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Abstract. In this paper maximal commutators and commutators of
maximal functions with functions of bounded mean oscillation are investi-
gated. New pointwise estimates for these operators are proved.

1. Introduction.

Given a locally integrable function f on R™, the Hardy-Littlewood maximal function
M f of f is defined by

1 n
Mf(@):= s /Q FW)ldy, (xR,

where the supremum is taken over all cubes ) containing x. The operator M : f — M f
is called the Hardy-Littlewood maximal operator.

For any f € L'Y°(R") and 2 € R", let M# f be the sharp maximal function of
Fefferman-Stein defined by

1
M7 — — — fild
f(z) Zgr; |Q|/Q|f(y) foldy,

where the supremum extends over all cubes containing z, and fg is the mean value of
f on Q. For a fixed § € (0,1), any suitable function g and =z € R", let Mg‘#g(x) =
[M#(|g[°)(2)]/% and Msg(x) := [M(|g|°)(x)]'/°.

Let f € L'°°(R™). Then f is said to be in BMO(R™) if the seminorm given by

1
11 = sup oo /Q 1F(W) — foldy

is finite.
Let T be the Calderén-Zygmund singular integral operator
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Tf(x):=p.v. - Kz —y)f(y)dy

with kernel K (z) = Q(x)/|z|™, where € is homogeneous of degree zero, infinitely differ-
entiable on the unit sphere S*~!, and fSn,l Q=0.

The well-known result of Coifman, Rochberg, and Weiss [6] states that if b €
BMO(R™), then [T b] defined initially for f € LS°(R"™), by

[T, 0)(f) := T(bf) = bT(f), (1.1)

is bounded on LP(R™), 1 < p < oo; conversely, if [R;,b] is bounded on LP(R™) for
every Riesz transform R;, then b € BMO(R"™). Janson [12] observed that actually
for any singular integral T (with kernel satisfying the above-mentioned conditions) the
boundedness of [T, b] on LP(R™) implies b € BMO(R™).

Unlike the classical theory of singular integral operators, a simple example shows
that [T,b] fails to be of weak-type (1,1) when b € BMO(R™), and satisfies weak-type
L(log L) inequality (see [16]).

We consider the commutator of the Hardy-Littlewood maximal operator M and a
measurable function b.

DEeFINITION 1.1. Given a measurable function b the commutator of the Hardy-
Littlewood maximal operator M and b is defined by

[M, 0] f(x) :== M(bf)(x) — b(z) M f(x)
for all z € R"™.

The operator [M,b] was studied by Milman et al. in [15] and [2]. This operator
arises, for example, when one tries to give a meaning to the product of a function in
H'! and a function in BMO (which may not be a locally integrable function, see, for
instance, [4]). Using real interpolation techniques, in [15], Milman and Schonbek proved
the L,-boundedness of the operator [M,b]. Bastero, Milman and Ruiz [2] proved the
next theorem.

THEOREM 1.2. Let 1 < p < oo. Then the following assertions are equivalent:

(i) [M,0b] is bounded on L,(R™).
(ii) b e BMO(R™) and b~ € Loo(R™).!

As we know only these two papers are devoted to the problem of boundedness of
the commutator of maximal function in Lebesgue spaces.

In order to investigate [M, b] we start with the consideration of the maximal com-
mutator, which is an easier one.

DEFINITION 1.3. Given a measurable function b the maximal commutator is de-

IDenote by bt(x) = max{b(z),0} and b~ (x) = —min{b(z),0}, consequently b = bT — b~ and
b =bT +b~.



A note on mazimal commutators and commutators of mazimal functions 583

fined by
Co(f)(x) = sup — / Ib(z) — b(y) |1 () dy
Q3z Q)
for all x € R™.

This operator plays an important role in the study of commutators of singular inte-
gral operators with BMO symbols (see, for instance, [8], [14], [18], [19]). Garcia-Cuerva
et al. [8] proved the following,.

THEOREM 1.4. Let1l < p < oo. Cj is bounded on L,(R™) if and only if b €
BMO(R™).

Cy enjoys weak-type L(log L) estimate.

THEOREM 1.5 (see, for instance, [1] and [10]). If b € BMO(R™), then

Hz € R™: Cy(f)(z) > A} < C/n &;)' <1 +log™ (W;)'Ddx (1.2)

The maximal operator C} has been studied intensively and there exist plenty of
results about it.
Our results are the following.

THEOREM 1.6. Let b € BMO(R™) such that b~ € Loo(R™). Then there exists a
positive constant C' such that

{z € R™ : |[M,0]f(z)] > A}

< CCy(1+1log™ Cp) / @ <1 +log™ <|f(;)|>)dx (1.3)

for all f € L(1 +1log" L) and A > 0, where Co = [|[b™ ||+ 4 |67 | oo-

REMARK 1.7. Unfortunately, in Theorem 1.6 we have only sufficient part, and we
are not able to prove that the condition b € BMO(R") is also necessary for inequality
(1.3) to hold.

THEOREM 1.8.  The following assertions are equivalent:

(1) There exists a positive constant C such that for each \ > 0, inequality (1.2) holds
for all f € L(1+1log™ L)(R™).
(i) b € BMO(R™).

REMARK 1.9. The fact that (i) implies (i) is the statement of Theorem 1.5. We
give another proof for this.

For the proofs of our theorems we prove the following estimate.
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THEOREM 1.10. Let b € BMO(R") and let 0 < § < 1. Then, there exists a positive
constant C = Cs such that

Ms(Cy(f))(x) < Clbll«M?f(z)  (z €R) (1.4)
for all f € L'P¢(R™).

This theorem improves the known inequality
M (Co(f))() < IIbll M3 (=),
(see, for instance, [11, Lemma 1]). Indeed, since Mf < Mj,

MF(Cy())(@) S M5(Co(f))(x) < Ol M f(x)  (z €R").

By Theorem 1.10 we can prove all the theorems in a unified style. In particular we
can give easier proof for Theorems 1.2, 1.4 and 1.5 (see Theorems 1.8 and 1.13).
As corollaries of Theorem 1.10 we obtain the following.

COROLLARY 1.11.  Let b € BMO(R™). Then, there ezists a positive constant C
such that

Co(f)(@) < ClollM*f(z) (v €R") (1.5)

for all f € LP°(R").

COROLLARY 1.12.  Let b € BMO(R™) such that b~ € Loo(R™). Then, there exists
a positive constant C' such that

M 8] f ()] < COT [« + (107 [loo) M2 f () (1.6)

for all f € LP°(R™).

Inequalities (1.5) and (1.6) allow us to state the boundedness of both operators
on any Banach spaces of measurable functions on which the Hardy-Littlewood maximal
operator is bounded.

THEOREM 1.13.  Let b € BMO(R™). Suppose that X is a Banach space of measur-
able functions defined on R™. Assume that M is bounded on X. Then the operator Cy
18 bounded on X, and the inequality

1Csfllx < ClIbllL I f11x

holds with constant C' independent of f.
Moreover, if b= € Loo(R™), then the operator [M,b] is bounded on X, and the
inequality
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1M, 0] fllx < CUT L + 117 o) 1l

holds with constant C independent of f.

The paper is organized as follows. Section 2 contains some preliminaries along with
the standard ingredients used in the proofs. In Section 3 we prove the pointwise estimates.
In Section 4 we give the proof of Theorem 1.8. Finally, in Section 5 we prove Theorem
1.6 and show that [M, b] fails to be of weak type (1,1) in general.

2. Notations and Preliminaries.

Now we make some conventions. Throughout the paper, we always denote by C a
positive constant, which is independent of main parameters, but it may vary from line
to line. However a constant with subscript such as C; does not change in different oc-
currences. By A < B we mean that A < C'B with some positive constant C independent
of appropriate quantities. If A < B and B < A, we write A &= B and say that A and
B are equivalent. For a measurable set E, xp denotes the characteristic function of E.
Throughout this paper cubes will be assumed to have their sides parallel to the coordi-
nate axes. Given A > 0 and a cube @), AQ denotes the cube with the same center as () and
whose side is A times that of Q. For a fixed p with p € [1,00), p’ denotes the dual expo-
nent of p, namely, p’ = p/(p — 1). For any measurable set E and any integrable function
f on E, we denote by fg the mean value of f over E, that is, fp = (1/|E|) fE f(x)dx.

For the sake of completeness we recall the definitions and some properties of the
spaces we are going to use.

The non-increasing rearrangement (see, e.g., [5, p.39]) of a measurable function f
on R" is defined by

@) =inf{A>0:|{z eR": |f(z)| > A} <t} (0<t<o0).
Let p € [1,00). The Lorentz space LP:*° is defined by
LR = {f | fllneany = sup $/7f7(t) < oo}
0<t<o0o
The most important result regarding BMO is the following theorem of F. John and

L. Nirenberg [13] (see also [7, p. 164]).

THEOREM 2.1.  There exists constants C1 and Cy depending only on the dimension
n, such that

(o€ Q: /() — fol > 1}] < OlQIeXp{ - ”flt} (2.1)

for every f € BMO(R"™), every cube @ and every t > 0.

LEMMA 2.2 ([7, p.166]). Let f € BMO(R") and p € (0,00). Then for every X
such that 0 < XA < Ca/|| fll«, we have
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1
sup — [ exp{A|f(z) — fo|}dzx < oo,
Q 1QlJg

where Cy is the same constant appearing in (2.1).

LEMMA 2.3 ([13] and [3]).  Forp € (0,00), BMO(p)(R™) = BMO(R™), with equiv-
alent norms, where

o 1 pd 1/?
1£ 800 & .sgp<Q| /Q W) — fol y) .

A function ¥ : [0,00] — [0,00] is a Young function if it is continuous, convex and
increasing satisfying ¥(0) = 0 and ¥(¢) — oo as ¢ — oo. Let us define the U-average of
a function f over a cube () by means of the following Luxemburg norm

[fllw.q == inf{a>0:|é2/czw(|ff)|>dys 1}

(see, for instance, [17]). The following generalized Holder’s inequality holds:

1
ol /Q F@)e@)ldy < 1 flo.0llgllv.o, (2.2)

where @ is the complementary Young function associated to V.
The maximal function of f with respect to ¥ is defined by

My f(z) := sup || f[lw.q-
Q3x

The main example that we are going to use is ®(t) = t(1 + log™ t) with maximal
function defined by M (iog .- The complementary Young function is given by W(t) ~ e’
with the corresponding maximal function denoted by Mexp 1.

Recall the definition of quasinorm of Zygmund space:

1124108+ 1) :=/ |[f(@)I(1 +log™ |f(2)])dw

R'Il
The size of M? is estimated as follows.

LEMMA 2.4 ([16, Lemma 1.6]). There exists a positive constant C such that for
any function f and for all A > 0,

Hox e R™: M2f(x) > A} < C/Rn |f(f)‘ <1 +log™ (lf(/\x)')>dx (2.3)
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3. Pointwise estimates.

Operators Cj, and [M,b] essentially differ from each other. For example, C} is a
positive and sublinear operator, but [M, b] is neither positive nor sublinear. However, if
b satisfies some additional conditions, then operator Cj controls [M, b].

LEMMA 3.1.  Let b be any non-negative locally integrable function. Then
M, b] f ()] < Co(f)(2) (3.1)
for all f € L*°(R™).

PROOF. It is easy to see that for any f, g € LY°(R") the following pointwise
estimate holds:

|Mf(z) — Mg(z)| < M(f - g)(). (32)
Since b is non-negative, we can write, by (3.2),

|[M 6] ()] = [M(bf)(2) — b(z)M f(z)| = [M(bf)(x) — M(b(x) f)(z)|
< M(bf = b(2)f)(x) = M((b—b(z))f)(x) = Co(f)(x). O

LEMMA 3.2.  Let b be any locally integrable function on R™. Then
[M, 0] f ()] < Co(f)(x) +2b (2) M f(z). (3.3)
holds for all f € L}°(R™).
PROOF.  Since
|[M, 0] f () — [M, [bl}f ()] < 267 (x) M £ (2)
(see [2, p. 3330], for instance),
|[M, 0] f ()] < |[M, [bl}f ()] + 2b (2) M f (2), (3.4)
and by Lemma 3.1 we have
|[M, b f ()| < Cley () + 26~ (2) M f(2).

Since [|a|] — |b]| < |a — b] holds for any a,b € R, we get Cjy f(x) < Cpf(z) for all z € R™.
U

PrOOF OF THEOREM 1.10. Let x € R™ and fix a cube Q > z. Let f = f1 + fo,
where fi = fxsg. Since for any y € R"
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Co(f)(y) = M((b—b(y)) )(y) = M((b—bsq + bsg — b(y)) f)(y)
< M((b—bs@) f1)(y) + M((b—b3q)f2)(y) + [by) — bsq|M f(y),

we have

(éN/Q(Cb(f)(y))‘;dyy/&S (|224|M((b—b3Q)fl)(y)|6dy)
(a1 /. M- b )

1 o, N
n (|Q /Q b(y) — bsol (M () dy)

= T+ 11+ (3.5)

1/6

Since

[s]
/Q (b~ bs@) 1) (v) Py < / (M (b= bsg) f1))" (D)t

(e]
g[ sup t<M<<b—b3Q>f1>>*<t>} |

0<t<|Q|

using the boundedness of M from L;(R") to L}*°(R™) we have

/Q [M((b—b3@) f1)W)dy S 1I(b—b3@) fillg, @)@
= [1(b = b3@) fll2, 3@

Thus

N|Q|/ 1b(y) — baol|f () d.

By (2.2), we get
LS 16 = bs@llexp 2.3l f1 L 10g L,30-
Lemma 2.2 shows that there exists a constant C' > 0 such that for any cube @,
16— bqlexp £,@ < CI[]l-

Then we have

LS (bl Mpiog . f (). (3.6)
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Let us estimate II. Since II is comparable to inf,cqo M ((b—bsq) f)(y) (see [7, p. 160],
for instance), we have

ILS M((b—bso)f) ().
Again by (2.2) and Lemma 2.2, we get

< o 16— bsqllexp L3l fllL10g 3@ S [|bl[«ML10g L.f(2)- (3.7)
xe

Let 0 < e < 1. To estimate IIT we use Holder’s inequality with exponents r and 7/,
where r =¢/§ > 1:

i - s 1/61“'(1 o )1/57‘
1M1 < <|Q|/Q|b(y) bsg| dy) |Q|/Q(Mf(y)) dy
By Lemma 2.3 we get
1 1/e
II's ||b||*</(Mf(y))Edy> < [[bfl« M (M f)(x). (3-8)
QI Jq

Finally, since M? = My 0g1 (see [16, p.174] and [9, p.159], for instance), we get, by
(3.5)-(3.8),

M;5(Cy(f)) () < Cbll+ (Mo(M f)(x) + M? f (). (3.9)
Since
M. (Mf)(z) < M?f(x), when 0<e¢<1,
we have (1.4). O
PROOF OF COROLLARY 1.11.  Since, by the Lebesgue differentiation theorem
Co(f)(@) < M5(Co(f)) (),

the statement follows from Theorem 1.10. O
Now we are in a position to prove Corollary 1.12.
PRrROOF OF COROLLARY 1.12. By Lemma 3.2 and Corollary 1.11, we have
|[M,b1f ()] < C([bl] M f () + b (x) M f(x)). (3.10)

Since f < M f and [[b]l. < [|bF |« + |6 ||« S N|0T ||« + |67 || .., we obtain Corollary 1.12.
]
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4. Proof of Theorem 1.8.

(i) = (ii). Let Qo be any fixed cube and let f = xg,. For any A > 0 we have

Hz € R" : Cp(f)(x) > A} = {x € R" : sup 1 |b(x) — b(y)|dy > )\H
z€Q |Q| QNQo
>foequism o [ o) -y > AH
z€Q |Q‘ QNQo
> foequs g [ ) - stwiar> A}'
1Qol Jo,
> [{z € Qo+ |b(w) —bg,| > A},

since
1
[b(z) = boo| < 57 [ [b(x) = bly)|dy.
1Qol Jo,
By assumption we have
1 o1
[{z € Qo : [b(x) = bgo| > A} < ClQol | 1 +1log™ + .
For 0 < § < 1 we have
/ b —bg,|° = 5/ Nz € Qo |b(z) — bg,| > A}|dA
0 0
1 00
= 5{/ +/ })\‘51|{x € Qo : |b(z) — bg,| > A}dA
0 1
1 o] 1 1
< 5\@0\/ A‘S‘ld/\+06|Qo|/ A5—1<1+1og+ )d)\

o 0
= \Q0|+C5|Qo|/ NN = (1+016>|Q0|'
) —

Thus b € BMO4s(R™). By Lemma 2.3 we get b € BMO(R™).
(ii) = (i). By Theorem 1.11 and Lemma 2.4, we have

{z € R™ : Cy(f)(z) > A} < Hx ER™: M2f(z) > O”Ab”}‘
co [ CBLUIE (| g (CULLE))

Since the inequality
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1+ log™ (ab) < (1+1logt a)(1 +log™ b) (4.1)
holds for any a, b > 0, we get

{z € R™: Co(f)(x) > A}

< O1b]l+(1 + log™ ||b||*)/Rn |f(Aw)| <1+10g+ (J[(;“)'»da: O

5. Proof of Theorem 1.6.

By Lemma 3.2, we have

{z € R" : [[M,b]f(z)] > A}|
< Hx eR™: Cp(f)(z) > ;\}‘ + Hz ER™: 207 |M f(z) > ;\H
< Hx eR™: Cp(f)(z) > ;\}‘ + Hx ER™ : 2|07 ||oo M f(z) > ;‘}'

By (4.1), we have

erR":Ob(f)(x) > )‘}'

2
< CCy(1 +log*t 00)/ |f(;)| (1 +logt (W;)'»dx (5.1)
On the other hand, since the maximal operator M is a weak type (1,1), we get
A
Hx ER™: 2|07 oo M f(z) > H < C’||b_||oo/ |f(x)|dx (5.2)
2 Rn A
Combining (5.1) and (5.2), we get (1.3). O

REMARK 5.1.  We show that [M, ] fails to be of weak type (1,1) in general. We
use the idea due to C. Perez (see [16, p.175]). Let b(z) = log |1+ x| € BMO(R™) and let
f(x) = x(0,1)(x). It is easy to see that for any z <0

t 1
Mf(x) = su = .
/(@) 0<t51t*$ 1-2z

On the other hand, for any x < 0

t
log |1 + y|d 1+t)log(l+1¢t)—t 2log2 —1
M(@f)(z) = sup —fo el yl Y _ sup (1+1)log(1 +1) — 298 .
0<t<1 t—x 0<t<1 t—x 11—z
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Thus

~ 2log2—-1 log|l+ x|

(M, 8)f(z) = =B - 2T

If x < —100, then

1
log |1+ x| —(2log2 —1) > §log|x|.

Therefore, for any A > 0,

21082 —1 log|l
/\|{x€R:|[M,b}f(x)|>>\}|Z>\{x<0:‘ (ig_m —°g1|_;x‘ >/\H
> e < 100, Lloslel )
21—z
11
>l < 100 Lloglel )
4 |zl

=M™ (=100) — 71 (4N),

where ¢ is the increasing function ¢ : (—oo, —e) — (0,e7!), given by p(z) = log |x|/|z|.
Observe that the right hand side of the estimate is unbounded as A — 0:

. 1 T _
;13}) ApT (A) = /\h_)n;o Ap(A) = oc.
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