THE COMPLETE SOLUTION TO THE WEAK-TYPE
BOUNDEDNESS OF HARDY-LITTLEWOOD MAXIMAL
OPERATOR ON WEIGHTED LORENTZ SPACES
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ABSTRACT. The main goal of this paper is to provide a complete characteriza-
tion of the weak-type boundedness of the Hardy-Littlewood maximal operator,
M, on weighted Lorentz spaces AP (w), whenever p > 1. This solves a prob-
lem left open in [5]. Moreover, with this result, we complete the program of
unifying the study of the boundedness of M on weighted Lebesgue spaces and
classical Lorentz spaces, which was initiated in the aforementioned monograph.

1. INTRODUCTION

The classical Hardy-Littlewood maximal operator M, is defined by
Vi) =sp o [ 15l
TeQ |Q|

where the supremum is taken over all cubes ) containing x € R?. This operator
is related with several problems in analysis, and in some sense it controls the
boundedness of many other operators. For these reasons, it has been widely
studied in different settings.

In 1972, Muckenhoupt [9] gave the complete characterization of the bounded-
ness of M on weighted Lebesgue spaces LP(u), defined by the set of all Lebesgue
measurable functions f such that

1/p
il = ( [ 1f@Putaias) < o

where u is a positive and locally integrable function on R? (we call it weight).
For p > 1, the characterization was given in terms of the so called A, class of
weights [9]; that is

o (i ) i ) <
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2 Weak-type boundedness of Hardy-Littlewood maximal operator on weighted Lorentz spaces

where the supremum is considered over all cubes @ of R?. It was also proved in
[9] that, if p > 1,

M : LP(u) — LP(u) <= M : LP(u) — LP*®(u) <= u € A,
where the weak-type space LP*(u) is defined through the quasi norm

£ zroo ) := stu([))tu({a: cR¢: |f(x)| >t})r < 0,
>

and u(E) = / u(x)dr, for any measurable set E C RY. If p = 1 the only case
that makes ser?se is the weak-type boundedness
M : L'(u) — L**(u),
characterized by the A; class of weights defined by
Mu(z) < Cu(z), ae. xR
If p < 1 there are no weights so that M : LP(u) — LP*°(u) is bounded [5].

Later on, the development of the interpolation theory motivated the study of
the boundedness of M on the so called Lorentz spaces. The (classical) Lorentz
space AP(w) is defined as the class of all functions satisfying

00 1/p
[ Fllarewy = (/O pt W ({z e R : [ f(2)] > t}l)dt) < o0,

t
where w is a weight in RT, W (t) = / w(s)ds and |E| denotes the Lebesgue

0
measure of E. The weak-type Lorentz space AP*(w) is defined by the following

quasi norm
[11]areeuy = supt W([{z € RY: |f(2)] > t}])? < oo
>
Arino and Muckenhoupt characterized in 2] the boundedness of M on AP(w).

The key idea to study the boundedness of M on these spaces is the existence of
¢, C' > 0 such that

(1.1) cPfr(t) < (Mf)*(t) < CPf(t).

In these inequalities f* is the decreasing rearrangement of f, which is defined in
[0, +-00) by
ff) =inf{s>0:[{z eR?: |f(z)] > s}| < t},

and P is the Hardy operator defined by

(1.2) PF(t) = %/Otf(s)ds, £ 0,
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(see [3] for more details). Consequently, the boundedness of M on AP(w) is
equivalent to the boundedness of P on the cone of decreasing functions of LP(w).
Given p > 0, the class of weights satisfying

M : AP(w) — AP(w)
is known as B, and it can be proved [2] that w € B, if and only if
r? /OO % dt < C’/Orw(s)ds, for every r > 0.
Moreover, for every p > 0, the condition B, -, characterizes the boundedness
M : AP(w) — AP (w),

where for p > 1, B, .o = B, and for p <1 a weight w € B, » if and only if
W) _ W)

o rp

These classes of weights have been well studied in [2, 5, 10].

, forevery 0 <r <t < .

Some analogies between the boundedness properties of M in LP(u) and in AP(w)
suggested that there might be a unifying theory behind. A natural framework for
this unification is provided by the weighted Lorentz spaces defined by Lorentz in
[7, 8]. Given u, a weight in R? and given a weight w in R,

Ap(w) = {1 € Mgy = [ e Wil € R 170 > )i < o0

where M = M(R?) is the set of Lebesgue measurable functions on R?, and the
weak-type Lorentz space is defined as follows

A (0) = {1 € M1y = suptW P (ul € B (0] > 1) < o0

Note that these spaces include, as particular examples, the weighted Lebesgue
spaces LP(u), LP*°(u) (when w = 1) and the Lorentz spaces AP(w), AP>(w)
(when u = 1).

In [5] the strong-type boundedness
(13) M : A2(w) — AZ(w)
was completely characterized as follows.
Theorem 1.1 ([5], Theorem 3.3.5). For every 0 < p < oo,
M : A2 (w) — AP (w)
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is bounded if and only if there exists ¢ € (0,p) such that, for every finite family
of cubes (Q;)7—,, and every family of measurable sets (S;)7_,, with S; C Q;, for
every j, we have that

" W (Ula)) (21"

w((ULs)) = R

for some universal positive constant C' depending only on p and the dimension.

It is easy to see that condition (1.4) recovers u € A, if w = 1, and w € B, if
u = 1. Later on, Lerner and Pérez found in [6] other equivalent conditions to
the strong boundedness of M in A?(w) in terms of the so called local maximal
operator.

In [5], the weak-type boundedness of M was also characterized for p < 1. In
this case, the solution is given by condition (1.4), but with the exponent p instead
of q. However, the weak-type boundedness

(1.5) M : AP (w) — AP°(w)
remained open for p > 1. The main result in this paper is the following theorem

that completely solves this problem.

Theorem 1.2. If p > 1, then
M = Aj(w) — A (w)
is bounded if and only if (1.4) holds. In particular,
M : AP (w) — AP>®(w) is bounded <= M : AL(w) — AL(w) is bounded.

Finally, we have to mention that, if d = 1, Theorem 1.2 was proved in [1],
and the proof uses the explicit construction of a function, which together with
the weak-type boundedness lead to the geometric condition (1.4). Even though
this paper is inspired on [1], we have to use a different approach, since the same

method cannot be extended to the multi-dimensional case.

Notation. As usual, we shall use the symbol A < B to indicate that there
exists a universal constant C', independent of all important parameters, such that
A < CB. Also A =~ B will indicate that A < B and B < A. It is known that the
space AP(w) is a quasi-normed space if and only if w € Ay (see [4]); that is,

W(2r) < W(r).

This condition will be assumed all over the paper.
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2. PROOF OF THE MAIN RESULT

This section is devoted to the proof of Theorem 1.2. In some sense, the strategy
of the proof combines ideas of [10] and [1]. We begin with the following two

lemmas.

Lemma 2.1. Let us assume that

(2.1) M s A (w) — A2 ()

is bounded. Then, for every 0 < X\ < 1 and every Borel set E C RY,
(2.2) I Xrcesny M gy < (141085 ) el
Proof. Fix 0 < A < 1. Then

A
I Xaexe>xy Mxe e, = / pt" W (u({z : Xqarpsay (@) Mye(z) > t}))dt
0

b [ W Xy (0) Mxe(e) > )
=1 —|—AH.
On the one hand, note that for t < A we have that
{2 Xpuxpsay () Mxp(e) >t} = {o - Mxp(r) > A}
Hence, by (2.1),
I= /O/\ptp_IW(u({MXE > AD)dt = XYW (u({Mxg > A}))

< HMXEHAPOO S HXEH;ZZ(w)
On the other hand,

II</ ﬁHW( {Mxg >t}))dt:p/ W (u({MxEe >t}))%
/ e By = log 3 Il

and the result follows. [ |

The proof of the following lemma is motived by a result in [6]. It provides the
extra decay that we shall need to go from the weak-type to the strong-type
boundedness.

Lemma 2.2. For any 0 < X\ < 1 and any Borel subset E C R?, it holds that

1
(2.3) X{mxp>a3(T) < mM(X{MXE>A} Mxg)(x) (x€R?).
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Proof. Fix a Borel set £ C R% X\ € (0,1) and z € R? such that Myg(z) > .

Then there exists a cube @) so that € () and

[ENQ)|

Q|

Since the function ¢(z) = z (1 + log 1) is increasing in (0, 1), we have that
\EOQ|> 1 (19 min(t,|ENQ)|)
dt

Q| QI Jo t

L Pl
Q1 Jo e
where P denotes the Hardy operator defined by (1.2). Hence, by (1.1), we obtain

QI

!Q|
Q] . 1 QI .
< @/ (xsoMxEng) (t)dt + @/0 (Xs@)- M xno) " (t)dt

A<

/\(1+10g§> =o(N) < ¢<

)\(1 +10g (Mxpgng)"(t)dt

1 QI

Q! (X(SQ)CMXEHQ)*<t)dt'

Mxeno(y)dy + =
=1l / RGN
Now, the standard estimate
XQ) (2)Mxmno(2) S inf Mxpng(y) < inf Mxp(y), zcR?
yEQ YEQ

implies that

)\<1+10g 1 < |Q|/ Mxg(y)dy + — 0] / Mxg(y
S M(Mxg)(x) < M(Xaryp>xyMxe) (@) + M(xpaxe<n Mxe) ()
< M(X(aryp>npMxe)(@) + A
Finally, since {Mxg > A} is an open set, we obviously have that
A < M(X¢mxpsayMxe)(x)
and hence the result follows. |

Equivalently, we can write the inequality (2.3) as an inclusion of level sets in the
following way.

Corollary 2.3. There exists ¢ > 0 such that, for every Borel subset E C R? and
every 0 < A < 1,

{Mxg > A} C{M(x{myp>ry Mxe) > cA(1 —log\)}.

Now, in order to proceed to the proof of our main theorem, we need to recall the
following result proved in [5] (see Theorems 3.3.3 and 3.3.5).
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Proposition 2.4. If there exists 0 < r < oo such that

1
0

then (1.4) holds.

Proof of Theorem 1.2. Let 0 < A < 1and f = X{myz>r) Mxe. By Corollary 2.3,
we have that

W (u({ Mxg > A})) < W (u({ Mf > cA(1—1log\)})),

and using the weak-type boundedness of M, it holds that
1
%% — < - p
By (2.2) we obtain that

1
< p
W(u({ Mxe > A\})) S AP(1 —log \)P—! el

and hence, if we take r > 0 such that p/(p — 1) < r < oo, we have that

1
| e > ) < ey
0

and the result follows by Proposition 2.4. |
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