operator M, g associated to a Young function B by

(1.3) M5 f(z) = sup QI T Ifills.e
Sx i=1

where the supremum is taken over all cubes () containing x.
Even though M, g is sublinear in each entry, we shall refer to it as the multilineal
fractional maximal operator.

For a = 0 we denote My p = Mp. When B(t) =t, M, = M, p is the multilinear
fractional maximal operator defined in [M] by

(1.4) M flz) —sup\@|a/"H|Q| / 5l
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My = M is the multilinear maximal operator defined in [LOPTT]. When m = 1 we
write M and M, to denote the Hardy-Littlewood and the fractional maximal operators
defined, for a locally integrable function f and 0 < a < n, by

o) Mfe) = s g Vo
and

(16) Mafw) = s o [ 1y
respectively.

If we take g = 1 in inequality (1)) it follows that for every Young function B, every
a such that 0 < a < nm, the inequality

—

Mo (f)(x) < Ma,p(f)(x)
holds for every =z € R".
The following class of weights was introduced in [LOPTT] and is a generalization of
the Muckenhoupt A, classes, p > 1. We use the notation P = (py,...,pm).

(1.7) Definition: Let 1 <p; < oo fori=1,...,m, % = 271 . Foreachi=1,...,m

let w; be a weight and W = (wy, ..., w,,). We say that W sat1sﬁes the Ag cond1t1on 1f

m /p m 1/p!
1 p/pi S -p )
(1.8) sup<|Q|/ (le )) 2.1:[1<|Q|/le ) < 00.

o 1/177;
When p; = 1, (ﬁ Jo w; pi) is understood as (infg w;) ™

Condition (L.g) is called the multilinear A5 condition.

2 Statement of the main results

In this section we establish the main results of this article. For a sake of completeness
we consider subsections.

Pointwise estimates for M, g

For 0 < a < nm let B be a Young function such that t=m B~ (t'~%m) < B~(t). Let
1 be the function defined by v (t) = B(t'=e/(mm)ynm/(nm=a) " From lemma B bellow, v
is a Young function. The following result gives a pointwise estimate between the multi-
linear fractional maximal associated to the Young function B, M, g and the multilineal
maximal operator M,, associated to the Young function ¢, and is an useful tool to obtain
boundedness results for M, p.



(2.1) Lemma: Let 0 < a < nm. Let B be a Young function such that

(2.2) tm B~ (t'7wm) < B7(t)

nma

and w( ) (tl a/(nm

For each i = 1,. let pi, ¢; and s; be the real numbers defined, respectively, by

Sy

m,

1

pi - S

=Y = 2y g oand 5 = 3" & Let wi, ..., wy, bem

1 < p < nm/a, qi = - — % and s; = (1 —a/(nm))ql and p, q and s be the real
numbers given by l i=1 g

weights. If fo, = ( l/wl, ooy /W) and g = ( pl/slwl_ql/sl, o fom s a5 then
(23) Mo fol) < Myga)'=/om (H ||f,||m) |

(2.4) Remark: When B(t) =t we have that ¢(t) = t. Then, from inequality (23], we
get the following pointwise estimate between the multilinear fractional maximal operator
M, and the multilineal maximal operator M

(2.6) Remark: For 0 < a < nm and k € N let By, be the Young function defined by
Bi(t) = t(1 + log" t)k. Then By satisfies [Z2). Let 9y (t) = By(ti=e/(m)ynm/(nm=a) o
t(1 4 log™ ¢)knm/("m=a) " From the lemma above we get the following pointwise estimate

(2.5) Mo ful@) < Mg(z)'=e/0m (H £l

In the case m = 1 the result above was obtained in [GPS].

a

nm
Lpl .

As an easy consequence of inequality (2.5) and the weighted boundedness results
for the multilinear maximal operator M proved in [LOPTT] we obtain a direct proof
of the weighted weak and strong boundedness of the multilinear fractional maximal
operator M,, proved in [M], when p and ¢ satisfy 1/¢ =1/p— a/n and 1 < p; < nm/«,
i=1,...,m. Actually, in [M] the author proves that the conditions on the weights are
also necessary (see theorems 2.7 and 3.6 in [M] applied to this case). These results are
given in the following two theorems.

L(log L) nm—«

(27) Ma,L(logL)kf;(x) <M knm g 1 ~o/(nm) (H ||f2

Weighted boundedness results for M, g



(2.8) Theorem: Let 0 < a < nm and let p; and q be defined as in lemma [2]. Let
f="(f, o fm), I (u, @) satisfy

1 1/qg m 1 i 1/p}
(2.9) sup(‘Q|/ ) E(@/sz ) < 00

then -
IMafllzaew < CTT I fwill -

1=1

(2.10) Theorem: Let (0 < a < nm and let 1 < p; < nm/« and q;, S;, p, q, and s be
defined as in lemma 21l Let w? = (wi, ..., wi). If f = (f1,..., fm), S = (51,.--,5m)
and w4 € Ag, then

[ Mo f (2 yw)lze < C [T fiwillenr
i=1
(2.11) Remark: It is easy to check that w? € Ag if and only if @ = (wi,...,wy,)
belongs to the Ap = classes introduced in [M]. This equivalence is a generalization to
the multilinear case of that proved by Muckenhoupt and Wheeden in the linear case,
which establishes that a weight w € A, , if and only if w? € A; with 1 < p < n/a,
1/¢g=1/p—a/nand s =1+ ¢/p’. For more details see [MW].

The following corollary is a consequence of theorem 2.8 applied to the weights u =
1", u?" and w; = M(u;)/%, where M is the Hardy-Littlewood maximal operator.

(2.12) Corollary: Let 0 < a < nm and let p;, ¢;, s;, p, q, and s be defined as in lemma
1 Let f = (fi,..., fm) and u =[], u”% then

IMafllznew) < CH LM ()

=1

LPi-

From the weak and strong characterizations obtained in [M, Theorems 2.7 and 2.8]
applied to the case p = ¢, we obtain the following result.

m 1

2.13) Theorem: Suppose that0 <o <nm,1<pi,...,pm <mn/oaandi=35" 1,
P i=1 p;

Let u = [, u?/" and v = [[™, v;’". Then

212

HMO‘fHLp’OO(u) S CH ||fi||Lpi(Mapi/m(ui))7

i=1
and .
IMafvller < CTT i Mapsm(0i) 225,
i=1
where My, denotes the fractional maximal operator defined in (L6) with « replaced
by ap;/m.



The proof of the first inequality above follows from the fact that the weights u and
w; = Moy, ym(u;) satisfy the condition on the weights in [M, Theorem 2.7]. On the other
hand, the weights v and w; = My, /i (v;)V/P¢ satisfy the hypotheses in [M, Theorem 2.8]
and thus we obtain the second inequality.

Before state the next result, we introduce the following class of Young functions
related to the boundedness of the sublinear maximal Mp between Lebesgue spaces. For
more information see [P1].

(2.14) Definition: Let 1 < r < oco. A Young function B is said to satisfy the B,
condition if for some constant ¢ > 0,

/OOB(t) dt
— < 00
.t

(2.15) Theorem: Let0<a<nm,1<p; <oo,i=1,...,m, % = Zglpi Let q be

a real number such that 1/m < p < ¢ < co. Let B, A;, and C;, i = 1,...,m, be Young
functions such that A7*(t)C;'(t) < B7'(t), t > 0 and C; is doubling and satisfies the

B,, condition for every i =1,...,m. Let (v,w) weights that satisfy
a/n+1/q—1/p 1 q e -1

(2.16) “up (@) (@ 7)) TImwitlae <o

then

m
[Ma,pfv|Le < CH | fiwill o -

i=1
holds for every f € LP' (w') x ... LPm(wPr).

(2.17) Remark: The linear case of theorem above was proved in [CUF], and in [CUP]
for the case « = 0 and p = ¢. For B(t) = t, theorem gives two weighted results
proved in [M] for the multilineal fractional maximal operator M,. The first one ([M,
Theorem 2.8]) is obtained by considering 4; = #"?i and C; = t"")’ for some r > 1 and
the second ([M, Theorem 2.10]) is obtained by taking A; = (1 + log™* ¢)%~1* and
CZ' = Ll for 6 > 0.

(14+1og™T ¢)1+3(pi —1)

As a consequence of theorem 215 and the pointwise estimate given in (2.7]), we obtain
the following result about the boundedness of M, p, for multilinear weights in the Ag

class defined above, where S = (s1,...,sm) and Bi(t) = t(1 4 log™ ¢)¥. In the proof, we
also use the pointwise estimate given in (2.7).

(2.18) Corollary: Let 0 < «a < nm and let p;, p, ¢;, q, s; and s be defined as in lema[2]]
For each k € N let By(t) = t(1 4+ log™ t)*. Let w? = (wl*,...,wi). If f = (f1,..., fm)
and S = (s1,...,S,) then the inequality

IMepf T w)llze < CTT Il fiwil| o

1=1



holds for every f if and only if w4 satisfies the Ag condition.

Weighted weak type inequalities for the multilinear fractional integral operator

In this section we obtain weighted estimates for the multilinear fractional maximal
and integral operator.

The following definition of the multilinear fractional integral operator was considered
by several authors (see, for example, [G], [KS], [GK] and [M]).

(2.19) Definition: Let 0 < o < nm and f = (f1,..., fm). The multilinear fractional
integral is defined by

o / fl(yl)---fm(ym) di
(Rm)m

Iaf(x) = )
(e =l +F o = gulys
where the integral in convergent if f eSx---xS8§.

Particularly, we study weighted weak type inequalities for the multilinear fractional
maximal and integral operator. For the first one we obtain the following result.

(2.20) Theorem: Let 0 <a <nm, @ = (wy,...,wy,) andu =[], wil/m. Then

U({ZIZ’ e R": Maf(llf) > )\m})m < CH/ |‘§\Z| Ma/mwi>

i=1

where M, ,, denotes the fractional maximal operator of order oc/m defined in (L.G).

The case a = 0 of theorem above was proved in [LOPTT]. For m = 1 this is a well
known result proved in [FS].

In [CPSS| the authors considered the problem of find weights W such that

w(fe € B L@ >0 < S [ @) ds

R

for a given weight w, for every A > 0 and for suitable functions f. Particularly, they
obtain that the weight W = My (Mo r)sw), 0 > 0, works. Motivated from the lin-
ear case, we study an analogous problem in the multilinear context and we obtain the
following result.

(2.21) Theorem: Let0<a <nm,d >0 andu=[]", wil/m. Then

(222) HIOZfHLl/m’OO(u) S CH/ |fi|Ma/mML(logL)5 (wz)
i=1 YR

and, in particular

1ol ey < T / i Mo M2 (7).
i=1 YR



The result above is an immediate consequence of the next theorem.

(2.23) Theorem: Let 0 < o <nm, 6 >0 and let u be a weight. Then

1 Za fllirmoe @y < CllMafllpimear, s

Then, the proof of (2.22) follows by observing that

1 m m
ML(logL)‘S(u) :ML(logL) H / H L(log L)® 1/ )
i=1 =1

which is a consequence of the generalized Holder’s inequality in Orlicz spaces. Then, an
application of theorem [2.20] gives the desired result.

Recall that a weight v satisfies the RH,, condition if there exists a positive constant
C such that the inequality

supv(z) < o
TEQ o |Q|
holds for every @) C R™.

(2.24) Lemma: Let 0 < o« < nm. Let v be a weight satisfying the RH., condition.
Then, there exists a positive constant C' such that, ifu = [, wil/m and f = (f1,.. ., fm),

/nIaf(at)u(x)v(x)dx <C | Mof(z)Mu(z)v(z)de,

R

where M is the Hardy-Littlewood maximal function defined in ([I.5).

The following theorem establish some kind of control of the multilinear fractional
integral operator by the multilinear fractional maximal in LP, 0 < p < 1.

(2.25) Theorem: Let 0 < p <1 and let u be a weight. Then

| f(@)Pu(z)de < C Rn\Maf(x)\pMu(:c) dz.

In the linear case, lemma 2.24] and theorem [2.25] were proved in [CPSS].

Pointwise estimates between Z, and M,

A pointwise estimate relating both, the multilinear fractional and maximal operators
is given in the next result.

10



(2.26) Theorem: (Welland’s type inequality) Let 0 < a < nm and 0 < € <
min{o,nm — «}. Then, if f = (f1,..., fm) where f;’s are bounded functions with
compact support, then

7. f0)] < € (MascFle) Mo f )

where C' only depends on n, m, a and €.
In [M], the author proves the following result.

(2.27) Theorem: [M, theorem 2.2] Suppose that 0 < a <nm, 1 < p1,...,pm < 00
and q is a number that satisfies 1/m < p < q < 0o. Suppose that one of the two following
conditions holds.

(i) ¢ > 1 and (v, W) are weights that satisfy

Int1/q-1/ 1 1/(gr) m 1 - 1/(pir)
sup | Q| AP <—/1/‘”) <—/wl T) < 00
Q Q[ Jq H 1Ql Jo

for some r > 1.
(ii) ¢ < 1 and (v, W) are weights that satisfy

1 N\ L/ i)

—plr
(—/wi ) < 00
T \@Ql g

fnt1/a-1/p (1 Y
Iy P
Q Q1 Jq 1:[

(2

for some r > 1.
Then the inequality

\ZafVlly < CTT N fiwilne
i=1
holds for every f € LP' (wh) x ... LPm(wPm).
A direct proof of theorem above for the case ¢ > 1 can be given combining theo-

rem [2.20] with theorem 215 applied to the case A;(t) = "7, and proceeding as in the
corresponding result in [GCM]| (theorem 6.5).

3 Auxiliary results

In this section we give some technical lemmas used in the proof of the main results
in this paper.

(3.1) Lemma: Let B be a Young function and 0 < v < 1. Then 9(t) = B(t")'/7 is a
Young function.

11



Proof: 1t is enough to prove that there exists a nontrivial, non-negative and increasing

function g such that ¥ (t) = fot g(s) ds. This function g is given by g(s) = b(s") (

sY

where b is a non-negative and increasing function such that B(t) = fot b(s)ds. The func-
tion ¢ has the desired properties. []

The next lemma establishes the relation between the dyadic a non-dyadic multilin-
ear fractional maximal operators. Let MY  be defined as M, p but over cubes with

side length less or equal than 2%, Q, = Q(0,282), 1g(z) = g(z — t) and 7(f) =
(Tt.fla s >Tt.fm)'

(3.2) Lemma: For each k, fand every x € R" and 0 < q < oo, there exists a constant
C, depending only on n, m, a and q such that

k R q g
(33) Ma,B(f)(x) S |Qk| o

For the linear case and o = 0 this result was proved by Fefferman and Stein in [F'S]
and can be also found in [GCRE]. In the multilinear context and o = 0 the result above

is given in [LOPTT], and for B(t) =t and « > 0, in [M]. The proof of lemma [3.2 is an
easy modification of any of the mentioned results and we omit it.

—

(T-t 0 Mg g o 7o) (f) () dt

In order to prove theorem [2.23] we need the following results. The first of them was
proved in |[M] for the multilinear integral operator. For the linear case, a proof can be
found in [P2].

(3.4) Lemma: [M] Let g and f;, i = 1,...,m be positive functions with compact
support and let u be a weight. Then there exists a family of dyadic cubes {Q ;} and a
family of pairwise disjoint subsets {Ey ;}, Ex; C Qk; with

|Qkj| < ClEg ]

for some positive constant C' and for every k, j and such that

1
u
Qril Jo,,

o1
X fi(y:) dy; | | Ek 5.
(H 300 Jig,, )' kil

The following lemma was proved in [CN] and gives examples of weights in the RH,
class.

(3.5) / T f(x)u(z)g(z)ds < CZ Q4™ ( (x)g(z) d:v)
Rr s

(3.6) Lemma: Let g be any function such that Mg is finite a.e.. Then (Mg)~® € RH.,
a > 0.

12
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4 Proofs

Proof of lemma 21t
The proof is based in some ideas from lemma 2.8 in [GPS]. Let g; be a function such
that g/'w! = fP'. Then fl/wl = P /Pimt = gsifpite/nm)=1 plaftnm) (/i) g et

r = nm/(nm —a) and ' = nm/a. If s and s; are defined as in the hypotheses of the
theorem we get

pi pi «

and

(4.2) (Li_l)r/ _ <ﬁ+i_1)@
Di nm i nm o

(
= 51_i>%’

Let B and 1 be the functions in the hypotheses of the theorem. From lemma [B.1] ¢
is a Young function. Let ¢(t) = B(t)"™/(™m=2)  Then, by the properties of the function
B we obtain

o~ H(t) t*/"m < CB7Ht).

By applying Holder’s inequality, and using (4.I]) and (4.2)) we obtain that

K3 3 K3 3 1
Ifi/wilze = lg """ g

|| 21 a/nmgfz/pz+a/nm 1w;1i/pi_1||

l—a/nm si/pit+a/nm—1_ q;/p;i—1
< g™ loallg ™ P nag
1 l—a/nm ap;/nm.
= grrmlelg A
where we have used that [gi *™"||s.0 = ||ng1 a/mm Then
i/ (nm)

QI T/ willsg < Hugznl W"’“Hrm
=1

>a/(nm)

and inequality (2.3) follows by taking supremum over the cubes @ in R". [

S ng 1 —a/(nm) (
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Proof of theorem We use the same notation as in the proof of lemma 2.1l Thus, it
is enough to prove that

||Maf;’|Lq’°°(u) <C H | f;

i=1

pi»

and then replace f; by fw;.
From the hypotheses on the weights and raising the quantity in (2.9) to the power
1 — a/(nm) we obtain that

1/s m 1/s!
\Q| Se\Ql g !
0, equivalently

1 1/s m 1 G(i—s!) 1/s
43) S“p<\@|/ ') H(m/w ) <=

By inequality (2.3]) and from (4.3]) and the weighted weak boundedness result for M
proved in [LOPTT] we obtain that

a/nm

Mg

1— a/nm
LSOO

m a/nm m 1—a/nm
H||fi ﬁ <H||gi| LSi(w;”)>
i=1 =1

m a/nm 1—a/nm
o L <H||fz /)

i=1 i=1
= CITfilly

i=1

where we have used that p; a/(nm) + (p;/s;)(1 — «/(nm)) = 1. Thus the proof is done.
O

Proof of theorem [210k Let v = [/, w;. As in the proof above , it is enough to show
that

(4.4) IMafolloew < C{T]IFIE
i=1

IN
Q

IMafurlle < CTT Nl
i=1

but this inequality can be obtained in a similar way to that in (44]) by replacing
|Mgl|zsoo@w)y by [[Mgllzsey and then using the weighted strong boundedness result
proved in [LOPTT]. O

Proof of theorem [2.13% We first consider the dyadic version M 5 de Mg, p defined by
Mip= sw QI []Ifilze-
QEeD:zeQ i—1

14



where D denotes the set of dyadic cubes in R™. Let a be a constant satisfying a > 2"
and for each k let .
O = {z e R": M2 5(f)(2) > a"}.

It is easy to see that an analogue of the Calderén Zygmund decomposition in Orlicz spaces

holds for ./\/li, 5 and, therefore there is a family of maximal non-overlapping dyadic cubes
{Q;x} such that Q; = U,Q; and

" < |Qiil" T Ifillpqn, <2"™d".
=1
Moreover, each Q1 C Q and the sets Ej ; = Q; \(Qk,; N Q41) are disjoint and satisfy
(45) Qusl < BlEws

for some > 1. Then, by the generalized Holder’s inequality and condition (2.16]) we
obtain

MipFr = [ Ml
k

R

IA VAN
Q Q
s} s}
IS IS
= o
) L)
< <
S S
—~ —~
O 2
ol Eol
< ~—
~—

-
)

|Qk,j|a/"HHfiHB,Qk,j> V! (Qr5)

k,j i=1

m q m
Qs T [ ||fz'wz'||cz-,Qk,j> (H Jw; ||311-,Qk,j> v (Qr.;)
i1 -1

m q
H||fz-wz~||cz-,@k,j> |Qrgl?”.

kj \i=1

-
M

-
)

Now, from the fact that p < ¢ and using (43]), the multilinear Holder’s inequality and

15



the hypotheses on C; we obtain that

. /g m
([ wtatsrer)” < (3 (TT0sm
R kj \i=1

(
c( > (ﬁ I
11

P 1/p
) |Qk,j|>

P 1/p
) |Ek,j\>

<
m 1/Pi
< C <Z||fzwz |Ekj‘)
i=1
m 1/pi
< OH( M, (fiws)? )
Rn

=1

< H ||.fiwi||Lpi-
i=1

To prove the non-dyadic case we use lemma [3.2 Thus, from (3.3)) it follows that

(4.6 | Man(F) vl < 50 [t © M s 0 7l F}

If the weights (v, W) satisfy condition (2.16]), then the weights (7;(v), 7;0) satisfy the
same condition with constant independent of ¢t. Then, applying the dyadic case, we
obtain

—

I(r—eo M& o) (Fvlly = H(Mason)( ) Tvlg

< CHHthiTtwi P
i=1

m
< CTJfawillp,.
=1

with C' independent of ¢. Then, from (4.6]) we obtain that

IMas(F)vlly < CTT I fiwilly, O

Proof of corollary [2 We begin by proving the case o = 0. If w? € A5 then we have
that wpl( R w;, " € Ampi (see [LOPTTY]). Then, for each i = 1,...,m there exist

s; > 1 such that w, " " satisfies a reverse Holder inequality with exponent s;. Let A;(t) =
t*iPi and Ci(t) = (t(1 + log™ t) )(slpl Then we have that A; (¢ )C’Z_k1 (t) = B.'(t) and

16



Cix € B,,. Thus, since w? € A5 we obtain

5
: <6/Q(H§ilwi)p) ”pﬁ (%/ )1/@»

< C.

Then by theorem [2.15] applied to the case o = 0 and p = ¢ we obtain that
1Mo, (A w) e < ] I fiwillz,,
i=1

The other implication is a consequence of the inequality M ( f) < Mg, ( f) and the
boundedness results proved in [LOPTT] for the multilinear maximal operator M.

Now we prove the case a¢ > 0. Let us first suppose that w4 € Ag. It is enough to
show that the following inequality

(4.7) M, (for) Ty w3) 2o < [T il -
i=1

holds for every f: (fiy-oy fm)-
In order to prove (1) we use inequality (7). Let ¢y (t) = t(1 + log™ t)krm/(mm=a)
Then, from the case a = 0 we obtain that

[ Moz, (fo) A wi)lle < Ol M, (8)' 7 ﬁwm<ﬂwmm)
< @Mﬂmﬂwmgw<r178”q01wmm>
< CIIML(IOgL)[nwa]H(ﬁ)(ﬂ?llw?/s 7 <H||fz||w)
= ClIMs | DL w!) W(ﬁﬂﬂ%)
< C(ﬁhmﬂ8%><ﬂﬂﬁ%0’
i=1

where in the last inequality we have used the fact that w? € Ag. We observe now that
oI5 = LA™ = 15l

The other implication is a consequence of the inequality /\/la(f ) < M p(f) and the
boundedness result proved in [M].0J

apg
. "™ and inequality (7)) follows immediately.

17



Proof of theorem [Z20 : Let Q) = {z € R" : M, f(z) > A™}. By homogeneity we may
assume that A = 1. Let K be a compact set contained in €2). Since K is a compact set

and using Vitali’s covering lemma we obtain a finite family of disjoint cubes {Q;} for
which

m 1
48 V< QI [T — [ Ifi

) 1/m
and K C U;3Q);. Notice that, by Holder’s inequality we have that “‘(g‘ <JIx (w’(Q)) .

Then by (4.8) and Holder’s inequality at discrete level we obtain that

3 m
< o(% ‘351 |c2j)

m 1 1/m ‘Q |a/(nm) 1/m\ ™
< C T w; Q,"™ 37/ Ji
21 5a1 L, ) 1] < G Jo,
m 1/m 1/m\ ™
|3Qj‘a/(nm)/ /
< C — w; i
- ;g 1365 3Q; Q; /i

m

m 1/m
< C Z]:Jl: /C‘2 ‘fz‘ Ma/mwi>

CH |fi|Ma/mwi7

R

IA

and the proof concludes. [J

Proof of theorem [2.23% Let p > 1 to be chosen later. Thus, since L and LP"' are
associate spaces, we have that

IZa Iy = 1) O™ pouy = sup /(Iaf)l/(pm)gu

||g||Lp/,1(u)§1

By theorem [2.25] we obtain that

[ @iy omgus [ wapy ot = [ om0y ),

M 1og 1ys (1)
for 6 > 0.
By applying Holder’s inequality in Lorentz spaces we obtain that
ﬂ A M (gu)
1/(pm) < M. A e T
/n( ) gt [(Maf) Iz (ML“"gL)&(u))‘ M 10g £ys ()

Lpl’l(ML(log L)% (w))

18



Now we proceed as in the linear case (see [CPSS|]) by taking p = 1 + § — 2¢ with
0 < 2¢ < ¢ which allows us to obtain that

< Cllgll o w)

‘ M (gu)
LP' 1 (M (log L5 (u))

ML (log L)S ( )

and taking supremum over ||g|| ;. w <10

Proof of lemma[2-27} From inequality (3.5) with g replaced by v and the RH, condition
on v we obtain that

/ I Fl@)u(z)v(z)dx

1 i 1
<CY Q" uv S £ ) 1Byl
;j ’ |Qk,j| Qk,j ];11: |3Qk,]‘ 3Qk.; kg
- 1
=C |Q’“V|a/n/ u EYa N fi] | supv
;j j @k, :zl;[ |3Qk,]| 3Qk,j Qk,j
1 i 1
S C Q ] a/n u S — i v ).
;j | k7j| <|de| Q,; ) (E <|3Qk,]| 3Qk,; f ) ) (de)

Since v € A, and by the properties of the sets Ej ; we obtain that

/R I Flo)u(z)v(z)da
|a/n 1 . . .
S CkZ|3Qk,]| <‘Qk,j| 0, ) (g <|3Qk]| 30 fz)) U(Ek,])

<CZ Mo f(z)Mu(z) v(z) dx

Ey ;

<C | Maf(z)Mu(z)v(z)de. O

RTL

Proof of theorem[2.23: We proceed as in the linear case (see [CPSS]). We use the duality
for IP spaces for p < 1: if f >0

Ifllp = inf{fu" : u" )y = 1} = / fur!

for some u > 0 such that [[u™|,, = 1, with p’ = -£5 < 0. This follows from the following
reverse Holder’s inequality, which is a consequence of the Holder’s inequality,

(4.9) / £9> 1/1lolgly-
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We choose a nonnegative function g such that ||g="|| 75z, = 1, and such that

- > Mu
IMaFllrar = / Mof 22,

Let 0 > 0. By Lebesgue differentiation theorem we get

Mu

Ma_) P(Mu Z/Ma_)7>
Mo f |l Le(arw) f s(g)

where M;s(g) = M(g°)'/°. Then applying lemmas and B.6] to the weight M;s(g)™!
and the reverse Holder’s inequality (4.9), we obtain that

- - u = -1
[ Mo f | o(aru) = /Iaf o) > I Zaf Il 2o [ Ms(9) ™ M o

and everything is reduced to proved

1M5(9) ™ oy 2 9™l ot gy = 1-

Now, the proof follows as in the linear case (see [CPSS]). Since p’ < 0, this is equivalent
to prove that
M(g)™ (2)u(z) dz < C / 7 (2)Mu(z) de.
Rn
By choosing § such that 0 < § < ﬁ, we have that —p’/d > 1 and the above inequality
follows from the classical weighted norm inequality of Fefferman-Stein (see [ES]). O

Proof of theorem [2.26: Let s be a positive number. We split Z,, as follows

|Iaf(17)| < / {L’:l |fi(yi)n|m_a dg7+/ Tln_[z':l |fi(yi)n|m_a dif
Yty lz—vil<s (22:1 |z — yil) M |lz—yi|>s (Zi:l [z — wil)
= L+ .

Let us first estimate I;. Thus, if Q) is a cube centered at x with side length 27%s,
k € NU {0}, we obtain

- Hﬂ;\fz(yz)‘ -
I, = E d d
k=0 /2’“1 ’

s<OoiLy Jz—yi|<27Fs (Z:il |$ - yi|)mn_a

o 1 m
< C (9—ko\mn—a i\Yi dy
= kz:% (2-kg)mn—a /2711 oy |<2—Fs (E | fily )|> Y
< C; (2-ks)— 21:[1 Q] /Qk | fi(yi)] dy;
PR Y TP,
< O3 g g Uy, il
< O Ma_fl(x).
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Now, we proceed to estimate 5. Let P, be the cube centered at x with side length 2¥s.
Then we obtain

I, = 2/2 Hi:1|fi(yi)| dif
k=0

ks<3 T lo—yi|<2kt1s (i |z — gy ymn—e

0o 1 m

<0y s [ |fi<yi>|> d
kzzo (2%s) ST eyl <24 s (11

< (oM

< oY g lg [ 1l
k=0 i=1 k1

< Ci L (2 Wﬁ / | filwi)| dyi
e (2ks)=a (2ks)ote L1 | Po| Jp,,,
1 —_

S C_EMa+e (x)

Collecting both estimates we obtain

T ﬁ(m) <C (SEMQ_EJ?(SC) + S_EMa+eJF($)> )

for any s > 0. Then, to complete the proof, we just have to minimize the expression
above in the variable s. [

5 Banach function spaces

We introduce now some basic facts about the theory of Banach function spaces. For
more information about these spaces we refer the reader to [BS].

Let X be a Banach function space over R™ with respect to the Lebesgue measure. X
has an associate Banach function space X’ for which the generalized Holder inequality,

[ V@@l ds < [ fllxlgls

holds. Examples of Banach functions spaces are given by the Lebesgue LP spaces, Lorentz
spaces and Orlicz spaces. The Orlicz spaces are one of the most relevant Banach function
spaces, and a brief description was given in section Il

Given any measurable function f € X and a cube () C R", we define the X average
of f over @) to be

1Fllx.@ = 19u@) (fx@)llx

where 6, f(x) = f(ax) for a > 0 and x4 denotes the characteristic function of the set A.
In particular, when X = L", r > 1, we have that

Iflxe = (5 / ) "



and if X = LZ, the Orlicz space associated to a Young function B, then

IFllxe = flze

For a given Banach function space X, we associate the following maximal operator
defined for each locally integrable function f by

Mx f(z) = sup ||| xq-
Q>

IfYi,...,Y,, are Banach function spaces, the multilinear version of the maximal function
above is given by
My fla) = SupH 1 filly:.-
Q3
Let 1 < p1,...,pm < oo and suppose that My, : LP¢ — L[P" From the fact that
My f(z) <TI%, My, fi(z) and applying Holder’s inequality we obtain that

Myt I (R?) x - - x P (R") — LP(R™).

We define now the multilinear maximal operator associate to certain function ¢ that
generalizes the multilinear fractional maximal operator M,. We shall assume that the
function ¢ : (0,00) — (0, 00) is essentially nondecreasing, that is, there exists a positive
constant p such that, if ¢ < s then p(t) < pp(s). We shall also suppose that lim;_ ., @ =

0. The linear case of the operator below was study in [P3].

(5.1) Definition: Let f= (f1,-.., fm). The multilinear maximal operator M, associ-
ated to the function ¢ is defined by

S o
Mofla) =g e(eD [ iy /Q .

When m = 1 we simply write M, = M,,.

The following result is a generalized version of theorem 215 when B(t) = t. The case
m = 1 was proved in [P3].

(5.2) Theorem: Let 1/m<p<g<oo,1<p <oo,i=1,....,m,1/p=>",1/p;.
Let ¢ be a function as in definition (5.1)). Let Y;, i = 1,...,m, be m Banach function
spaces such that My~ : LPi — LPi, Suppose that v,w, ..., w,, are weights such that, for
some positive constant C' and for every cube ()

(53) etaniare (o / )/ﬁ o e <

Then

(5.4) IMofvll, < CTT I frwill,
i=1
holds for every fe LPr(wht) x -+ x LPm(wPm).
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When ¢(t) =t*" and Y; = La,, i = 1,...,m are the Orlicz spaces associated to the
Young functions A;, then we obtain theorem for the case B(t) =

The proof of theorem follows similar arguments to those in the proof of theorem
215 The main tools used are an analogue of the Calderén-Zygmund decomposition
for ./\/lfi adapted to the essentially nondecreasing function ¢, the generalized Holder’s
inequality and the boundedness of My~ in the right places.

(5.5) Corollary: Let 1/m <p <oo,1 <p; <oo,i=1,....m,1/p=>7",1/p;. Let
¢ be a function as in definition ({&.1]). Then

(i) There exists a positive constant C' such that, for every f = (f1,---, fm), and every
positive functions u;

1/pi

([ Moformm ey ya)” <oTL( [ 1 o)

(ii) If s; > p; —1, there exists a positive constant C' such that, for every f= (fis- s fm)s
and every positive functions u;

- dy p dy """
(L Ao gty SCH( r)

The proof of (i) follows by applying theorem to the weights v = H?;lu}/p", w; =

Mp(u)V/Pe and Y; = LPi") 1 < 1 < oo.
To prove (ii) we apply theorem 5.2 to the weights v = TI7 Mops, (u') (y) Y/ ®i%9) w; =
w7 and Y; = LV = (pi — 1)s;.

i
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