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A NOTE ON THE WEIGHTED NORM INEQUALITY

FOR THE ONE-SIDED MAXIMAL OPERATOR

LAI QINSHENG

(Communicated by J. Marshall Ash)

Abstract. Let M+
g be the one-sided maximal function. In this note we obtain

some necessary and sufficient conditions in order that the weighted weak type
inequality holds for M+

g . Meanwhile, some necessary or sufficient conditions

for the weighted inequality for M+
g are given.

1. Introduction

Given a positive and locally integrable function g on the real line R, the one-sided
maximal function M+

g is defined by

M+
g f(x) = sup

h>0

1

g(x, x+ h)

∫ x+h

x

|f(y)|g(y) dy(1.1)

for f ∈ L1
loc(g(x) dx), where g(x, x+ h) =

∫ x+h

x
g(y) dy.

Symmetrically, the left maximal function M−g can be defined in the obvious way.

Recently, weighted inequalities for the operators M+
g and M−g have been exten-

sively studied (see [9], [6], [5], [4]). In this note we will characterize the pairs of
weights (w, v) such that M+

g (or M−g ) is of weak type (1, q) with 1 ≤ q. Secondly,
we will give a necessary condition on the pairs (w, v) in order that the weak type
(p, q) inequality with 0 < p ≤ q < ∞ holds for M+

g (or M−g ) with respect to the
measures wdx and vdx. This result shows that most weight functions do not verify
the weighted weak type (p, q) inequality when 1 < p < q < ∞. In the case of
1 ≤ p and 0 < q < p we will introduce a B+

g (p, q) (or B−g (p, q)) condition and prove
that this condition is sufficient for the weak type (p, q) inequality and necessary
for the strong type (p, q) inequality for the operator M+

g (or M−g ). Finally, we will
prove analogies of Sawyer’s theorem in [10] and Verbitsky’s theorem in [11]. They
characterize the weak type (p, q) inequality when 1 ≤ p <∞ and 0 < q < p.

Throughout this paper, w and v always are weight functions by which we mean
nonnegative measurable functions taking values in [0,∞]. For a given weight w and
measurable set E,w(E) =

∫
E
w(x) dx and χE(x) denotes the characteristic function

of E. Particularly, |E| is the Lebesgue measure of E and w((a, b)) is written by
w(a, b). For p ≥ 1, let p′ = p

p−1 be its conjugate index, and we adopt the usual
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conventions for multiplication in [0,∞], namely, ∞ · t = t · ∞ =∞ for 0 < t ≤ ∞,
0 · ∞ =∞ · 0 = 0,∞−1 = 0 and 0−1 =∞.

Now we state our results. We just present our theorems concerning M+
g , since

their counterparts for M−g can be obtained similarly.

Theorem 1. Suppose 1 ≤ q <∞. Then the weak type (1, q) inequality

(λqw({x ∈ R : M+
g f(x) > λ}))1/q ≤ C

∫
R

|f(x)|v(x) dx(1.2)

holds for all λ > 0 and measurable f , if and only if (w, v) ∈ A+
g (1, q), that is,

sup
a<b<c

(
w(a, b)1/q

g(a, c)
ess sup
x∈(b,c)

(g
v

))
= A <∞.(1.3)

Moreover, for the best constants A and C, we have A ≤ C ≤ 4A.

Remark 1. The good weights for the weak type (p, p) inequalities (p ≥ 1) were
established in [6], [9] and [5]. However, in those articles the condition A+

g (1, 1) was
represented by

M−g

(
w

g

)
(x) ≤ C v(x)

g(x)
for a.e. x ∈ R.(1.4)

Later on, in [4], we established the weak type inequalities for M+
g in Orlicz classes.

In the particular case of 1 < p ≤ q <∞ we obtained the A+
g (p, q) condition, i.e.

sup
a<b<c

w(a, b)1/qσ(b, c)1/p′

g(a, c)
= A <∞,

where σ = gp
′1v1−p′ . Our A+

g (1, q) condition can be considered as the limiting

case of A+
g (p, q) as p → 1. Furthermore, it has an extended version in the case

0 < q < p = 1 (cf. Theorem 4). This sort of A+
g (1, q) conditions for M+

g are new in
the literature, although the parallel conditions for usual Hardy-Littlewood maximal
operator are well known.

Theorem 2. Let 0 < p ≤ q <∞ and (w, v) is a pair of weight functions. Suppose
the weak type (p, q) inequality

(λqw({x ∈ R : M+
g f(x) > λ}))1/q ≤ C

(∫
R

|f(x)|pv(x) dx

)1/p

(1.5)

holds for all λ > 0 and measurable f . Then we have :
(i) For a.e. x ∈ R, either w(x) = 0 or v(x) =∞ if p < q.
(ii) There exists a constant B such that

w(x) ≤ Bv(x) a.e. x ∈ R(1.6)

if p = q. Moreover, B ≤ (2C)p for the best constants B and C in (1.6) and (1.5)
respectively.

Remark 2. Theorem 2 indicates that if v is finite a.e. (e.g. locally integrable) and
p < q, then the weight w must be zero a.e. But, the A+

g (p, q) (1 ≤ p ≤ q < ∞)
always contain nontrivial pairs of weight functions, i.e. neither w(x) ≡ 0 nor v(x) ≡
∞. Here we shall give an example.
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Example 1. Since g is locally integrable, there exists M > 0 such that

|E| = |{x ∈ R : g(x) ≤M}| > 0.

Choose an interval (a1, a2) satisfying |(a1, a2) ∩ E| > 0, and fix a3 < a4 < a1

arbitrary. Let w(x) = χ[a3,a4](x), v(x) = 1 for x ∈ (a1, a2) ∩ E and v(x) = ∞
elsewhere. Then (w, v) ∈ A+

g (p, q) for all 1 ≤ p ≤ q <∞.

Indeed, we only need to verify the A+
g (p, q) conditions for a < b < c with (a, b)∩

(a3, a4) 6= ∅ and (b, c) ∩ (a1, a2) 6= ∅. In these cases, it is obvious that g(b, c) ≥
g(a4, a1), w(a, b) ≤ a4 − a3, σ(b, c) ≤ Mp′(a2 − a1)(p > 1) and ess supx∈(b,c)

g(x)
v(x) ≤

M(p = 1). Then the conclusion follows easily.

Definition 1. Suppose 1 ≤ p < ∞ and 0 < q < p. We say that a pair of weight
functions (w, v) ∈ B+

g (p, q) if∑
j

(
w(aj , bj)

1/qσ(bj , cj)
1/p′

g(aj, cj)

)r1/r

≤ B <∞ (when p > 1),(1.7)

∑
j

(
w(aj , bj)

1/q

g(aj , cj)
ess sup
x∈(bj,cj)

(
g(x)

v(x)

))r1/r

≤ B <∞ (when p = 1)(1.8)

for all sequences {(aj , cj)} of pairwise disjoint intervals and bj ∈ (aj , cj). Where

σ = σg,v,p = gp
′
v1−p′ and 1

r = 1
q −

1
p . We shall keep these notations throughout

this paper.

Theorem 3. Suppose 1 ≤ p < ∞, 0 < q < p and (w, v) is a pair of weight
functions. If (w, v) ∈ B+

g (p, q), then the weak type (p, q) inequality (1.5) holds for
all λ > 0 and measurable f . Moreover, for the best constants B in Definition 1 and
C in (1.5) we have C ≤ 22+1/p′B.

On the other hand, if the strong type (p, q) inequality(∫
R

[M+
g f(x)]qw(x) dx

)1/q

≤ C
(∫

R

|f(x)|pv(x) dx

)1/p

(1.9)

holds for all measurable f , then(w, v) ∈ B+
g (p, q) with B ≤ C.

Remark 3. We will give some examples of B+
g (p, q) functions, which shows that the

B+
g (p, q) condition is not sufficient for the strong type inequality.

Example 2. Suppose (u, v) ∈ A+
g (p, p)(p ≥ 1). Choose Ω ∈ R with u(Ω) < ∞.

Let w = uχΩ. Then (w, v) ∈ B+
g (p, q) for all 0 < q < p.

Example 3. Choose Ω ⊂ R bounded. Letw = g, and v = g on Ω and∞ elsewhere.
Then (w, v) ∈ B+

g (p, q) for all 1 ≤ q < p. Particularly, setting g = 1 and Ω = [0, 1],

we obtain a simple example which satisfies B+
g (p, 1) (therefore the weak type (p, 1)

inequality), but the function f = χΩ causes the strong type (p, 1) inequality to fail.

For q > 1, an example follows from the corresponding example given by Muck-
enhoupt in the case p = q = 2 (see [7], p. 218).

Example 4. Set g = 1. Let w(x) = x log(−x) on [− 1
2 , 0) and 0 elsewhere, and

v(x) = x2(log(−x))4 on [− 1
2 , 0) and ∞ elsewhere. Then (w, v) ∈ B+

g (3, 2), but the

function f(x) = −χ[− 1
2 ,0)(x)/(x log2(−x)) violates the strong type (3, 2) inequality.
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Definition 2. Suppose 1 ≤ p <∞ and 0 < q < p. For every (a, b) ⊂ R, let

ρ(a,b) = sup
c>b

w(a, b)1/pσ(b, c)1/p′

g(a, c)
(p > 1),

ρ(a,b) = sup
c>b

w(a, b)

g(a, c)
ess sup
x∈(b,c)

(
g(x)

v(x)

)
(p = 1).

Define Φ(x) = Φp,q,w,v(x) = sup{ρ(a,b)χ(a,b)(x)}.

Theorem 4. Suppose 1 ≤ p < ∞ and 0 < q < p. The following statements are
equivalent.

(i) The weak type inequality (1.5) holds.
(ii) There exists a constant B > 0 such that for every sequence {(aj , bj)} of

pairwise disjoint (aj , bj) and cj > bj arbitrary, the inequality

w

⋃
j

(aj , bj)

1/q

≤ B

∑
j

(
g(aj, cj)

σ(bj , cj)1/p′

)p
1/p

(p > 1)

or

w

⋃
j

(aj , bj)

1/q

≤ B
∑
j

g(aj, cj)

ess supx∈(bj,cj)(
g(x)
v(x) )

(p = 1)

holds.
(iii) The function Φ(x) defined in Definition 2 is in Lr,∞(w), i.e.

‖Φ‖r,∞,w = sup
λ>0

λw({|Φ(x)| > λ})1/r <∞.

Moreover, for the best constants B and C we have

2−1/r‖Φ‖r,∞,W ≤ B ≤ C ≤ (‖Φ‖rr,∞,W + 4p)1/r.

In spite of Theorem 4, Theorem 3 is still worthwhile, because the B+
g (p, q) con-

dition is more convenient in applications. For instance, it is not easy to test Exam-
ples 3 and 4 by condition (ii) or (iii).

Remark 4. The equivalence between (i) and (ii) holds even for arbitrary 0 < q <∞,
and this is a Sawyer’s type characterization for the one-sided maximal function (cf.
[10]). The condition (iii) is a Verbitsky’s type condition (cf. [11]). However, the
case of p = 1 is new and the proof is new.

2. Proofs of the theorems

Proof of Theorem 1. Necessity. The argument is based on the following elementary
fact about the weak type (p, q) inequality (1.5).

For every a < b < c and measurable set S ⊂ (b, c), it follows from the weak type
inequality (1.5) easily that

g(S)

g(a, c)
w(a, b)1/q ≤ Cv(S)1/p,(2.1)

on setting f(x) = χS(x).
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Given −∞ < a < b < c < ∞, without loss of generality, we may assume
0 < ess supx∈(b,c)(

g
v ) < ∞. Then 0 < αg,v,(b,c) = α = ess infx∈(b,c)(

v
g ) < ∞. Let

λ > α. It is obvious that

|Sλ| =
∣∣∣∣{x ∈ (b, c) :

v(x)

g(x)
< λ

}∣∣∣∣ > 0.

It follows from the inequality (2.1) that

w(a, b)1/q

g(a, c)
≤ C v(Sλ)

g(Sλ)
< Cλ.

Letting λ→ α, we get

w(a, b)1/q

g(a, c)
≤ Cα.(2.2)

Sufficiency. We may assume that f ≥ 0 is bounded and has compact support.
Let λ > 0 and Ωλ = {x : M+

g f(x) > λ}. It is well known that (see [6]) Ωλ =⋃
j(aj , bj) where the intervals (aj , bj) are bounded pairwise disjoint and

λ ≤ 1

g(x, bj)

∫ bj

x

f(x)g(x) dx for every x ∈ [aj , bj).(2.3)

Following the idea used in [5], we set x0
j = aj and xkj ∈ (aj , bj) such that∫ bj

xkj

f(x)g(x) dx =
1

2k

∫ bj

aj

f(x)g(x) dx (k = 1, 2, . . . ).

Then {xkj }k is increasing, limk→∞ xkj = bj and

λ ≤ 4

g(xkj , x
k+2
j )

∫ xk+2
j

xk+1
j

f(x)g(x) dx.(2.4)

Then we have

λqw(Ωλ) =
∑
j

∞∑
k=0

λqw(xkj , x
k+1
j )

≤4q
∑
j

∞∑
k=0

w(xkj , x
k+1
j )

g(xkj , x
k+2
j )q

(∫ xk+2
j

xk+1
j

fg

)q
(by (2.4))

≤4q
∑
j

∞∑
k=0

w(xkj , x
k+1
j )

g(xkj , x
k+2
j )q

 ess sup
x∈(xk+1

j
,xk+2
j

)

(g
v

)q(∫ xk+2
j

xk+1
j

fv

)q

≤(4A)q
∑
j

∞∑
k=0

(∫ xk+2
j

xk+1
j

fv

)q
(by A+

g (1, q) condition (1.3))

≤
(

4A

∫
f(x)v(x) dx

)q
.

This completes the proof of Theorem 1.

Remark 5. The necessity of Theorem 1 is still true when 0 < q < 1. An immediate
consequence is this: if the weak type (1, q) inequality holds for M+

g with respect to
(w, v) and ess sup(a,b)(

g
v ) =∞, then w(x) = 0 a.e. x ∈ (−∞, a).
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Proof of Theorem 2. The result is derived from the following propositions.

Proposition 1. Suppose weak type (p, q) inequality (1.5) holds for given 0 < p,
q <∞. If w is not locally integrable, then there exists a ∈ [−∞,∞] such that w is
locally integrable on (−∞, a) and v(x) =∞ a.e. x ∈ (a,∞). On the other hand, if
v(x) = 0 on S with |S| > 0, then there exists b ∈ [−∞,∞] such that w(x) = 0 a.e.
x ∈ (−∞, b) and v(x) > 0 a.e. x ∈ (b,∞).

Proposition 2. Under the same conditions as those in Theorem 2, suppose v(x) >
0 a.e. and w(x) is locally integrable on an interval (a, b). Then we have

(i) For a.e. x ∈ (a, b), either w(x) = 0 or v(x) =∞ if p < q.
(ii) w(x) ≤ (2C)pv(x) a.e. x ∈ (a, b) if p = q. (Where C is the best constant in

(1.6).)

Proof of Proposition 1. Let

E = {x ∈ R : there exists δ > 0 such that w(x− δ, x+ δ) <∞}

and put a = inf{R\E}. It is obvious that w is locally integrable on (−∞, a).
Meanwhile, for a < c < d and measurable S ⊂ (c, d) arbitrary, there exists

e ∈ R\E with a ≤ e < c. It follows from the definition of R\E that w(e− δ, c) =∞
for any δ > 0. Hence the inequality (2.1) shows that v(S) = ∞, which implies
v(x) =∞ a.e. x ∈ (a,∞), since S ⊂ (c, d) and (c, d) ⊂ (a,∞) are arbitrary.

In order to prove the rest, we set Ẽ = {x ∈ R : v(x) = 0}. Let

b = ess sup(I(x)χ
Ẽ

(x)),

where I(x) = x. For every x < b, we have |Ẽ ∩ (x, b)| > 0. Then the inequality
(2.1) implies w(x1, x) = 0 for all x1 < x. The required conclusion follows.

Proof of Proposition 2. In order to produce a contradiction to (i) we assume that
there exists a constant M > 0 such that

|E| =
∣∣∣∣{x ∈ (a, b) : w(x) >

1

M
, v(x) < M

}∣∣∣∣ > 0.

Write vE(x) = v(x)χE(x), then vE is locally integrable. Choose x0 ∈ E being a
Lebesgue point of g(x), w(x), vE(x) and a point of density of E.

Since x0 is a point of density of E, for every positive integer n, there exists a
hn > 0 such that

1− 1

n
<
|E ∩ (x0 − hn, x0 + hn)|

2hn
≤ 1

and hn → 0 as n→∞. For these hn we have

1− 1

n
<
|E ∩ (x0 − hn, x0)|

2hn
+
|E ∩ (x0, x0 + hn)|

2hn

≤1

2
+
|E ∩ (x0, x0 + hn)|

2hn
,

therefore

1

2
− 1

n
<
|E ∩ (x0, x0 + hn)|

2hn
.(2.5)



WEIGHTED NORM INEQUALITY FOR ONE-SIDED MAXIMAL OPERATOR 533

Let S = E ∩ (x0, x0 + h). It follows from (2.1) that

g(E ∩ (x0, x0 + hn))

g(x0 − hn, x0 + hn)
w(x0 − hn, x0)1/q ≤ CvE(x0, x0 + hn)1/p.

By use of (2.5) we have

(
1

2
− 1

n

)
2hn

g(x0 − hn, x0 + hn)

g(E ∩ (x0, x0 + hn))

|E ∩ (x0, x0 + hn)|

(
w(x0 − hn, x0)

hn

)1/q

≤ Ch1/p−1/q
n

(
vE(x0, x0 + hn)

hn

)1/p

.

Inequality (2.5) shows that the sequence {E ∩ (x0, x0 +hn)} shrinks to x0 nicely
(see [8], p. 140). On taking n → ∞, it follows from the Lebesgue differential
theorem, more precisely its slightly generalized version (see [8], p. 141), that

1

2
w(x0) ≤ 0.

This contradicts the fact that w(x0) > 1
M .

Now we prove (ii). For contradiction we suppose

|S| = |{x ∈ (a, b) : w(x) > (2C)pv(x)}| > 0.

Write vs(x) = v(x)χs(x). Choose x0 ∈ S in the same way as that in the proof
of (i). Then the same argument as above shows

1

2
w(x0)1/p ≤ Cv(x0)1/p.

This contradicts the fact that (2C)pv(x0) < w(x0).

Remark 6. It follows from Proposition 1 that we may assume that w(x) is locally
integrable on R and v(x) > 0 a.e. x ∈ R in advance, when we study the weak type
or strong type inequality for the one-sided maximal operator.

Proof of Theorem 3. In order to prove the first part, without loss of generality we
may assume that f ≥ 0 is bounded and has compact support. For λ > 0, let
Ωλ, (aj , bj) and (xkj , x

k+1
j ) be the same as those in the proof of the sufficiency of

Theorem 1. Then we can write

λqw(Ωλ) =
∑
j

∞∑
k=0

λqw(xkj , x
k+1
j )

=
∑
j

∞∑
k=0

λqw(x2k
j , x

2k+1
j ) +

∑
j

∞∑
k=0

λqw(x2k+1
j , x2k+2

j )

=I + II, say.

(2.6)
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Suppose p > 1. We shall only estimate term I in (2.6), and the rest is similar.

I ≤4q
∑
j

∞∑
k=0

w(x2k
j , x

2k+1
j )

g(x2k
j , x

2k+2
j )q

(∫ x2k+2
j

x2k+1
j

fg

)q
(by (2.4))

≤4q
∑
j

∞∑
k=0

w(x2k
j , x

2k+1
j )

q(x2k
j , x

2k+2
j )q

(∫ x2k+2
j

x2k+1
j

fpv

)q/p
σ(x2k+1

j , x2k+2
j )q/p

′

(by Hölder’s inequality)

≤4q

∑
j

∞∑
k=0

(
w(x2k

j , x
2k+1
j )1/qσ(x2k+1

j , x2k+2
j )1/p′

g(x2k
j , x

2k+2
j )

)rq/r

×

∑
j

∞∑
k=0

∫ x2k+2
j

x2k+1
j

fpv

p/q

(by Hölder’s inequality again)

≤(4B)q

∑
j

∞∑
k=0

∫ x2k+2
j

x2k+1
j

fpv

q/p

.

(2.7)

Thus we get

(λqw(Ωλ))1/q ≤ 21/p′4B

(∫
R

rpv

)1/p

.

With a few obvious changes (cf. the proof of the sufficiency of Theorem 1) the
foregoing procedure is still available for the case of p = 1. The first part of Theo-
rem 3 is proved.

Now we prove the rest of Theorem 3. Let p > 1. Given {(aj , cj)} pairwise
disjoint and bj ∈ (aj , cj), we may assume 0 < σ(bj , cj) < ∞ for all j. Indeed, if

σ(bj , cj) = ∞ for some j, which means
∫
R(gvχ(bj ,cj))

p′v dx = ∞, then there exists

f such that
∫
R |f(x)|pv(x) dx and

∫ cj
bj
fg = ∞, which implies M+

g f(x) = ∞ on

(−∞, bj). Therefore the strong type (p, q) inequality holds only if w(x) = 0 a.e.
x ∈ (−∞, bj), and we have w(aj , bj) = 0. Let

fj(x) =

(
w(aj , bj)

1/qσ(bj , cj)
1/q′

g(aj , cj)

)r/p(
g(x)

v(x)

)p′/p
χ(bj ,cj)(x)

and fN (x) =
∑N
j=1 fj(x) for given natural number N . Observe that

M+
g f(x) ≥ 1

g(aj , cj)

∫ cj

bj

fg for every f ≥ 0 and x ∈ (aj , bj).(2.8)
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We have

Cp
N∑
j=1

(
w(aj , bj)

1/qσ(bj , cj)
1/p′

g(aj , cj)

)r
= Cp

∫
R

fN(x)pv(x) dx

≥
(∫

R

(M+
g fN (x))qw(x) dx

)p/q

≥

 N∑
j=1

[ ∫ cj
bj
fNg

g(aj , cj)

]q
w(aj , bj)

p/q

(by (2.8)).

=

∑ w(aj , bj)

g(aj , cj)q

(w(aj , bj)
1/qσ(bj , cj)

1/q′

g(aj, cj)

)r/p
σ(bj , cj)

q
p/q

=

{∑(
w(aj , bj)

1/qσ(bj , cj)
1/p′

g(aj , cj)

)r}p/q
.

This is  N∑
j=1

(
w(aj , bj)

1/qσ(bj , cj)
1/p′

g(aj , cj)

)r1/r

≤ C.

Letting N →∞, we get (w, v) ∈ B+
g (p, q) with B ≤ C.

Suppose p = 1. Keeping Remark 5 in mind, we assume

0 < βj = ess sup(bj ,cj)(
g

v
) <∞ for every j.

Given λ > 1, set Ej = {x ∈ (bj , cj) : g(x)
v(x) >

βj
λ }. Then v(Ej) < ∞ and |Ej | > 0

which implies v(Ej) > 0 (cf. Remark 6 we may assume v(x) > 0 a.e.). Put

fj(x) =

(
w(aj , bj)

1/q

g(aj , cj)
βj

)r
χEj (x)

v(Ej)

and fN (x) =
∑N
j=1 fj(x). Then∫

R

fN(x)v(x) dx =
N∑
j=1

(
w(aj , bj)

1/q

g(aj , cj)
βj

)r
and [ ∫ cj

bj
fNg

g(aj, cj)

]q
w(aj , bj) =

w(aj , bj)

g(aj, cj)q

[(
w(aj , bj)

1/q

g(aj , cj)
βj

)r
g(Ej)

v(Ej)

]q

≥
(

1

λ

)q [(
w(aj , bj)

1/q

g(aj , cj)
βj

)r
βj

g(aj , cj)

]q
w(aj , bj)(

since g(Ej) >
βj
λ
v(Ej)

)
=

(
1

λ

)q (
w(aj , bj)

1/q

g(aj, cj)
βj

)r (
since

1

r
=

1

q
− 1

)
.



536 LAI QINSHENG

The argument similar to that used above shows N∑
j=1

(
w(aj , bj)

1/q

g(aj , cj)
βj

)r1/r

≤ λC.

Then we obtain (w, v) ∈ B+
g (1, q) with B ≤ C. This completes the proof of

Theorem 3.

Proof of Theorem 4. We shall prove the theorem only in the case p > 1, since the
necessary modifications for the case p = 1 are indicated in the proof of Theorems 1
and 3.

(i)⇒ (ii) Similarly to the proof of Theorem 3, the condition σ(a, b) =∞ together
with the weak type inequality (1.5) implies that w(x) = 0 for a.e. x ∈ (−∞, b).
Therefore we may assume that 0 < σ(bj , cj) <∞ for all j. Let

f =

∑
j

(
g(aj , cj)

σ(bj , cj)

)p
σ(x)

v(x)
χ(bj ,cj)


1/p

.

It follows from (2.8) that M+
g f(x) ≥ 1 on

⋃
(aj , bj) and the weak type inequality

(1.5) yields

w
(⋃

(aj , bj)
)p/q

≤ C
∫
R

fpv = C
∑
j

(
g(aj , cj)

σ(bj , cj)1/p′

)p
.

This is (ii) with B ≤ C.

(ii)⇒ (iii) For λ > 0, write Eλ = {Φ(x) > λ}. For each x ∈ Eλ there exist

ax < bx < cx such that x ∈ (ax, bx) and w(ax,bx)1/pσ(bx,cx)1/p′

g(ax,cx) > λ. Then for

arbitrary compact set K ⊂ Eλ, from {(ax, bx)}x∈K we can choose a finite subfamily
of open intervals {Ii}, which still covers K. By use of the covering lemma in [3]
(Lemma 4.4, p. 25), one can select a finite subsequence {(aj, bj)} from {Ii} so that
{(aj, bj)} are pairwise disjoint and w(

⋃
i Ii) ≤ 2

∑
j w(aj , bj). For the set {(aj , bj)},

we have

w

⋃
j

(aj , bj)

p/q

≤Bp
∑
j

(
g(aj , cj)

σ(bj , cj)1/p′

)p
(by (ii))

≤Bpλ−p
∑
j

w(aj , bj).

Thus we get

w(K) ≤ w
(⋃

i

Ii

)
≤ 2

∑
j

w(aj , bj) ≤ 2Brλ−r ,

which implies ‖Φ‖r,∞,w ≤ 21/rB.

(iii)⇒ (i) Let f , Ωλ and {(xkj , xk+1
j )} be the same as those in the proof of

Theorem 1. In addition, we may assume
∫
R f

pv = 1. Write

w(Ωλ) =w(Ωλ ∩ {Φ(x) > λq/r}) + w(Ωλ ∩ {Φ(x) ≤ λq/r})
=I + II, say.

(2.9)
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For item I in (2.9) we have

I ≤ w({Φ(x) > λq/r}) ≤ ‖Φ‖rr,∞,wλ−q.(2.10)

To estimate II in (2.9), we consider (xkj , x
k+1
j ) having non-empty intersection with

{Φ(x) ≤ λq/r}. It follows from (2.4) and Hölder’s inequality that

w(xkj , x
k+1
j )1/pλ ≤4

w(xkj , x
k+1
j )1/pσ(xk+1

j , xk+2
j )1/p′

g(xkj , x
k+2
j )

(∫ x k+2
j

x k+1
j

fpv

)1/p

≤4λq/r

(∫ x k+2
j

x k+1
j

fpv

)1/p

,

(2.11)

since (xkj x
k+1
j ) ∩ {Φ(x) ≤ λq/r} 6= ∅. Raising (2.11) to the power of p and then

summing it over j and k, we have

II ≤ 4pλ−q.(2.12)

Combining (2.10) and (2.12), we obtain (1.5) with C ≤ (‖Φ‖rr,∞,w + 4p)1/q. The
proof of Theorem 4 is complete.
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