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WEIGHTED INEQUALITIES FOR SOME SPHERICAL
MAXIMAL OPERATORS

JAVIER DUOANDIKOETXEA AND EDURNE SEIJO

ABSTRACT. Given a set E C (0,00), the spherical maximal operator
associated to the parameter set E is defined as the supremum of the
spherical means of a function when the radii of the spheres are in E. The
aim of the paper is to study boundedness properties of these operators on
the spaces LP(|xz|*). It is shown that the range of values of @ for which
boundedness holds behaves essentially as follows: (i) for p > n/(n — 1)
and negative o the range does not depend on F; (ii) when « is positive
it depends only on the Minkowski dimension of F; (iii) if p < n/(n —1)
and « is negative, sets with the same Minkowski dimension can give
different ranges of boundedness.

1. Introduction

Given a function f defined in R™, a point x in R", and ¢ > 0, the mean of
f over the sphere centered at x of radius ¢ is given by

Sif(x) = /Sn_l [z —ty)do(y)

where do is the normalized Lebesgue measure on the unit sphere S"~1. Let
E be any subset of (0, 00); associated to E we define a maximal operator by

Mg f =sup|Sif].
teE

When E = (0, 00) the operator is the usual spherical maximal operator which
is known to be bounded on LP(R™) if and only if p > n/(n —1). This result
was first proved by E. Stein [6] for n > 3 and by J. Bourgain [1] for n = 2.
There are several alternative proofs for both results. When FE is a lacunary
set the associated operator is bounded on LP(R"™) for all p > 1, which was
first proved by C. Calderé6n [2] and R. Coifman and G. Weiss [3]. For general
sets E we need the concept of (upper) Minkowski dimension.
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When F is a parameter set contained in [1,2] we define d(E) as its (upper)
Minkowski dimension given by

L logN(E,0)
(1) d(E) = lltgljélp oo

)

where N(FE,J) is the minimum number of intervals of length ¢ needed to
cover E. Thus 0 < d(E) < 1. Among the several equivalent definitions of
this number (see [7]) the following is a convenient one for our purposes: Let
E(§) ={x € R:d(z,E) < ¢} be the é-neighbourhood of E. Then

(2) d(E) :inf{a : %ii%aaﬂE(a)\ :0} :

From the definitions we have the following inequalities, which will be useful
in the calculations: If d(E) = d and € > 0, there exist C, and ¢, such that

N(B,0) < C.o~@ 9 and |E(6)| < C.61~(@F9)
for small ¢, and

N(E,0) > ¢ @9 and |E(9)] > ¢t (@79

)

for a sequence of values of § tending to 0.

For a general set £ in (0,00), we write By = E N [2F,25+1] and define
d(E) as in (1) with N(E,d) = sup, N(27*E},d). (N(27FEy,8) coincides
with the minimum number of intervals of length 2*§ needed to cover Ej.)
The equivalent definition (2) can be modified accordingly. We refer to d(E)
as the dimension of F and write it simply as d when the set to which it refers
has been fixed.

In [8], A. Seeger, S. Wainger and J. Wright proved that Mg is bounded on
LP(R™) for p > 14+ d(E)/(n—1) and unbounded for p < 1+d(E)/(n—1). (A
second proof in [4] is closer to the methods we will use in this paper.) Here
we are interested on the boundedness properties of Mg on LP(|z|%), that is,
we look for inequalities of the type

Q | Mef@Plafar < [ |f@)Plelda,

where C' can depend on p, o, and F, but not on f. The case of the spherical
maximal operator and its lacunary version were studied in [5], where it was
proved that (3) holds for E = (0,00) if 1 = n < a < p(n — 1) — n, which is
sharp except perhaps at the left-hand endpoint, and for lacunary FE if and
onlyifl-n<a<(n-1)(p—1).

Due to the fact that in the continuous parameter case d(E) = 1 and in the
lacunary case d(E) = 0, the previous results suggest that the range of values
of a (excepting endpoints) for which (3) holds depends on d(E) for positive
a and goes up to 1 — n for negative a. Notice also that in the unweighted
boundedness result the range of values of p depends only on d(FE) except
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perhaps at the endpoint. One of the consequences of the theorems we prove
in this paper is that in general it is not true that the dimension of the set is
enough to describe the range of boundedness: While the range of values of p
and the range of values of & > 0 depend only on d(E), when a < 0 there exist
sets By and Fy with d(Eq) = d(Es;) for which (3) holds for different ranges of
values of « (the difference being not only at the endpoint). More precisely,
for a given d in (0, 1) there exist a minimal set of values of a for which the
boundedness holds for all sets E with d(F) = d and a maximal set of values
of a (up to 1 —mn) for which (3) is true for particular sets E with d(E) = d. In
Section 2 we study necessary conditions and in Section 3 we consider weights
valid for all sets with the same dimension; in Section 4 we show that operators
associated to sets with a regular distribution of points (like Cantor sets, for
instance) have always a maximal range of boundedness.

In Section 5 we discuss the restriction to radial functions. Here the differ-
ence between the cases n = 2 and n > 3 becomes important. When n > 3
and « is negative, (3) holds whenever & > 1 —n for all p > 1+ d/(n — 1);
nevertheless, for n = 2 and 1 +d < p < 2, the lower bound depends on d
and is always strictly bigger than —1. (As a consequence, sets with the same
dimension can have different ranges of boundedness even for radial functions.)

The results are sharp except for some endpoints when d = 0,1/2, and 1,
and also for any d € [0, 1] when either « is positive, the parameter set satisfies
some regularity assumption, or the functions are radial. The remaining cases
are partially open.

2. Necessary conditions

THEOREM 1.

(1) Assume that inequality (3) holds for some set E of dimension d. Then
the following conditions are necessary:
(i) max(,0) < (p—1)(n—1) —d;
(i) a>1—n.
(2) If the inequality holds for all sets of dimension d and 1+d/(n—1) <
p<1+4+1/(n—1), we have moreover the conditions:
(iii) a > —=14+d(1 —p/2)/(1—d) ifd<1/2 and n = 2;
(iv) a>2d+ (1 —n)p ifd <1/2;
V) a>-1+1-p/2)/Q1—4d) ifd>1/2 and n =2;
(vi) a>14+(1—n)pifd>1/2 and n > 3.

Proof. (1) Assume that the set E is contained in [1,2] and let E(J) be as
defined in the introduction. Take as f the characteristic function of the ball
of radius § centered at the origin; then the support of Mg f is in the set
{y:ly| € B()}. On {y:|y| € E(§/2)}, Mgf(z) is of the order 6"~ '. Then

(4) s=VP|E(5/2)] < c/ Mg f(x)P|z|® de < 5ot
Rn
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Since the inequality holds for small §, it follows that o < (n — 1)(p — 1) — d.

Translating the center of the ball away from the origin, the size of the
weight is almost the same on the ball and on the support of Mg f and the
condition §»~1P|E(§/2)| < C6™ implies 0 < (n — 1)(p — 1) — d.

The condition o« > 1 — n appears for each operator S;. It is enough to
consider as f the characteristic function of the annulus {y : t—4§ < |y| < t+d}
and observe that Mg f(z) is 1 on {|z| < ¢}.

2. For a given d € (0,1) there are sets E of dimension d such that E(J)
contains an interval of length §*~¢, which we take as [1,1 + §17¢] (consider,
for instance, E = {1+ k™7 : k = 1,2,...} for which d = 1/(y + 1)). In this
part we assume that the set F has this property.

Take again as f the characteristic function of the annulus {y : t—4§ < |y| <
t+8}; when n = 2 and 26 < |y| < 6'~¢, Mpf is of the order (§/|y|)*/2. This
gives the first restriction.

Let f be the characteristic function of a parallelepiped of sides § x §'/2 x
... x 6%/2 centered at (1,0,...,0). Then Mpgf is of the order §("~1/2 on
P(8) = {(x1,T) : |z1| < 817 a |x| < 612 /2}. Thus

(5) 5p(n71)/2/ |I‘a dx < O§1+(n71)/2 )
P(8)

The computation of the integral depends on d. If d < 1/2,

/ |x\o‘dx:/ || dx

P(6) || <51—d
/ / |z|* dT day
[o1|<61—d Jo1—d <|z|<61/2 /2

>C §(=d)(atn) 461 d g5latn— 1)/2)

Together with (5) this implies the condition for d < 1/2 and all n.
If d > 1/2 we have

/ || dazz/ |x|ada:+/ / |z |* dT day
P(9) lz|<5/2 §1/2<|zy <14 JIz|<61/2 /2
> C((S(aJrn)/Z + 5(a+1)(17d)5(n71)/2) )

The conditions stated in the theorem for d > 1/2 appear using again (5) with
this estimate; when n = 2 we already had the restriction a@ > —1 so that we
use the second summand in the last expression, while for n > 3 we use the
first one. O

It is worth pointing out that a question which remains open for the contin-
uous spherical maximal operator M (corresponding to E = (0, c0)) is whether
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the inequality
/ (Mf (@) u(z) do < Cs/ f (@) (Mu®(2))'/* da
R" R"

holds for p > n/(n — 1) when s = 1 (Fefferman-Stein type inequality) or
at least for all s > 1. Theorem 1 shows that the answer to an analogous
conjecture for Mg is negative for 1 +d/(n —1) <p <1+ 1/(n — 1); indeed,
|z|* satisfies Mg(|z]|*) < Clz|® when 1 —n < @ < 0 and the inequality fails
for some values of « in this range.

3. Sufficient conditions

In this section we prove the following theorem.

THEOREM 2. Let E be a subset of (0,00) and d its dimension. Let Mg
be the above defined mazimal operator. Then Mg is bounded on LP(|x|) if
one of the following conditions holds:

1) p>1+1/(n—1) andl—n<a<(n-1)(p—1)—d;
(2) d€[0,1), 1+d/(n—1) < p < 141/(n—1) and 1-n+1% [n—(n—1)p] <
a<n-1(p-1) —d.

The proof will be split into several parts.

Proof for positive values of a. The method is standard and applies to any
positive operator. The operator f +— w Mpg(wf) is bounded on L> if
Mpw < Cw a.e. and on LP°(wP?) if Mg is bounded on L?°; by interpolation,
it is bounded on LP(w?°) if both conditions are fulfilled and p > py. Then
Mg is bounded on LP(wP°~P) whenever it is bounded on LP° and w is such
that Mpw < Cw a.e. Particularizing to power weights w(z) = |=|?, this
condition is satisfied if 1 —n < 8 < 0; moreover, we can choose any pg greater
than 1+ d/(n —1). Thus we deduce the boundedness of Mg on LP(|z|*) if
0<a<(n-1)(p—1)—d. O

The result for p > 1+ 1/(n — 1) and negative o was proved in [5] for the
spherical maximal operator which is bigger than any Mpg. We only need to

consider d € [0, 1).

Proof for negative a and E C [1,2]. Write

/ sup |S: /()P || da
R

ntel
o0
<[ swls@Pfalde+ > 2 sup S, (o)
lz|<1/2 teE = om—1<|g|<2m tEE
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Form >3and 2™~ < [z] < 2™, S, f(x) = S¢(fXxam-2<|.|<2m+1)(2), and using
the unweighted boundedness of the operator,

/' sup S f@)P el de < C [ | f(@)P || de.

z|>4 teE |z|>2

For 1/2 < |z| < 4, |[z|* < 27% and S;f(x) = S;(fX|.|<¢)(x); then

/ sup |S; f (x)|P |z|* dx
1

/2<|z|<4 tEE

<C [f(@)[Pdz < C [f(@)[? |2]* dz .
|| <6 |z <6
We are left with the integral over |r| < 1/2. In this range, S:f(z) =
Si(fX1/2<|-|<3)(x), so that we only need to prove

(6) [ swisi@P e de <0 [ I ds
|z|<1/2 t€E
for functions f supported on 1/2 < |z| < 3, which will be assumed in the rest
of the proof for E C [1,2].

Choose a C*> function ®, compactly supported, with integral 1, and null
moments up to the order M with M > (n — 1)/2, that is,

/ 2P ®(x)dx =0, for |B] < M.

Define ®;(z) = 2®(2°x); this is an approximation of the identity, and for
smooth f we have

Jim ®,x f(2) = [(2)

pointwise. Then it is enough to prove (6) for Si(®; * f) instead of S;f with
bounds independent of i and to use Fatou’s lemma to obtain the desired
conclusion. Define now ¥; = ®; — ®;_4, so that ®; = & + 23:1 U,. Since
the functions S;(®) for ¢ € [1,2] have a common compact support and are
uniformly bounded by ||®||», we have |Si(® * f)(z)| < CM f(x), where M
denotes the Hardy-Littlewood maximal operator and C' is independent of ¢.
Then

[15:(®i * f)(2)] < OM f(x) + Z |15:(Vj % f)(2)] -

We do not need to consider the first term because the Hardy-Littlewood max-
imal operator already satisfies the required estimates; consequently, we define
S{f(x) = Si(V; = f)(z) and work with these operators. An important obser-
vation is the following: The kernel K7 of S} is the function S;(¥;)(x) which
is supported in the annulus ¢ — 27772 < |z| < t 4+ 27772 and is bounded by a
constant (in ¢) times 27. The following is the crucial lemma.
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LEMMA 3.
(1) Forj>0,p>1,t,t' €[1,2],1-n<a<0andd > 277, we have

/| 5@ = Sl i
x|<
< ¢gletn=D) min{2j|t7t’|,1}/|f(z)|p 2| da: .

(2) Forj>0,1<p<2 tt €ll,2] and § > 277, we have

1/p
( /| PEZCE Si}f(x)l”dx>

< Cp(;(n*1)((2/10)*1)2*j(n*1)(1*1/1)) min{27 [t — ', 1}]|f]], -

Proof of the lemma. For the first part it is enough to prove the result for
p = 1 and to interpolate with the (trivial) uniform bound for L*°. Assume
first that we have S f instead of the difference inside the integrals. Then

[ st de < [15@I0RH - 1 Xp00) @ ds

and the estimate follows from the above observation about the localization
and size of K. To get the estimate with the difference S} f — S}, f we consider
its kernel and see that

K (@) = K )| < [ 19500 = t9) = W0~ )] doty) < C2]e —

by applying the mean value theorem. Moreover, when |t — /| < 277, the
left-hand side is supported on an annulus of width 26=7. The estimate follows
as before.

The estimate of the second part for p = 1 is contained in the first one; we
only need to prove the corresponding one for p = 2 and interpolate. We use
now Plancherel’s theorem so that

/ |57 f(x) = 8} f(2)]*de < C o) = GO, ()1 F(6)° de .
On the one hand we have |6(£)| < Cmin(1, [¢]*=™/2), and |6(t&) — (H'¢)| <
C|t —t'||¢| min(1, |¢|1=™)/2) (using the mean value theorem and the fact that
the derivative of & has its same decay). On the other hand, we built our ®
function so that

[Wo(€)] < Clg| ™12 for |¢] < 1

(using the assumption on the null moments), and Uy is rapidly decreasing at
infinity because it belongs to the Schwartz class. From these size estimates
the desired inequality for p = 2 follows. O
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We continue with the proof of the theorem. Without loss of generality we
shall work with finite sets. Indeed, we can consider our general set as a limit
of finite sets. If the condition we get for LP-boundedness is independent of
the finite sets involved, a limiting argument will complete the proof.

Let E be a finite set and assume that we have a decreasing family of sets
contained in £, F = Ey D Eny_1 D --- D E,,,, and a function 7 such that
for each t € E,;, \ Epp—1, 7(t) is in E,,—1. Our approach (presented also in [4]
and used previously by S. Wainger) is based on the following observation:

1/p

sup [S7f(x)| < | Y. ISif@) =S @]+ sup |S]f(x)].

teE, tEEm\ Ep1 teEE -1

Raising both sides to the p-th power and adding the inequalities from m =
mo+1tom =N we get

(1) sup |S]f(x)]P
teEN

N
< > 3 |Sz'f<x>fsi'(t)f<m>|p+t€sgp |57 f ()P

m=mo+1 teEnz\Enzfl mo

The sets E,,, m < N, are built in such a way that the length of the smallest
interval of [1,2]\ F,, is at least 2=™. Given a finite set £ contained in [1, 2],
let N be the largest integer for which the length of all the component intervals
of [1,2]\ E is bigger than 2=, and put Ex = E. To pass from E,, to E,,_1
we look at the intervals of [1,2]\ E,, whose length is smaller than 2=™+! If
there are no such intervals, define F,, 1 = E,,; when intervals of this type
exist, two cases can occur: (i) an interval of length smaller than 271 is
adjacent to two intervals of length larger than 2=™*1; (ii) several intervals of
length smaller than 27™%! are next to each other. In the first case, remove
one endpoint of the small interval; in the second case, label consecutively the
endpoints of the intervals and remove those with even label. The remaining
points form FE,,_1. (This defines F,, up to m = 1; in (7) we stop at E,,, for
convenience.)

For each t € E,, \ E,,—1 define 7(t) as the point (or one of the points) in
E,,_1 closest to t. It is clear that the smallest number of intervals of length
27™ needed to cover F is essentially #E,, (where # denotes the cardinality
of the set). Note also that by construction #(E,, \ Epm—1) < #FE,—1, so that
#Em < Q#Em—L )

To find a bound for the LP(|z|*) norm of sup,cp |[S7 f(z)| we decompose
the integral as
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/ sup |87 £(2)P|z|® de = / sup |87 f(2)P|a|” da
| |

z|<1l/2t€EE z|<2-7 tEE

j
+22_k°‘/ sup |S7 f(z)|Pdx .
k=3

2k <|g|<2—k+1 teE

Define E(I) = EN[1+277(—1),1+279]) for l =1,...,27. Then

/ sup|S} f(z) \w“dzfz / sup (5Ll de
| |z

z|<2-7 tEE |<2-3 teE(l

where f; = f-xaq) and A(l) = {z:1+279(1—-3) <2 <1+277(l+3)}. This
is due to the fact that only this part of f gives a nonzero contribution when
t€ E(l) and |z| < 277,

With mg = j multiply both sides of the inequality (7) by |z|®, integrate
over |z| < 277 and use the first inequality of the previous lemma (with § = 277
and [t — 7(t)] < 27™ for t € E(1)y, \ E(I)m—1) to get

27

CHDY / sup S|P lel® do

z|<2-i teE(l)

<CZ > N(E(1),27™)2m 7 + N(E(1),277)j279 = 1)/m )P da .

=1 m>j

Since N(E(1),27™) < min(C2"™@+9) 2m=J) we introduce this bound in
the previous sum and get

[ swlsif@llelrde < cioen g,
|

z|<2-i teE

For k < j decompose E into smaller sets as before using now intervals of
length 27% to get the sets E(l) with [ = 1,...,2*. (Although the decomposi-
tion depends on k we will not show explicitly this dependence in the notation.)
We have

/ sup |87 f(z)[P dx = Z/ sup |7 fi(x)|P d .
| |z

z|<2-k tEE |<2—k teE(l)
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From the second inequality of the previous lemma we have

2k

(9) [ sw
; lz|<2—7 teE(l)

S fu(z)| dx

’ p

27

<CY | > N(E@), 27207 4 N(E(1),277)

=1 | m>j

. 9—h(n=1)(2-p) g—i(n—1)(p-1) /\fz(m)lp e

Since N(E(1),27™) < min(C2™(¢+) 2m=F) e must use the first bound for
m > max(j, k/(1—d—e)), and the second one for j < m < k/(1—d—¢). (This
situation appears only for those k satisfying k& > j(1 — d — €).) Introducing
these bounds we get

j .
3 / sup| 57 f (z)[P|2]* dz

he g /2 k< |z|<2—k+1 tEE

< Cgfj(nfl)(Pfl)(Qj(dﬂ) By +2 32)||f|‘§7

with
j(1—d—e) J
By = Z 9~k(a+(n=1)2-p)) and By = Z 9—k(at(n—1)(2—p)+1)
k=—2 k=j(1—d—e¢)

It is enough to consider the case a < 1 —n + d. Then the exponent in Bj is
positive and that in Bs is negative and we conclude that

/ sup |1 f(2)[P da < C2—Tl(@+n=D(=d=e +(d+e) (n—(n=1)p) / PP
lz|]<1/2 teE

The sum in j of the LP-norms is finite if &« > 1 —n+ 14 [n — (n — 1)p| as
stated in the theorem. O

Proof for general E and negative a. For a general set E C (0,00) define
Ey = EN 2k, 21 and write Mg f = sup, Mg, f.

LEMMA 4. Assume that Mg is bounded on LP(R™) and that
[ Mus@P laf do < C [ 7@ fal* do

for some ae < 0 and C independent of k. Then Mg is bounded on LP(|z|%).
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Proof of the lemma. Let A; = {x : 27 < |z| < 27"} and B; = {z : |z] <
27}. Decompose f as f = f; + f7, where f; = fxB,,,

/ Mef@P el de< 3 2 / M f (@) de

Jj=—00
<2° Z 2]“/ Mg f;(z)|P da + Z 2]@/ (Mpf ()P da
Jj=—00 Jj=—00

Applying the boundedness of Mg on LP to the first summand we get the

bound
S o [ e
J+1

j=—00
and this sum is bounded by the L?(|2|%) norm of f (because a < 0). For the
second summand we proceed as follows:

3 g / Mefi@Pdr< 3 2 / S [Ma, @ s

j=—o00 j=—00 Aj k=—o0

For x € A;, Mg, fi(z) = 0 if k < j, and for fixed k > j, Mg, f/ =
Mg, (fxa,)- Then the last sum is bounded by

C Z 2](1/ ZlMEk fXAk )|pdaj

j=—o0 Aj k=j

<c Z/ M, (fxan) (@)]P 2] de

k=—o0
<cC Z / x)|P |x|® de . O
k=—o0

Since we are under the hypotheses of the lemma, the proof of Theorem 2
is complete. O

Observe that we have proved the boundedness for a« > 1 — n + d for all
p>1+4d/(n—1) and that the result we get in the range 1 +d/(n—1) <p <
14 1/(n—1) is the interpolation between this and the range o > 1 — n, valid
forp>1+1/(n—1). When d = 1/2 the necessary and sufficient conditions
are the same except at the endpoint o = 1 —n; when d < 1/2 this is only true
in the limit (when p tends to either 1 +d/(n—1) or 1+ 1/(n —1)).

4. Regular sets of parameters

Compare the ternary Cantor set in [1,2] and the set E, = {14+ n""7,n =
1,2,...} with the same dimension. When both sets are covered with intervals
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of length J, the amount of intervals needed for the covering is essentially the
same in both cases, but their distributions are rather different. They are
quite regularly distributed in the case of the Cantor set, while half of them
are packed together in the second case. A different way of looking at this
property is to remark that the d-neighbourhood of the Cantor set is formed
by equal intervals with big “holes” and the d-neighbourhood of the second set
contains a very big interval.

We say that a parameter set E contained in [1,2] is regular if for any
interval T in [1,2], the number of intervals of length ¢ needed to cover E NI
is bounded by C.(|I|/§)**¢ for all € > 0. A general set E will be regular if
27k (E N [2%, 28+1) is regular for all k.

THEOREM 5. Let E be a reqular set of parameters and d its dimension.
Then Mg is bounded on LP(|z|*) ifp > 1+d/(n—1) and 1 —n < a <
(n—=1)(p—1)—d.

To obtain this result, repeat the proof of the previous theorem with the fol-
lowing changes: In inequality (8) use the bound N(E(1),27™) < C2(m—a)(d+e)
and in (9) use N(E(I),27™) < C2(m—F)(d+e)

5. Radial functions

The action of the spherical maximal operators on radial functions has been
carefully studied in [9] for the unweighted case. The examples used in Section 2
to describe necessary conditions are radial only in the first part of the theorem
when n > 3; for n = 2, the characteristic function of an annulus gives an extra
restriction which appeared in the second part of Theorem 1. We show that
these conditions are also sufficient except maybe at the endpoints.

THEOREM 6. Inequality (3) holds for radial functions if p > 14+d/(n—1)
andl—n <a < (n—1)(p—1) —d when either n >3 orn =2 and p > 2.
Whenn =2 and 1 +d < p <2, it holds if =1 +d(1 —p/2)/(1 —d) < a <
(n—1)(p— 1)~ d.

Proof. We can assume E C [1,2] and use Lemma 4 as before to extend the
result to £ C (0,00). According to the preparation of the proof of Theorem
2 for negative a, we only need to check inequality (6) for radial functions
supported in 1/2 < |z| < 3. Write |f(z)| = fo(|x|). Then the LP(|z|*)-norm
of f is essentially the same as [ fo(s)? ds. Using [9, Lemma 3.1] for n > 3
and [9, Lemma 5.1] for n = 2, the maximal operator can be bounded by a
sum of one-dimensional operators acting on fy. Moreover, when |z| < 1/4
and t € [1,2], some of these vanish and we are left with

1 t+|3’,‘|
Mgf(z) < Csup —

tek | 7| t—|x|

fo(s)ds
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if n > 3, and

(10)  Mgf(z) < Csup

teE |fl”|1/2

/t fo(s)(s =t + |z)) 7'/ ds

==l

t+|z|
+/ fo(s)(|lz] +t —s)"Y/2ds
t

if n=2.
In the first case, using Holder’s inequality,
1 /3
Mpf(x)lP <Cr— | fols)'ds,
|z| 1/2

and the integral of [Mpg f(x)[P|2|* is finite if @ > 1 —n.
For n = 2 and p < 2 we work with the first term of the right-hand side of
(10) because the other one is similar. Write

M (@) =sup s [ fols)a e+ [ol) 72 ds

tek —|z|

o] 27n/2 /t—$|+2m|3‘:|

sup fo(s)ds.

|17| teE

m=0 t—|z|+27m x|

1/p
(1) ( / » IM};f(fc)l”lwI“dw)

oo o0 ok b2y P 1/p
< Z om/2 (Z 2_k(°‘+1_p)/ (sup/ fo(s) ds> dr) .
Pt 2 t

m—0 —k—1 telk _r+2—m—1r
The L°° norm of the operator

t—r+2"""r
for sup/ fo(s)ds
t

tel Jt—r42-m—1p

is bounded by 2~ (%% To bound its L' norm we have

2~k t—r+2""r
/ sup / fo(s)dsdr
2 t

—k—-1tcFE —r42—m—1p

27k t_r+27(7n+k)
S/ sup/ fo(s)dsdr
2

—k-1teE Jt—r

o=k
< / / fo(s+7)ds
2—k—1 E(Q—(erk))

< Cmin(27F, 27 (mHRA=d+a)y | g1
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(E(d) has been defined in the introduction and its size is given by (2).) In-
terpolating and substituting into (11) we deduce that

1/p oo
[ M@l ) <oy o
|z|<1/2 m=0

%) 1/17
Z 27k(a+17p)27(m+k)(p71) min(27k, 27(m+k)(17d+e)) ||f0Hp )
k=1

The sum is finite when « satisfies the condition stated in the theorem. O
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